
ABSTRACT

MADHUSOODHANAN, SACHIN. Medium Voltage High Power Grid Connected Three
Phase Converters Enabled by 15 kV Silicon Carbide Power Devices. (Under the direction
of Dr. Subhashish Bhattacharya.)

Recent developments of high voltage (HV) wide bandgap (WBG) semiconductor de-

vices have opened up the scope of research in 3-phase, non-cascaded, medium voltage

(MV), high power converters for distribution grid interface applications using these de-

vices. These devices find applications in MV dc micro-grids, solid state transformers

(SST), high frequency converters for high speed MV motor drives and other such topolo-

gies requiring very high blocking voltage and high switching frequency of operation. The

HV Silicon Carbide (SiC) devices such as the 15 kV SiC IGBT, 15 kV SiC MOSFET

and 10 kV SiC MOSFET are gaining attention for MV high power applications, where

non-cascaded structure with minimum number of devices can be realized to improve the

power density. This is very useful for 3-phase applications where traditional cascaded

structure results in lower power density and lower efficiency.

The 3-phase distribution grid voltage in USA ranges from 4.16–13.8 kV. This is higher

compared to the single phase voltage levels at which previous work has been reported

using 10 kV SiC MOSFETs. The grid connection of non-cascaded converters using SiC

devices encounter many challenges at these voltage levels. A 3-level neutral point clamped

(3L-NPC) converter is used for the grid connected operation in this dissertation. The

hardware development of this converter is challenging. The design and development of

various components of the converter including bus bars, cooling system, dc bus capacitors,

feedback and control system, 3-level pole and grid tie filter are explained in detail. The

design bottlenecks are explained along with the proposed solutions validated through

experiments. The hardware demonstration of the grid connected operation is carried out

using the 15 kV SiC IGBTs. The high dv/dt switching of these SiC devices has to be

considered in the hardware design to reduce the effect of parasitic capacitance. Although

the non-cascaded structure of the converter simplifies the fundamental control scheme,

devices switching from higher voltage levels at high switching frequencies with high dead-

time result in high THD of grid currents. Direct interface with MV grid implies that the

converter has to handle very low currents for the same power level. Therefore, novel

harmonic compensation algorithms are proposed for improving the grid current THD



with both L-filter and LCL-filter.

The impact of the control parameters, the operating conditions and the dc bus capaci-

tance on the the stability of the MV dc link is explained through analysis and experiments

when the grid connected active front end converter (AFEC) is loaded with a dual active

bridge (DAB) converter. A method based on impedance matching and Nyquist criteria

is proposed for selecting the parameters for stable operation. This study is very impor-

tant for dc micro-grid and SST application. As part of this study, a 3-phase SST based

on 15 kV SiC IGBT and 1200 V SiC MOSFET called as the transformerless intelligent

power substation (TIPS) is developed and demonstrated. The application of TIPS for

integration of distributed energy storage device (DESD) with MV grid is demonstrated.

The safe start-up and shut-down of MV grid connected converters when handling MV dc

bus voltage is very important for the protection of the SiC devices from overvoltage and

heavy inrush currents. A method is proposed for the TIPS system for safe start-up with

minimum inrush currents. A detailed protection scheme is also proposed for the AFEC

converter interfaced with the 3-phase MV grid. The performance of the TIPS system

under faults is studied through feeder interface studies.

The thermal design and efficiency analysis of high power 3-phase converters based on

15 kV/40 A SiC IGBTs are also carried out. The system thermal performance is studied

through device heat-run tests, COMSOL/PLECS thermal simulations and experimental

validations. The limiting operating condition of the developed converter is also predicted

based on the observed experimental data. The power loss comparison of the grid con-

nected 3L-NPC converter based on different HV SiC devices is carried out to understand

the suitability based on the application requirements.

A 3-phase, MV, high frequency converter is designed, developed and demonstrated

based on 10 kV SiC MOSFETs. The thermal design is carried out and power density is

estimated using heat-run tests of the devices. The back to back application of this high

frequency converter with the grid connected AFEC based on 15 kV SiC IGBT is proposed

as a suitable candidate for MV, high speed motor drive applications. The coupling capac-

itance of the gate driver isolated power supply has to be very small to reduce the dv/dt

generated circulating currents. Different transformer cores and winding arrangements

are studied based on FEM analysis to minimize this capacitance. Lastly, a comparative

study is carried out between 15 kV SiC IGBT and 15 kV SiC MOSFET for grid connected

AFEC applications in terms of thermal performance and control simplicity.
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Chapter 1
Introduction

1.1 Background

Power System is one of the most complex entities ever built by man. However, unlike a

communication system or a transportation system, it has not seen many changes from the

day it was conceived. The grid system that we depend on for transmitting and distributing

electrical energy in the present day is more or less the same as the one used hundred years

ago. Most of the research during that period focused on making it more stable and reliable

rather than introducing different state of the art technologies to make it more modern and

updated. There is limited flexibility and controllability in the traditional power system.

There has not been a revolution in the field of power system like what the internet

and mobile technology did for communication systems or electronics and automation

did for transportation systems. It was not considered necessary to alter a system which

was working satisfactorily for a period of time. Because of the huge investment in the

power system, taking risk by modifying it was not considered as an option. Availability

of non-renewable sources of energy like coal and petroleum for that period of time did

not demand many changes in the way electricity was generated and pumped in to the

grid. In the meantime, technological advancement in other areas increased the overall

power demand. Globally, the consumption of electricity increased exponentially due to

the establishment of many industries over the years and the improvement in the living

standards even in the developing countries. As a result of this, the power system became

too complex with large number of unpredictable variables and limited scope for control.

The power quality in the grid started to degrade due to non-linear loads injecting
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harmonics and lagging reactive power being drawn from the grid. This also resulted in

additional loss and increase in the price of electricity per unit (pu). The increase in

complexity also introduced reliability concerns. This is a major issue as electricity has

become very important for survival in the present day world. A drastic power outage can

affect the lives of millions of people and damage the economy severely. This is evident from

the major power outages of the last decade like the one in the Northeastern part of North

America in 2003 and the blackout in India in 2012. The need for adding controllability

into the power system was recognized in the last quarter of the 20th century.

Flexible AC Transmission System (FACTS) was introduced by the Electrical Power

Research Institute (EPRI) in the 1980s to address the issue of power quality and reliabil-

ity in the ac transmission systems. FACTS technology laid the foundation for electronic

devices to enter the area previously dominated by magnetic and electromechanical de-

vices. To further advance this technology, a new branch of research known as ‘Power

Electronics’ emerged to develop electronic devices which can handle higher power lev-

els. Earlier FACT Systems were based on Thyristors or Silicon (Si) Controlled Rectifiers

(SCR). Thyristor based controllable systems like Thyristor Controlled Reactors (TCR),

Thyristor Switched Reactors (TSR), Thyristor Switched Capacitors (TSCs), Static Syn-

chronous Compensators (STATCOM), Shunt and Series Active Filters helped in im-

proving the power quality and system reliability [1]. Even though these initial power

electronic systems were inefficient, bulky and costly, they improved the overall power

system performance. Gate Turn-Off Thyristors (GTOs) later replaced the SCRs from

these applications due to the elimination of commutation circuits for turn-off. The power

electronic converters also started getting attention at the MV distribution voltage level

for reactive power compensation as dynamic Var compensators (DVC). The major draw-

back of these Thyristor based FACTS devices is their lower switching frequency which

resulted in large size passive components [1], [2].

The focus now shifted to using fast switching semiconductor devices which can handle

high power. In the 1970s, a new class of device known as ‘Power MOSFETs’ started

to emerge based on the concept of Metal Oxide Semiconductor Field Effect Transistor

(MOSFET) used in the field of digital electronics. These MOSFETs could be switched

at very high frequencies but at lower voltage levels of around 100 V. Based on the

MOS physics and the bipolar device physics, Insulated Gate Bipolar Transistor (IGBT)

was developed in 1980s. The IGBT is rugged with high power density which made it
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a suitable candidate for high power applications. Also, due to its bipolar nature and

conductivity modulation, it could be designed for higher voltage rating compared to

MOSFETs [3]. Most of the medium voltage (MV), high power converters used as the

Front End Converter (FEC) for MV drives and other similar applications are built using

these IGBTs. Si based IGBTs are only available in the market till a limited voltage

range. Till recently, the maximum blocking voltage reported for Si based device is 6.5

kV for the IGBT developed by ABB. For higher voltage blocking applications, converters

were built using series connection of IGBTs or using multilevel topologies of order more

than five [4]–[7]. These topologies have complex control, additional snubber requirements

and voltage balancing issues. Also, they need relatively large number of devices [1], [5]–

[7]. This results in poor efficiency and smaller power density [8]. These limitations have

discouraged the widespread use of these converters in applications such as the grid tied

Active Front End Converter (AFEC) for MV, 3-phase (3φ) distribution grid (4.16 kV–13.

8 kV line voltage rms in USA).

Furthermore, the conventional energy sources are getting costlier and they are ex-

haustible. They also pose environmental concerns. So, the distributed renewable energy

resources (DESR) such as wind, solar, wave are getting more attention in the distributed

energy-generation. The renewable sources generate electricity in different forms (ac or

dc) and it may often be intermittent and unreliable [9]. For example, the wind-speed is

random. So, the turbine speed changes frequently and there is a need of suitable grid

interface topology that can convert the variable frequency to fixed grid frequency (ac-

dc-ac). Another example is the solar panel producing low voltage (LV) dc. This LV dc

needs to be isolated, boosted up and inverted to MV ac before connecting with the grid.

Therefore, it is a challenge to interconnect these renewable energy sources to the grid. To

improve the reliability, more controllability has to be incorporated at the interface [10]–

[13]. Figure 1.1 (a) and (b) show the traditional and modern power systems. The modern

power system has more penetration of renewables and power electronic converters for

dc-ac and ac-ac conversions.

Traditionally, line frequency transformers are used to interconnect a MV distribution

grid with the LV utility grid as shown in Figure 1.1. But these transformers have certain

limitations. They are bulky in size and weight. They cannot improve the quality of power

drawn from the grid. They only allow uni-directional power flow. They have improper

voltage regulation and they offer lesser flexibility in control. Also, they cannot be used

3



Nuclear Gas 
Peaker

Coal Hydro 
Storage

Substation 1 Substation 2

Distribution 
Transformer

Consumer 
Electronics:

TV etc.

Appliances: 
Refrigerator 

etc.

Appliances: 
Stove etc. Lights

(a) Traditional

Nuclear
Gas 

Peaker
Coal Hydro 

Storage

Substation 1 Substation 2

Distribution 
Transformer

Consumer 
Electronics:

TV, Laptop etc.

Appliances: 
Refrigerator 

etc.

Appliances: 
Induction 
Stove etc.

LED & 
CFL 

Lights

Solar Wind

Local 
Wind

Solar

(b) Modern

Figure 1.1: Power distribution systems

Nuclear
Gas 

Peaker
Coal Hydro 

Storage

Energy 
Control 
Center 1

Energy 
Control 
Center 2

Energy 
Control 
Center n

Consumer 
Electronics:

TV, Laptop etc.

Appliances: 
Refrigerator 

etc.

Appliances: 
Induction 
Stove etc.

LED & 
CFL 

Lights

Solar Wind

Local 
Wind

Solar

Figure 1.2: ECCs replacing 60 Hz transformer at distribution grid-utility grid interface

4



to inter-connect two asynchronous networks. So an alternative is needed to replace these

transformers if distributed generation and storage are to be incorporated into the power

system for better controllability and stability. There are lot of topologies being developed

to perform the functions of a conventional transformer, along with additional functions.

These ac-ac topologies based on power electronic devices are collectively termed as solid

state transformers (SST) [9]–[23]. There are various power distribution systems proposed

using these ac-ac converters. Figure 1.2 shows the ‘Energy Control Center (ECC)’ pro-

posed in [12], where a power electronic converter (called ECC) replaces the line frequency

transformer at the distribution grid-utility grid interface. Many topologies have already

been evaluated for the single phase SST at ‘Future Renewable Electrical Energy Delivery

and Management (FREEDM) Systems Center’ [10], [11]. Due to the unavailability of Si

based devices which can block higher voltages and at the same time be highly efficient to

compete with the high efficiency of conventional transformers, these Si based SSTs did

not have much scope at the 3-phase, MV distribution levels.

The advent of silicon carbide (SiC) based semiconductor devices has changed this sce-

nario. These SiC (4H-SiC) devices can be switched at higher frequencies and can block

higher voltages with lower switching and conduction losses compared to their Si counter-

parts. SiC is a wide band gap (WBG) semiconductor with a higher energy band gap of

3.26 eV compared to 1.11 eV for Si. This results in lower intrinsic carrier concentration

for SiC at a given temperature. Smaller minority carrier lifetime in 4H-SiC compared to

Si ensures faster switching speed for bipolar SiC devices. Also, significant generation of

carriers by impact ionization occurs at much larger electric fields in 4H-SiC when com-

pared with Si. This results in the breakdown happening at an electric field strength one

order of magnitude less than Si. This higher critical electric field strength for SiC leads

to higher blocking voltage. For the same break down voltage, SiC devices have higher

doping than Si resulting in lower specific on-resistance (Rds (on)) for SiC compared to Si

and thus, lower conduction loss. These features enable the development of highly efficient

SiC devices to block higher voltages [3]. Cree Inc. has been successful in the development

of 10 kV SiC MOSFET, 15 kV SiC MOSFET, 12 kV SiC IGBT and 15 kV SiC IGBT

[24]–[30]. Single phase grid connected converters are discussed in [26], [31] using 10 kV

SiC MOSFETS.

The MV 3-phase power converters based on HV SiC devices are the main focus of

this research. The LV 1.7 kV SiC MOSFETs based 3-phase MV grid interface is proposed
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in [32], switching at 50 kHz. However, this converter requires large number of devices or

cascaded converter structure. One of the objective of this dissertation is to understand

the behavior of a 3-phase MV grid connected non-cascaded converter based on HV SiC

devices. The grid connected converters are used as AFECs for SSTs and MV drives, Active

Power Filters (APF) or STATCOMs at the MV distribution grid. The dissertation also

focuses on the application of the SiC based grid connected converters for dc micro-grids.

HV SiC MOSFET based 3-phase converters are also studied for high speed MV motor

drive applications. Next section explains the various 3-phase topologies considered for grid

connected application, and selection of the most suitable candidate with the reasons.

1.2 Three-phase Active Front End Converters

With the advent of HV SiC devices, it is possible to think of different 3-phase converter

topologies to connect with the MV distribution grid. These converters can be either

voltage source based or current source based. Figure 1.3 to Figure 1.8 show the various

possible MV 3-phase AFEC topologies [33], [34]. In the figures, Lg, Ls, Cf are the LCL

filter parameters and Cdc is the dc bus capacitance as indicated.

Figure 1.3 shows the ‘3-Level neutral point clamped (3L-NPC) converter’. This is one

of the most popular voltage source converter (VSC) topology. The mid-point clamping

diodes in each phase ensure that the active device voltage is clamped to half the dc bus

voltage in the off-state, called as the blocking voltage. Each active device is current-

bidirectional [1], [33], [34]. Figure 1.4 shows a current source converter (CSC) called as

the ‘3-phase PWM Buck rectifier’. In this case, instead of the dc bus voltage, the dc

current is maintained constant by a heavy dc choke. Each active device used is a voltage-

bidirectional series switch or the current switch [1], [35]. The dc choke contributes to the

total converter loss due to its winding resistance and core losses. Therefore, the efficiency

of this converter is lower than that of a 3L-NPC converter even with SiC devices and high

switching frequency. Although the efficiency is lower, the control simplicity compared

to a VSC is an inherent advantage for a CSC in MV grid tie application [35]. High

efficiency and high power density are necessary conditions for the topology selection in

this dissertation and therefore, VSCs are mainly considered. With the improvement in

the dc choke loss characteristics with further research, 3-phase PWM buck rectifier can

be a viable alternative. This is briefly discussed in this dissertation.
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Figure 1.5 shows the ‘5-Level neutral point clamped (5L-NPC) converter’ [1]. It is

a higher order version of the 3L-NPC in Figure 1.3. In this case, each device blocks

one-fourth of the dc bus voltage. Even though it reduces the stress on each device,

the number of devices needed to construct this converter is very large, resulting in lower

power density. The static and dynamic voltage balancing across the dc bus capacitors also

become complicated. The proper leakage balance for the active devices is very difficult

to implement, affecting the device performance in the long run. Figure 1.6 shows the

‘3-level flying capacitor (3L-FC) converter’. In this converter, the clamping diodes are

replaced with capacitors compared to the 3L-NPC resulting in lower conduction loss.

This converter faces the control challenge of balancing each of the capacitor voltage.

Also it needs large number of capacitors compared to a 3L-NPC [1]. Figure 1.7 shows the

traditional ‘2-Level GTO (or Thyristor) based VSC’. With Si based GTO, this converter

suffers from the problem of lower switching frequency of operation resulting in large

size grid side filter. Recently, SiC based GTOs are reported with faster switching times

and therefore lower switching loss [36]. However, further understanding of the device

performance is needed before SiC GTO based 2-level converter can be considered as an

option for grid tie applications.

Figure 1.8 shows the ‘7-Level modular converter’ [37]. In each phase, two H-bridges

are connected in series. The series connected H-bridges in each phase are connected to

the grid on one side and to a pole of the 3L-NPC on the other side. By phase-shifting

the PWM pulses of each H-bridge, it is possible to get 7-level voltage waveforms at the

converter terminals. This results in small size grid side filter and better grid current

total harmonic distortion (THD). The number of devices in this converter is very large,

resulting in very low power density. The large number of devices also leads to increased

control complexity and is the major drawback of this topology [1].

Based on the benefits and the drawbacks of all the different converters mentioned

in this section, the 3L-NPC converter based on HV SiC devices is selected for the grid

connected operation in this research. The focus is mainly on 3L-NPC converter using

15 kV SiC IGBTs. As of now, it is an experimental device, recently developed by Cree

and packaged by Powerex. The performance of the 15 kV SiC IGBT based 3-phase grid

connected converter under various operating conditions is studied through simulations

and hardware experiments. Effort has been put to validate all the theoretical research on

hardware prototypes developed in the laboratory. This is only limited in certain conditions
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due to unavailability of enough number of devices, high risk factor, safety considerations

and operation in an environment with high electro-magnetic interference (EMI).

1.3 Three-Phase SST Application

The 3L-NPC based on SiC devices discussed in the previous section can be used as the

AFEC for a 3-phase SST to connect with the MV distribution grid. Figure 1.9 shows

the schematic of such a 3-phase SST termed as the Transformerless Intelligent Power

Substation (TIPS). It is proposed as an all SiC devices based solid state alternative to

interconnect 3-phase, 13.8 kV distribution grid with the 3-phase, 480 V utility grid [38],

[39], [40]. The AFEC of TIPS is a 3L-NPC converter composed of 15 kV SiC IGBTs. It

rectifies and boosts the 13.8 kV ac distribution grid voltage to 22 kV dc bus voltage. It

operates at 3–5 kHz switching frequency [39]. The dc to dc stage is a dual active bridge

(DAB) converter operating at 10 kHz switching frequency in the zero voltage switching

(ZVS) mode of operation. It has a 3-phase configuration and converts 22 kV dc to 800 V

dc. The MV side of DAB is also a 3L-NPC converter composed of 15 kV SiC IGBTs [41].

The MV side is isolated from the LV side using a high frequency (HF) transformer [42].

The LV side of DAB is composed of star-delta connected 2-level converters based on 1200

V SiC MOSFETs from Cree. The LV stage of TIPS consists of three parallel connected

2-level converters based on 1200 V SiC MOSFETs for meeting the current rating [43].

It inverts the 800 V dc bus voltage to the 480 V ac utility grid voltage. The three LV

converters operate at 17–20 kHz switching frequency with interleaved PWM to increase

the effective switching frequency seen by the LV ac grid side filter. This helps to reduce

the filter size [38], [39].

There are various advantages of TIPS compared to a conventional line frequency

transformer. TIPS can handle bidirectional power flow and can perform VAR compensa-

tion at both the grids. It combines the functions of both transformer and a DVC. Also

this results in handling more power than the rated power. Figure 1.10 shows the example

power flow diagrams of 100 kVA TIPS when it is transferring 80 kW active power from

13.8 kV grid to 480 V grid to support a load connected at the 480 V grid. The load is

also drawing 60 kVAR lagging reactive power.

For a conventional transformer this would mean drawing both the active and reactive

power from the 13.8 kV distribution grid to support the load. This would increase the
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Figure 1.9: Transformerless intelligent power substation (TIPS)

copper loss across the line and also would result in voltage sag at the 13.8 kV distribution

grid. In the case of TIPS this is handled differently. The active power is transferred from

the 13.8 kV grid to the 480 V grid side to support the load. The reactive power to support

the load is supplied from the TIPS LV side converter. At the same time, TIPS LV side can

also inject leading reactive power to the 480 V grid to improve the voltage profile without

overloading the TIPS rating. Thus, it effectively becomes twice (120 kVar) reactive power

compensation at the 480 V grid (Figure 1.10 (b)). Similarly, it can do twice reactive power

compensation at the high voltage side of TIPS. The reactive power to support the load

does not get drawn from the 13.8 kV grid with TIPS installed (dotted line in Figure 1.10

(a)). Also, the MV side converter can inject leading reactive power to the 13.8 kV grid

to support the voltage sag. Thus, a 100 kVA TIPS can effectively handle 240 kVar while

transferring 60 kW power [38], [40]. Due to this bi-directional power flow, the total copper

loss is also low compared to conventional transformer.

TIPS also has smaller size and weight compared to a line frequency transformer. This

is because, the HF transformer size is significantly lower than that of a 60 Hz transformer

for the same power. Due to the lower switching and conduction losses attributed to

the SiC devices, the cooling requirement is smaller which also leads to size reduction

compared to a Si based SST. All the three stages of TIPS are air cooled due to very

good thermal performance of the SiC devices. It can ensure better power quality at
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Figure 1.10: Power flow diagram of TIPS (a) at the 13.8 kV grid (b) at the 480 V grid

both the grids by maintaining UPF and sinusoidal currents through controlled harmonic

compensation. The available LV dc bus and 480 V ac side help in the integration of

DESRs and distributed energy storage devices (DESD) [38], [39].

Although proposed as a SST, TIPS can be used in a variety of applications like

wind farms, PV integration to grid, steel mills, on-board ship power systems, traction

systems and many more. The various functions of TIPS are validated through simulations

and experiments in this dissertation. The objective is to study the behavior of the grid

connected AFEC stage when used in the TIPS system. The DAB stage proposed and

developed by A. Tripathi et al in [41] is used for all the demonstrations in this dissertation.

This DAB is used as the active load for the AFEC stage in both TIPS, and the dc micro-

grid application explained in the next section.

1.4 DC Micro-grid Application

MV and LV dc micro-grids are getting popular due to their inherent advantage in inte-

grating DESRs and the DESDs with the power system [44], [45]. Most of these distributed

sources and DESDs have LV dc voltages as their outputs and hence, dc micro-grid is pre-

ferred. The backbone of such micro-grids is the ac-dc converter which links dc micro-grids

with the MV ac distribution grids [44]–[47]. This dc micro-grid based plug and play ar-

rangement similar to that shown in Figure 1.11 is very promising for the future of power

grid [44].
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One of the standard 3-phase MV distribution grids in USA is rated at 4.16 kV at 60 Hz

which is suitable for these kinds of applications [48]. The dc micro-grid feeder can be ring

type as in Figure 1.11 or radial. These dc feeders need compact, bidirectional, controllable

and isolated ac-dc converters to regulate power flow with the MV ac distribution grid.

Hence, in this dissertation, the experimental demonstration of the AFEC based on 15

kV SiC IGBT is done up to 4.16 kV grid connected operation to validate it for MV dc

micro-grid application.

Moreover, an MV dc micro-grid with dc bus voltage at ≥ 7–8 kV is helpful due to less

loss over the power lines. For a MV dc bus of 8 kV and above, considering safe margin

for transients (40% de-rating), such converters based on Si IGBTs are not practical

due to limits in blocking voltage and switching frequency [28]. Thus, the experimental

demonstration of ac-dc-dc converter based on AFEC and DAB stages is shown in this

dissertation at 8 kV dc bus voltage. The objective is to demonstrate the performance of

15 kV SiC IGBT in these converters for high power density applications. This converter

has two dc buses - non-isolated 8 kV and isolated 480 V. This implies that both MV and

LV dc micro-grid systems can be interconnected with the MV distribution grid at the

same time but the MV dc micro-grid needs to have an isolated DAB converter connected

at each node for isolating the loads [49]. This is shown in Figure 1.12 where the shaded

section is demonstrated in this dissertation.

1.5 High Speed Motor Drives Application

Another application of HV SiC devices is in the variable speed drives (VSD) for high speed

motors. High speed variable frequency motor drives are required for marine applications,

compressors for oil and gas industries, wind energy generation systems etc. Traditionally,

LV high speed motor drives are used in such applications. This results in large currents

at high power levels leading to large copper loss in the motor winding. Therefore, MV

drives are being considered. The Si based MV drives need gears to increase the speed due

to low switching frequency operation of Si devices in the converter. Gears reduce both

efficiency and power density. With the development of HV SiC devices such as the 10 kV

SiC MOSFET, high switching frequency at MV is possible, which has enabled the scope

of high power density MV direct drive variable speed controlled motors.

Figure 1.13 shows the block diagram of existing Si based high speed motor drive
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Table 1.1: Density, Footprint and Efficiency of Si Based High Speed Motor Drive

Components Inverse Volumetric Density Footprint Layer

m3/MW m2/MW %

Transformer integrated VSD 9.091 3.29 96

Transformer section 4.545 1.645 98

VSD section 4.545 1.645 98

Motor 2 2.5 96

Gearbox 2.631 1.65 98

Total system 13.721 7.44 90

system driving a compressor at 15–20 krpm and drawing power from the 13.8 kV distri-

bution grid. Here, the FEC followed by the inverter together forms the VSD. The front

end stage is generally a Si P-i-N diode based diode-bridge instead of an active converter.

Table. 1.1 gives the inverse volumetric density, footprint and efficiency of a traditional

Si based VSD. It can be seen that the gear box increases the inverse volumetric density,

which results in higher size per MW power. Also, the motor designed to run at low speed

results in higher inverse volumetric density. With SiC MOSFETs, the inverter section

of the VSD itself generates the high fundamental frequency needed for the high speed

motor due to high switching frequency of operation. The high speed motor along with

the elimination of the gearbox, reduces the size tremendously. This inverter can be used

with the AFEC based on 15 kV SiC IGBTs to form a back to back VSD for the drive

system. The high power density, all SiC based VSD proposed based on demonstrations

in this dissertation is shown in Figure 1.14.
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1.6 Research Motivation

As explained in the previous sections, HV SiC devices in applications such as 3-phase

SST, dc micro-grids and high speed motor drives have many benefits. At the same time,

they open up new challenges. The AFEC stage with non-cascaded topology introduces

challenges in maintaining power quality. The MV dc bus, high switching frequency and

high dead-time requirement affects the grid current THD. Using LCL filter to reduce

the filter size affects the grid current THD severely due to lower order harmonics. The

MV dc link between the AFEC and the next stage such as the DAB can get unstable

based on the control parameters, the dc bus capacitance and the operating conditions.

The performance of the system under renewable integration and plug-and-play mode of

operation has to be thoroughly studied. Proper start-up scheme has to be implemented

to protect the SiC devices from heavy in-rush currents in such non-cascaded converters

connected to the MV grid. Back-up protection system is very important for fault ride-

through when operated with the distribution feeder. The thermal design of these grid

connected converters is very important since they are primarily designed to operate with

forced air cooling. For the high frequency converter with HV SiC MOSFETs, high funda-

mental frequency up to 1 kHz can only be achieved if the switching frequency is increased

beyond 10 kHz when switching from MV levels. The high dv/dt operation of these HV

SiC devices demands lower coupling capacitance for the gate driver isolated power supply

transformer. All these challenges are relatively new and need to be addressed if SiC de-

vices are to be widely accepted in 3-phase, MV converters. The focus of this dissertation
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Table 1.2: 15 kV SiC IGBT and MOSFET Loss Comparison at High Power

fsw = 5kHz 15 kV SiC IGBT 15 kV SiC MOSFET

Power Loss (W) Efficiency (%) Loss (W) Efficiency (%)

100 kW 650 99.35 930 99.07

1 MW 7350 99.27 10080 98.99

is to understand these challenges in detail, propose solutions, and validate them through

simulations and hardware experiments.

The 15 kV SiC IGBT is mainly considered for grid connected operation in this disser-

tation. This is because, the HV SiC MOSFET conduction loss increases as the power level

is scaled up. Also, the Rds (on) for MOSFET increases tremendously with temperature,

limiting its operation at high temperature, which is normally the case at high power. For

example, the 15 kV/20 A SiC MOSFET Rds (on) increases from 0.6 Ω to 1.65 Ω as the

junction temperature increases from room temperature to 150◦C [27]. This means that,

for a forward current of 10 A, the voltage drop increases from 6 V at room temperature to

very high value of 16.5 V at 150◦C. At the same time, the 15 kV/20 A SiC IGBT voltage

drop at 10 A only varies from 4.8 V at room temperature to 5.2 V at 150◦C [29]. Hence,

the 15 kV SiC IGBT is the most suitable candidate for high temperature, high power

application which is one of the main target areas for using SiC devices. Table. 1.2 gives

a comparison of expected efficiency using 15 kV SiC IGBT and 15 kV SiC MOSFET at

higher power levels and 13.8 kV grid connected operation, clearly showing the benefit of

using 15 kV SiC IGBT. This is for a 3-phase, 3L-NPC converter. For this reason, IGBT is

mainly considered in this work. However, a comparison study is also carried out between

the two devices at low power levels to show the advantage of using 15 kV MOSFETs for

MV, low power but high power density applications.

1.7 Research Contributions

The key contributions of the dissertation are listed as follows:

1. Different challenges associated with hardware development of MV grid connected

converters based on 15 kV SiC IGBTs and the proposed solutions are presented.
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2. A novel harmonic compensation scheme is proposed for the non-cascaded grid con-

nected converter for improving the grid current THD with L-filter in the presence

of grid voltage harmonics and dead-time harmonics.

3. An improved unified harmonic compensation scheme is proposed for the non-

cascaded grid connected converter for improving the grid current THD with LCL-

filter in the presence of grid voltage harmonics and dead-time harmonics.

4. A method for selecting the dc bus capacitance and control parameters is proposed

for the stable operation of the MV dc link between the MV grid connected converter

and its active load.

5. Complete MV demonstration of the all SiC based 3-phase SST called TIPS is

presented.

6. The plug-and-play operation of the TIPS system during integration of DESDs with

the MV distribution grid is presented.

7. A novel start-up scheme for the 3-phase SST such as TIPS is presented focusing

on charging of the AFEC MV dc bus and the minimization of the MV grid in-rush

currents.

8. Complete protection scheme of the grid connected 3L-NPC converter based on 15

kV SiC IGBT is presented along with feeder stability studies.

9. Detailed loss analysis of the 3-phase grid connected 3L-NPC converter based on

15 kV SiC IGBT is presented using experimental measurements, PLECS thermal

simulations, COMSOL multiphysics simulations and theoretical analysis.

10. A current source based 3-phase PWM Buck Rectifier is proposed for MV grid con-

nected applications and its efficiency is compared with that of 3L-NPC converter.

11. The complete design, development and demonstration of a 3-phase high frequency

converter based on 10 kV SiC MOSFET for high speed motor drive applications

are presented.

12. Different transformer types are designed for reducing the gate driver isolated power

supply coupling capacitance to less than 1 pF, and the results are presented through

Maxwell FEM simulations and measurements using a 110 MHz impedance analyzer.
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13. A comparative evaluation of 15 kV SiC IGBT and 15 kV SiC MOSFET is presented

for grid connected MV AFEC applications.

1.8 Dissertation Outline

This dissertation focuses on the challenges encountered when HV SiC devices are used in

MV converters. The methods required to address these challenges are proposed and ver-

ified through simulations and hardware implementation. The outline of the dissertation

and how the different chapters are linked are shown in the chart in Figure 1.15.

Chapter 1 introduces the different AFEC topologies with advantages and disadvan-

tages, the different applications areas of MV converters based on SiC devices, the research

motivation and contributions.

Chapter 2 discusses the hardware development of 15 kV SiC IGBT based 3-phase

MV grid connected converter. The challenges and proposed solutions are discussed in

detail. The main components considered are the bus bars, the cooling system, the dc bus

capacitors, the ac filter, the sensing and feedback system, the grounding, the 3L-NPC

pole and the 3-phase converter. The development of the laboratory experimental setup

is also discussed.

Chapter 3 addresses the control issues when the 15 kV SiC IGBT based 3-phase con-

verter is tied with the MV grid through an L-filter. The main focus of this chapter is on

the grid current harmonics. The cause and effect of grid current harmonics are analyzed

and the control solutions proposed. The proposed algorithms are verified through simu-

lations and experimental validation on the 15 kV SiC IGBT based hardware prototype.

Chapter 4 describes the harmonic current compensation when using an LCL filter

with the 3L-NPC converter. A Unified Control Scheme for lower order harmonic current

compensation is proposed under such conditions. The stability of the proposed control

scheme is analyzed through frequency domain analysis. The proposed scheme is verified

through simulations and experimental validation on LV, 1200 V, Si IGBT based AFEC

prototype. The behavior of the proposed scheme with active damping is also discussed.

Chapter 5 demonstrates the operation of the 15 kV SiC IGBT based AFEC when

integrated with an active load for dc micro-grid application or TIPS application. The

experimental results are captured for steady state and transient performances. The var-

ious integration challenges are addressed in this chapter. The stability analysis of the
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MV dc link is carried out for different operating points, control parameters and dc bus

capacitance. Also, the behavior of the system during integration with a renewable energy

storage device like a battery is analyzed through simulations and experiments.

Chapter 6 proposes a novel start-up scheme for the charging of the MV dc bus of the

AFEC with minimal inrush currents when used in the TIPS system. The pre-charging is

done through the DAB stage of TIPS using a LV dc source connected to the LV dc bus.

The concept of anti-windup is also discussed to reduce the peak inrush currents.

Chapter 7 explains the protective equipment required to protect the MV side devices

of a MV AFEC like the 3L-NPC of TIPS in the case of faults. The fault coordination

between these devices is analyzed through simulations using the switching model of this

converter. The behavior and the specification of the TIPS AFEC when tied with an

IEEE-34 bus model is also analyzed using the average model of the TIPS AFEC.

Chapter 8 describes the detailed power loss analysis of the 3-phase MV converters

based on 15 kV SiC IGBTs. The analysis is carried out using experimental loss measure-

ments, device heat-run tests, COMSOL and PLECS thermal simulations, and calibrations

with experimentally captured thermal data. Comparison of the efficiency of the convert-

ers using 15 kV SiC IGBTs, 10 kV SiC MOSFETs and 6.5 kV Si IGBTs are also carried

out. A 3-phase PWM Buck Rectifier based on SiC devices is proposed and its loss is

compared with SiC devices based 3L-NPC converter in the grid connected mode.

Chapter 9 explains the design, development, demonstration and analysis of a 3-phase,

HF converter based on 10 kV SiC MOSFETs for high speed motor drive application. The

experimental results up to 1 kHz fundamental frequency are given. The different types

of gate driver power supply isolation transformers evaluated, developed and tested to

reduce the coupling capacitance for high dv/dt operation are also given.

Chapter 10 compares the 15 kV SiC IGBT and 15 kV SiC MOSFET for grid connected

applications. The comparison is carried out based on thermal analysis and heat-run test

of the devices. The advantages in control with high switching frequency possible for the

15 kV SiC MOSFET is also briefly explained through simulations.

Chapter 11 summarizes the major contributions of this dissertation and investigates

the possible future work in this field of research.
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Chapter 2
Hardware Development Challenges of 15 kV

SiC N-IGBT Based MV Grid Connected 3φ

3L-NPC Converter

2.1 Introduction

In this chapter, the design and hardware development of various components of the grid

connected 3L-NPC converter are discussed in detail. This mainly includes the bus bar, the

dc bus capacitors, modular converter structure, leakage balancing method, the cooling

system, the grounding scheme, the controller and feedback system, one 3L-NPC pole

arrangement and the 3-phase converter. The design, characterization and the effect of

parasitic capacitance of the grid tie filter are also discussed in detail. The development

of a laboratory test setup based on 15 kV SiC IGBTs for the demonstration of MV grid

connected operation is also presented.

2.2 15 kV/40 A SiC IGBT Co-pack Module and 20

kV/10 A SiC JBS Diode

The package layout of the 15 kV/40 A SiC IGBT co-pack module is shown in Figure 2.1

(a). Each of the chip size is 8.4 mm x 10 mm with an active area of 0.38 cm2 and they

are built using 5 µm field-stop buffer layer. The drift layer thickness is 140 µm. Both
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the chips share the same gate terminal. Two 10 kV/10 A SiC JBS diodes are connected

in series to achieve 20 kV voltage rating. This is done to meet the voltage rating of the

IGBT chips since 10 kV is the maximum rating for the JBS diode available [50], [51].

This series diode combination is connected in anti-parallel across the IGBT chips to form

a current bidirectional two-quadrant switch. The voltage drop across the current sense

resistors can be used for protective shut-down in case of over-current in the converter.

Figure 2.1 (b) shows the photo of this 15 kV/40 A IGBT co-pack module. The photo of

the 20 kV/10 A SiC JBS diode used as the clamping diode for the 3L-NPC converter

is shown in Figure 2.1 (c). It has the same diode chip layout as in the IGBT co-pack

module without the IGBT chips. Wire bond method is used for all connections.

N-IGBT
Gate 

Resistors

Current Sense 

Resistors

JBS 

Diode

AlN

Gate Kelvin 

Connection

Thermistor DBCu

Wire Bond

(a) Package layout of the 15 kV/40 A SiC IGBT co-
pack module

(b) Photo of 15 kV/40 A SiC IGBT
module

(c) Photo of 20 kV/10 A SiC JBS Diode

Figure 2.1: Device layout and photos
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(a) (b)

Figure 2.2: (a) Gate driver for the 15 kV/40 A SiC IGBT (b) Coupling capacitance vs
frequency of the gate driver power supply isolation transformer

2.3 Gate Driver Board for 15 kV SiC IGBT

Figure 2.2 (a) shows the photo of the gate driver used for all the twelve SiC IGBTs

in the converter. Each gate driver has two boards–the isolated power supply board on

the top and the gate driver logic board on the bottom. These gate drivers are the same

as proposed by A. Kadavelugu et al in [52]. In total, twelve of these gate drivers are

developed for the AFEC. The isolated dc-dc converter for power supply is realized using

a toroidal ferrite core based transformer. Figure 2.2 (b) shows the capacitance plot of

the transformer with frequency measured using an Agilent precision impedance analyzer.

The capacitance is 3.5 pF at 9.5 MHz and 13.5 pF at 110 MHz. In Chapter 9, different

methods to reduce this capacitance are discussed. The isolated power supply has two

output voltage levels. The turn-on voltage is +20 V to reduce the IGBT conduction loss.

The turn-off voltage is -5 V.

The selection of the turn-on gate resistance is based on a trade-off between the accept-

able dv/dt and the switching loss. The dv/dt at the beginning of the turn-on transition

can be very high in the order of tens of kV per µs which leads to high EMI levels in the

converter. To reduce this, the turn-on gate resistance needs to be high. If it is very high,
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(a)

20 MΩ 
across 
diode 
chips

20 MΩ in parallel 

(b)

Figure 2.3: (a) Leakage current vs blocking voltage for the 15 kV SiC IGBTs (b) IGBT
co-pack module with leakage balancing resistances

the turn-on loss increases which in turn puts a limitation on the maximum operating

frequency [52]. Thus, an optimum value of 33 Ω is selected for 5 kHz hard-switching

operation. Turn-off gate resistance is 10 Ω. The device characterization and dv/dts are

discussed in [29], and briefly explained in Chapter 8. The gate driver receives the on/off

pulses from the controller board through optical fibers and transmitters/receivers [52].

2.4 Leakage Balancing in 3L-NPC Converter Pole

One of the main challenges in a 3L-NPC converter is the problem of leakage balancing

of the devices and the clamping diodes. Unequal leakage currents during blocking leads

to unequal voltage sharing across the devices. This results in some devices blocking more

voltage than the other devices and also can result in mid-point voltage shift for the 3L-

NPC converter [53], [54]. In a 3L-NPC converter, the outer device voltages are clamped

to half the dc bus voltage by the clamping diodes. Thus, the devices with low leakage

currents are required to be placed at the outer top and bottom positions in a pole. Also,

the adjacent devices are required to have similar leakage currents for the same blocking

voltage.

The leakage currents measured for the twelve 15 kV SiC IGBTs used in the AFEC

at different blocking voltages are plotted in Figure 2.3 (a) at 25◦C. It can be seen that

the leakage currents vary by almost ten times in some cases at 10 kV blocking voltage.
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The SiC JBS diodes also have similar leakage variations. To balance out the variations,

leakage balancing resistances are added in parallel to each IGBT and the diode. Effective

resistance of 8 MΩ is added across each IGBT co-pack module. This results in a current

of 625 µA through this resistance at 5 kV blocking which is very large compared to

the device leakage currents and therefore cancel their effects. An arrangement shown in

Figure 2.3 (b) is used for the balancing resistances to get the required 8 MΩ. This also

helps to balance the voltage sharing across the anti-parallel SiC JBS diode in the co-pack

module.

2.5 Three-Phase Modular Converter Structure

Figure 2.4 shows the modular converter structure schematic for the 3-phase grid con-

nected 3L-NPC converter. Due to the HV isolation requirements, it is not practically

feasible to place all the twelve IGBT co-pack modules and six clamping diodes on the

same bus-bar structure with a single bulk capacitor bank. This would result in high stress

across the IGBTs which could be detrimental. Also, the mechanical layout will be cum-

bersome for mounting the devices and gate drivers. Therefore, a modular-leg converter

structure is a viable alternative considering the benefits of ease of building and lower

device stress. However, the modular structure need not necessarily increase the number

of capacitors in comparison to the regular single capacitor bank structure. This is due to

the fact that the HV film capacitors have low capacitance which further reduces in value

with series connection, and thus requiring more number of these series connected strings

to be placed in parallel to get the required minimum dc bus capacitance value. So, the

same number of capacitors can be effectively distributed to individual legs rather than

placing them in one central bank [55].

2.6 Bus Bar Design Considerations

2.6.1 Bus Bar Design for TIPS AFEC

The modular structure introduces additional complexity in connecting these three 3-level

poles with minimum stray inductance. This is very critical in applications such as the

AFEC stage of TIPS handling high power (≥ 100 kVA) at high di/dt with very high dc
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Figure 2.4: Modular converter structure schematic for the 3-phase grid connected 3L-
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bus voltage of 22 kV. Each device blocks 11 kV in the off-state which is very close to

the rated voltage of 15 kV. This implies that any voltage spike on the dc bus due to LC

oscillations can kill the device if the peak voltage reaches more than 15 kV. These 15 kV

SiC IGBTs do not have avalanche capability at more than 15 kV. Figure 2.4 shows the

dc bus stray inductance distribution between each pole being considered for analysis in

this section. The presence of stray inductance causes resonant oscillations in the dc bus.

Proper design has to be carried out to mitigate these oscillations. This stray inductance

Lstray forms a second order LC system with the dc bus capacitor Cdc in each half of a

pole. The dc bus has slight amount of switching ripple added on to its 22 kV dc voltage.

The effect of this LC system on the dc bus oscillations can be understood from Figure 2.5.

The peak to peak magnitude of oscillations depends up on the position of the LC system

resonant frequency with respect to the switching frequency.

In Figure 2.5 (a), the switching frequency (fsw) falls below the resonant frequency (fr)

in the frequency scale. This is the case with small value of Lstray. It can be seen that the

switching ripple magnitude in the dc bus is not affected by this and the dc bus does not

have any oscillations except for small switching ripple. This is the preferred situation. In

Figure 2.5 (b), the switching frequency falls above the resonant frequency in the frequency

scale. This means that the LC system reduces the switching ripple. This is the case with

high Lstray on the bus bar. But in this case, the devices see higher peak voltage due to high

Lstray.di/dt generated voltage spike, even though on the total bus the switching ripple

reduces. High Lstray also has an adverse effect on the current control dynamics since the

high dc bus inductance slows down the current control loop and it might deviate from

the VSC mode of operation. Figure 2.5 (c) shows the worst case situation. In this case,

the switching frequency falls exactly on the resonant frequency in the frequency scale.

This increases the switching ripple and causes heavy dc bus oscillations, which affects

the control in the grid tied mode in addition to taking the peak device voltage to near

its breakdown voltage. Thus, in the bus bar design, it has to be made sure that these

two frequencies are not equal [55].

Figure 2.6 shows the simulation results validating the discussed bus bar design consid-

erations. The simulations are carried out for a 13.8 kV grid tied modular 3L-NPC running

at 100 kVA with 22 kV on the dc bus (TIPS AFEC application). The value of the dc bus

capacitance Cdc is 30 µF. For analysis, the switching frequency is considered to be 5 kHz.

The resistance of the bus bar is neglected. Figure 2.6 (a) shows the result with Lstray =
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(a) Lstray = 0 (b) Lstray = 10 µH

(c) Lstray = 50 µH (d) Lstray = 33.774 µH

Figure 2.6: TIPS AFEC dc bus voltage oscillations with different values of Lstray

0 on the bus bar which is the ideal case. Figure 2.6 (b) shows the results with Lstray =

10 µH. With this value of Lstray, the dc bus LC system resonant frequency is 9.189 kHz

which is above the switching frequency. Thus, the switching ripple is unaffected and the

dc bus oscillation is same as with Lstray = 0 (80 V peak to peak).

Figure 2.6 (c) shows the results with Lstray = 50 µH. With this value of Lstray, the dc

bus LC system resonant frequency is 4.109 kHz which is below the switching frequency.

This has reduced the switching ripple (2 V peak to peak). But this is not recommended

due to issues as discussed above. Figure 2.6 (d) shows the results with Lstray = 33.774

µH. With this value of Lstray, the dc bus LC system resonant frequency becomes equal

to the switching frequency. This has increased the dc bus oscillations to 400 V. Thus, it

can be seen that proper bus bar design is very important for the modular converter to

avoid dc bus oscillations.
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Copper 

strips

Figure 2.7: Copper strip bus bars inter-connecting the three 3-level poles for the 3-phase
grid connected 3L-NPC converter

It needs to be pointed out that the bus bar resistance dampens out these oscillations,

but significant bus bar resistance also results in increased loss in the converter. Thus,

alternative methods are to be used. The best way to reduce Lstray with out increasing bus

bar resistance is to use flat copper strips instead of wires for inter-connecting the 3-level

poles. Figure 2.7 shows the copper strips used for the positive, mid-point and negative

bus bars (80 nH per strip). This arrangement of bus bar interconnections is verified on

the TIPS AFEC converter up to 4.2 kV dc bus voltage. The experimental results are

given in Chapter 5.

For the TIPS AFEC set-up, ‘sandwich copper bus bar’ with polymide insulation

is designed for each pole of the 3L-NPC and tested in dc discharge setup at 22 kV.

This is done to reduce Lstray in each pole of the modular converter structure. The bus

bar is manufactured and tested by Storm Copper Components Co. The sandwich bus

bar reduces the loop area between positive bus and negative bus. Therefore, the flux

cancellation between the positive and negative sides is more effective if both the buses

are kept closer. It has to be noted that the current flow direction is opposite in the

positive and negative bus plates. The sandwich bus bar inductance comes out to be 30

nH. Figure 2.8 (a) shows the photo of the Sandwich bus bar. Figure 2.8 (b) shows the

3-D view of the sandwich bus bar design along with the device mounting pattern.
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(a) (b)

Figure 2.8: (a) Sandwich bus bar designed for each pole of the 3-phase grid connected
TIPS AFEC (b) 3-D view of the sandwich bus bar with devices (dc bus capacitor position
changeable)

2.6.2 Bus Bar Design for Laboratory Demonstration

In the laboratory demonstration of the grid connected operation, the operating current

at MV is small. Hence, di/dt induced voltage spike due to Lstray is not that much of a

concern in this case. Therefore, the sandwich bus bar for poles and copper strips for each

pole inter-connection in the modular structure is not very necessary. The gate driver

development and size reduction with additional intelligent features is still an ongoing

process. The Gen-I gate driver explained in Section 2.3 is 2.65 inches wide. Because of

this large size, the sandwich bus bar structure shown in Figure 2.8 (a) is not used for

demonstrations above 4.2 kV dc bus voltage due to mechanical spacing and isolation

considerations in mounting four such gate drivers per pole. But it is used for the full

TIPS system demonstration up to 4.2 kV.

Figure 2.9 shows the bus bar used per pole for > 4.2 kV demonstrations. For HV

insulation, the edges of the bus-bar are covered with layers of Kapton tape and the

corners are rounded to minimize surface charge densities, which could be potential points

for corona discharge. The individual pieces of the bus bars are covered on both sides with

FR4 sheets for isolating from any metal contacts to prevent arcing. The devices are

mounted at a proper distance for sufficient clearance for the gate drivers.
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Figure 2.9: Bus bar layout of one 3L-NPC pole in the hardware setup for demonstration
above 4.2 kV dc bus voltage

2.7 DC Bus Capacitor Arrangement and Testing

In the modular structure for the 3L-NPC converter, each 3-level pole has its own dc bus

capacitors. In the setup for > 4.2 kV demonstrations, each 3-level pole consists of four

120 µF, 3.5 kV, low ESL (30 nH) Polypropylene Film capacitors from ICAR connected

in series to get a voltage rating of 14 kV, providing some margin for transients (Cdc =

60 µF in Figure 2.4). Low ESL is necessary to avoid LC ringing which can cause device

damage similar to the Lstray for bus bars. To ensure equal voltage sharing between the

capacitors, bleeder resistances of 5 MΩ are connected across the capacitors (Figure 2.9).

Before installing the dc bus capacitors in the 3-level poles, each capacitor is tested.

Each capacitor is tested for 3.2 kV charge-discharge using HV, low current power supply

from Glassman High Voltage Incorporated. Figure 2.10 shows the HV capacitor charge-

discharge test arrangement. Four capacitors are connected in parallel with bleeder re-

sistances of 5 MΩ. The set of four capacitors is slowly charged using dc power supply

up to 3.2 kV. Then the capacitor set is kept charged for 30 minutes with 3.2 kV across

them. During the discharging phase, the dc power supply is set zero and the capacitor set

discharges through bleeder resistors. The discharging time is measured to be 21 minutes.

The test is repeated for all the dc bus capacitors in the 3-phase setup.
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Figure 2.10: DC bus capacitor charge-discharge test arrangement

2.8 Heat Sink and Cooling System

In the setup for > 4.2 kV demonstrations, the devices in each 3-level pole are mounted

on Wakefield heat sink (part no. 392-300AB). Two such heat sinks are used per pole and

they are electrically connected together to keep them at the same potential. Forced air

convention is used for cooling the heat sink. One cooling fan set is connected at both

the inlet and outlet ends of the pole. This is done to achieve uniform heat dissipation.

One cooling fan set is composed of two fans with 115 CFM each, coupled together on

the same axis to increase the air flow rate. The heat sink is tied to the dc bus mid-point

to keep it at a fixed potential. The converter thermal analysis is explained in detail in

Chapter 8 [56]. This section briefly explains the heat sink grounding choke used to limit

the common mode (CM) current.

The base plate of each module is isolated from the IGBT collector using AlN layer

as mentioned before. But the collector of all the devices mounted on two electrically

connected heat sinks swing at different potentials in the grid connected SPWM mode of

operation. This implies that if the heat sink is kept floating, the voltage stress across the

base plate isolation can go high depending on the potential of the heat sink at the time

of switching. This results in high CM current flowing through the device base plate-heat

sink path. This can result in spurious tripping of the gate driver in the pole. Therefore, it

is not recommended to keep the heat sink floating. Based on experiments, it is found that

connecting the heat sink to the dc bus mid-point in each 3-level pole through a ‘heat sink

choke’ shown in Figure 2.11 is the best way to reduce this CM current [57]. Figure 2.11 (a)

shows the circuit diagram for this connection and Figure 2.11 (b) shows the photo of the

choke. This choke inductance is 3 mH. The current through the choke is experimentally

measured at 10 kV dc bus voltage on the 3-level pole with 2 um, 15 kV SiC IGBTs. The

test waveforms for SPWM switching of 3-level pole is shown in Figure 2.12. The peak
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Figure 2.11: 3L-NPC converter heat sink choke (a) circuit diagram [57] and (b) photo

1.2 A Peak

DC Bus Voltage (2 kV/div)

Pole Voltage (2 kV/div)

CM Current (1 A/div)

Figure 2.12: Measured heat sink choke current of 3L-NPC converter
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(a) (b)

Figure 2.13: Grid connected 3L-NPC converter hardware setup based on 15 kV SiC
IGBTs for demonstrations (a) up to 4.2 kV dc bus voltage and (b) above 4.2 kV dc bus
voltage

current through the choke is found to be limited to 1.2 A which is small. As the poles for

the grid connected converter are made using 5 µm, 15 kV SiC IGBTs, the peak current

in the choke is expected to be lower than this, which is satisfactory to avoid converter

spurious tripping [57]. The maximum voltage stress across the base plate of IGBTs gets

reduced to 5 kV in this arrangement for 10 kV dc bus voltage.

2.9 Three-Level Poles and Three-Phase Converter

The grid connected 3L-NPC converter hardware used for up to 4.2 kV dc bus voltage

demonstrations with 15 kV SiC IGBTs is shown in Figure 2.13 (a) while that used for >

4.2 kV demonstrations is shown in Figure 2.13 (b). For ≤ 4.2 kV demonstrations, 2 µm,

15 kV/20 A SiC IGBTs are used in the setup in Figure 2.13 (a). The 2 µm devices are all

replaced with 5 µm devices for > 4.2 kV demonstrations due to smaller dv/dt and there-

fore, the possibility to operate with smaller turn-on resistance to decrease the switching

loss. The copper strips are replaced by HV wires from Belden in the modular structure

shown in Figure 2.13 (b) compared to that in Figure 2.13 (a) for ease of construction.

Heavy-duty cabinet is used for the setup in Figure 2.13b. The three poles are arranged
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Figure 2.14: One complete 3L-NPC pole based on 15 kV SiC IGBTs highlighting all the
components in the hardware setup for demonstrations (a) up to 4.2 kV dc bus voltage
and (b) above 4.2 kV dc bus voltage

at different levels on the cabinet. Porcelain stand-off insulators and fiber glass insulator

sheets are used to provide for proper insulation between each pole and the cabinet. The

filter inductors for grid connected operation are also placed adjacent to the 3-level poles.

One 3L-NPC pole using the sandwich bus bar is shown in Figure 2.14 (a). The heat

sink used is from Thermalloy for this pole for smaller thermal resistance. This is needed

due to the high turn-on gate resistance and therefore, higher loss in the 2 µm devices.

It can be seen that the gate drivers are all close to each other in this arrangement

as explained before. The leakage balancing resistances are not used up to 4.2 kV dc bus

voltage since the device leakage difference is not large at low blocking voltages (Figure 2.3

(a)). In the setup for > 4.2 kV demonstrations, one 3-level pole is shown in Figure 2.14

(b) including all the pole details. The four gate drivers are placed at appropriate distances

from each other for HV isolation.

2.10 AC Side Filter Design and Challenges

2.10.1 Filter Design for TIPS AFEC

The relatively high switching frequency achievable due to the use of SiC devices signif-

icantly reduces the ac filter size. Traditionally, for MV, high power applications using
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(a) (b)

Figure 2.15: (a) Current through and (b) voltage across each of the TIPS AFEC filter
components with 10 pF across Ls

Table 2.1: TIPS AFEC LCL Filter Design Parameters

Parameter Grid Side Converter Side Filter

Inductor (Lg) Inductor (Ls) Capacitor (Cf)

Value 90 mH 180 mH 0.42 µF

rms Current 4.276 A 4.394 A 1.33 A

Peak Current 6.079 A 6.813 A 2.87 A

rms Voltage 217.59 V 2.76 kV 7.95 kV

Peak Voltage 649.88 V 6.52 kV 11.29 kV

THD of Current 2.56% 9.19% 32.53%

GTOs, 0.1–0.15 pu inductance was required for proper filtering of switching ripples with

only L-filter [1]. With higher switching frequencies of 3–5 kHz possible with SiC IGBTs,

this can be as low as 0.05 pu (∼ 440 mH) for TIPS AFEC with 22 kV dc bus and 100

kVA.

The size of filter inductance can be further reduced by using LCL filter. For TIPS

AFEC, the total filter inductance is designed for 3% drop of the grid voltage (13.8 kV).

This is distributed in the ratio of 1:2 for the grid side inductor (Lg) and the converter

side inductor (Ls). This results in 90 mH for Lg and 180 mH for Ls. The inductor Ls has

to be designed to withstand the 11 kV switching ripple. To reduce the losses, the core

material has to be either ferrite or nan-crystalline. The filter capacitor (Cf ) value is then
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Figure 2.16: Per phase single line diagram of TIPS AFEC LCL Filter

decided based on the desired resonant frequency. The choice of resonant frequency has to

be made carefully if the switching frequency is only 3 kHz. It has to be reasonably lower

than 3 kHz to eliminate the switching ripple. Also, it cannot be near to dominant lower

order harmonics like 5th and 7th so as to prevent these harmonics from getting resonated.

Thus, an optimum value of 1 kHz is selected. This results in Cf value to be 0.42 µF.

Figure 2.15 (a) and (b) show the current and voltage waveforms across the filter elements

respectively with a parallel parasitic capacitance Cpf of 10 pF across Ls. Table. 2.1 gives

the design parameters for these filter components. Figure 2.16 shows the per phase single

line diagram of LCL filter for TIPS AFEC. Damping resistance (Rdamp) is designed for

0.707 damping factor.

2.10.2 Effect of Filter Parasitic Capacitance

The HV insulation requirement and core size restriction due to overall size limit results in

very high Cpf at this voltage if single inductor of 90 mH or 180 mH is used. The designed

value in such cases comes out to be more than 1 nF. This affects the overall impedance at

the switching frequency for the filter. As the value of Cpf increases from the ideal value

of less than 10 pF, the impedance offered by Cpf to 3–5 kHz switching ripple reduces,

thereby changing the value of the impedance offered by the parallel combination of Cpf

and Ls to the switching ripple. Thus, the performance of the LCL filter gets affected.

Table. 2.2 shows the impedance offered by different values of Cpf at 5 kHz (considered

as the worst case). The impedance offered by Ls at 5 kHz is 5685 Ω. As Cpf increases,
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Table 2.2: Impedance Offered by Different Values of Cpf at 5 kHz for TIPS AFEC

Parallel Capacitance (Cpf) Value Impedance at 5 kHz

10 pF 3183100 Ω

100 pF 318310 Ω

1 nF 31831 Ω

10 nF 3183 Ω

100 nF 314 Ω

(a) (b)

Figure 2.17: (a) Current through and (b) voltage across each of the TIPS AFEC filter
components with 1 nF across Ls

its impedance becomes comparable to that of Ls which affects the filtering.

High dv/dt switching also affects the grid currents if Cpf is high. Figure 2.17 (a) and

(b) show the current and voltage waveforms across the filter elements respectively with

1 nF capacitance across Ls. It can be seen that Ls current has dv/dt generated spikes

added on to it which flows through Cpf . This current has to flow through the devices

which increases the loss in the devices. Also, Lg has to be rated for higher peak voltage.

Thus, it is not recommended to use a single inductor for filtering application with such

high dv/dt.
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(a) (b)

Figure 2.18: Photos of (a) 20 mH ferrite core inductor and (b) 20 mH iron core inductor
for filter applications

2.10.3 Series Connection to Reduce Parasitic Capacitance

The series connection of smaller filter inductors is proposed in this section to reduce Cpf .

This also simplifies the manufacturing of the inductors. Figure 2.18 (a) shows the photo

of a 20 mH, 7 A inductor built using Ferrite C-cores. For higher voltage insulation, Nomex

paper and Kapton tape are used between the windings and the core. Six ferrite C-cores

are used to form the inductor core, with three on either sides to get the required core

cross-section area (19.35 cm2). These are stuck together using scotch weld gum with 1

mm thick Nomex paper layer in between to get the required air-gap length. The number

of copper wire turns used is 120 with 60 each distributed on either of the limbs.

Figure 2.19 (a) shows the plot of inductance and resistance variations of the ferrite

core inductor with frequency from 40 Hz to 10 kHz. It can be seen that even at 5 kHz

switching frequency the inductance value is around 21 mH which is a major requirement.

Nine of these inductors can be connected in series on the converter side to get the re-

quired inductance per phase for filtering the switching ripple. Figure 2.19 (b) shows the

impedance variation with frequency from 40 Hz to 110 MHz. The resonant frequency is

found to be 158.82 kHz. This implies that the value of Cpf is around 50 pF. Thus, nine

of them connected in series reduces the effective Cpf to 5.56 pF which is lower than the

10 pF requirement.

The FEM electrostatic simulation result for calculating the value of Cpf is given in

Figure 2.20. The calculated value of Cpf = 48 pF closely matches that measured using

the impedance analyzer. The maximum voltage across one inductor is taken to be 725

V based on the peak voltage of 6.52 kV across the entire Ls (Table. 2.1). The maximum
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Figure 2.19: (a) Inductance-resistance variation and (b) Impedance magnitude-angle
variation of 20 mH ferrite core inductor with frequency
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Figure 2.20: FEM electrostatic simulation result for calculating the value of Cpf for
ferrite core 20 mH inductor
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electric field on the Nomex paper is found to lesser than its breakdown strength of 1.6

kV/mm. The inductor Lg sees fundamental voltage across it. It can also be made of

ferrite core, but even iron core inductor can be used to be more economical. Figure 2.18

(b) shows the 20 mH, 30 A Iron core inductor (195M30) from Hammond Manufacturing

which can be connected in series on the grid side to get the required inductance.

2.10.4 Single-Phase H-Bridge Converter for Inductor Tests

An H-bridge converter using 5 µm, 15 kV/20 A SiC IGBTs is used to test the series con-

nected Ferrite inductors for high dv/dt withstanding capability [57]. The dc bus voltage

used is 10 kV. Each of the 15 kV SiC IGBTs is exposed to 10 kV in steady state, which is

a practical device operating voltage (66% of maximum blocking capability). Figure 2.21

shows the H-Bridge test setup. The gate resistances used are 33 Ω for turn-on and 10 Ω

for turn-off.

Figure 2.22 shows the H-Bridge converter experimental results in the inverter mode of

operation with R-L load. The converter is operated at 5 kHz switching frequency using

uni-polar SPWM at 6 kVA. The output PWM voltage has +10 kV, 0 V and -10 kV

states resulting from the modulation scheme. The modulation index used is 0.5 to limit

the inductor current to prevent saturation. The total filter inductance is 240 mH with a

resistive load of 2 kΩ.

The H-Bridge circuit used in the test is shown in Figure 2.23 highlighting the 20 mH

inductor under test. A total of 240 mH is required to achieve sufficient L/R ratio for

sinusoidal current at 6 kVA. The 55 mH inductors shown in the circuit are made using

the same ferrite cores with four C-cores on each side, total of 160 turns and airgap of 1.5

mm. The saturation current is 3.75 A which is lower than that for the 20 mH inductor.

This is sufficient for this test. The voltage drop across the 20 mH inductor under test is

expected to be as shown in the simulated waveform in Figure 2.24. The peak value of 3 kV

is four times greater than the 750 V seen by the 20 mH inductor in the series connected

set proposed for TIPS AFEC. This high peak value is due to the uneven distribution of

parasitic capacitances on the inductors used in the H-Bridge test.
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Figure 2.21: Single-phase H-Bridge converter experimental setup
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Figure 2.22: Single-phase H-Bridge experimental waveforms

43



L1=20mH L2=20mH L3=23mH L4=55mH L5=55mH L6=55mH L7=12mH

50 pF 50 pF 50 pF 50 pF 50 pF 50 pF 50 pF

2 kΩ 

30 µF
+

-
10 kV

15 kV/20 A SiC IGBT Co-pack Module

Inductor under Test

Figure 2.23: Single-phase H-Bridge circuit schematic showing filter inductor under test

Figure 2.24: One 20 mH inductor voltage drop in the H-Bridge test
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Figure 2.25: 3L-NPC circuit schematic based on 15 kV SiC MOSFETs for filter inductor
test
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Figure 2.26: 15 kV SiC MOSFETs based 3L-NPC pole waveforms at 20 kHz
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2.10.5 Three-Level Pole for Inductor Tests

A 3L-NPC pole based on 15 kV/20 A SiC MOSFETs is used to test the 20 mH inductor

at higher voltages. The schematic is shown in Figure 2.25. The dc bus voltage used is 10

kV. The 15 kV SiC MOSFETs are switched at 20 kHz in the square wave mode. At 20

kHz, the inductor impedance is 2.5 kΩ which is comparable to the load resistance of 2

kΩ. This implies that the inductor supports very high voltage as shown in Figure 2.26.

The inductor voltage drop is 13 kV peak-peak voltage at 20 kHz and 2 A peak current.

2.10.6 Filter Design for Laboratory Demonstration

For laboratory demonstration of grid connected operation at 4.16 kV grid voltage, 8 kV

dc bus voltage and 9.6 kW power, an L-filter of 140 mH (0.18 pu) is used for the 5 kHz

switching ripple. In total, seven numbers of 20 mH, 30 A iron core inductors (Figure 2.18

(b)) are used per phase. Each inductor has a voltage rating of 750 V rms, resulting in

5.25 kV rms per phase. Current rating of 30 A is considered to avoid inductor saturation

during the start-up when there are large in-rush currents.

Figure 2.27 (a) shows that the saturation current is more than 21 A. This is mea-

sured using a clamped inductive double pulse test (DPT) setup. Figure 2.27 (b) shows

the frequency response plots of the inductance in each phase as well as the impedance

in R-phase. Here, Lf is the total filter inductance per phase. The three set of induc-

tors have matching behavior. Resonant frequency of 28.572 kHz implies a total parasitic

capacitance of 222 pF per phase.

For the 4.16 kV grid connected demonstration at 8 kV dc bus voltage, the turn-on

dv/dt is 25 kV/µs with 33 Ω turn-on gate resistance. Using this, the parasitic current is

calculated to be 5.55 A. With the parasitic capacitance (∼ 1nF) of the 60 Hz transformer

used in the demonstration (see Section 2.11) also coming in series, this further reduces

to around 4 A as shown in Figure 2.28. The filter is inductive at the 5 kHz switching

frequency which is the main requirement. However, this affects the grid current quality

as seen from Figure 2.28. These current spikes can be seen in the experimental waveforms

with increased resolution in the oscilloscope.
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DPT circuit gate pulse (20 V/div)

Inductor current (5 A/div)

(a) (b)

Figure 2.27: (a) L-filter saturation test result and (b) Frequency response plots

Figure 2.28: Grid currents with 222 pF parasitic capacitance across the L-filter

47



140 mH

0 - 480 V

Variac

3L-NPC

Converter

480 V 

Lab Grid

Filter 

Inductance

480 V – 7.2 kV 

3Φ Step-Up 

Transformer

Load
3Φ Circuit 

Breakers
140 mH

140 mH

140 mH

Two variacs on 

the same shaft

Circulating current 

limiting chokes
Grid voltage sensors 

for PLL

Figure 2.29: Laboratory test setup schematic for the 15 kV SiC IGBT based grid con-
nected operation

Figure 2.30: Variac high power test results at 17 kW (a) full 480 V and lower current of
21 A (b) lower voltage of 240 V and high current of 40 A (Ch1, Ch2, Ch3: Three phase
currents, Ch4: Line-line voltage)
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2.11 Hardware Test Setup for Grid Tie Operation

Figure 2.29 shows the circuit schematic for the testing of the 15 kV SiC IGBT based

AFEC in the grid connected rectifier mode. This converter is to be tested in the stand-

alone rectifier mode supplying a passive resistive load. For the laboratory testing of this

converter, the grid used is rated at 480 V, 3-phase, 60 Hz. The grid is connected to a 0–480

V, 3-phase variac. The variac is followed by a 480 V–7.2 kV, 3-phase step-up transformer.

A 3-phase circuit breaker is inserted between the variac and the transformer. This 60 Hz

transformer is used in the circuit only after 4.2 kV on the dc bus. It is connected to the

filter inductors. The filter inductors are connected to the 3-phase converter terminals on

the other side.

Two similar variacs, each 480 V, 25 kVA, 3-phase are paralleled both mechanically

and electrically to form a 480 V, 50 kVA, 3-phase Variac. This is done due to the high

current flowing through the variac for the same power at settings below its rating of

480 V, which is mostly the case. Figure 2.29 shows this in-house built variac. Current

balancing chokes are installed in each phase to limit the circulating current. The current

through each choke is measured to check for the current sharing of the variacs at higher

current levels. The two variacs are mechanically coupled on to the same shaft. Figure 2.30

shows the variac test results with 3-phase resistive load.

2.12 Controller Hardware, Feedback Signal Process-

ing and EMI Shielding

The controller is implemented using a 16-bit fixed-point DSP, TMS320LF2407A from

Texas Instruments (TI). All the multiplications are done in 32-bit to improve accuracy.

The ADC is of 10-bit and unipolar with 0–3.3 V range. The DSP communicates with a

protection and delay (PD) board using FRC cables for better noise immunity. The PWM

signals are the outputs from the DSP while the sensed feedback signals are the inputs to

the DSP from the PD board. The PD board has three functions - scaling and processing

the feedback signals for the DSP ADC, protection of the converter from grid over current

and dc bus over voltage, and PWM signal processing with generation of dead-time for

the converter. A dead-time of 3.8 µs for the converter is generated in the PD board. This

controller/PD board arrangement for laboratory testing is shown in Figure 2.31.
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Figure 2.31: Controller hardware, protection-delay board and other logic boards for grid
connected operation
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Figure 2.32: (a) LEM sensors used for sensing control variables (b) CM choke on the
PD board power supply (c) Shielding braids used around the feedback signals
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The sensor output signals (0–±10 V) are scaled and shifted to the 0-3.3 V range for the

ADC using high precision differential amplifier INA159 from TI in the PD board. It has

high bandwidth of 1.5 MHz and high slew rate of 15 V/µs. The voltage sensor (bandwidth

fvs) used for both grid voltage and dc bus voltage sensing is rated at 4 kV nominal primary

voltage (LEM LV100-4000/SP2V). This sensor is rated for 12 kV isolation voltage and

hence has been selected in this application. The current signal output with 4 kV to 50

mA ratio given by this voltage sensor is converted to 0–±10 V range using 100 Ω burden

resistance having 0.1% tolerance. High accuracy is very important since the medium

voltage is being scaled into 0-3.3 V scale. The current sensor used is LEM LA55P due to

its high bandwidth (fcs) of 200 kHz for better control dynamics and the isolation voltage

of 2.5 kV.

Figure 2.32 (a) shows the voltage and current sensors used with the noise shields. The

sensors communicate with the PD board through shielded co-axial cable for eliminating

high dv/dt generated noise. The shielding wire is grounded on the PD board. Ferrite

beads are also used on the sensor lines to further suppress the noise. CM chokes with

high impedance at high frequencies are used on all the power supply lines to reduce the

impact of the CM noise. Figure 2.32 (b) shows the CM choke used for this purpose on

the PD board power supply lines. In addition to shielded cables, shielding braids are also

used for the feedback signals as indicated in Figure 2.32 (c) for extra layer of shielding

against EMI.
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Cgnd

R
g

n
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Figure 2.33: Grid connected converter grounding scheme showing the grounding board
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Figure 2.34: Common mode voltage dropped across the grounding resistance

2.13 Grounding and Common Mode Currents

Grounding of the 3-phase converter is very important to ensure that the devices do not see

a floating voltage with respect to earth [58], [59]. Improper grounding can provide path

for high CM currents to flow. This is especially important in the laboratory arrangement

shown in Figure 2.29 with 60 Hz step-up transformer. The large coupling capacitance of

this transformer provides a path for the CM current to flow. The resistance grounding

scheme used for this work is shown in Figure 2.33. A virtual dc mid-point is created

in the system using very small capacitance (Cgnd = 80 nF) in parallel with the dc bus

capacitance. This virtual dc mid-point is connected to the ground using a high resistance

(Rgnd = 10 MΩ). The CM voltage with peak value vDC/3 at 5 kHz is dropped across this

resistance. It is important to ensure that the CM current is minimized and thus, improve

the EMI performance of the converter. The CM voltage dropped across this resistance is

shown in Figure 2.34 at 8 kV dc bus voltage and 5 kHz captured through simulation. The

rms voltage across the resistor is 1.423 kV. Hence, the power loss in the 10 MΩ resistor

is very negligible.
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2.14 Conclusions

In this chapter, the hardware design of the 15 kV SiC IGBT based 3-phase, 3L-NPC

grid connected converter is discussed in detail. The main components of this hardware

design and development include bus bar structure, heat sink and cooling system, leaking

balancing of the 15 kV SiC IGBTs and 20 kV SiC JBS diodes,, dc bus capacitors, 3L-NPC

pole, ac side filter design, controller design, feedback signal processing, grounding, and

shielding against EMI. Various iterations of the design are discussed for TIPS system with

13.8 kV grid operation, and for laboratory demonstration of the 4.16 kV grid connected

operation useful in dc micro-grid applications. The design challenges are mainly due to

high dv/dt and high di/dt operation of 15 kV SiC IGBTs in these converters, and the

very high insulation requirements.

The main contributions include the following:

1. Proposing bus bar structures for stable operation of grid connected converter with-

out oscillations. Also includes the selection, testing and validation of dc bus capac-

itors with low ESL for MV dc bus applications.

2. Proposing detailed design procedures of L-filter and LCL-filter for MV grid inte-

gration. The series connection of filter inductors to reduce parasitic capacitance at

high dv/dt operation is presented. This also involved the design, development and

validation of ferrite core based high voltage filter inductors with 50 pF parasitic

capacitance for grid connected applications.

3. Design, development and validation of controller boards, feedback signal processing

boards, sensor boards and noise elimination schemes for reliable control under high

dv/dt and di/dt operation.

4. Design and development of laboratory test setup for MV grid connected operation

of 15 kV SiC IGBT based 3-phase, 3L-NPC converter. The same setup can be easily

modified for testing of other HV SiC devices packaged by Powerex such as 15 kV

and 10 kV SiC MOSFETs. The setup is flexible for easy up-gradation to higher

voltages and power.
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Chapter 3
Control Design and Harmonic Analysis of 15

kV SiC N-IGBT Based MV Grid Connected

Three-Phase Converter

3.1 Introduction

The advent of HV SiC IGBTs has enabled the 3-phase MV grid connected operation

of non-cascaded 3L-NPC converters [28]–[30]. 15 kV SiC IGBT from Cree is one such

device which can be used for 3-phase MV grid voltage of ≥ 4.16 kV. It is highly efficient

and can be switched at 5 kHz with only forced air cooling from 10 kV/5 A based on the

characteristics given in [29], [39], [60]. This results in smaller size for the filter elements.

Also, the control of 3L-NPC converter is simple in terms of dc bus voltage balancing as

compared to cascaded converters [61]. 15 kV SiC IGBT is proposed for SST application

in the integration of renewable sources and distributed energy storage devices in [38],

[39].

However, 15 kV SiC IGBT when used in a non-cascaded 3L-NPC grid connected

converter at MV introduces power quality challenges at lower current which is not ex-

perimentally validated in the available literature [62]. Due to the devices switching from

higher blocking voltage, at 5 kHz switching frequency, with the highest ever dv/dt (25–50

kV/µs) compared to a cascaded structure, the effect of dead-time harmonics is severe in

such converters. Similarly, the input ac voltage across the converter terminals is higher,

resulting in higher magnitude harmonics from the grid voltage seen by the converter. This
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Table 3.1: Comparison of Si and SiC based MV Grid Connected Converters

Parameter per converter Si Based Converter SiC Based Converter

AC voltage level ≤ 4.16 kV ≥ 4.16 kV

DC voltage level ≤ 7 kV ≥ 7 kV

Switching frequency 0.5–1 kHz 3–5 kHz

Dead-time ≤ 2 µs ≥ 3 µs

Maximum dv/dt ≤ 10 kV/µs ≥ 25 kV/µs

Grid current THD ≤ 5% Being analyzed

in this chapter

causes harmonic control problems and results in poor THD at low fundamental currents

[61]. This is a critical issue when operating under light load condition, which the con-

verter is expected to encounter several times in the load cycle. For example, for the TIPS

AFEC, the fundamental current is only 4.84 A at 100 kVA. This is the power level in

typical micro-grid applications. Hence, the THD can be very high when switching at 3–5

kHz from 11 kV blocking voltage connected to the 13.8 kV grid. Table. 3.1 summarizes

the comparison between one converter of an Si based cascaded converter system and SiC

based non-cascaded converter for MV grid tie applications.

In the literature, several methods have been proposed to eliminate lower order har-

monics from grid current at lower grid voltage and higher currents [63]–[67]. These

methods are complex control schemes and none of them have been validated on non-

cascaded MV grid connected converters with proper stability studies. In this Chapter,

a new method is proposed at MV based on harmonic extraction to compensate for the

harmonics in the grid currents. The effect of extraction filter is explained in detail, and

the controller design for harmonics is done for the best phase margin and bandwidth

using simple design process. Slight amount of even harmonics like 4th are also present

in the grid voltage due to non-linear load connected to the grid, which affects the THD

under light load conditions and are considered. The converter performance also depends

on the accuracy of the sensing and feedback path. The voltage sensors available for mea-

suring MV have significant offset errors and low bandwidths. These parameters affect

such control schemes implemented in the digital domain. This is analyzed in detail.

In this Chapter, all these mentioned issues are quantified at MV, analytically ex-
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plained in detail, supported by PLECS simulations and experimentally demonstrated on

a 15 kV SiC IGBT based 3L-NPC prototype grid connected up to 4.16 kV, 3-phase MV

grid. The impact of the proposed harmonic compensation is also studied. The advan-

tage of the proposed controller with harmonic compensation for the TIPS AFEC stage

is understood through simulations in the later part of the Chapter.

3.2 Grid Connected Converter System for up to 4.16

kV demonstration

3.2.1 Power Circuit Description

The power circuit of the converter system used for MV harmonic analysis up to 4.16 kV

grid voltage is shown in Figure 3.1. A 3L-NPC converter is tied with the 3-phase, MV

grid through the distribution transformer and the L-filter. The distribution transformer

is generally used for isolation purpose if the converter is used in APF or STATCOM

applications. 15 kV/40 A SiC IGBT co-pack module is used as the switching device

while 20 kV SiC JBS diode is used as the clamping diode.

Table. 3.2 summarizes the system parameters considered for the analysis including

the voltage and power ranges. The converter is designed for 100 kVA. For the standard

3-phase, 60 Hz distribution grid voltage of 4.16 kV, a load of 9.6 kW at 8 kV dc bus

voltage is considered in the experiments for light load demonstrations. Below this power

level, the effect of lower order harmonics becomes significant. This condition is also used

for all analysis and simulations to compare with the experiments.

Other voltage and power ranges in Table. 3.2 are only demonstrated in the experi-

ments. With 8 kV on the total dc bus, each device has to block 4 kV and switch at 5

kHz, which is way beyond the capability of any Si power device. The filter inductor used

is 140 mH per phase at a switching frequency of 5 kHz. The total dc bus capacitance is

90 µF distributed in each phase as shown in Figure 3.1.
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Figure 3.1: Power circuit of the MV grid connected 3φ 3L-NPC converter

Table 3.2: System Parameters of 3φ 3L-NPC Grid Connected Converter

Parameter Value

MV grid voltage 2.64–4.16 kV

DC bus voltage 5–8 kV

Power 5.1–12.8 kW

Switching frequency 5 kHz

Dead-time 3.8 µs

Filter inductance 140 mH

Line resistance 0.7 Ω

Cdc 60 µF

Transformer leakage 30 mH

Cgnd 80 nF

Rgnd 10 MΩ
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Figure 3.2: Control block diagram of the MV grid connected 3φ 3L-NPC converter
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3.2.2 Control Algorithm and Design of Control Parameters

The control scheme used for grid connected operation is shown in Figure 3.2. The con-

troller hardware is explained in Section 2.12. The main advantage of using a non-cascaded

converter at medium voltage is the usability of simple control algorithms for fundamen-

tal control. Synchronous reference frame based vector control is the basic control scheme

used for the 3L-NPC converter. Grid voltage is used as the reference vector as shown

in Figure 3.2. A phase locked loop (PLL) with reference frequency fPLL is used for gen-

erating the reference angle (θ) by phase locking with the sensed grid voltage. All the

sensed 3-phase variables are converted to the equivalent synchronous dq-reference frame

variables using the fundamental unit vectors (cos θ, sin θ). In the synchronous reference

frame, the fundamental component of all the variables behaves like dc parameters. For

fundamental component control, there are three proportional-integral (PI) controllers

used in the system - one voltage controller forming the slow acting outer control loop

and two current controllers; one each in the d-axis and q-axis forming the higher band-

width inner control loops. Feed-forward terms are used for decoupling the two current

controller dynamics. The voltage controller regulates the MV dc bus voltage (vDC) to the

reference value (v∗DC) and generates the reference (i∗d) for the d-axis current controller.

The d-axis current controller regulates the active component (id) of the fundamental grid

current to this reference and generates the d-axis voltage component of the converter

voltage (vd). The objective of the q-axis current controller is power factor (pf) control on

the grid side. The q-axis current controller regulates the reactive component (iq) of the

fundamental grid current to its reference (i∗q) and generates the q-axis voltage component

of the converter voltage (vq). Unity power factor (UPF) is achieved by keeping iq = 0.

Fundamental 3-phase modulating signals (mr,my,mb) are calculated from vd, vq.

Equation (3.1) gives the plant model (Gp(s)) of the converter. It has two time con-

stants; the plant time constant Tf and the switching time Tsw. At 5 kHz switching fre-

quency, Tsw = 200 µs. For the L-filter of Lf = 140 mH and considering Rf = 0.7 Ω, Tf

= 200 ms. Thus, Tf = 1000 ∗ Tsw. This implies that for control parameter design the

switching time can be neglected and the plant model simplifies to G′p(s) in (3.2). The

effect of Tsw is explained in Section 3.3.4. The inner current control loop has to be made

as fast as possible. It is possible to select 1 kHz (ωi = 2 ∗ π ∗ 1000 rad/s) bandwidth

for this controller because of 5 kHz switching frequency. By canceling the dominant pole

(1/Tf ) in the system with the zero (1/Tc) of the current controller as shown in (3.3), the
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current loop becomes a first order system. This results in very good transient response

for the current control loop. The open loop transfer function (Gc OL(s)) for the current

control is given in (3.4). Here, Kc, Tc are the current controller parameters. Kc is the gain

of the current controller and is calculated from (3.5) for the required bandwidth ωi. The

first order closed loop current control transfer function (Gc CL(s)) is given in (3.6). In all

these derivations, feed-forward terms are assumed to decouple the d and q axes.

Gp(s) =
1

Rf

(
1

1 + sTf

)(
1

1 + sTsw

)
(3.1)

G′p(s) =
1

Rf

(
1

1 + sTf

)
(3.2)

Tc = Tf =
Lf
Rf

(3.3)

Gc OL(s) =
Kc

sLf
(3.4)

Kc = ωiLf (3.5)

Gc CL(s) =
1

1 + s
ωi

(3.6)

The open loop transfer function (Gv OL(s)) for the voltage control is given by (3.7).

Here, Kv, Tv are the dc bus voltage controller parameters. Kv is the gain and Tv is the time

constant. C ′dc is the effective capacitance of the dc bus given by (3.8) and Rdc is the bleeder

resistance. The load current is assumed to be a disturbance input in the small signal

model. Here, m is the modulation index of the converter which depends on the operating

point. The closed loop transfer function (Gv CL(s)) of the voltage control loop is given in

(3.9) which can be rearranged as shown in (3.10). This implies that if Kv >>
1−C′

dcRdc

mRdc
or

Kv >> 0.0000816 based on the system parameters, Gv CL(s) can be written as in (3.11).

This is a first order system independent of Tv. With m = 0.735 for 4.16 kV grid, 8 kV

dc bus and 9.6 kW operation, Kv can be selected for the required bandwidth (ωv) of

the voltage control loop as given by (3.12). For better dynamic response, ωv = ωi/10 is

considered which results in a bandwidth of 100 Hz for the voltage control loop.

Gv OL(s) = m

(
Kv

(1 + sTv)

sTv

)(
1

1 + s
ωi

)(
Rdc

1 + sC ′dcRdc

)
(3.7)
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Table 3.3: Control Parameters of 3φ 3L-NPC Grid Connected Converter

Parameter Value

Kc 880 Ω

Tc 0.2 s

ωi 6283.2 rad/s

φi 90◦

Kv 0.0769 Ω−1

Tv 2 s

ωv 628.32 rad/s

φv 90.1091◦

fcs 200 kHz

fvs 10 kHz

fPLL 60 Hz

fi = 1 kHz
fv = 100 Hz

Gc_OL (s)
Gc_CL (s)
Gv_OL (s)
Gv_CL (s)

100
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Figure 3.3: Bode plots of the control transfer functions
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C ′dc =
3

2
Cdc (3.8)

Gv CL(s) =
1 + sTv

1 + s
(

1
KvmRdc

+ 1
)
Tv + s2

(
C′

dcTv
mKv

) (3.9)

Gv CL(s) =
1 + sTv

(1 + sTv)
(

1 + s
(
C′

dc

mKv

))
+ s

(
1−C′

dcRdc

mKvRdc

) (3.10)

Gv CL(s) =
1

1 + s
(
C′

dc

mKv

) (3.11)

Kv =

(
ωvC

′
dc

m

)
(3.12)

Table. 3.3 summarizes the control parameters designed for the presented converter.

Figure 3.3 shows the bode plot of all the transfer functions based on the designed pa-

rameters. This design ensures that both current and voltage control loops are first order

systems for stable overall performance. The phase margins φi and φv for the current and

voltage loops, respectively, are found to be 90◦ and 90.1091◦, which implies first order

transient performance for both current and voltage step changes. This is very critical at

MV level.

3.3 THD Analysis of the Converter

3.3.1 Cause and Effect of Lower Order Harmonics

As the grid voltage increases, the fundamental current for same power decreases and this

causes concern for the power quality as THD of the grid current increases. The main

reasons for harmonic distortion of the grid currents are grid voltage harmonics and dead-

time generated harmonics [61]. The effect on power quality is not significant in cascaded

converters since the grid voltage harmonics get equally distributed across the individual

converters and the dead-time effect is small due to lower voltage switching with small

dead-time. With the non-cascaded 3L-NPC converter with operating conditions listed

in Table. 3.2, this effect becomes more significant. The performance studied through

simulation in this section is supported by experimental results given in Section 3.4.

Since the converter is non-cascaded, the entire 4.16 kV grid voltage is seen as the ac

62



5th
7th4th

Fundamental (60 Hz) Grid Voltage (5 kV/div)

Grid Voltage FFT (20 dB/div)

Figure 3.4: Experimentally measured grid voltage harmonic spectrum (in dB)

input by the converter. The THD standards like IEEE 519 allows a maximum of 3% of

the dominant harmonic as well as maximum of 5% THD in the grid voltage [68]. At 4.16

kV fundamental voltage and above, this can result in high magnitude of harmonic voltage

seen by the converter. In this study, for comparing with experimental results, harmonic

spectrum of the grid voltage present in the laboratory is studied. The experimentally

measured MV grid voltage harmonic spectrum is shown in Figure 3.4 when the converter

is not connected to the grid. Table. 3.4 shows the percentage distribution of the grid

harmonic voltages measured. The dominant lower order harmonics up to 7th harmonic

are only considered for the analysis. The grid voltage THD is 2% which is very well within

the 5% requirement as expected. Table. 3.4 also shows the impedance offered by the L-

filter to individual harmonic frequencies. Based on these data, the individual harmonic

currents are calculated. Figure 3.5 shows the magnitude of harmonic currents compared

to the fundamental current at 4.16 kV, 9.6 kW assuming only grid voltage harmonics are

present in the system and are not compensated. The grid current THD is 23.12%.

Dead-time is used for protecting the devices in the 3L-NPC converter from shoot-

through faults. The newly developed 15 kV/40 A SiC IGBTs have limited short circuit

capability. Hence, it is required to have large dead-times when switching from higher
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Table 3.4: Grid Voltage Generated Harmonic Currents

Harmonic Component Voltage (V) Impedance (Ω) Current (A)

Fundamental (60 Hz) 4160 52.78 1.33

4th (240 Hz) 29.46 211.12 0.1395

5th (300 Hz) 65.93 263.89 0.2498

7th (420 Hz) 41.59 369.45 0.1125

0

0.2

0.4

0.6

0.8

1

1.2

1.4

60 240 300 420

Frequency (Hz) 

Harmonic Currents (A)  

Figure 3.5: Grid current harmonic spectrum without compensation and considering har-
monics only from the grid voltage

Table 3.5: Dead-Time Generated Harmonic Currents

Harmonic Component Voltage (V) Impedance (Ω) Current (A)

Fundamental (60 Hz) 4160 52.78 1.33

5th (300 Hz) 19.35 263.89 0.07334

7th (420 Hz) 13.82 369.45 0.03742

11th (660 Hz) 8.79 580.57 0.01515

13th (780 Hz) 7.44 686.12 0.01085
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Figure 3.6: Grid current harmonic spectrum without compensation and considering har-
monics only from the dead-time

voltages [61]. For the 8 kV dc bus considered for the converter, a dead-time of 3.8 µs

is chosen. This is based on the turn-on/turn-off times, dv/dt and the selected switching

frequency of 5 kHz. This results in substantial amount of harmonics to be present in the

grid current. Equation (3.13) gives the relation between the nth harmonic peak voltage vn

due to dead-time, the dc bus voltage vDC , the switching frequency fsw and the dead-time

td [61].

vn =
4

πn

vDCfswtd
2

(3.13)

The harmonic currents contributed by a dead-time of 3.8 µs at vDC = 8 kV and fsw =

5 kHz are calculated and given in Table. 3.5. Harmonic contents up to 13th harmonic are

considered. Figure 3.6 shows the comparative plot of the harmonic contents with respect

to the fundamental current at 4.16 kV, 9.6 kW assuming only dead-time harmonics are

present in the system and are not compensated. The grid current THD is 6.34%.

Figure 3.7 shows the simulated waveforms when both grid voltage and dead-time

generated harmonics are assumed to be present in the system and are not compensated.

Thus, the simulation shows that the cumulative effect is a THD of 18% if the harmonics

are not compensated. Hence, in non-cascaded converters at MV, the problem of lower

order harmonics is severe at lower fundamental currents. The filter inductance is not
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Figure 3.7: Grid currents considering both grid voltage and dead-time harmonics, and
without harmonic compensation

sufficient to suppress them. Harmonic voltage magnitude even in the order of 50 to 100

V can result in very high THD.

3.3.2 Limitation in Feed-forward Compensation, Fundamental

Controller Bandwidth and Traditional Methods

It is important to notice that the grid voltage feed forward is supposed to compensate

the harmonic voltage present in the grid, but they are not sufficient enough to suppress

the harmonic currents in the line due to dead-time effect. Moreover, the grid voltage

harmonics and dead-time harmonics in the converter PWM voltage are phase shifted

from each other due to active power flow and hence, does not cancel each other. Also, any

error in the conventional grid voltage feed-forward and dead-time compensation methods

amplifies the THD due to this phase shift. Therefore in the closed loop control these

harmonics propagate and pollute the total control loop. Another method is to extract

the current harmonics in the stationary reference frame using high pass filters, and then

implement feed-forward compensation using these current harmonic components. At MV

and low current levels, when the margin for error is minimal, it is not preferred to use

such feed-forward compensation schemes, and rather the feedback based approach is

recommended. Also, variable switching frequency option is not considered [69].

The switching frequency being considered (3–5 kHz) is relatively low. This presents
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a limitation on the maximum control loop bandwidth that can be used. The lower order

harmonics like 5th and 7th when present appears as a 360 Hz ripple across the dc bus.

Thus, for the compensation of these harmonics using only the fundamental control loop,

the outer dc bus voltage controller should have a bandwidth sufficiently above 360 Hz. In

order for the inner current control loop to be seen by the outer dc bus voltage controller

as a first order system, the inner loop should have a bandwidth which is at least 8 to

10 times more than 360 Hz. With 3–5 kHz switching frequency, this is not possible with

one sampling per switching period. Therefore, increasing the fundamental control loop

bandwidth to a higher value to compensate the lower order harmonics is not an option

here since the switching frequency is relatively low. Due to this limitation, the dc bus

voltage control loop bandwidth is fixed at 100 Hz and the inner fundamental current

control loop bandwidth is fixed at 1 kHz as mentioned before. With this bandwidth

limitation, additional harmonic compensation loops need to be considered for eliminating

the 5th and 7th order harmonics.

There are other feedback based methods discussed in the literature for grid current

harmonic compensation. These methods are generally used in converters with LV and high

current rated power semiconductor devices. The most conventional method is to use PI

controllers with sinusoidal references in the stationary or 3-phase reference frames. This

method is considered unsatisfactory because it cannot completely eliminate the steady

state errors [70], [71]. This also requires very high bandwidth for the current control

loops and is not generally used in the rectifier mode of operation with outer dc bus

voltage control loop. As mentioned in [72], a proportional-resonant (PR) controller can

be used in the stationary reference frame for each lower order harmonic to be eliminated.

Or a proportional integral-resonant (PI-RES) controller discussed in [73] can be used

to eliminate four harmonics with one controller. But a PR controller based grid current

harmonic compensation is affected by the change in the grid voltage frequency. Also, it

needs proper damping to be used for each harmonic frequency; else higher order harmonic

frequencies can get injected into the current, resulting in poor THD. In addition, the

digital implementation of the second order model of the PR controller is not straight

forward and is prone to higher error in fixed point implementation [71]. Digitization can

also lead to deviation of frequency at which the infinite gain occurs with respect to the

expected resonance frequency, thereby causing instability issues [74].

Therefore, a synchronous reference frame based feedback compensation scheme is
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proposed in this chapter. It is similar to that mentioned in [75]. But when the fundamental

current at MV is comparable with the load independent harmonic content, the impact

of harmonic extraction low pass filter has to be considered, which is one of the main

contribution of this dissertation. This is discussed in detail in the following sections.

3.3.3 Grid Current Lower Order Harmonics Compensation

The harmonic compensation loop used for the presented converter is highlighted in the

shaded section of Figure 3.2. In the figure, the parallel harmonic block for general nth

harmonic is shown. This is followed for all the dominant harmonics to be eliminated. The

nth harmonic unit vectors (cosnθ, sinnθ) are generated from the outputs (cos θ, sin θ) of

the fundamental PLL block using a harmonic oscillator. These harmonic unit vectors are

used for converting the sensed 3-phase grid currents (ir, iy, ib) into the harmonic d, q-

reference frame in which the nth harmonic component behaves like dc. The fundamental

current and other harmonics appear as higher frequency ripples. Since, the fundamental

current amplitude is low for the presented converter, these harmonic dc components can

be extracted using low pass filters with bandwidth 1/(2πTe). Here, Te is the extraction

filter time constant. These extracted components (idn, iqn) are used as the feedback signals

for nth harmonic d, q PI controllers whose references are kept at zero. These controllers

act to ensure that the nth harmonic current is regulated to zero in the system. One parallel

control loop is used for each dominant harmonic to be eliminated. The outputs (vdn, vqn)

of all the harmonic loops are converted into the 3-phase harmonic modulating signals

(mrn,myn,mbn). These are added with the fundamental modulating signals (mr,my,mb)

to get the total modulating signals (mrt,myt,mbt) which are used in the PWM block to

generate the gate pulses for the converter.

The design of harmonic controller is different from the fundamental current controller

design due to the presence of another dominant pole (1/Te) contributed by the extraction

filter. The extraction process is very critical and therefore, the extraction filter bandwidth

is kept at around 30 Hz in this study for the dominant 5th and 7th harmonics. The plant

model seen by the harmonic controller is the same as in (3.2). Hence, the controller zero

is used to cancel the most dominant pole in the system 1/Tf as in (3.14). Due to the

transfer function Ge(s) represented by (3.15) in the feedback path, the open loop transfer

function gets replaced by the loop gain in this case and is given in (3.16). This results in

the harmonic closed loop transfer function given by (3.17). This is a second order system
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with damping coefficient (ζ) and natural frequency (ωno) given by (3.18), (3.19).

Tcn = Tf =
Lf
Rf

(3.14)

Ge(s) =
1

1 + sTe
(3.15)

Gn OL(s) =
Kcn

sLf (1 + sTe)
(3.16)

Gn CL(s) =
1 + sTe

1 + s
Lf

Kcn
+ s2

LfTe
Kcn

(3.17)

ζ = 0.5

√
Lf

KcnTe
(3.18)

ωno =

√
LfTe
Kcn

(3.19)

Kcn, Tcn are the nth harmonic current controller parameters. The value of harmonic

controller gain Kcn need to be decided based on the transient and stability requirements.

Kcn is inversely related to ζ. High value of ζ is recommended for good phase margin

to ensure stability but that results in low control bandwidth. To increase bandwidth, ζ

needs to be low but that results in poor phase margin which affects stability. Since for the

presented converter stability is very important at medium voltage, and THD requirement

needs to be met mainly during steady state continuous operation, ζ = 0.707 is selected

which results in a very good phase margin of 65.530. The bandwidth for the control (fin)

consequently becomes 30 Hz. Table. 3.6 summarizes the control parameters for the 5th,

7th harmonic loops, and Table. 3.7 shows the variation of phase margin and bandwidth

with ζ. Figure 3.8 shows the bode plots of the harmonic loop transfer functions for two

different values of ζ. It has to be noted that the phase of Gn OL(s) does not change with

change in Kcn.

Figure 3.9 shows the grid current waveforms after implementing the 5th and 7th har-

monic compensation loops. It is seen that the THD has improved to 9.6% compared

to the uncompensated waveform in Figure 3.7. The half wave asymmetry is due to the

4th harmonic current present in the system. Even harmonics appear from the grid and

it depends on the kind of load connected to the grid in the immediate vicinity. From

Table. 3.4, a small value (29.46 V) of 4th harmonic voltage can cause 139.5 mA of 4th
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Table 3.6: Harmonic Control Parameters of 3φ 3L-NPC Grid Connected Converter

Parameter Value

Kcn 13.195

Tcn 0.2 s

Te 5.31 ms

ζ 0.707

ωno 0.0075 rad/s

φn 65.53◦

ωin 2 ∗ π ∗ 30 rad/s

Table 3.7: φn and fin Variations with ζ

ζ φn fin(Hz)

0.1 11.42◦ 1000

0.2 22.6◦ 290

0.3 33.28◦ 110

0.5 51.83◦ 50

0.6 59.19◦ 35

0.707 65.53◦ 30

0.8 69.86◦ 25
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Figure 3.8: Bode plots of the harmonic control transfer functions (solid line shows the
plots for the selected control parameters)
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Figure 3.9: Grid currents considering both grid voltage and dead-time harmonics, and
with harmonic compensation
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harmonic current to flow in the converter if uncompensated. At low fundamental current

of 1.33 A, this affects the overall THD severely. Grid voltage feed-forward in the funda-

mental d, q loop is prone to error due to the high noise content in the sensed grid voltage

owing to high dv/dt environment as well as inaccuracy of the voltage sensor. Thus, exact

elimination of even harmonics in this way is not feasible. The harmonic compensation

loop similar to the one proposed for odd harmonics is not effective for even harmonics.

For example, in the 4th harmonic d, q reference frame, 5th harmonic is present as 60 Hz

ripple with sufficient magnitude and hence, 4th harmonic extraction for control is not fea-

sible due to heavy filter requirement. Therefore, asymmetry is observed in the currents.

Since this depends on the grid condition, it is not compensated in the experiments and

is only considered here to justify the asymmetry observed in the experimental results.
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Figure 3.10: Fundamental and 5th harmonic d-axis loops in parallel
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3.3.4 Evaluation of Interaction of Parallel Control Loops and

Effects of Digitization

In the previous section, the harmonic loop controller design is presented independent of

the fundamental loop controller design. This is because, the two loops do not interact

with each other in the frequency range under consideration. This is complicated to explain

mathematically since the parallel control loops are operating in different synchronous d,

q reference frames. But an attempt is made in this section to understand the performance

of the fundamental loop with the harmonics loops operating in parallel. Also, the effects

of digitization such as sampling time due to ADC zero order hold (ZOH) and PWM

switching time are considered in the analysis to study their impacts on the harmonic

loops. The current sensor bandwidth is also considered to make it complete. These digi-

tization effects have some impact on the designed controller based on the classical design

methodology.

For the simplicity of analysis, only the 5th harmonic parallel compensation loop is

considered. This same analysis can also be performed with the 7th harmonic loops. Fig-

ure 3.10 shows the d-axis control block diagram indicating fundamental current and 5th

harmonic current control loops operating in parallel. Similar block diagram is also used

for q-axis current control as explained earlier. For understanding the control interactions,

the 5th harmonic loop has to be converted into the fundamental reference frame as shown

in the figure. The objective is to calculate the transfer function Gf (s) relating vdf to

idf , where vdf and idf are the AFEC d-axis 5th harmonic voltage and d-axis current, re-

spectively, with L-filter using fundamental notation. These variables can be related to

their 5th harmonic reference frame equivalents, vd5 and id5, through the reference frame

conversion process as explained in this section. This process results in coupling terms

between the d-axis and q-axis as expected in any reference frame conversion.

The digitization effect due to sampling is represented as a ZOH transfer function as

given in (3.20), where the sampling frequency is the same as the switching frequency (5

kHz) in the experimental demonstrations (Ts=Tsw). The current sensor is represented as

a low pass filter (Gcs(s)) with time constant Tcs as shown in (3.21) (Tcs=1/(2 ∗ π ∗ fcs),
where fcs = 150 kHz). The cumulative effect is represented as the transfer function Gfb(s)

in the feedback path which is given in (3.22).
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Figure 3.11: Bode plot of Gfb(s)

GZOH(s) =
1− e−sTs
sTs

(3.20)

Gcs(s) =
1

1 + sTcs
(3.21)

Gfb(s) =

(
1− e−sTs
sTs

)(
1

1 + sTcs

)
(3.22)

Gsw(s) =
1

1 + sTsw
(3.23)

The bode plot of the transfer function Gfb(s) is given in Figure 3.11 for the 3-phase

reference frame. It is seen that, in the frequency range of interest up to 420 Hz for

the 7th harmonic, the magnitude and phase of Gfb(s) are very close to unity and zero,

respectively. Hence, in the fundamental d-axis reference frame, where the 5th and 7th

harmonics appear as 360 Hz ripple, the same transfer function for Gfb(s) given in (3.22)

can be used without significant error. The same can be said about the delay transfer

function introduced by the PWM switching of the converter at 5 kHz, given in (3.23). But

for harmonics above the 7th harmonic, higher sampling rates are required to minimize the
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error as expected. For the proposed algorithm in this dissertation, harmonic compensation

only up to the 7th harmonic is considered. The computational delay time is far smaller

than the switching time of 200 µs. Hence, they are already considered within the PWM

switching transfer function.

The reference i∗d5 is always kept zero to cancel the 5th harmonic from the grid current.

Hence, the block diagram in Figure 3.10 can be re-arranged as shown in Figure 3.12. This

can be represented in terms of notations of the transfer functions in the reduced form

of the block diagram given in Figure 3.13 for the ease of understanding. Therefore, the

impact of the 5th harmonic control loop is basically a modification of the plant transfer

function as given by the effective plant transfer function Gpeff (s) in (3.24).

Gpeff (s) =
Gsw(s).Gp(s)

1 +Gsw(s).Gp(s).Gf (s).Gfb(s)
(3.24)
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Figure 3.12: Rearranged fundamental and 5th harmonic d-axis loops in parallel
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It is required to compute Gf (s) to calculate the effective plant transfer function

Gpeff (s) in the d-axis. This is explained next. The combined d-axis and q-axis expressions

in the 5th harmonic reference frame can be written as shown in (3.25), where G5(s) is

shown in (3.26). Hence, the 2 X 2 matrix expression for [Gf (s)] is derived using MATLAB

in the s-domain based on (3.27) to (3.35). Here, ω6=2∗π∗360 rad/s is the ripple frequency

of 5th harmonic components in the fundamental reference frame. The proof of these

equations can be found in [76].[
vd5

vq5

]
=

[
G5(s) 0

0 G5(s)

][
id5

iq5

]
(3.25)

G5(s) =

(
Kcn (1 + sTcn)

sTcn

)(
1

1 + sTe

)
(3.26)[

vdf

vqf

]
= [Gf (s)]×

[
idf

iqf

]
(3.27)
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[T (s)] =

[
s

s2+ω2
6

−ω6

s2+ω2
6

ω6

s2+ω2
6

s
s2+ω2

6

]
(3.28)

[Gf (s)] = [T (s)]−1

[
G5(s) 0

0 G5(s)

]
[T (s)] (3.29)

=⇒ [Gf (s)] = [T (s)]−1
N(s)

D(s)
[T (s)] (3.30)

N(s) = Kcn (1 + sTcn) (3.31)

D(s) = sTcn (1 + sTe) (3.32)

A(s) = D(λ)|
λ=

 s −ω6

ω6 s


= Tcn ×

[
s −ω6

ω6 s

]
×

[
1 + sTe −ω6Te

ω6Te 1 + sTe

]
(3.33)

B(s) = N(λ)|
λ=

 s −ω6

ω6 s


= Kcn ×

[
1 + sTcn −ω6Tcn

ω6Tcn 1 + sTcn

]
(3.34)

=⇒ [Gf (s)] = A(s)−1B(s) (3.35)

The matrix [Gf (s)] has coupling terms between the d and q-axes (Appendix A). For

the sake of understanding, the grid connected converter is assumed to operate in the

UPF mode with iq=iq5=0. Therefore, the transfer function Gf (s) relating vdf to idf in

the d-axis can be derived by only considering the first row, first column element of [Gf (s)]

as represented by (3.36).

Gf (s) = [Gf (s)](1, 1) (3.36)

The transfer function Gf (s) thus derived is used to calculate the effective plant trans-

fer function using (3.24). The performance of the fundamental current control loop with

this effective plant transfer function is compared with that using the simple filter plant

model (Gp(s)) used in the design of the fundamental current controller in Section 3.2.2.

Only Considering 5th Harmonic Control without Digitization Effects

The effect of digitization is neglected in this section. This implies that Gfb(s)=Gsw(s)=1.

Figure 3.14 and Figure 3.15 show the loop gain and closed loop gain Bode plots of the

fundamental current control loop, respectively, using both Gp(s) and Gpeff (s). It can
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Figure 3.14: Loop gain Bode plot of the fundamental current control loop without con-
sidering the digitization effects

Figure 3.15: Closed loop gain Bode plot of the fundamental current control loop without
considering the digitization effects
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be seen from these Bode plots that the 5th harmonic control loop has not modified the

fundamental control loop Bode plots except at 360 Hz which corresponds to the 5th ripple

frequency in the fundamental d, q reference frame. Also, the magnitude offered to the

5th ripple frequency is very low, implying that any 360 Hz ripple in the d-axis current

reference coming from the outer dc bus voltage loop is suppressed due to the effect of the

5th harmonic reference frame, which is the main requirement. It is seen from Figure 3.14

that the phase margin of the system is also not changed from 90◦, ensuring stable opera-

tion and smooth performance under transients. Therefore, the independent design of the

parallel control loops is justified with the classical controller design methodology.

Figure 3.16 shows the simulation result when 3% of 5th harmonic is suddenly injected

into the grid voltage at t=5 s. It can be seen that the 5th current controllers regulate the

harmonic currents (green) to zero reference (red) without causing any transients on the

fundamental grid current and dc bus voltage magnitudes. This is another way of looking

at the interaction. As long as the harmonic extraction process is accurate, the interaction

does not happen. This can also be seen from the 5th harmonic 3-phase modulating signals

and their frequency spectrum given in Figure 3.17 (a) and Figure 3.17 (b). It can be seen

that, when the 5th harmonic is injected into the grid voltage, the frequency spectrum of

the 5th harmonic modulating signal shows only 300 Hz corresponding to 5th harmonic

frequency in 3-phase domain. Hence, the fundamental frequency at 60 Hz does not get

affected during this control action.

Considering 5th Harmonic Control and Digitization Effects

The Bode plots are now studied considering the effects of digitization and sampling. Using

the expressions of Gfb(s), Gsw(s) given in (3.22), (3.23), Figure 3.18 and Figure 3.19 show

the loop gain and closed loop gain Bode plots of the fundamental current control loop,

respectively, using both Gp(s) and Gpeff (s). It can be seen from Figure 3.19 that the

digitization effects have not modified the fundamental control closed loop Bode plot

below the 360 Hz ripple frequency significantly. Hence, the fundamental control during

steady state operation is not affected. But the transient performance can get affected due

to a positive peak in the closed loop response around 1 kHz and second order behavior

of the current control loop. Also from Figure 3.18, the phase margin has reduced to 40◦.

Therefore, the transient response can become oscillatory, but still stability is ensured due

to positive phase margins and gain margins. The current control loop bandwidth has not
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Figure 3.16: Harmonic controller response on grid 5th harmonic injection

(a) (b)

Figure 3.17: (a) 5th harmonic 3-phase modulating signals and (b) frequency spectrum
during grid harmonic injection showing only 300 Hz
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Figure 3.18: Loop gain Bode plot of the fundamental current control loop considering
the digitization effects

Figure 3.19: Closed loop gain Bode plot of the fundamental current control loop con-
sidering the digitization effects
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shifted from 1 kHz which is one of the main requirement.

This analysis shows that the digitization effects can cause the 5th harmonic control

loop to influence the fundamental control loop transient performance. The impact can

be reduced by increasing the sampling frequency. For example, it is observed that, twice

sampling per switching period improves the phase margin to 50◦. This is beyond the

focus of this dissertation and can be a possible future work.

3.3.5 Sensitivity Analysis of the Proposed Control Scheme

Since the design of the control parameters of the proposed control scheme depends on the

parameters of the plant, mainly the filter inductance, a sensitivity analysis is presented

in this section. It is assumed that the design parameters are the same as in Table. 3.3

and Table. 3.6, while the filter inductance varies from the optimal value of 140 mH for

4.16 kV grid connected operation at 8 kV dc bus voltage, 9.6 kW and 5 kHz switching

frequency.
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Figure 3.20: THD variation in grid currents with percentage variation in the filter in-
ductance Lf
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Figure 3.21: THD variation in grid currents with magnitude error in sensors

Figure 3.20 shows the THD variation of grid currents with variation in the value of Lf .

As discussed before, the THD is 9.6% when Lf=140 mH. When Lf increases by 25% to

175 mH, THD reduces to 7.49%. This is a reduction by 1.28 times. This is mainly caused

by the reduction in the switching ripple in the grid currents due to increased impedance.

Similarly, when Lf is reduced to 105 mH, the THD increases to 10.81% due to the lower

impedance. This is an increase by 1.12 times. It is found that the control scheme is not

much sensitive to the variation in Lf , but the THD only gets slightly affected due to the

change of impedance offered to the switching ripple.

3.3.6 Sensor Offset and Error in Feedback Path

Figure 3.9 is simulated for the case when all the sensors have 100% accuracy in the feed-

back path which is practically not the case. The voltage sensor (LEM LV100-4000/SP2)

used for grid voltage feedback has an accuracy of ±0.9%, burden resistance tolerance

is 0.1% and the gain error in INA159 is ±0.024% based on the datasheets. This gives
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an overall accuracy of 98.97% for the voltage feedback system under normal conditions.

Similarly, the grid current feedback system can be considered to have similar error.

In addition, there are offsets at each stage in the feedback path including the ADC

which vary with temperature. The offsets are canceled using moving average filter im-

plemented inside the DSP controller after ADC conversion. However, the accuracy of

offset cancellation is also less than 100%. These Hall effect HV sensors also come with

low bandwidth which results in error when measuring harmonic content in the grid volt-

age. Hence, it can be arguably assumed that the overall error can increase unpredictably

during converter continuous operation and vary with temperature. As explained earlier,

this can affect the grid current THD. Figure 3.21 shows the grid current THD variation

with sensing errors. It can be seen that THD is more sensitive to the grid voltage sens-

ing error due to its effect on grid voltage feed-forward compensation. This implies that

under light load conditions, grid voltage feed-forward can be removed to improve THD.

However, this affects speed of current control and hence, a trade-off has to be made. The

16-bit fixed point implementation also slightly introduces error. This error is minimized

by implementing all multiplications in the 32-bit format. More advanced 32-bit floating

point DSPs can improve the performance.

3.3.7 High Power Performance Estimation

Figure 3.22 (a) and Figure 3.22 (b) show the grid currents and the harmonic spectrum,

respectively, at 4.16 kV grid, 8 kV dc bus voltage and 50 kW load. It can be seen that

the currents are almost sinusoidal with an acceptable THD of 2.7% when the harmonic

compensation is enabled. The peak current is within the acceptable current rating of the

SiC IGBT. Hence, the performance of the presented converter is expected to improve

with power.

Figure 3.23 shows the variation of the THD with power and dc bus voltage. The THD

is monotonically decreasing with increase in power for all the dc bus voltage levels. Also,

the THD is higher for higher dc bus voltage at the same power level. Experiments are

limited to lower power in this paper due to the 10 A current rating of the available SiC JBS

diodes, and considering some margin for transients. Nonetheless, the experimental results

presented in the next section justify the estimated lower power harmonic performance.
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Figure 3.22: (a) Grid currents and (b) grid currents harmonic spectrum at 50 kW
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500 V

Figure 3.24: Distribution transformer line voltage

3.3.8 Leakage Inductance of the Distribution Transformer

A challenge with non-cascaded converters is the high ripple voltage at the 60 Hz dis-

tribution transformer terminals. The 60 Hz transformers at MV and high power have

significant leakage inductance. Thus, the total ripple voltage is shared between the leak-

age inductance and the filter. The variac and the transformer used for experiments in this

chapter has 30 mH total leakage inductance. This is mainly offered by the variac due to

the setting below the full rating and large inductance seen by the converter looking into

grid side. With 140 mH L-filter and 5 kHz switching at 8 kV dc bus voltage, the trans-

former line voltage waveform is shown in Figure 3.24. It can be seen that ripple voltage

of 500 V peak to peak is added on to the 4.16 kV, 60 Hz waveform. The large parasitic

capacitance across filter increases this peak ripple voltage substantially. Thus, the trans-

former insulation breakdown is a concern. Using LCL filter is an option to eliminate this

but the harmonic control gets complicated as described in Chapter 4.

3.4 Experimental Demonstration of Grid Connected

Operation

Experimental results are captured on a developed prototype of the converter using the

laboratory arrangement shown in Figure 2.13 (b). The variac-60 Hz step up transformer

combination is used to adjust the MV grid and represent the distribution transformer.
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(a) (b)

Figure 3.25: PLL generated cos θ and sin θ (a) with dc offsets in the grid voltage sensors
(0.5 pu/div) (b) with dc offsets canceled using moving average filter (0.5 pu/div)

3.4.1 PLL and Moving Average Filter

PLL forms an important component for implementing the closed loop control in the

dq-reference frame. The unit vectors (cos θ and sin θ) generated using PLL has to be

perfectly sinusoidal to ensure smooth control when the fundamental current is very small.

Any deviation from this significantly affects the control. The grid voltage sensors have

dc offsets in the sensed signals which vary from time to time. These dc offsets result in

distortion of the cos θ and sin θ waveforms calculated using PLL as shown in Figure 3.25

(a). An algorithm has to be used to make sure that these offsets are removed from the

sensed grid voltages to ensure accurate implementation of the PLL. Moving average filter

is implemented in real time so as to ensure that the variations in the dc offset with time

and conditions are captured and canceled from the sensed signals. The unit vectors after

using the moving average filter is shown in Figure 3.25 (b).

3.4.2 Demonstration of Dead-Time Harmonic Effect

To demonstrate the impact of dead-time, the grid currents before and after implementing

the harmonic compensation loops, respectively, at 850 V dc bus, 1 kW and UPF are

shown in Figure 3.26 (a) and (b). The filter inductance used is 40 mH and dead-time

considered is 9 µs. It has to be noted here that even at 850 V dc bus, high dead-time

has introduced substantial amount of harmonics which need to be eliminated. It can be
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(a) (b)

Figure 3.26: Grid currents (a) without and (b) with harmonic compensation at 850 V
dc bus (2.5 A/div)

Figure 3.27: Grid currents with harmonic compensation at 3 kV dc bus (5 A/div)
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Figure 3.28: Experimentally measured control reference signals for 5th harmonic

seen that the proposed harmonic compensation loop has successfully compensated for

the 5th and 7th harmonics in the grid currents. The grid currents after compensation at

3 kV dc bus voltage while handling 2.3 kW at UPF is shown in Figure 3.27. Thus, the

compensation scheme is effective even with a high dead-time of 9 µs at higher dc bus

voltages. Dead-time of 9 µs is needed for systems such as the TIPS AFEC.

3.4.3 Control Reference Signals of 5th Harmonic Loop

The experimental method to check the interaction of the parallel harmonic loops with

the fundamental loop is to monitor the control references vdn and vqn for each harmonic

loop, and see for the presence of significant amount of fundamental ripple. For example,

Figure 3.28 shows these voltages for the 5th harmonic control loop when the AFEC is tied

with 1.5 kV ac grid at 3 kV dc bus voltage and 5 kHz switching frequency. It can be seen

that the 360 Hz ripple corresponding to the fundamental in the 5th harmonic reference

frame is very small and these control references are almost dc. Very small amount of

360 Hz ripple present is due to the error in the sensors during the experiments. Hence,

the 5th harmonic control loop does not interfere with the fundamental control action as

discussed in Section 3.3.4. This is applicable to any nth harmonic control loop.
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3.4.4 Medium Voltage Grid Connected Operation

For MV grid connected operation at higher dc bus voltages, the parameters are the same

as listed in Table. 3.2. The dead-time is reduced to 3.8 µs for laboratory demonstrations of

MV grid connected demonstrations. Figure 3.29 and Figure 3.30 show the results captured

at 4.16 kV ac grid, 8 kV dc bus voltage and 9.6 kW. The currents are almost sinusoidal

with THD closely matching Figure 3.9 (9.68%). Current spike generated because of high

dv/dt is not visible due to the low resolution of the oscilloscope. A fraction of the PWM

voltage of the converter at switching frequency is dropped across the inductance (30 mH)

offered by the variac due to setting below full rating, and hence, the ripple in the 60 Hz

transformer line voltage waveform.

Figure 3.31 and Figure 3.32 show the results captured at 3.6 kV ac grid, 7 kV dc

bus voltage and 8 kW. The L-filter drops around 0.82% of the peak ripple voltage due

to the variac/60 Hz transformer leakage inductance. For the 7 kV and 8 kV dc bus

operations, a DAB is connected at the output of AFEC instead of resistive load. This is

explained in Section 5.6.3. Figure 3.33 shows the currents and pole voltage waveforms at

3.42 kV ac grid, 6.2 kV dc bus voltage and 12.8 kW with a resistive load. Figure 3.34

shows the frequency spectrum of the R-phase current plotted from experimental data

(ref. Figure 3.33). The THD is calculated to be 5.8%. It is seen that the THD improves

with power and reaches near to 5% limit. The asymmetry seen in the grid currents is due

to the even harmonics as explained before.

Figure 3.35 shows the results at 2.64 kV ac grid, 5 kV dc bus voltage and 5.1 kW. The

current quality is seen to be better at lower dc bus and grid voltages, and the switching

ripple in grid current is negligible. Thus, the power quality is mainly a concern at higher

voltage and lower current levels in non-cascaded structure. The results with increased

resolution of the oscilloscope is shown in Figure 3.36 at 3 kV dc bus voltage and 2 kW

in the standalone inverter mode of operation. The presence of 2 A current spikes is due

to the 9 kV/µs dv/dt (at 1.5 kV blocking voltage) and significant parasitic capacitance.

This effect becomes severe with higher voltages at high dv/dt which leads to EMI issues.

The dv/dt after the punch-through voltage of the IGBT (around 5.5 kV) is very high and

hence, the distortion can become severe. Therefore, series connection of filter inductor is

recommended to reduce parasitic capacitance in such cases.
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Figure 3.29: Converter currents (Ch1, Ch2, Ch3 - 10 A/div) and pole voltage (Ch4 - 5
kV/div) at 4.16 kV ac grid, 8 kV dc bus voltage, 9.6 kW

4.16 kV grid line voltage (5 kV/div)

Grid line current (5 A/div)

v

ryg

i

r

Figure 3.30: Distribution transformer line voltage (Ch2 - 5 kV/div) and line current
(Ch4 - 5 A/div) at 4.16 kV ac grid, 8 kV dc bus voltage, 9.6 kW
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Figure 3.31: Converter currents (Ch1, Ch2, Ch3 - 5 A/div) and pole voltage (Ch4 - 5
kV/div) at 3.6 kV ac grid, 7 kV dc bus voltage, 8 kW

FEC Inductor Voltage (2 kV/div)

FEC Inductor Current (2 A/div)

X 10 X 1 A

Figure 3.32: L-filter voltage and current at 3.6 kV grid, 7 kV dc bus voltage, 8 kW

92



ir
iy ib

Figure 3.33: Converter currents (Ch1, Ch2, Ch3 - 2 A/div) and pole voltage (Ch4 - 2
kV/div) at 3.42 kV ac grid, 6.2 kV dc bus voltage, 12.8 kW
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Figure 3.34: FFT of converter R-phase current (y-axis - 0.2 A/div, x-axis - 100 Hz/div)
at 3.42 kV ac grid, 6.2 kV dc bus voltage, 12.8 kW
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Figure 3.35: Converter currents (Ch1, Ch2, Ch3 - 5 A/div) and pole voltage (Ch4 - 2
kV/div) at 2.64 kV ac grid, 5 kV dc bus voltage, 5.1 kW
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Figure 3.36: Converter currents (Ch1, Ch2, Ch3 - 2 A/div) and pole voltage (Ch4 - 2
kV/div) at 3 kV dc bus voltage and 2 kW in the inverter mode

94



0
-20
-40
-60

90
45
0

-45
-90

102
103 104

M
ag

n
it

u
d

e 

(d
B

)

P
h

as
e 

(d
eg

)

Frequency (rad/s) 

ωc4 = 20 rad/s

ωc4 = 2 rad/s

240 Hz 300 Hz

Figure 3.37: Notch filter for 4th harmonic reduction

3
2

1

0

-1
-2

-3
0.34 0.36 0.38

Time (s)

C
u

rr
en

t 
(A

)

Figure 3.38: Grid currents after using the filter

3.5 Possible Improvements

3.5.1 Notch Filter for 4th Harmonic

Since, mainly grid voltage contributes to the even harmonic current, it is suggested to

extract 4th harmonic voltage from grid voltage using the notch filter given in (3.37), where,

ω1 = 2 ∗ π ∗ 60 rad/s. This extracted 4th harmonic voltage is added to the modulating

signal in each phase before PWM generation.

Gnotch(s) =
2ωc4s

s2 + 2ωc4s+ (4ω1)2
(3.37)
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Figure 3.39: Cascaded voltage sensor arrangement for better THD

This is implemented in stationary reference frame to avoid error in stationary to

synchronous d, q conversions. This method is less prone to noise and thus, does not

affect fundamental loop stability. Figure 3.37 shows the notch filter Bode plots for two

different values of ωc4. Figure 3.38 shows the grid currents after using the notch filter

with ωc4 = 2 ∗π ∗ 20 rad/s. The THD reduces to 7% at 4.16 kV grid voltage and 9.6 kW.

This is a possible method to eliminate even harmonics coming from grid.

3.5.2 Cascaded Sensor for Voltage Measurement

The issue of high error in voltage measurement with higher voltage rated sensors can be

reduced by using a cascaded arrangement of LV sensors for each voltage measurement. As

shown in Figure 3.39, N number of such LV sensors can be connected in series on the MV

side and the current signal outputs of all sensors can be added on the signal side. This

total current signal (isT ) is converted to equivalent voltage with respect to common signal

ground using a high tolerance burden resistance. This also helps in increased resolution

of measurement. Such a trade-off between the number of required sensors and accuracy

for better THD has to be made when using non-cascaded converter at MV, low current

levels. This is a possible solution to minimize sensor error.
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3.6 Application to TIPS AFEC

3.6.1 Harmonic Compensation in TIPS AFEC

In a 3L-NPC converter used as AFEC for TIPS, each active device (15 kV SiC IGBT)

blocks 11 kV dc and the voltage across it switches between 0 V to 11 kV. It is recom-

mended to provide dead-times of up to 10 µs to prevent shoot through since the voltage

transition level is very high. This relatively higher dead-time causes very high lower order

harmonics like 5th, 7th etc. to be present in the converter PWM voltage. Based on (3.13),

for a 100 kVA TIPS, Table. 3.8 shows the harmonic distribution and the THD of line

current for the TIPS AFEC at a switching frequency of 3 kHz due to dead-time with a

small 60 mH filter inductance. Small filter value is preferred to reduce the physical size

of the inductors at MV levels with high insulation requirements. The THD for different

dead-times are shown. For calculating the THD, only 5th, 7th, 11th and 13th order har-

monics are considered to be present in the line current. The fundamental current rms

is 4.2 A and the dc bus voltage is 22 kV. It is observed from Table. 3.8 that, as the

dead-time increases, the THD also increases and becomes 14.45% with a dead-time of

10 µs at full load. Thus, it is required to increase the filter inductance. Table. 3.9 shows

the harmonic distribution with the 270 mH filter inductance (Lg + Ls in Section 2.10.1)

which is the designed value for eliminating the switching ripple. It improves the THD but

still the full load THD increases to 3.21% with dead-time contributed harmonics alone.

It is also generally preferred to go for even higher switching frequencies to reduce

the filter sizes. From (3.13), as the switching frequency increases, the harmonic contents

also increase. The harmonics due to dead-time is independent of the load. Also, the grid

voltage is not purely sinusoidal. Figure 3.40 shows the lower order harmonics in the

grid current generated due to dead-time (9 µs) and grid voltage harmonics (3% of 5th

harmonic and 1% of 7th harmonic). Figure 3.41 shows the frequency spectrum indicating

the presence of substantial amounts of 5th and 7th harmonics in the grid currents. It can

be seen that the peak 5th and 7th harmonic currents are 2.4 A and 0.7 A, respectively.

These harmonic components along with little amount of 11th, 13th harmonic currents

etc. (due to dead-time effect) results in a grid current THD of about 45% due to further

distortion by the 360 Hz ripple in the basic fundamental control loop. These results are

with 270 mH L-filter.
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Table 3.8: Harmonic Currents, THD Variation with Dead-Time at 3 kHz, 60 mH

Dead 5th Harmonic 7th Harmonic 11th Harmonic 13th Harmonic

Time Current rms Current rms Current rms Current rms THD (%)

(µs) (mA) (mA) (mA) (mA)

2 105.08 53.61 21.71 15.54 2.89

3 157.62 80.42 32.57 23.32 4.34

4 210.16 107.22 43.42 31.09 5.78

5 262.70 134.03 54.28 38.86 7.23

6 315.24 160.84 65.13 46.63 8.67

7 367.78 187.64 75.99 54.40 10.12

8 420.32 214.45 86.84 62.18 11.56

9 472.86 241.25 97.70 69.95 13.01

10 525.40 268.06 108.55 77.72 14.45

Table 3.9: Harmonic Currents, THD Variation with Dead-Time at 3 kHz, 270 mH

Dead 5th Harmonic 7th Harmonic 11th Harmonic 13th Harmonic

Time Current rms Current rms Current rms Current rms THD (%)

(µs) (mA) (mA) (mA) (mA)

2 23.35 11.91 4.82 3.45 0.64

3 35.03 17.87 7.24 5.18 0.96

4 46.70 23.83 9.65 6.91 1.28

5 58.38 29.78 12.06 8.64 1.61

6 70.05 35.74 14.47 10.36 1.93

7 81.73 41.70 16.89 12.09 2.25

8 93.40 47.65 19.30 13.82 2.57

9 105.08 53.61 21.71 15.54 2.89

10 116.75 59.57 24.12 17.27 3.21
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Figure 3.40: TIPS AFEC grid currents without harmonic compensation

Figure 3.41: TIPS AFEC grid current frequency spectrum without harmonic compen-
sation (Frequency - 100 Hz/div, Current - 0.2 A/div)
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Figure 3.42: TIPS AFEC grid currents with 5th and 7th harmonic compensation

Figure 3.43: TIPS AFEC grid current frequency spectrum with 5th and 7th harmonic
compensation (Frequency - 100 Hz/div, Current - 0.2 A/div)
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Figure 3.44: Control response of TIPS AFEC 5th and 7th harmonic d, q controllers as
grid harmonic voltages are injected into the system at t=1.8 s

Table 3.10: TIPS AFEC Control Parameters

Parameter Value

Kc 1696.5 Ω

Tc 0.4 s

ωi 6283.2 rad/s

φi 90◦

Kv 0.0319 Ω−1

Tv 4 s

ωv 628.32 rad/s

φv 90.1091◦

fcs 200 kHz

fvs 10 kHz

fPLL 60 Hz
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Table 3.11: TIPS AFEC Harmonic Control Parameters

Parameter Value

Kcn 25.447

Tcn 0.4 s

Te 5.31 ms

ζ 0.707

ωn 0.0075 rad/s

φn 65.53◦

ωin 2 ∗ π ∗ 30 rad/s

Figure 3.42 shows the grid currents with the harmonic compensation loops imple-

mented for 5th and 7th harmonics. Figure 3.43 shows the grid current frequency spectrum

for this case. It can be seen that the compensation scheme has successfully reduced the

5th and 7th harmonics from the grid currents. The overall THD = 2.8% is within 5% as

acceptable by the IEEE 519 standard for grid interface. Switching ripple also contributes

towards the THD which can be further lowered by using LCL filter as discussed in next

chapter.

Figure 3.44 show the control actions for 5th and 7th harmonic d, q controllers with

1 kHz control loop bandwidth. Grid harmonics are injected into the system at t=1.8 s.

It can be seen that the harmonic compensation loops regulate these harmonic compo-

nents to zero smoothly and fast. R-phase current shows very good transient behavior.

The fundamental control and harmonic control parameters for TIPS AFEC are given

in Table. 3.10 and Table. 3.11 respectively. These are derived using (3.3), (3.5), (3.12),

(3.14), (3.18) and (3.19).

3.6.2 Unbalance in TIPS AFEC

Unbalance in the grid voltage due to fault upstream of the feeder to which TIPS is

connected results in substantial amount of negative sequence current flowing through the

converter. For low current application such as the TIPS AFEC, this makes the PLL to

be incorrect and thus affects the d, q control. Therefore, similar to the harmonic current

compensation loops, additional negative sequence current compensation loops can be

used in parallel to the fundamental current loops, with negative angle of rotation for the
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Figure 3.45: TIPS AFEC grid currents showing unbalance

reference frame.

The design equations used for the negative sequence PI parameters are similar to

that used for the harmonic current controllers. Figure 3.45 shows the unbalanced grid

currents observed in simulation before enabling the negative sequence controller. Here,

25% unbalance on the grid voltage is assumed. This assumption is based on the maxi-

mum voltage unbalance that is expected at the feeder node to which TIPS is connected

during fault and other instabilities. Figure 3.46 shows the grid currents after enabling

the negative sequence controller. It can be seen that negative sequence controller has

completely removed the negative sequence component of grid current, and made the grid

current balanced.

3.7 Conclusions

In this chapter, the harmonic performance of a non-cascaded, 3-phase, MV grid con-

nected 3L-NPC converter based on 15 kV SiC IGBT is analyzed. This MV converter

based on 15 kV SiC IGBT has high power density, high efficiency, less number of devices

and simple fundamental loop control. The challenges due to higher voltage switching

and the inherent feature of being non-cascaded are understood through simulations and

experiments for low fundamental currents under light load conditions. Experiments are

successfully performed up to 4.16 kV grid voltage, 8 kV dc bus voltage and 5 kHz switch-
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Figure 3.46: TIPS AFEC balanced grid currents with negative sequence controller en-
abled

ing frequency. An improved controller design is proposed for better performance as well

as stable harmonic compensation when tied with the grid using only L-filter. The con-

verter performance is seen to be stable under light load conditions and estimated to be

satisfactory at higher load. With further improvements in sensor accuracy and filter par-

asitics, it can be a viable candidate for MV applications due to its many advantages. The

proposed control is also validated through simulations for the TIPS AFEC tied with 13.8

kV grid and regulating 22 kV dc bus using up to 9 µs dead-time. The extension of the

control scheme to maintain balanced currents under grid unbalance is also investigated.

The main contributions are summarized as follows:

1. Proposed an improved controller design for better performance as well as stable

harmonic compensation when HV SiC devices based 3-phase 3L-NPC converter is

tied with the grid using only L-filter.

2. First time successful demonstration of a 3-phase, 4.16 kV, MV grid connected

operation of 15 kV SiC IGBTs based 3L-NPC converter with 8 kV dc bus voltage,

9.6 kW load and switching at 5 kHz under hard switching conditions.
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Chapter 4
MV Grid Connected Operation of

Three-Phase Converter with LCL Filter

4.1 Introduction

The high dv/dt of the 15 kV SiC IGBTs used in the grid connected converters such as

the TIPS AFEC limits the switching frequency of operation to 3 to 5 kHz due to hard

switching of these devices [61], [62]. Limitation in the control loop bandwidth due to

this relatively lower switching frequency causes the traditional harmonic compensation

methods to be ineffective at MV levels [61], [62], [77]–[83]. Feed forward compensation

cannot eliminate dead-time generated harmonics. Therefore, additional control loops are

required to eliminate these harmonic currents. A parallel single-loop harmonic control

structure was proposed in Chapter 3 for the case with L-filter.

In practice, it becomes necessary to use an LCL filter to eliminate switching ripple

at MV level such as 13.8 kV to reduce the filter size (Figure 2.16). The necessity to use

LCL filter even at this relatively lower switching frequency introduces additional control

challenges [84]. Trying to control the converter current using conventional methods used

for L-filter pollutes the grid currents with lower order harmonics. Moreover, low switching

frequency PWM and the requirement to limit the filter inductance size at MV level due

to practical constraints, leads to a filter capacitor design value that offers low impedance

to the 5th and 7th harmonic currents. This is a situation generally not encountered in

LV converters or MV/high currents converters and the methods used for eliminating

harmonics reported for such cases in the literature will likely fail in this case [77]–[83].
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This chapter focuses on these control challenges concentrating on the lower order

harmonic current compensation with LCL filter. A new algorithm is proposed for har-

monic compensation under such conditions. A detailed analysis of the problem and the

effectiveness of the proposed algorithm are carried out. The stability of the proposed

scheme is verified through frequency domain analysis for the TIPS AFEC. The time do-

main analysis is done through a complete system simulation in MATLAB/PLECS. The

experimental validation is carried out on a LV 1200 V/75 A Si IGBT (SK 50 MLI 066

Semikron 3-level module) based prototype of the AFEC with 500 V on the dc bus.

4.2 LCL Filter Design Challenge and Harmonic Cur-

rent Analysis

As discussed in Section 2.10.1, considering a 3% line voltage drop across the filter induc-

tance for the design, the total filter inductance comes out to be 270 mH (90 mH on grid

side and 180 mH on converter side). The filter capacitance value is decided based on the

desired filter resonant frequency. Since the switching frequency is only 3 kHz, there is

not enough margin for the resonant frequency. To make sure that the filter gain is very

small at the switching frequency to eliminate the switching ripple, the resonant frequency

should be kept way below the switching frequency. It cannot be very low, because this

may result in the lower order harmonics being excited, which is not desired at any cost.

Thus, an optimum value of around 1 kHz is selected. Based on this, the filter capacitance

is 0.42 µF. This value of filter capacitance introduces additional problem at lower power

levels of 100 kVA and less. And there is not much room to vary this filter capacitance

value.

This filter capacitance offers very low impedance for the lower order 5th and 7th

harmonic currents as shown in Table. 4.1. To increase the impedance, the capacitance

has to be reduced which means the inductance has to be increased. The limitation in the

size of inductors is the reason LCL filter is preferred. So this is not a solution for this

problem. These harmonic currents flowing through the filter capacitor are also supplied

directly from the grid as shown in Figure 4.1. This increases the grid current THD.

Simulation results in Figure 4.2 and Figure 4.3 show the extent of harmonic distor-

tion without any compensation scheme implemented and LCL filter used for the grid

connected TIPS AFEC. The full load THD = 14.44%. This is with a dead-time of 9 µs.
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Table 4.1: TIPS AFEC Filter Capacitor Impedances and Currents

Frequency Filter Capacitor Filter Capacitor

Impedance (Ω) rms Current (A)

Fundamental (60 Hz) 6.631 1.189

5th Harmonic (300 Hz) 1.326 0.17125

7th Harmonic (420 Hz) 0.947 0.07824

Figure 4.1: Lower order harmonic current flow paths with LCL filter

Also, 3% of 5th harmonic and 1% of 7th harmonic is assumed to be present in the grid

voltage. The harmonics in the sensed grid currents have further increased THD due to

feedback and distortion of the modulating signals.

Traditional harmonic compensation techniques with only L-filter, like dead-time com-

pensation or feed-forward compensation alone is not effective in such cases as can be seen

from Figure 4.4 and Figure 4.5. It can be seen that with only dead-time compensation im-

plemented along with the feed-forward terms, the grid current harmonics, though reduced

in magnitude are still present. The full load THD = 6.44%. Dead-time compensation can

eliminate only the dead-time generated harmonics, while feed-forward terms can cancel

grid generated harmonics only if these harmonic currents do not flow through the filter

capacitor.

Dead-time compensation has eliminated lower order harmonics from the converter

current to an extent as shown in Figure 4.6. But this in-turn pollutes the grid current.

Also, using single loop structure discussed in Chapter 3 to eliminate harmonics from con-

verter currents further pollutes the grid currents with harmonics. The grid current THD

becomes worse in light load conditions. Thus, a different scheme is required for MV/low

current applications to compensate for lower order harmonics in the grid currents.
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Figure 4.2: Grid Currents showing lower order harmonics before compensation with LCL
filter

Figure 4.3: Frequency spectrum of grid currents showing lower order harmonics before
compensation with LCL filter
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Figure 4.4: Grid currents after only dead-time and feed-forward compensation with LCL
filter

Figure 4.5: Frequency spectrum of grid currents after dead-time compensation and feed
forward compensation with LCL filter

109



Figure 4.6: AFEC currents after dead-time compensation and feed-forward compensa-
tion with LCL filter

4.3 Unified Lower Order Harmonics Compensation

Scheme

In this section a ‘Unified Lower Order Harmonic Current Compensation Scheme’ is pro-

posed to eliminate these harmonics from the grid currents when using an LCL filter at

the ac input of a MV grid connected VSC.

4.3.1 Proposed Unified Control Scheme

The proposed unified lower order harmonics compensation scheme is added on to the

basic control as shown in Figure 4.7. It is composed of two sections (hence the term

‘Unified’): (a) Compensating voltage feed-forward based dead-time compensation scheme

(highlighted in Figure 4.7 and algorithm shown in Figure 4.8) to cancel the effect of dead-

time in the converter PWM voltage (b) Harmonic compensation loops added in parallel

to the basic control scheme (highlighted in Figure 4.7). All the symbols used are explained

in the ‘List of Symbols’.
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Figure 4.7: Unified control block diagram for TIPS AFEC with harmonic compensation
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In the dead-time compensation scheme, a compensating voltage (vcomp) is added on

to the modulating signal based on the polarity of the sensed line current in each phase.

In the Figure 4.7, vmodulating and vmodulating∗ are the modulating signals before and after

dead-time compensation, respectively. In Figure 4.7, these correspond to mr,my,mb and

mrf ,myf ,mbf , respectively, based on the phase under consideration. This compensating

voltage cancels the effect of dead-time in the converter PWM voltage. Here, the sensed

converter current has to be used since the grid current has a phase delay due to LCL

filter. This technique eliminates the harmonics generated due to dead-time.

Since the LCL filter design results in the dominant 5th and 7th harmonics getting a low

impedance path through the filter capacitor as explained in the previous section, a three-

loop structure is proposed for the parallel harmonic compensation loop (highlighted in

Figure 4.7 for the nth harmonic). The control of each lower order harmonic is carried out in

its own reference frame where it behaves like a dc similar to the case with only L-filter. The
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nth harmonic PLL is derived from the fundamental PLL using the harmonic oscillator.

In each of the d and q-axes for the harmonic to be eliminated, the following controllers

are used–a slow acting outer grid harmonic current controller with reference being set to

zero (50 Hz bandwidth), filter capacitor harmonic voltage controller (500 Hz bandwidth)

and fast acting inner converter harmonic current controller (1 kHz bandwidth). The

bandwidth of each loop in the parallel three loop structure is separated by sufficient

margin so that the harmonic loops act fast and smooth. This method is for lower order

harmonics not at the resonant frequency. This parallel loop can be implemented for the

dominant 5th and 7th harmonics while the dead-time compensation and feed-forward

compensation can eliminate 11th, 13th and higher order harmonics to an extent to bring

the THD to a very low value.

The d, q commands generated by the innermost control loops are converted into 3-

phase reference frame. All these harmonic voltage references (mrn,myn,mbn) are then

added together with the fundamental reference voltages (mrf ,myf ,mbf ) to generate the

resultant converter PWM voltage references (mrt,myt,mbt) which are used to generate

PWM signals.The fundamental control still has the two-loop structure similar to the case

with L-filter.

4.3.2 Harmonic Extraction Process

The most crucial stage in this algorithm is the harmonic current/voltage extraction shown

in Figure 4.9. It has two cascaded stages. First stage involves the fundamental component

extraction in the fundamental d, q-reference frame using low pass filters (bandwidth 1/Te

equals 10–30 Hz). Fundamental components are subtracted from the actual signals to

extract only the harmonic components. Second stage involves the required nth harmonic

extraction in the nth harmonic d, q reference frame using low pass filters in a similar

manner. This two-stage process is implemented to ensure that the fundamental ripples

are eliminated to a large extent from the harmonic reference frame. This is the difference

from the single-stage harmonic extraction block used for the L-filter case.

A single-stage harmonic extraction is not effective when the fundamental value is

very large especially in the case of filter capacitor voltage. For the case of filter capacitor

voltage, the fundamental rms value is around 13.8 kV which when converted to the 5th

or 7th harmonic reference frame appears as large 360 Hz ripple. Thus, it becomes difficult

to extract the dc components in such a situation. Filters with very low bandwidths (< 1
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Hz) might be required which is not recommended as it affects the control loop dynamics.

Hence, the two-stage extraction process discussed above need to be used.

4.3.3 Design and Modeling of Harmonic Compensation Loop

Equations (4.1) to (4.6) give the d and q-axes dynamic equations for the grid tied AFEC

of TIPS with an LCL filter, in the nth harmonic reference frame, based on the circuit in

Figure 4.10.

vdn = vcdn −Rsisdn − Ls
disdn
dt

+ ωLsisqn (4.1)

vqn = vcqn −Rsisqn − Ls
disqn
dt
− ωLsisdn (4.2)

vcdn = vgdn −Rgigdn − Lg
digdn
dt

+ ωLgigqn (4.3)

vcqn = vgqn −Rgigqn − Lg
digqn
dt
− ωLgigdn (4.4)

isdn = igdn − Cf
dvcdn
dt

+ ωCfvcqn (4.5)

isqn = igqn − Cf
dvcqn
dt
− ωCfvcdn (4.6)

Here, Rg and Rs are the sum of the resistance in the connection wires and the in-

ductor resistance on the grid side and converter side, respectively. Lg and Ls are the

filter inductances on the grid side and the converter side, respectively. Cf is the filter

capacitance. Here, the passive damping resistance is not considered. Instead, the active

damping scheme described later in this chapter is assumed to be used.

The plant model highlighted inside the dotted line in Figure 4.11 shows the block

diagram for the d-axis part of these equations. The controllers and the closed loop feed-

back transfer functions are shown outside the dotted line. Decoupling of the d and q

axes is ensured by adding the negative of the cross-coupling terms at each controller

output. Along with the other feed-forward terms, this ensures faster response and better

dynamics for the harmonic compensation loops.
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Figure 4.11: nth harmonic d-axis closed loop control block with LCL filter
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Table 4.2: TIPS AFEC Control Parameters, Bandwidths and Phase Margins

Parameter Value Parameter Value

Ks 1131 Converter Current Loop Bandwidth 1 kHz

Ts 0.9 Capacitor Voltage Loop Bandwidth 500 Hz

Kf 0.00092 Grid Current Loop Bandwidth 50 Hz

Tf 9 Converter Current Loop Phase margin 90◦

Kg 25 Capacitor Voltage Loop Phase margin 71◦

Tg 90 Grid Current Loop Phase margin 84◦

The feedback variables are passed through an extraction filter which adds a dominant

pole (10–30 Hz) to each system which cannot be neglected as they are sufficiently lower

than the closed loop bandwidth. But if left as it is, this leads to an increase in the order

of each system and thus might result in instability. So it is necessary to cancel the effect

of this pole. It is proposed to add a zero to each controller at a frequency equal to the

extraction filter bandwidth (1/Te). This ensures that in the loop gain (G(s)H(s)), the

effect of this extraction filter is cancelled. But in the forward path (G(s)) a zero is now

added whose effect has to be canceled in the closed loop ((G(s)/(1 +G(s)H(s))). Thus,

the reference for each loop needs to be delayed by the time constant of the extraction

filter (Te). This leads to the inner converter current controller effectively being a PID

controller (Figure 4.11). Since this process is carried out for each of the outer loops,

those controllers reduce to PI controllers since the zero in the controller and the pole in

the delay block cancels each other as indicated in Figure 4.11. Hence, the only change

in implementation required to cancel the effect of the extraction filter in each of the

feedback loop is to add a zero at 1/Te in the inner loop controller and delay by Te the

reference for the outer loop controller.

The next step in the controller design is to make sure that for each control loop, the

loop gain transfer function cross 0 dB at -20 dB per decade. This results in the respective

closed loop systems behaving like first order systems around their bandwidths. This

ensures closed loop system stability with good phase margin. To start with, the second

zero (1/Ts) in the inner converter harmonic current controller is used to cancel the plant

pole contributed by the converter side inductance Ls and its resistance Rs. Then, the gain

Ks is chosen so as to adjust the bandwidth to the desired value. These are represented by
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(4.7) and (4.8). Here, ωcn is bandwidth of converter nth harmonic current control loop.

Ts =
Ls
Rs

(4.7)

Ks = ωcnLs (4.8)

The capacitor voltage and grid current harmonic control parameters are decided so

as to separate out the bandwidths of the three loops by substantial margin for better

transient behavior. For bandwidths of 50 Hz, 500 Hz and 1 kHz chosen for the three loops

(outer to inner loops, respectively), the harmonic control parameters for TIPS AFEC are

listed in Table. 4.2. Fundamental loop control parameters are the same as in Table. 3.10.

Figure 4.12: Loop gain Bode plots of 3-loop harmonic compensation with LCL filter
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Figure 4.13: Closed loop Bode plots of 3-loop harmonic compensation with LCL filter

These are designed based on frequency domain analysis. Here, a line resistance of 0.2

Ω per phase is considered on either side of the filter capacitor. Using these parameters,

Figure 4.12 and Figure 4.13 show the loop gain and closed loop gain bode plots respec-

tively for the three loop systems. Table. 4.2 also indicates the bandwidths and the phase

margins of the three closed loop systems. The designed controller parameters resulted

in desired bandwidths for each of the three loops. Also, the phase margins are substan-

tially high to ensure stability. Figure 4.14 shows the nyquist plots of the three loop gain

transfer functions. It can be seen that all the three plots does not have any clock-wise

rotation around (-1, 0). Also, all the loop gains have zero poles on the right hand side

of the s-plane. This means that all the three closed loop systems have zero poles on the

right hand side of the s-plane. Thus, by the Nyquist stability theorem, all three closed

loop systems in the harmonic loop are stable with the designed control parameters [85].
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Figure 4.14: Loop gain Nyquist plots of 3-loop harmonic compensation with LCL fil-
ter(arrows indicate anti-clockwise rotation)

Figure 4.15: Grid currents purely sinusoidal after implementing the unified harmonic
compensation scheme

120



Figure 4.16: Frequency spectrum of grid currents showing no lower order harmonics
after implementing the unified harmonic compensation scheme

4.4 Simulation Based Analysis of Unified Control

Scheme

This section validates the proposed unified control scheme through complete system

simulation in MATLAB/PLECS. Dead-time used is 9 µs. Also, 3% of 5th harmonic and

1% of 7th harmonic are assumed to be present in the grid voltage. The AFEC is running

in UPF mode.

Figure 4.15 shows the grid currents after implementing the harmonic compensation

loop for 5th and 7th harmonics along with dead-time compensation. Figure 4.16 shows its

frequency spectrum. It can be seen that the lower order harmonics in the grid current

contributed by both dead-time and grid voltage harmonics are perfectly eliminated. The

grid current THD has improved from 6.44% in Figure 4.4 to 0.6%. Thus, the parallel

compensation loops eliminated the harmonics in the grid currents due to lower impedance

of the filter capacitor which the dead-time compensation alone was not able to eliminate.
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Figure 4.17: Transient response of 5th harmonic d, q controllers as grid harmonic voltages
are injected into the system at t = 0.45 s (All currents are in amperes and voltages in
volts; Black: Reference, Red: Actual signal; 1/Te = 2 ∗ π ∗ 10)
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Figure 4.18: Transient response of R-phase grid current, filter capacitor voltage and
converter current as grid harmonic voltages are injected into the system at t = 0.45 s
(1/Te = 2 ∗ π ∗ 10)

The effect of digitization and the impact of parallel loops on the fundamental control

can be analyzed in the same way as for the case with L-filter. The parallel loops can be

shown to be independent using the same method.

Figure 4.17 shows the control actions of the 5th harmonic d, q controllers as grid

harmonic voltages are injected into the system at t = 0.45 s. At t = 0.45 s, 3% of 5th

and 1% of 7th harmonics are injected into the grid voltage in each phase. It can be seen

that the transient response is very smooth. The actual values track their references at

a rate proportional to their respective bandwidths. Also, the current dynamics is very

smooth. There are no oscillations in the grid currents at the instant of grid voltage

harmonics injection. Figure 4.18 shows the transitions in R-phase grid current, filter

capacitor voltage and converter current at this instant. It can be seen that to maintain the

grid current sinusoidal, harmonics are injected into the capacitor voltage and converter

current.

To validate the effectiveness of the proposed control scheme in the STATCOM mode,

the simulation has been run at 100 kVar reactive power. For this, the dc bus has been
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Figure 4.19: Grid currents after the proposed control implementation in the STATCOM
mode with LCL filter

Figure 4.20: Frequency spectrum of grid currents after the proposed control implemen-
tation in the STATCOM mode with LCL filter
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charged initially to 22 kV and after that the reactive power reference has been changed

from 0 to 100 kVar under no active load. Figure 4.19 and Figure 4.20 show the grid

currents and its frequency spectrum respectively in this case. It can be seen that during

the STATCOM mode of operation, the current THD = 3.8% is very good (within 5%

limit) but with a little presence of frequencies around the resonant frequency (1 kHz).

Figure 4.21 and Figure 4.22 show the grid currents and its frequency spectrum re-

spectively with a dead-time of 2 µs considered at 100 kW UPF operation. The results

are without any compensation scheme implemented. This is a very optimistic value for

the dead-time with such high dv/dt on the devices. Nonetheless, from the results it can

be seen that even with 2 µs dead-time, the harmonic content is substantial (THD =

6.2%) due to higher dc bus voltage of 22 kV and lower load current. Thus, the proposed

algorithm needs to be used even with lower dead-time for better grid current THD.

The sensitivity analysis shows that the grid current THD increases from 0.6% to

1.1% when all the filter parameters vary by ±10% in the UPF mode, which is within the

acceptable range. Hence, the control scheme is very robust and is not affected much by

the variation in the filter parameters.

Figure 4.21: Grid currents with a dead-time of 2 µs at 100 kW UPF without harmonic
compensation
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Figure 4.22: Frequency spectrum of grid currents with a dead-time of 2 µs at 100 kW
UPF without harmonic compensation

Figure 4.23: 1200 V Si IGBT based 3L-NPC converter with its LCL filter
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4.5 Experimental Analysis of Unified Control Scheme

For testing the proposed control with LCL filter, a LV 1200 V Si IGBT (SK 50 MLI

066 Semikron 3-level module) based hardware prototype is developed in the laboratory.

Figure 4.23 shows the photo of this LV setup highlighting the various modules including

the LCL filter section. Experimental results for the LCL filter control are captured up to

500 V dc bus and 500 W (for low power validation) on this setup. Here, as the voltage

and power levels have been reduced, the filter parameters are scaled down so as to meet

the operating condition requirements. The filter parameters used in the experiments are

Ls = Lg = 10 mH and Cf = 20µF. Damping resistance used is 10 Ω. The resonant

frequency is 1.6 kHz and the switching frequency used is 5 kHz. Similar to the full rated

TIPS AFEC, a dead-time of 9 µs is used.

Figure 4.24 and Figure 4.25 show the effect of harmonic compensation with only L-

filter (20 mH inductance). Here, the parallel compensation loop has a single loop structure

having only the line current controller as discussed in Chapter 3. From Figure 4.24, the

grid current has substantial amount of both lower order harmonics as well as switching

ripple before implementing any compensation. As can be seen from Figure 4.25, using

the single loop harmonic elimination scheme, the lower order harmonics get compensated

but it has substantial amount of switching ripple. Thus at MV, LCL filter is a must.

The performance of the proposed unified harmonic compensation scheme for the case

with LCL filter can be evaluated from Figure 4.26 to Figure 4.29. Figure 4.26 shows

that with LCL filter, the switching ripple is reduced in the grid current, but the lower

order harmonics are present to a large extent before implementing any compensation.

Figure 4.27 shows the frequency spectrum plotted from the recorded csv file of this

experimental data. The frequency spectrum shows the presence of dominant 5th and 7th

harmonics.

From Figure 4.28 it can be seen that the lower order harmonics are eliminated by

the proposed method, as well as the LCL filter reduced the switching ripple significantly.

Figure 4.29 shows the frequency spectrum for this case. It can be seen that the 5th and

7th harmonics are reduced to a large extent. Figure 4.30 shows the converter currents

for this case. It can be seen that for eliminating the harmonics from the grid current,

the control scheme has injected small amount of lower order harmonics in the converter

currents. Thus, the hardware results show that with LCL filter and the proposed harmonic

compensation scheme, the grid current THD is significantly improved.
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Figure 4.24: Grid current showing lower order harmonics before implementing the single
loop harmonic compensation scheme with L-filter (5 A/div)

Figure 4.25: Grid current without lower order harmonics after implementing the single
loop harmonic compensation scheme with L-filter (5 A/div)
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Figure 4.26: Grid current showing lower order harmonics before implementing the pro-
posed harmonic compensation scheme with LCL-filter (5 A/div)

Figure 4.27: Frequency spectrum of grid current showing lower order harmonics before
implementing the proposed harmonic compensation scheme with LCL-filter (0.5 A/div)
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Figure 4.28: Grid current without lower order harmonics after implementing the pro-
posed harmonic compensation scheme with LCL-filter (5 A/div)

Figure 4.29: Frequency spectrum of grid current without lower order harmonics after
implementing the proposed harmonic compensation scheme with LCL-filter (0.5 A/div)
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Figure 4.30: Converter currents after implementing the proposed harmonic compensa-
tion scheme with LCL-filter (5 A/div)

4.6 Unified Control Scheme with Active Damping

The LCL filter without any damping is marginally stable as it has poles on the imaginary

axis of the s-plane. It can result in LC resonant oscillations in the line current because

of zero impedance for some higher order harmonics. If not damped properly, these os-

cillations affect the closed loop current control. Passive damping is generally used with

resistance in series with the filter capacitance. But at MV level, this resistance causes

significant loss, and also adds to the overall cost of the converter. Thus, the best method

is to go for active damping [86], [87].

4.6.1 Active Damping Method

Active damping involves damping out these oscillations either through modifying the

control scheme or by adding additional loops in the control algorithm. Various active

damping schemes are proposed in literature. For TIPS AFEC application, the method

proposed in [86] is more suitable as it does not need any additional sensors. Figure 4.31

shows the schematic representation of the overall control scheme with the active damping

block added. The sensed 3-phase capacitor voltages (vrc, vyc, vbc) are converted to the
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synchronous d, q reference frame components ed and eq using the fundamental PLL. These

d, q voltages are then passed through lead-lag compensators to generate the compensating

signals edc and eqc which are converted in to the 3-phase compensating voltages erc, eyc, ebc.

These compensating voltages are added to the total modulating voltage commands (mrt,

myt, mbt) generated by the unified control scheme. The resultant modulating signals

(mrm, mym, mbm) are used for PWM generation.

The transfer function of the lead-lag compensator is given by (4.9). The effective-

ness of this active damping method depends upon the proper selection of the lead-lag

compensator parameters. The main objective is to select these parameters such that the

overall system is stable.

Glead lag(s) = Kll
(1 + sTn)

(1 + sTd)
(4.9)

To tune these parameters, only the inner current control loop for the fundamental

control is considered. Once the lead-lag compensator parameters are selected, switching

model simulation of the complete system is carried out to see the stability of the entire

control structure with the unified harmonic compensation scheme and the active damping

block. Figure 4.32 shows the block diagram of this section with the active damping

lead-lag compensators added. This block can represent either the d-axis or the q-axis

compensation part.

This block is used for tuning these lead-lag compensator parameters. The reference

to the actual current transfer function is calculated from this block diagram and the

Bode plots are plotted for different conditions as shown in Figure 4.33 to Figure 4.35.

Figure 4.33 shows the Bode plot without any damping. It can be seen that the peak

magnitude is around 30 dB at the resonant frequency (∼ 1 kHz). This peak has to be

damped. Considering 0.707 damping factor, the passive damping resistance comes out to

be 533 Ω. Figure 4.34 shows the Bode plot after using this damping resistance. It can be

seen that the magnitude at the resonant frequency is around 20 dB below 0 dB which

shows very good damping.

Figure 4.35 shows the Bode plot after implementing the active damping. The pa-

rameters selected are Kll = 9.1 ∗ 10−5, Tn = 2.5 ∗ 10−4 and Td = 8.33 ∗ 10−5. It can

be seen that the active damping scheme reduces the peak magnitude at the resonant

frequency to around the same value as that with the passive damping resistance. Thus,

these parameters are used in the actual system simulation.

133



Figure 4.33: Bode plot of current loop, loop gain transfer function without active or
passive damping

Figure 4.34: Bode plot of current loop, loop gain transfer function with 533 Ω passive
damping resistance
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Figure 4.35: Bode plot of current loop, loop gain transfer function with active damping

Figure 4.36: TIPS AFEC waveforms with active damping
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Figure 4.37: B-phase grid current (green–2.5 A/div) and converter currents (red, orange,
blue–5 A/div) with passive damping resistance of 10 Ω

Figure 4.38: B-phase grid current (green–2.5 A/div) and converter currents (red, orange,
blue–5 A/div) with active damping enabled
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4.6.2 Active Damping Simulation for TIPS AFEC

After selecting the lead-lag compensator parameters for active damping, complete sys-

tem simulation is again carried out with all the control modules discussed. The passive

damping resistance is removed and active damping block is enabled. Figure 4.36 shows

the waveforms after enabling the active damping block along with the unified harmonic

compensation scheme. All the variables are in pu for clarity of understanding. Voltage

base is 11 kV and current base is 6 A. It can be seen that all the waveforms are stable.

Thus, the active damping block works very well with the proposed harmonic compensa-

tion scheme. Hence, this defines the overall control architecture of a MV grid connected

converter similar to the TIPS AFEC.

4.6.3 Experimental Validation

The proposed unified control scheme is tested for performance with the selected active

damping method on the LV prototype of grid connected converter shown in Figure 4.23.

The experimental results are captured at 400 V dc bus voltage, 3 kW power and 5 kHz

switching frequency. Figure 4.37 shows the experimental result when the passive damping

resistance is used. It is seen that the peak current magnitude is higher than in Figure 4.38

when active damping is used instead. Thus, active damping saved 75 W in this voltage

and power scaled down experiment which is expected to increase with increase in grid

voltage. Also, the active damping loop is found to be stable when used with the unified

control structure of the TIPS AFEC. The dead-time used is 9 µs.

4.7 Conclusions

This chapter proposes a unified control scheme for the AFEC tied with MV distribution

grid focusing on the harmonic compensation with LCL filter. The proposed harmonic

compensation scheme is composed of dead-time compensation and a parallel three-loop

structure for grid harmonic current compensation. The LCL filter requirement at MV to

reduce filter size and the associated challenges in grid harmonic current compensation

calls for an additional three-loop structure for harmonic compensation. This method is

in general applicable to all low current/MV applications with an LCL filter but it also

works irrespective of the current and voltage levels. Modeling, frequency domain stability
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analysis, system simulation and scaled down voltage experimental results validate the

proposed scheme. The stability of the proposed control scheme with active damping

block enabled is also analyzed through simulations.

The main contributions are summarized as follows:

1. Proposed a unified control scheme for the AFEC tied with MV distribution grid

focusing on the harmonic compensation with LCL filter. It is mainly proposed for

TIPS AFEC and validated through simulations, but can be used for other similar

systems tied with MV grid.

2. Successful validation of the proposed unified control scheme on LV scaled down

prototype experiments.

3. Studied the effectiveness of the proposed control scheme with active damping in-

cluded for the LCL filter.
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Chapter 5
Active Loading of MV Grid Connected

Converter Based on 15 kV SiC IGBT

5.1 Introduction

The analysis, simulations and experiments in Chapters 3 and 4 are carried out mostly

assuming a passive resistance load for the 15 kV SiC IGBT based grid connected converter

operating in the rectifier mode. This chapter discusses the various control requirements

when the 3L-NPC AFEC is connected to an active load with its own control architecture.

This active load can be another converter converting dc to dc or dc to ac. DAB is getting

popular for the dc-dc stage [88]–[93]. Various control and design parameters are analyzed

to confirm the range in which these different converter stages do not interact with each

other. Frequency domain analysis is done to verify this. All these analysis are carried out

with reference to the TIPS topology show in Figure 1.9. The TIPS schematic with the

various stages and their details are again given in Figure 5.1 for the sake of explanation.

The main focus of this chapter is on the stability issues at the MV dc link. The

stability is mainly governed by the impedance matching criterion at this interface [94].

At each operating point, the output impedance of the first stage should be lower than

the input impedance of the next stage for all frequencies considered [94], [95]. In the

case of TIPS, AFEC is the first stage and DAB is the second stage. All the impedances

considered here are the closed loop impedances which are decided by the control loop

structure, dc bus capacitance and the operating levels of dc bus voltage, grid voltage and

power transferred. The control loops used for both the stages should make sure that this
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Figure 5.1: TIPS schematic with all the details used for reference in this chapter

condition for stability is met at each operating point. This is thoroughly investigated

through the development of small signal models of the control system. The impedances

considered (Zout rect(s) and Zin dab(s)) are marked in Figure 5.1 in red.

The AFEC control parameters are adjusted based on the design considerations an-

alyzed in the initial part of this chapter. A complete system simulation of the TIPS

topology is carried out with parameters designed in this chapter and the overall control

structure of the AFEC finalized by the end of Chapter 4. The various functions of the

TIPS system are also verified through simulations. Scaled down, LV, Si IGBT prototype

based experiments are conducted to verify these functions through hardware demonstra-

tions. Through LV experiments, both steady state and transient behaviors are verified.

LCL filter is used in the AFEC stage for the LV experiments. The output ac side is

connected to load in the experiments.

Then, in this chapter, the various experiments conducted on the 15 kV SiC IGBT

and 1200 V SiC MOSFET based MV prototype of the TIPS topology developed in the

laboratory are discussed. For MV testing, only L-filter is used at the MV ac side of TIPS.

Overall ac-dc-dc-ac integrated TIPS test results are captured up to 4.2 kV on the AFEC

side MV dc bus, 250 V on the LV dc bus and 2.3 kW power transferred. Higher voltage

and power demonstrations are carried out without the LV converter stage of TIPS for

MV dc micro-grid applications. This ac-dc-dc converter is demonstrated up to 4.16 kV

MV ac grid, 8 kV dc bus voltage and 9.6 kW load connected on the 480 V LV dc bus.
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5.2 Closed Loop Impedance Derivations at MV DC

Bus of TIPS

The stability of the TIPS MV dc bus is studied based on the interactions of the impedances

of the AFEC and DAB stages at this dc link. The principle of ‘loading effect’ is used

to analyze the stability criterion. The closed loop output and input impedances of these

stages need to be considered for the analysis. The closed loop impedances depend upon

the control strategy used for these stages [61], [62], [84], [96], [97]. In this section, the

derivation of the expressions for the closed loop output impedance of AFEC and input

impedance of DAB is explained.

5.2.1 AFEC Closed Loop Output Impedance

The controller design for the AFEC stage of TIPS is discussed in Chapter 3 and Chapter 4.

As the harmonic and the fundamental control loops do not interact with each other in the

proposed classical model, the fundamental control loop is used for computing the closed

loop output impedance of the AFEC. Also, since the d-axis control loop is responsible for

controlling the dc bus voltage, the d-axis control block is used for deriving its closed loop

output impedance. There are two PI controllers in the d-axis: the inner current controller

and the outer MV dc bus voltage controller. Feed-forward terms are assumed to be used

for decoupling the d and q-axes. Figure 5.2 shows the step by step simplification of the

d-axis control block to derive the closed loop output impedance of the AFEC which is

given by vDC rect/iload rect. The d-axis current id is assumed to flow only through the filter

inductors and not the filter capacitor on the ac side for simplicity of analysis.

Equations (5.1) and (5.2) give the closed loop output impedance of the TIPS AFEC

stage. From these equations it can be seen that the AFEC output impedance is mainly a

function of the dc bus capacitance Cdc, the dc bus voltage control loop bandwidth through

the control parameter Kv and the operating point through the modulation index m.

Zout rect(s) = −
(
ωi
Cdc

) s
(

1 + s
ωi

)
s3 + ωis2 +K ′s+ K′

Tv

 (5.1)

K ′ =
mKvωi
Cdc

(5.2)
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The AFEC of TIPS is hard-switched under most operating conditions. Thus, to reduce

the losses the switching frequency of AFEC is selected to be 3–5 kHz. This allows for

the current control loop bandwidth to be fixed at 1 kHz (that is, ωi is fixed) which

makes it reasonably fast. To have better dynamic performance, the maximum value of dc

bus voltage control loop bandwidth is fixed to be less than 1
10

th
of current control loop

bandwidth (< 100 Hz) as explained in Chapter 3. The minimum limit is decided by the

stability criterion as explained later in this chapter.
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Figure 5.3: Simplified single-phase equivalent circuit of Y : Y/∆ TIPS DAB
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Figure 5.4: DAB control block diagram
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5.2.2 DAB Closed Loop Input Impedance

The controller design for the DAB stage of TIPS is discussed in [97]. The derivation

of DAB input impedance is given here for the sake of understanding. The closed loop

input impedance calculation for DAB considers the control parameters as well as the

high frequency transformer/DAB inductor parasitics. Figure 5.3 shows the simplified

single-phase equivalent circuit of Y : Y/∆ DAB with the transformer as well as inductor

parasitics. It is used to calculate the transfer function for real current (id1) to phase-

angle (φ) control [42], [97]. Equations (5.3) to (5.9) show the derivation of the open loop

transfer function from id1 to φ.

Zp =
1

1
sLm

+ s(Cp + Cm) + 1
Rc

(5.3)

Zf =
1

1
sLf1

+ 1
Rdf1

(5.4)

Z1 =
1

1
sL1

+ sC1 + 1
R1

(5.5)

Zth =
1

1
Zp

+ 1
Zf+Z1

(5.6)

vs = Vprim

(
Zp

Zp + Zf + Z1

)
(5.7)

Ztie = Zth +N2[sLs1 +Rs1] (5.8)

id1(s)

φ(s)
=

vs
Ztie

cos(φ) (5.9)

Figure 5.4 shows the control block diagram of the TIPS DAB as described in [97]. The

open loop (OL) transfer function id1(s)/φ(s) is controlled by the inner current control

loop while the LV side dc bus voltage Vdc low is controlled by the outer voltage control

loop. The closed loop (CL) DAB input impedance can be derived from Figure 5.4 using

(5.10) to (5.14).

Zl =
Rload dab (1 + sESRCdc low)

1 + s (Rload dab + ESR)Cdc low
(5.10)

Fb = Fs(1 + CvZl)Cc
id1(s)

φ(s)
(5.11)

144



TOL =

(
id1(s)

vDC dab(s)

)
OL

=
sinφ

Ztie
(5.12)

TCL =

(
id1(s)

vDC dab(s)

)
CL

=
TOL

1 + Fb
− TOL (5.13)

Zin dab(s) =
1

TCL
=

1(
id1(s)

vDC dab(s)

)
CL

(5.14)

5.3 TIPS MV DC Link Stability Analysis

This section explains in detail the stability analysis carried out for the TIPS MV dc link.

The closed loop impedances derived in Section 5.2 are used in this study. Since DAB is

soft switched at higher switching frequency (10 kHz), the DAB control bandwidths are

designed to be high and the stability is understood by varying the AFEC voltage control

loop bandwidth, the dc bus capacitance and the operating conditions. Tables. 5.1 and

5.2 show the AFEC and DAB parameters, respectively, used in the analysis.

5.3.1 Impedance Approach

For the stable operation of TIPS MV dc link system to be guaranteed, the closed loop

output impedance of AFEC should be lower than the closed loop input impedance of

DAB for all frequencies. This ensures that the two systems are totally decoupled and

the control systems of the two sections do not interact with each other [94]. This is the

impedance based approach to understand the stability of the TIPS MV dc link. This

condition remains the same even in reverse direction of power flow since the AFEC is

always regulating the MV dc bus voltage and hence, always acts as the source.

Figure 5.5 shows the output impedance variation of AFEC with dc bus capacitance

along with input impedance of DAB for phase angle φ = 41◦ (100 kVA). It can be seen

that as the dc bus capacitance reduces, the closed loop output impedance of AFEC

increases and might become more than the input impedance of DAB. So an optimum

value of 90 µF is considered suitable for TIPS application. These plots are for 100 kVA,

22 kV dc bus voltage and 100 Hz for the AFEC dc bus voltage control loop bandwidth.

This is a severe problem at such high voltages. It is recommended to use film capacitors

with low equivalent series inductance (ESL) at higher voltages to make sure that the

devices see very small ringing due to LC oscillations which can damage these devices.
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Table 5.1: TIPS AFEC Parameters

Parameter Value

Rated Grid Voltage 13.8 kV

Rated DC Bus Voltage 22 kV

Rated Power 100 kVA

Switching Frequency, fsw 3 kHz

Lf 270 mH

Rf 0.4 Ω

Current Control Bandwidth (ωibw) 2 ∗ π ∗ 1000 rad/s

Table 5.2: TIPS DAB Parameters

Parameter Value

Rated LV side DC Bus Voltage 800 V

Rated Power 100 kVA

Switching Frequency, fsw 10 kHz

Lm 293 mH

Cp 50 pF

Cm 200 pF

Rc 6 MΩ

Lf1 400 µH

Rf1 3 kΩ

L1 150 µH

C1 100 pF

R1 4 kΩ

N 26.7

Ls1 42 µH

Rs1 0.2 Ω
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Figure 5.5: Output impedance variation of AFEC with dc bus capacitance along with
input impedance of DAB for φ = 41◦ (100 kVA)

Figure 5.6: Output impedance variation of AFEC with voltage loop bandwidth along
with input impedance of DAB for φ = 41◦ (100 kVA)
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Figure 5.7: Output impedance variation of AFEC with modulation index (0.25–0.95)
along with input impedance variation of DAB with phase angle (20◦–41◦)

These capacitors have low capacitance value and are available at lower voltage ratings. To

meet the voltage rating, lot of these capacitors need to be connected in series which brings

down the overall capacitance to a very low value. This does not help in the decoupling of

these converter operations as can be seen from the Bode plot. Thus, selecting an optimum

value of the dc bus capacitance is very critical for stability. The selection need to be based

on trade-off between the number of capacitors acceptable (converter size limitation) and

the overall capacitance value from the stability point of view.

For TIPS application, in the modular leg structure for the 3L-NPC, each 3-level leg

consists of eight 120 µF, 3.5 kV dc capacitors from ICAR connected in series to meet the

voltage rating of 22 kV (with margin for transients). Three such 3-level legs with series

capacitor bank are connected in parallel for the AFEC stage. Similar construction is also

used for the MV stage of the DAB. This results in the overall capacitance value to be 90

µF for the MV dc bus.

From Figure 5.6, it can be seen that as the AFEC voltage control loop bandwidth

reduces, the closed loop output impedance of AFEC increases and might become more

than the input impedance of DAB. These plots are at 100 kVA, 22 kV dc bus voltage and
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90 µF dc bus capacitance. The upper bound for voltage loop bandwidth is limited to be

around 100 Hz if the switching frequency is as low as 3 kHz [61], [84]. The lower bound

is decided by this stability criterion for the MV dc link. Thus, the dc bus voltage control

loop bandwidth is constrained to a small range in the case of actively loaded MV AFECs

operating with SPWM. The selection of AFEC voltage loop bandwidth is an important

criterion to be followed for stability at this high voltage. For TIPS application, the best

range is found to be between 10 Hz and 100 Hz under rated conditions. It is better to

design the bandwidth close to 100 Hz considering some margin for transient conditions.

Figure 5.7 gives the variation of these impedances with operating point. The dc bus

voltage and the power level are the deciding factors. In Figure 5.5 and Figure 5.6, the

operating point is assumed to be fixed at 100 kVA power level and 22 kV on the dc bus.

But in Figure 5.7, the operating point variation is represented in terms of the modulation

index m for the AFEC and the phase angle φ for the DAB. If either the power transferred

increases or the dc bus voltage increases during load throw-off transients, the modulation

index reduces and thus, the output impedance of AFEC increases. Also if the grid voltage

collapses, the modulation index reduces to maintain the same dc bus voltage and again

the output impedance of AFEC increases. Similarly if the power increases, the phase

angle of DAB increases and its input impedance reduces.

It is necessary to meet the stability criterion throughout the operating range of TIPS.

Figure 5.7 gives an indication of the stability of TIPS for various operating points. The

MV dc link of TIPS is found to be stable throughout its operating range when the dc

bus capacitance is 90 µF and the AFEC dc bus voltage control loop bandwidth is 100

Hz.

5.3.2 Nyquist Approach

The impedance approach gives an indication of the extent of loading effect and the in-

teraction of the two systems at the MV dc link for a particular value of Cdc, Kv and the

operating point. For estimating the relative stability or to understand the extent up to

which the dc link is stable, it is required to plot the Nyquist plot of the function given by

the ratio of these impedances (Zout rect(s)/Zin dab(s)). Figure 5.8 shows the impedance dis-

tribution at the MV side dc bus of TIPS. Equation (5.15) gives the relationship between

these two voltage functions.
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Figure 5.8: Impedance distribution at the TIPS MV dc link

Zout_rect(s)

Zin_dab(s)

+-

vDC_dab (s)vDC_rect (s)

Figure 5.9: Block diagram representation of the loading effect at the TIPS MV dc link
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vDC dab(s) = vDC rect(s)×
(

Zin dab(s)

Zout rect(s) + Zin dab(s)

)
= vDC rect(s)×

(
1

1 + Zout rect(s)
Zin dab(s)

)
(5.15)

Thus, for vDC dab(s) to be equal to vDC rect(s), the condition is that Zout rect(s) <<

Zin dab(s). As discussed, this is a sufficient condition for the DAB stage to not cause

loading effect on the AFEC stage. Also, for the stability of the MV dc link, the ratio

Zout rect(s)/Zin dab(s) should satisfy the Nyquist stability criterion. Figure 5.9 shows the

block diagram representation of (5.15). From the figure it can be seen that the loop gain

related to the MV dc link system is given by the ratio of the impedances. Thus, the MV

dc link is stable if this ratio satisfies the Nyquist stability theorem. This is the most

appropriate method for interpreting stability.

From Figure 5.6, it is understood that the system is stable with 10 Hz AFEC voltage

loop bandwidth, 90 µF dc bus capacitance and 100 kVA. Figure 5.10 gives the pole-zero

plot for Zout rect(s)/Zin dab(s) with m = 0.95. It can be seen that there are no RHP poles

for this loop gain. So, according to the Nyquist stability criterion, there should be no

clockwise rotation of the loop gain around (-1, 0) in the Nyquist plot (N = Z − P ) for

stability. Figure 5.11 shows the Nyquist plot for this condition. It can be seen that there

are no clockwise rotations around (-1, 0) and the system is confirmed to be stable.

If there is a sudden fault somewhere in the grid, this causes the grid voltage to reduce

suddenly and remain low for a few cycles. But the dc bus voltage controller tries to

maintain the dc bus voltage at 22 kV. This reduces the modulation index. Assume that

the modulation index m has dropped down to 0.25. Figure 5.12 gives the pole-zero plot

for Zout rect(s)/Zin dab(s) under such a condition. Again there are no poles on the RHP.

Figure 5.13 shows the Nyquist plot for the ratio of impedances with m = 0.25. It can

be seen that there are two clockwise rotations around (-1, 0) in the Nyquist plot. Thus,

the system is highly unstable. Therefore, from the Nyquist plot analysis it is easy to

predict the relative stability of the MV dc link. The control and design parameters have

to be selected based on all these considerations. The 10 Hz bandwidth for the AFEC

voltage control loop which resulted in stable operation under rated conditions is found

to cause instability under severe fault conditions. The minimum bandwidth limit need

to be decided based on the the worst case fault conditions TIPS is expected to operate

at. This can be directly related to the AFEC modulation index m.
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Figure 5.10: Pole-Zero plot for Zout rect(s)/Zin dab(s) at 100 kVA with 90 µF dc bus
capacitance, 10 Hz AFEC voltage loop bandwidth and m = 0.95

Figure 5.11: Nyquist plot for Zout rect(s)/Zin dab(s) at 100 kVA with 90 µF dc bus ca-
pacitance, 10 Hz AFEC voltage loop bandwidth and m = 0.95
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Figure 5.12: Pole-Zero plot for Zout rect(s)/Zin dab(s) at 100 kVA with 90 µF dc bus
capacitance, 10 Hz AFEC voltage loop bandwidth and m = 0.25

Figure 5.13: Nyquist plot for Zout rect(s)/Zin dab(s) at 100 kVA with 90 µF dc bus ca-
pacitance, 10 Hz AFEC voltage loop bandwidth and m = 0.25
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5.4 1200 V/100 A SiC MOSFET Based MV TIPS

LV Side Converter

5.4.1 TIPS LV Converter Control Scheme and Filter Design

To meet the current requirements, three numbers of LV side converters are connected in

parallel in the TIPS system. The LV stage converters are controlled using synchronous-dq

vector control. Figure 5.14 shows the d-axis control structure. The subscript lv denotes

control parameter for LV converter. The point of common coupling (PCC) voltage is

controlled by the outer ac filter capacitor voltage controller. The current control loops

of all the converters ensure that the ac currents are shared equally. In the q-axis, only

current controllers are used with each of the references set to one-third of the total

reactive current requirement. For UPF operation, q-axis current references are set to

zero [38], [39]. The current control loop also controls the power factor at the 480 V grid.

This control scheme is used in the simulation study in the next section. The DAB control

can be decoupled from the LV converter control by using a very high capacitance for the

LV dc bus. Hence, for TIPS experimental demonstrations later in this chapter, the LV

converters are run in the open loop with simple SPWM at 20 kHz.
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Figure 5.14: TIPS LV side converter control scheme
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1200 V/100 A SiC MOSFET Half-Bridge

Gate Driver Board

Figure 5.15: 1200 V/100 A SiC MOSFET half-bridge module based 2-Level, 3-phase
converter

The LV stage converters of TIPS are switched at 17–20 kHz each. The three parallel

converters are connected with the 480 V grid through an LCL filter. The filter design of

the LV stage is not as complicated as that for the AFEC stage. Each converter has its own

inductor connected to its pole per phase. The other ends of these individual L-sections

are connected together for the three converters. This is similar in all three phases. These

PCCs are connected to the filter capacitors per phase. The filter capacitor node in each

phase is tied with the 480 V grid through the grid side inductor. Here, 4.5% line voltage

drop is the criteria used for designing the total inductance. This comes out to be 1.5

mH per phase. This is distributed in the ratio of 1:2 on the grid side and converter side.

Hence, each converter has 1 mH per phase as the converter side inductance. Also the

grid side inductance for the paralleled system is 0.5 mH per phase. Since the switching

frequency for this stage is very high (17–20 kHz), the resonant frequency can be as high

as 10 kHz. This results in the filter capacitor value to be 0.76 µF per phase which is

very small. These designed filter parameter values are used in the complete TIPS system

simulation. The same filters are also used in the hardware demonstrations.

5.4.2 TIPS LV Converter Development and Testing

One of the TIPS LV stage converter is shown in Figure 5.15. It is a 2-level, 3-phase

converter based on 1200 V/100 A SiC MOSFET half-bridge modules. In total, five such
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Line current (50 A/div)

Line voltage before filter (500 V/div)

Line voltage after filter (500 V/div)

Figure 5.16: 1200 V SiC MOSFET based converter test results– Ch2: Line current, Ch3:
Line voltage before filter, Ch4: Line voltage after filter (Current: 50 A/div, Voltage: 500
V/div, Time: 8 ms/div)

Total line current 
(50 A/div)

Line voltage before filter (200 V/div)

Converter 1 line current (50 A/div)

Converter 2 line current (50 A/div)

Figure 5.17: Parallel operation of two 1200 V SiC MOSFET based converters– Ch1:
Line voltage before filter, Ch2: Total line current after paralleling, Ch3: Converter 1 line
current, Ch4: Converter 2 line current (Current: 50 A/div, Voltage: 1 kV/div, Time: 4
ms/div)
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converters are built and tested up to 35 kVA at 20 kHz switching frequency and 800 V

dc bus. One converter dc bus capacitance is 100 µF. Figure 5.16 shows the experimental

results captured during this test for one converter. It shows the line current, line voltage

before and after the filter inductance (1 mH). Only L-filter was used in this test. Fig-

ure 5.17 shows the results when two such converters are paralleled at 50 kVA [43]. This

stage handles very high current at very high switching frequency in the 100 kVA TIPS.

5.5 TIPS System Simulation and Analysis

With the parameters listed in Tables. 5.1 and 5.2, and using the designed value of Cdc =

90 µF, a complete system simulation of TIPS is carried out to study the performance.

The simulation is done in MATLAB/PLECS using the switching model of the converters.

LCL filter is used at the input of AFEC stage. LCL filter parameters designed in Chapter

4 is used. DC bus voltage loop bandwidth used is 100 Hz unless otherwise mentioned.

The AFEC stage switching frequency used in simulation is 3 kHz. The objective of

this section is to understand the system behavior of AFEC when cascaded with other

converter stages to form a complete SST. The performance of AFEC with the proposed

algorithms and design considerations is verified through TIPS integration study. Only

dead-time generated harmonics is considered for the AFEC to reduce the burden on

simulation. The grid voltage is assumed to be purely sinusoidal and balanced. The DAB

stage is soft switched at 10 kHz. The DAB used in TIPS is a 3-phase DAB [97].

In the figures, the black sinusoidal signals are the phase voltages for both AFEC and

LV stages. The AFEC phase voltage is scaled by a factor of 500 for clarity of understand-

ing. The red, green and blue sinusoidal signals are the three-phase line currents drawn

from the grid for both the stages. The cosine of the phase angle between R-phase voltage

signal (black) and line current (red) is the power factor. It is UPF when they are in same

phase and leading power factor when the current (red) leads the voltage (black).

Figure 5.18 shows the AFEC and LV side converter waveforms of TIPS when UPF is

maintained at both the grids. An active load of 100 kW is connected at the 480 V grid

and power is transferred from the 13.8 kV grid to the 480 V grid. At both the grids, the

phase voltage (black) is in phase with the line current (red). It can be seen that the 22 kV

and 800 V dc bus voltages are stable and well regulated for this mode of operation. Thus,

the designed MV dc bus capacitance and the control parameters ensure stable operation
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Figure 5.18: AFEC and LV side converter waveforms of TIPS when UPF is maintained
at both the grids (Voltages in V and Currents in A)

Figure 5.19: TIPS DAB waveforms with 100 kVA, 22 kV MV dc bus voltage and 800 V
LV side dc bus voltage
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Figure 5.20: AFEC and LV side converter waveforms of TIPS when 0.8 pf (leading) is
maintained at both the grids (Voltages in V and Currents in A)

Figure 5.21: AFEC and LV side converter waveforms of TIPS when 0.6 pf (leading) is
maintained at both the grids (Voltages in V and Currents in A)
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in UPF mode. Figure 5.19 shows the DAB waveforms under this condition. The 800 V dc

bus has high capacitance value (500 µF) and thus, the LV side converters are completely

decoupled from the DAB operation.

Figure 5.20 shows the waveforms when 0.8 pf (leading) is maintained at both the

grids. In this case a lagging reactive load of 60 kVar is connected at the 480 V grid.

Also, the load draws 80 kW active power. The 80 kW active power is supplied to the

load from the 13.8 kV grid. And the LV stage converter supplies 60 kVar lagging reactive

power to this load. In addition, it injects 60 kVar leading reactive power to the 480 V

grid. Similarly, the AFEC stage injects 60 kVar leading reactive power to the 13.8 kV

grid. Thus, this results in a power factor of 0.8 (leading) at both the grids. It can be

seen that at both the grids, the grid line current (red) leads the phase voltage (black) by

36.87◦. This also results in the entire 100 kVA TIPS effectively handling 240 kVar while

transferring 80 kW active power as explained in Section 1.3. The 22 kV and 800 V dc

buses can be seen to be stable and well regulated in this mode of operation.

The effective overloading handling capability of TIPS increases with decrease in power

factor at both the grids. Figure 5.21 shows the case with 0.6 pf (leading) at both the

grids. Here, the grid line current (red) leads the phase voltage (black) by 53.13◦. The

load connected at 480 V grid draws 60 kW active power and 80 kVar lagging reactive

power. The 60 kW active power is supplied to the load from the 13.8 kV grid. And the

LV stage converter supplies 80 kVar lagging reactive power to this load. In addition,

it injects 80 kVar leading reactive power to the 480 V grid. Similarly, the AFEC stage

injects 80 kVar leading reactive power to the 13.8 kV grid. This results in the entire 100

kVA TIPS effectively handling 320 kVar while transferring 60 kW active power.

Figure 5.22 shows the waveforms when both the AFEC and LV side converters are

running in fully STATCOM (zero pf leading) mode. Here, the grid line current (red) leads

the phase voltage (black) by 90◦. This is a very important mode of operation of TIPS.

In the fully STATCOM mode, TIPS just act as a Var compensator and injects 100 kVar

leading reactive power to both the grids. This is required to improve the grid voltage

profile in the case of faults on either of the grids. The 22 kV and 800 V dc bus voltages

can be seen to be stable and well regulated for this mode of operation. There is no active

power transfer through the DAB under this condition.

Figure 5.23 shows the reverse direction flow of active power through TIPS. In this

case, TIPS is controlled to transfer 100 kW active power from the 480 V grid to the 13.8
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Figure 5.22: AFEC and LV side converter waveforms of TIPS when both the stages are
running in STATCOM (zero pf leading) mode (Voltages in V and Currents in A)

Figure 5.23: AFEC and LV side converter waveforms of TIPS when power is flowing in
the reverse direction (Voltages in V and Currents in A)
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Figure 5.24: AFEC and LV side converter waveforms of TIPS during 100 kW load tran-
sients (Voltages in V and Currents in A)

kV grid. This mode is useful if any renewable source of energy is connected at the 480

V grid. During the non-peak hours in the 480 V grid, the extra active power generated

could be transferred to the 13.8 kV distribution grid to be supplied to any other utility

grid. In the figure, the grid line current (red) and the phase voltage (black) are seen to

be 180◦ out of phase showing reverse flow of current at both the grids. The 22 kV dc

bus voltage is seen to have only 1% overshoot when the power flow direction is suddenly

reversed. The MV dc link stability analysis has been carried out based on the forward

direction of power flow (13.8 kV grid to 480 V grid). But in the reverse direction, although

the magnitudes of the impedances remain the same, the phase angle becomes negative

in polarity. This causes this small overshoot when suddenly the power flow is reversed.

However, this does not affect the stability which depends on the ratio of impedances and

therefore, the dc bus voltage is regulated back to 22 kV.

Figure 5.24 shows the AFEC and LV side converter waveforms of TIPS during 100

kW load transients. Initially, the 100 kW active load connected at the 480 V utility grid is

supplied from the 13.8 kV distribution grid. At t = 0.1 s, the 100 kW active load connected

at 480 V grid is suddenly disconnected. It can be seen that the currents at both the grids
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Figure 5.25: AFEC and LV side converter waveforms of TIPS when the modulation
index of the AFEC is suddenly reduced from 0.88 to 0.22 with fv = 10 Hz (Voltages in
V and Currents in A)

Figure 5.26: AFEC and LV side converter waveforms of TIPS when the modulation
index of the AFEC is suddenly reduced from 0.88 to 0.22 with fv = 100 Hz (Voltages in
V and Currents in A)
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suddenly reduce to zero. The current transients are seen to be smooth for this full load

throw-off showing very good transient performance. The MV dc bus voltage has a small

overshoot which is slowly regulated back to 22 kV. The DAB stage regulates the LV dc

bus voltage back to 800 V quickly due to its higher switching frequency and associated

higher control bandwidths. At t = 0.25 s, the 100 kW load is suddenly connected back

to the 480 V grid. This suddenly increases the current flow from 13.8 kV grid to 480 V

grid. The current transients at both the grids are found to be smooth again. The dc bus

voltage transients are also found to be reasonable. Thus, the TIPS system with the MV

dc bus capacitance and the control parameters designed based on the proposed stability

criterion has very good transient behavior.

Figure 5.25 and Figure 5.26 show the fault transient waveforms with the AFEC voltage

loop bandwidth equals to 10 Hz and 100 Hz, respectively. In both the cases, due to a

sudden fault at t = 0.2 s in the MV ac grid at the input of the AFEC, the modulation

index drops from 0.88 to 0.22. Based on the Nyquist approach based study in Section

5.3.2, the 10 Hz bandwidth results in the MV and LV dc bus voltages to collapse and the

system goes into the unstable mode, as shown in Figure 5.25. This is due to the interaction

between the control loops of AFEC and DAB stages. With 100 Hz bandwidth, the MV

dc bus voltage is regulated back to 22 kV while the LV bus voltage does not see any

transients, as shown in Figure 5.26. This is an indication that the two control loops are

not interacting with each other as expected. The system maintains its stability even with

the modulation index as low as 0.22.

5.6 Experimental Study of MV DC Link Stability

In this section, the stability of the MV dc link is experimentally validated on the developed

hardware prototypes of the converter at different operating conditions. The hardware

and the test setup schematic are explained in detail in Chapter 2 for different operating

conditions. The resistor load in Figure 2.29 is replaced with the corresponding active load

for this study. Three different cases are presented here for understanding the stability.

5.6.1 Stability Study using TIPS LV Prototype

A 208 V ac to 208 V ac, 3 kW, LV Si IGBT based prototype of the TIPS setup using

Semikron SK50MLI066 3-level and SKM75GB12V 2-level modules is developed for the
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Figure 5.27: TIPS LV Si IGBT based scaled down prototype

validation of TIPS integration controls. The experimental setup is shown in Figure 5.27.

The main focus of this section is to analyze the steady state and transient operation

of the AFEC stage through experiments on the scaled down prototype of TIPS before

validating on the MV setup.

The AFEC stage is tied to the 208 V, 3-phase, 60 Hz grid at the input. The dead-

time used in the AFEC is 9 µs. All the passive components are designed using the scaled

down values of the voltages and currents. LCL filter is used at the input of AFEC with

a passive damping resistance connected. The control structure, control parameters and

filter parameters proposed in Chapter 4 is used for AFEC. Switching frequency used for

the AFEC is 5 kHz. The fundamental current control loop bandwidth is 1 kHz while

the dc bus voltage control loop bandwidth is 50 Hz. The DAB stage is operating with

input dc bus at 400 V and output dc bus at 400 V. DAB is soft switched at 10 kHz. The

LV converter stage is connected to a 3-phase load instead of tying with a grid. Due to

thermal limitation in Si IGBT, the LV stage converter is switched at 5 kHz. Testing has

been done up to a power level of 3 kW. The AFEC side dc bus capacitance is 470 µF

and DAB output side dc bus capacitance is 100 µF, which are large values.

Figure 5.28 and Figure 5.29 show the steady state waveforms captured during this

process. Figure 5.28 shows the converter currents and B-phase grid current for the AFEC
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Figure 5.28: AFEC currents (CH1, CH2, CH3–5 A/div) and B-phase grid current (CH4–
2.5 A/div) of TIPS LV Si IGBT based prototype

Figure 5.29: AFEC side dc bus voltage reference (CH2–90 V/div) and actual dc bus
voltage (CH3–90 V/div) of TIPS LV Si IGBT based prototype
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Figure 5.30: 1.5 kW load turn-off transient waveforms of TIPS LV Si IGBT based pro-
totype (CH1: Grid voltage and CH2: Grid current of AFEC, CH3: Line voltage and CH4:
Line current of LV side converter)

Figure 5.31: 1.5 kW load turn-on transient waveforms of TIPS LV Si IGBT based pro-
totype (CH1: Grid voltage and CH2: Grid current of AFEC, CH3: Line voltage and CH4:
Line current of LV side converter, Ch5: AFEC dc bus voltage)
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during TIPS integration. The AFEC modulation index is high at 0.74. The active load of

DAB and LV converter stage has not affected the AFEC stage performance. The harmonic

compensation scheme has canceled the lower order harmonics from the grid current. The

converter currents have 5 kHz switching ripple which is eliminated from the grid current.

Figure 5.29 shows the dc bus voltage and dc bus voltage reference for the AFEC stage.

They have been shifted from each other on the scope for clarity of understanding. The

actual voltage tracks the reference signal smoothly without any steady state error in the

TIPS integrated mode. Detailed analysis of start-up scheme is given in Chapter 7.

Figure 5.30 and Figure 5.31 show the AFEC stage and LV converter stage load turn-off

and turn-on transient waveforms, respectively. The transients applied are sudden throw-

off of 1.5 kW load in Figure 5.30 and sudden addition of 1.5 kW load in Figure 5.31. It

can be that the transients are smoothly controlled without any severe overshoots either

in the line currents or the dc bus voltage. This implies that the control system of AFEC

and DAB stages are totally decoupled and the system is stable during transients.

5.6.2 Stability with Low Modulation Index Operation of AFEC

Figure 5.32 to Figure 5.35 show the experimental results captured with 4.2 kV on the

AFEC dc bus and 2.3 kW power transferred to the load on the LV side. These results

are captured for each stage when the entire TIPS system is running together. For lower

modulation index operation, the step-up transformer is removed and only the variac is

used with 100% setting of 480 V. The AFEC modulation index is 0.15 which is very

low in this case. The MV dc bus capacitance equals to 360 µF which is large for this

case. Figure 5.32 shows the currents drawn by the TIPS system from the AFEC side

grid under steady state. These are captured at the sensor outputs. The dc offset seen

in the waveforms is due to the LEM LA55P sensor offset which is not there in the real

system. The slight unbalance seen in the currents is introduced due to the variac leakage

differences per phase. Similarly the asymmetry is due to even harmonics in the grid

voltage.

Figure 5.33 shows the DAB stage steady state waveforms in 10 kHz scale. The HF

transformer primary and secondary side voltages as well as the primary current are

shown. The TIPS LV converter load voltage is also shown in Ch3. Figure 5.34 shows the

DAB and LV converter stage waveforms in 60 Hz scale during TIPS system integration

captured together.
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Figure 5.32: Grid currents on the AFEC side at 4.2 kV MV dc bus, 480 V grid voltage
and 2.3 kW power (Current: 2.5 A/div); captured at sensor outputs

Figure 5.33: DAB waveforms at 4.2 kV MV dc bus voltage, 250 V LV dc bus voltage
and 2.3 kW power
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Figure 5.34: DAB primary side voltage (Ch1: 2 kV/div) and primary side current (Ch2:
1 A/div) compressed to 60 Hz scale. Ch3 (100 V/div) and Ch4 (20 A/div) show the TIPS
LV side converter line voltage and total line current

Figure 5.35: R-phase converter current (CH3) and R-phase voltage (CH4) at variac
output showing (a) UPF operation (Voltage - 200 V/div, Current - 5 A/div) and (b) 0.2
pu Var compensation (Voltage - 200 V/div, Current - 2.5 A/div)

170



Figure 5.35 (a) shows the UPF control action of the TIPS AFEC during integration.

It can be seen that the R-phase current and R-phase voltage are in phase with each

other. Figure 5.35 (b) shows the R-phase current and R-phase voltage when a reactive

power of 0.2 pu is injected into the grid. The grid current can be seen to lead the phase

voltage [39], [40]. Thus, the MV dc link system is found to be stable under AFEC lower

modulation index operation.

5.6.3 Stability with High Modulation Index Operation of AFEC

To validate the MV dc link stability at higher modulation index for the AFEC, the step-

up transformer is inserted between the variac and the AFEC. The grid voltage is adjusted

to be 2.64 kV using the variac setting. The AFEC dc bus voltage is charged to 5 kV. The

MV dc bus capacitance for this case is 180 µF and td=9 µs. The AFEC modulation index

comes out to be 0.7 which is reasonably high. A load of 5.1 kW (100 kW scaled down at

5 kV dc bus) is connected at the LV dc bus of DAB. The DAB LV dc bus is regulated at

355 V. The LV converter stage in TIPS is not used for this test since it does not affect

stability of the MV dc link. This ac-dc-dc topology finds application in dc micro-grids.

Figure 5.36 shows the currents drawn from the grid on the AFEC side captured at the

sensor output. Compared to Figure 5.32, the harmonic content has increased due to the

grid voltage harmonics being amplified 15 times by the 60 Hz transformer used for the

demonstration purpose. The grid voltages used for the PLL are sensed at the variac

input. The R-phase variac output current in CH4 has this harmonic current amplified by

15 times due to same reason. Figure 5.37 shows the DAB waveforms for this condition.

Similarly, the 4.16 kV grid connected operation at 8 kV MV dc bus voltage, 9.6 kW,

and the 3.6 kV grid connected operation at 7 kV MV dc bus voltage, 8 kW described in

Section 3.4.4 uses DAB as the active load for the AFEC. The dead-time td=3.8 µs for

these cases due to 5 µm IGBTs and reduced RG (On). The AFEC waveforms for 4.16

kV grid connected operation are given in Figure 3.29 and Figure 3.30, while the AFEC

waveforms for 3.6 kV grid connected operation are given in Figure 3.31 and Figure 3.32.

The DAB waveforms for 8 kV MV dc bus operation is shown in Figure 5.38. All the

waveforms show stable operation of the MV dc link with a high modulation index of ∼
0.73 for the AFEC stage. Similarly, the stability of the MV dc link is verified at different

operating conditions based on the proposed criteria in this chapter. The hardware setup

of AFEC-DAB system used for more than 4.2 kV validation is shown in Figure 5.39.
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Figure 5.36: Grid currents (red, yellow, blue: 2.5 A/div) captured at sensor outputs on
the AFEC side at 5 kV dc bus voltage, 5.1 kW power along with R-phase variac current
(green: 20 A/div)

Figure 5.37: DAB waveforms at 5 kV MV dc bus voltage, 355 V LV dc bus voltage and
5.1 kW power
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MV side current 

(2 A/div)

MV pole voltage 

(5 kV/div)

LV side current (10 A/div) LV delta voltage (500 V/div)

Figure 5.38: DAB waveforms at 8 kV MV dc bus voltage, 480 V LV dc bus voltage and
9.6 kW power [98]

Figure 5.39: Experimental prototype of the AFEC-DAB ac-dc-dc converter used for
validating stability above 4.2 kV [99]
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5.7 DESD Integration with Three-Phase MV Grid

using TIPS

One of the many advantages of a 3-phase SST like TIPS is the possible integration of

renewable sources of energy into the MV grid. The energy generated by these renewable

sources like solar, wind and wave is stored in a dc DESD like a battery system [100]–[103].

The LV side 800 V dc bus is a suitable location for integrating a battery or a renewable

energy source like the PV system with dc output. The DESD output voltage is boosted

using a dc-dc current controlled boost converter to increase its voltage to 800 V and then

tied with the TIPS 800 V dc bus. Figure 5.40 shows the schematic representation of this

renewable integration. The loads connected at the 480 V utility grid are either supplied

from the 13.8 kV distribution grid or from the DESD at the 800 V dc bus. The direction

of power flow through TIPS in such cases depends on the power capacity of the DESD.

The DESD could also be connected to the PCC at the 480 V grid side through a dc-dc

boost converter followed by a 3-phase inverter. This is also indicated in Figure 5.40. The

power flow control of such a complex system is very challenging.

AFEC DAB
LV Side 

Converter

13.8 kV, 3Φ, 

60 Hz grid

480 V, 3Φ, 

60 Hz grid

22 kV DC Bus 800 V DC Bus

DESD DC-DC Boost Converter

+

-

+

-

DESD DC-DC Boost Converter

+

-

DC-AC 3Φ Inverter

+

-

Figure 5.40: TIPS schematic showing integration with DESD
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This chapter investigates the steady state and transient behavior of the TIPS system

when integrated with a dynamic battery model representing the DESD [104]. The objec-

tive of the power flow control is to maintain system stability under all conditions. It also

aims to maintain sinusoidal currents at the grid during the renewable energy integra-

tion thus ensuring better power quality. The behavior of the control architecture of each

stage of TIPS under this condition and their interactions are thoroughly understood.

The performance of the system is also studied under fault conditions on the 13.8 kV grid

through feeder simulations using a MATLAB/PLECS model. The switching models of

the converters under closed loop control are used along with the dynamic model of the

battery. The simulation model of the TIPS system is the same as that used in Section

5.5. Experimental results captured on the LV TIPS prototype are also presented.

5.7.1 Battery Dynamic Modeling

A Carbon Enhanced Valve Regulated Lead-Acid battery source with 200 V dc output and

433.56 A-hr capacity is considered [105]–[107]. The battery is composed of 100 numbers of

2 V cells. The dynamic model of the battery is used for the study as shown in Figure 5.41.

The battery parameters are given in Table. 5.3. The charging and discharging functions

of the 2 V cell are used to calculate the variations of its open circuit voltage V ′oc and

source resistance R′b with SOC as shown in (5.16) and (5.17) respectively. The direction

of current being positive or negative is used to select the charging or discharging equation

respectively for simulation. The values are then multiplied by 100 to get the resultant

values (Voc and Rb) for the entire battery. Resistance-capacitance combinations are used

to emulate the battery dynamics.

VsocCCapacity IBatt

Rb_fcn

SOC

I

Voc_fcn

SOC

I

Rb

VOC

100

100 Voc
IBatt

Rb

Rtran_s Rtran_L

Ctran_s Ctran_L VBatt

+

_Battery Charge Control Model

Battery Dynamics Parameters

Figure 5.41: Dynamic model of the battery
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Table 5.3: Battery Parameters

Parameter Value

Battery Capacity 433.56 A-hr

Rtran S 0.0002604

Rtran L 0.0004528

Ctran S 10830

Ctran L 309300

V ′oc =

1.9636 + 0.3346 ∗ SOC − 0.113 ∗ SOC2, if Ch.

1.9465 + 0.2427 ∗ SOC − 0.0219 ∗ SOC2, if Disch.
(5.16)

R′b =

0.000773 ∗ SOC, if Ch.

0.0007299 + 0.001648 ∗ e−15.9507∗SOC , if Disch.
(5.17)

The boost converter boosts the dc voltage to 800 V. The boost converter also controls

the output current to get a constant power output of 100 kW from the battery/boost

converter system. Similar battery/boost converter system model is also used for the

integration on the 480 V ac side followed by a current controlled 800 V dc to 480 V ac,

3-phase inverter.

5.7.2 Feeder Modeling

For the distribution feeder interface study of the TIPS-DESD system, a simplified version

of the IEEE-34 bus test feeder is developed in MATLAB/SIMULINK as shown in the

schematic in Figure 5.42 for 1 MVA power level. In combination with transformer TX1

and regulator Reg1 tap settings, the voltage at Node 800 and Node 816 are maintained

close to 1.05 pu, while the rest of the node voltages are higher than 0.95 pu where 1 pu is

13.8 kV. Distributed load is considered at the nodes indicated in Figure 5.42 according

to IEEE-34 bus specifications [108]. The 100 kW TIPS under study is connected at

node 824. Loads are connected and disconnected at various times on the 480 V, 3-phase,

utility grid at the LV side of TIPS. The feeder interface study of 1 MVA TIPS without

DESD integration is reported in Chapter 7 based on the average models [109]. This

study focuses on DESD integrated dynamics for a 100 kVA TIPS using switching model
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Figure 5.42: Simplified model of IEEE-34 bus test feeder

involving experimentally measured parameters and parasitics.

5.7.3 Simulation and Analysis

Figure 5.43 shows the various waveforms of TIPS during load transients when interfaced

with the battery-boost converter system at the 800 V dc bus. A load of 100 kW is

connected at the 480 V grid initially at t = 0. The battery supplies 100 kW to the load.

Thus, no real power flows from the 13.8 kV grid to the 480 V grid, resulting in almost

zero current flowing through the AFEC stage. Small current is drawn to meet the losses

and regulate the 22 kV dc bus. Both 22 kV and 800 V dc buses are regulated properly.

At t = 0.16 s, the load is reduced by half to 50 kW. Thus, the excess power supplied

by the battery-boost converter system is fed back to the 13.8 kV distribution grid. This

can be observed by the increase in current in the AFEC. Also, the AFEC currents and

voltages are 180◦ out of phase with each other. The grid current and voltage transients

are found to be very smooth. At t = 0.2 s, the load is completely removed. The 100 kW

real power supplied by the battery is completely fed back to the 13.8 kV distribution

grid. At t = 0.26 s, the 100 kW load is suddenly connected back at the 480 V utility

grid. This results in the battery supplying the load again and the AFEC currents become
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almost zero. Thus, the control scheme of the TIPS system performs satisfactorily when

interfaced with the battery-boost converter system under normal load transients. This

plug and play behavior introduced by TIPS between the distribution grid and the utility

grid is one of its major advantages. The battery voltage drops down from 200 V due to

the drop across its internal resistance which changes with its SOC. The battery current

is maintained constant by the boost converter. The SOC of the battery goes down with

time based on its A-hour capacity.

Figure 5.43: TIPS-DESD performance under normal load transients
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Figure 5.44 shows the case when a 3-phase to ground fault with a fault power level

of 1 MVA occurs at t = 0.24 s. The fault location is a nearby upstream node 818 on the

13.8 kV feeder with 100 kW power being pumped into it by the battery system through

TIPS. The load on the 480 V grid is disconnected at this point in time. The grid voltage

becomes very low during the fault. It can be seen that the AFEC controls the 22 kV

dc bus voltage transient well and DAB maintains the voltage at the 800 V dc bus. The

AFEC currents are high during the fault and thus, more number of 15 kV IGBT chips

need to be paralleled inside the module to carry this high current for fault ride-through.

The AFEC voltage control loop with lower control bandwidth regulates 22 kV dc bus

slowly compared to faster control of 800 V dc bus by higher bandwidth voltage control

loop of DAB due to its higher switching frequency. The 100 kW power being pushed back

to the AFEC from the battery helps in regulating the 22 kV dc bus during the sudden

fault transient. When the load is again connected back to the 480 V grid at t = 0.26 s,

the battery-boost converter system supplies the power to the load even with severe fault

on the 13.8 kV grid. The dc bus voltages are well regulated.

Figure 5.45 shows the system dynamics when the DESD is connected on the 480 V ac

side of TIPS at the PCC as shown in Figure 5.40. Initially the 100 kW power demanded

by the load on the 480 V grid is fully supplied by the battery. At t = 0.077 s, the load

is increased to 180 kW. The extra power of 80 kW above the rating of the battery-boost

converter system is supplied from the 13.8 kV distribution feeder. This is possible since

the DESD system is connected at the 480 V PCC. If it was connected at the 800 V dc

bus, the LV side converter of TIPS need to be rated for 180 kW for this to happen. At t

= 0.13 s, a 3-phase to ground fault with a fault power level of 1 MVA occurs downstream

at node 838 on the 13.8 kV feeder. This starts reducing the grid voltage at the node 824

where TIPS is connected. To avoid instability at lower modulation index during active

power flow from AFEC side to DAB side, reactive power injection setting of AFEC is

changed from zero to 60 kvar (leading). The AFEC currents are seen to slightly lead

the AFEC grid voltages. This pushes up and maintains the grid voltage at about 80%

of the rated condition. This helps TIPS to ride through fault and keep supplying the

load on the utility side uninterrupted. The total power through TIPS is 100 kVA which

is its rated power. At t = 0.203 s, the load is reduced back to 100 kW which is fully

supplied by the battery. Once the load transient has settled, the reactive power setting

is reset to zero at t = 0.23 s. Also, all transients are smooth. Thus, TIPS has introduced
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Figure 5.44: TIPS-DESD system performance under 3-phase fault on 13.8 kV feeder at
node 818

180



Figure 5.45: TIPS-DESD system performance under 3-phase fault on 13.8 kV feeder at
node 838 with reactive power injection
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more controllability as well as reliability into DESD integration and power flow control

through different points for renewable integration.

5.7.4 Experimental Results

The performance of the TIPS-DESD system has been experimentally verified using the

LV TIPS setup shown in Figure 5.27. For the experiments, the AFEC dc bus is regulated

at 400 V, DAB LV side dc bus is at 350 V and 1 kW load is connected at the output of

TIPS. The TIPS is connected to the 3-phase, 208 V grid through a variac for scaled down

voltage experiments. The DESD is emulated by a current controlled source. Figure 5.46

to Figure 5.48 show the captured waveforms where, CH1 is the AFEC R-Y grid line

voltage (before variac), CH2 is the AFEC R-phase current, CH3 is the AFEC dc bus

voltage, CH4 is the DAB LV side dc bus voltage and CH5 is the DAB LV side dc current.

Figure 5.46: TIPS-DESD experimental waveforms showing plug and play operation
(CH1: 500 V/div, CH2: 10 A/div, CH3: 250 V/div, CH4: 100 V/div, CH5: 10 A/div,
Time : 5 s/div)
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Figure 5.47: TIPS-DESD experimental waveforms at steady state when TIPS is fully
supporting the load (CH1: 500 V/div, CH2: 20 A/div, CH3: 250 V/div, CH4: 100 V/div,
CH5: 10 A/div, Time : 10 ms/div)

Figure 5.46 shows the transient plug and play operation of the TIPS-DESD system.

At t = 0 (initial time with respect to Figure 5.46), TIPS is supporting the full 1 kW load.

At t = 5 s, the DESD current reference is increased using a ramp reference. This results in

both TIPS and DESD starting sharing the load. At t = 14 s, the AFEC current and the

DAB dc current becomes zero indicating that the load is fully supported by the DESD.

After t = 14 s, the DAB dc current becomes negative indicating that the extra power

delivered by the DESD after 1 kW is pushed back into the grid through the AFEC–DAB

part of TIPS. At t = 23 s, the DESD is supplying 1 kW to the load as well as pushing

1 kW power back to the grid. The entire process is reversed from t = 35 s to t = 40 s

and TIPS continues to supply the load fully after t = 40 s. This plug and play operation

can represent a PV-Battery-Current Controlled Boost Converter system connected to

the LV dc bus of TIPS. Figure 5.47 and Figure 5.48 show the waveforms at steady state

when TIPS is fully supporting the load, and when DESD is supporting load as well as

pushing 1 kW power to grid, respectively. The AFEC and DAB LV side dc bus voltages

are regulated well during transients and during the steady state.
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Figure 5.48: TIPS-DESD experimental waveforms at steady state when DESD is sup-
porting load and pushing 1 kW power to grid (CH1: 500 V/div, CH2: 10 A/div, CH3:
250 V/div, CH4: 100 V/div, CH5: 10 A/div, Time : 20 ms/div)

5.8 Conclusions

This chapter discussed in detail the behavior of the AFEC, based on the design and

control methods proposed in the previous chapters, when it is connected to an active

converter load. The performance is analyzed with TIPS system integration as the point

of reference as well for the dc micro-grid application. A design method for the dc bus

capacitance and the AFEC control loop bandwidth is proposed based on the stability

criteria for the MV side dc link. Frequency domain analysis is carried out to under-

stand the proposed concept. Based on the designed parameters and control loops for the

AFEC, a complete TIPS system simulation is done in MATLAB/PLECS to understand

the behavior of TIPS under various conditions. Experimental validations of the system

performance are done at various operating conditions. The successful demonstration of

the AFEC and DAB converter integration at 8 kV dc bus using 15 kV SiC IGBTs is

carried out.

This chapter also investigates the steady state and transient behavior of the TIPS

184



system when integrated with a battery model representing the DESD. The DESD stores

energy derived from renewable sources like solar, wind and wave. Complete system sim-

ulation is carried out using the switching model of the converters in closed loop control

along with the dynamic model of the battery. Simulation is done to check the stability

and power flow control in all modes of operation. Feeder model integration and fault

studies are also done for the TIPS-DESD system. Experimental results are captured on

a developed TIPS LV prototype.

The main contributions are summarized as follows:

1. Proposed a method for selecting the dc bus capacitance and control parameters for

the stable operation of the MV dc link between the MV grid connected converter

and its active load.

2. Complete demonstration of TIPS is presented along with the first time demonstra-

tion of AFEC and DAB converter integration at 8 kV dc bus using 15 kV SiC

IGBTs.

3. The plug-and-play operation of the TIPS system during integration of DESDs with

the MV distribution grid is presented.
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Chapter 6
Start-up and Shut-down Schemes for TIPS

6.1 Introduction

One of the major challenges in the AFEC of the grid connected systems like SSTs is

the start-up process. During the start-up, when the AFEC is connected to the MV grid,

large inrush current charges the dc bus capacitor through the anti-parallel diodes of

the power devices. These large surge currents can potentially damage the diodes and

the input filter inductors. The earlier research works have mostly focused on control or

different converter topologies [110]–[114]. The HV Si devices and diodes used in MV grid

connected applications have large surge current withstanding capabilities. This is one

of the reasons for less interest in addressing this issue. However, in SSTs such as TIPS

using the HV SiC devices, these devices do not have large surge current capabilities. The

thermal stress introduced by the surge current pulses may eventually fail the devices.

A delicate start-up method is required to prevent the failure of devices in the AFEC

of SST based on HV SiC devices. For AFECs connected to LV grid, often resistors are

connected on input lines to limit the inrush currents. After the dc bus capacitors are

charged, these resistors are bypassed by relays [115], [116]. This method is only suitable

for AFEC connected to LV grids, and not for MV applications. Adopting this start-up

procedure on SSTs connected to MV grid as high as 13.8 kV would not only result in

significant power loss on the resistor, but would also require expensive HV resistors and

bypass switches. It is also not economical to install auxiliary converters only for pre-

charging the MV dc bus capacitors in TIPS. Thus, for the TIPS, it is not recommended

to use additional charging circuits to reduce the circuit complexity at MV.
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Figure 6.1: 10 kV/10 A SiC JBS diode surge current test results: (a) Diode SN D1
passed the test at 138 A peak (Vf : Diode forward voltage drop, If : Diode Current)

Figure 6.2: 10 kV/10 A SiC JBS diode surge current test results: (b) Diode SN D2 failed
the test at 140 A peak (Vf : Diode forward voltage drop, If : Diode current)
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To overcome these issues, this chapter proposes to pre-charge the dc bus capacitor

up to the peak of the MV grid line voltage or more before connecting the AFEC to the

grid. The dc bus capacitor can be pre-charged either through the LV grid or through the

LV dc source/renewable energy source connected to the LV dc bus. The pre-charging of

the dc bus capacitor would prevent the large inrush currents and potential damage to

the power devices. Also, a control algorithm is implemented to control the current at

start-up, when the PWM pulses are passed to the 15 kV SiC IGBTs in the AFEC, after

pre-charging the dc bus capacitors. The algorithm prevents the current controller from

going into saturation.

6.2 SiC Device Surge Current Capability

The HV Si diodes used for grid tie applications have large chip area. Thus, they can

effectively dissipate the thermal loss occurring due to the high surge currents. However,

the HV SiC JBS diodes, though have superior switching characteristics, have smaller

chip area and thus are not able to withstand the thermal stress posed by high surge

currents. The 10 kV SiC JBS diodes used in the TIPS system are rated for 10 A. They

can withstand around 140 A at 25◦C for a half-sine wave duration (at 60 Hz), but not

more than that [55]. After that the diode fails. Figure 6.1 and Figure 6.2 show the diode

overcurrent test results for this condition [55]. Similarly, the 15 kV SiC IGBTs have surge

current capability about 4 or 5 times the rated current for few micro seconds. For the 20

A chip this is around 80 A.

6.3 Cause–Effect of Inrush Currents in MV AFECs

In the case of MV grid connected converters such as the TIPS AFEC, there are two types

of inrush currents during the commissioning process. They can be better understood by

separating their actions. The first one occurs when the converter is tied with the grid

and large currents are drawn from the grid to charge the dc bus, if the pre-charged value

is lower than the peak grid line voltage. During this process, the PWM pulses to the

15 kV SiC IGBTs are turned off. Therefore, this very large surge current flows through

the anti-parallel JBS diodes in the IGBT co-pack modules, limited only by the small

impedance offered by the filter inductors.
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Figure 6.3: Start-up waveforms with AFEC dc bus pre-charged to 10 kV

Figure 6.4: Start-up waveforms with AFEC dc bus pre-charged to 15 kV
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The second one occurs when the PWM pulses are passed to the 15 kV SiC IGBTs after

this pre-charging process. Sudden starting of the AFEC causes significant inrush current

flow in the AFEC through the JBS diodes and the IGBTs to support the voltage drop

across the boost inductor. This is because the 3L-NPC converter is a boost type VSC in

the rectifier mode. Since it is a boost converter, for boosting the dc bus voltage up, the

voltage drop across the line inductors have to be supported. The rectifier control scheme

boosts the dc bus voltage to the desired value from the pre-charged value. Because of

zero current initially, the current PI controllers hit their limits and hence, they generate

a converter switching voltage with fundamental magnitude much higher than the grid

voltage and at an undesired phase angle with the grid voltage. This results in very

high inrush current being drawn from the grid when the PWM pulses are passed to the

converter. This large current lasts for few cycles which can damage the IGBTs as well as

the diodes.

In typical LV Si based converters, both these processes are executed at once instead

of in two separate stages. This means that the PWM pulses are turned on while the

converter is tied with the grid by closing the circuit breaker. The converter fundamental

voltage is locked in phase with the grid voltage by using the PLL before closing the circuit

breaker. Since resistance pre-charging is used, the converter fundamental magnitude can

be adjusted to reduce the inrush current by pre-charging to a value more than the peak

line voltage. This method becomes very complicated at MV without pre-charging circuits

or sufficient impedance to limit the peak current.

The value of the peak inrush current depends on the pre-charged value of the dc bus

voltage and also the line inductance. Since higher switching frequencies are used with the

HV SiC devices, the inductance is reduced and therefore, cannot be used for limiting the

current. Figure 6.3 to Figure 6.6 show the dc bus voltage and grid line currents during

start-up of the TIPS AFEC (total line indutance of 270 mH) for various cases assuming

external charging circuit is used. It can be seen that as the pre-charged value of the dc

bus voltage is increased, the peak inrush current reduces. With 10 kV dc bus pre-charged

voltage, the peak current reaches around 350 A. It reduces to 20 A when the pre-charged

voltage is 22 kV.

Assuming that resistance pre-charging through the anti-parallel diodes is used in the

case of TIPS AFEC, the maximum pre-charge voltage possible is the peak line voltage of

19.52 kV. From Figure 6.5, the peak-inrush current is 36 A for a steady state value of 4.2
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Figure 6.5: Start-up waveforms with AFEC dc bus pre-charged to peak line voltage
(19.52 kV)

Figure 6.6: Start-up waveforms with AFEC dc bus pre-charged to 22 kV
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A which is almost 8.5 times higher. For 100 kVA TIPS, 20 A SiC IGBTs are adequate

for steady state operation. Therefore, in this case, the inrush current stays more than 20

A for almost 5 ms which can damage these IGBTs. This is with a filter inductance of

270 mH. If the inductance value is reduced, the inrush current increases further and can

be bad for these devices.

Therefore, a combined method is proposed in this chapter to suppress the inrush

current to very low value. Since in a SST like TIPS, the LV side of DAB or the LV

grid are utilized for integrating renewable sources or DESDs, the same LV dc source can

be used for pre-charging the AFEC dc bus to greater than or equal to the peak line-

voltage. An anti-windup based control scheme can prevent current controller saturation.

This combined method eliminates the need for resistance or auxiliary charging circuits

for TIPS AFEC, and makes sure that the peak current is way within the device rating

even at MV levels such as 13.8 kV [117]. This is explained in detail in the next section.

6.4 Proposed Start-Up Scheme for TIPS

6.4.1 Pre-Charging AFEC DC Bus Through DAB

A simple method to charge the MV dc bus capacitors, without introducing large surge

currents, is to make use of a dc source and the DAB as shown in Figure 6.7. A dc source

connected to the LV dc bus charges the LV dc bus capacitors. The DAB control regulates

the LV side dc bus voltage. The AFEC is turned off during this process. Since the DAB

is a bidirectional converter, it pushes back power to the AFEC side while it maintains

the LV dc bus voltage. The anti-parallel diodes in the AFEC prevent the current to flow

in the reverse direction. Due to this, the power being pushed back by the DAB charges

the AFEC dc bus [117].

The power flow in the DAB converter is defined by (6.1). Here, Vs1 and Vs2 are the

MV side and LV side voltages of the DAB; φ is the phase shift between these voltages and

Xcoupling is the net reactance between the primary and secondary converters of the DAB.

The DAB controller adjusts φ in the range of 90◦ to -90◦ depending on the direction of

power flow. During the pre-charging process, the DAB controller adjusts φ to be negative

192



Figure 6.7: TIPS AFEC dc bus pre-charging scheme using LV dc source through DAB

transferring power from LV dc bus to MV dc bus [117].

PDAB =
Vs1Vs2
Xcoupling

sin (φ) (6.1)

6.4.2 AFEC Current Control Anti-Windup

After pre-charging the MV dc bus to peak grid line voltage, the AFEC control scheme

boosts the dc bus voltage to the desired value which is 22 kV for the TIPS AFEC. An

anti-windup in the fundamental d, q-current controllers shown in Figure 6.8 restricts

the sudden rise of current [61], [118], [119]. The anti-windup scheme suggested in this

case is a simple conditional integration in the PI controllers. Integration is allowed only

when the error in current becomes less than x% of the current reference. Until then,

only the proportional part of the controller acts and the PI controller does not go to the

saturation limit. This ensures that the converter PWM voltage is determined linearly

by the controller and thus, can be used to limit the inrush current. In order to ensure

that the d-axis current reference does not rise quickly, the dc bus voltage reference to

the AFEC outer loop voltage controller is made to rise slowly using a ramp reference,

instead of a sudden step reference.

Overall, the start-up procedure for the TIPS system is summarized in the following

steps:
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Figure 6.8: Anti-windup on TIPS AFEC current PI controllers

1. Pre-charge the MV dc bus through the dc source connected to DAB LV dc bus

2. Close the MV ac grid circuit breaker and tie the AFEC with the MV ac grid

3. Boost the MV dc bus voltage to 22 kV by passing PWM pulses to AFEC and using

Anti-windup

4. Boost the LV dc bus voltage to 800 V using the DAB, while the AFEC maintains

the MV dc bus voltage

5. Close the breaker on the LV grid or the LV ac load

6.5 Simulation Results using Proposed Method

Figure 6.9 shows the simulation waveforms during the pre-charging of MV dc bus using

a 48 V dc source capable of supplying continuous 125 A current connected to the DAB

LV dc bus. The MV dc bus is charged to the peak of grid line voltage within 5 seconds.

This MV dc bus charging time can be shortened by using dc source of higher power

capabilities. The dc source can be a dc power supply or a DESD such as battery or a

renewable energy source [117].

Figure 6.10 shows the effect of the anti-wind up scheme for the TIPS AFEC. It can

be seen that with anti-windup the peak inrush current reduces to less than 9 A which

is within the limit of the 15 kV/20 A SiC IGBT and the JBS diodes. In this case, the
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Figure 6.9: TIPS AFEC dc bus pre-charging waveforms

Figure 6.10: Inrush currents when the PWM pulses are passed to the TIPS AFEC with
anti-windup
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MV dc bus is pre-charged to peak grid line voltage before passing PWM pulses to the

15 kV SiC IGBTs in the AFEC. The ‘x’ parameter for the anti-wind up is set at 10%.

This is almost 4 times reduction achieved using this control scheme with 270 mH total

inductance in the path. With further reduction of filter inductance this can be still kept

within the transient current rating of these devices by adjusting the error setting in the

anti-windup and pre-charging the MV dc bus to more than the peak grid line voltage.

6.6 Experimental Validation of Proposed Method us-

ing TIPS LV Prototype

The experimental validation of the proposed start-up scheme of TIPS is done on the

developed scaled down voltage prototype. At first, the anti-windup scheme alone is tested

on the AFEC converter for better understanding, and then the overall scheme is tested

in the integrated TIPS system with a LV current controlled dc source.

6.6.1 Anti-Windup Scheme Validation

Figure 6.11 and Figure 6.12 show the experimental verification of the anti-windup scheme

on start-up of the AFEC converter. The AFEC dc bus is pre-charged to 150 V through

the variac on the grid side in the laboratory setup. The AFEC is controlled to boost

the dc bus voltage to final required level slowly using the ramp reference. As shown in

Figure 6.11, though the dc bus is pre-charged, without the anti-wind up, the current

peaks up to 7.5 A. With the anti-wind up, where the integrator has been enabled only

when the current error is within 10% of the current reference, the peak current reduces to

1 A as shown in Figure 6.12. The peak current reduces by a large factor with this control

scheme. A 20 mH inductor per phase is used as the grid tie inductor for this experiment

based on the scaled down value.

6.6.2 Overall Start-up Scheme Validation

As discussed in the earlier section, the dc bus is charged through a current controlled dc

source. LV source supplying a constant current of 2.5 A is used in the test. The dc source

charges the LV dc bus of the DAB. The DAB voltage controller regulates the LV dc

bus voltage. The reference for the LV dc bus voltage during the start-up process is kept
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Figure 6.11: Inrush currents without anti-windup enabled in experiments (2.5 A/div)

Figure 6.12: Inrush currents with anti-windup enabled in experiments (5 A/div)
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AFEC Grid Voltage (500 V/div)

AFEC B-Phase Current (20 A/div)

AFEC DC Bus Voltage (250 V/div)

DAB LV Side DC Bus Voltage (50 V/div)

Figure 6.13: AFEC dc bus pre-charging process on LV TIPS prototype (CH1–500 V/div,
CH2–20 A/div, CH3–250 V/div, CH4–50 V/div)

Figure 6.14: AFEC inrush currents when PWM pulses are passed (5 A/div)
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AFEC Grid Voltage (500 V/div)

AFEC B-Phase Current (10 A/div)

AFEC DC Bus Voltage (250 V/div)

DAB LV Side DC Bus Voltage (50 V/div)

Figure 6.15: Zoomed view when the PWM pulses are passed to the AFEC with anti-
windup (CH1–500 V/div, CH2–10 A/div, CH3–250 V/div,CH4–50 V/div)

slightly lower than the LV dc source voltage. The dc source voltage is set to 50 V. The LV

dc bus voltage reference is set to 45 V. A diode is used to connect the current controlled

dc source to the LV dc bus for protection. The excess energy charges the AFEC dc bus

capacitors. The final AFEC dc bus pre-charge voltage depends on the current supplying

capability of the dc source.

Figure 6.13 shows the experimental waveforms captured during this start-up process.

Here, CH1 is the AFEC side grid voltage, CH2 is the AFEC B-phase current, CH3 is the

AFEC dc bus voltage and CH4 is the DAB LV side dc bus voltage. At t1, the DAB is

turned-on. It charges the AFEC dc bus to 360 V, much higher than the peak of the grid

line voltage. At t2, the ac grid of 95 V is connected at the input of AFEC by closing the

circuit breaker. The PWM pulses to the AFEC are passed at t3. There are small surge

currents at this instant. The peak value of the inrush currents depend on the instanta-

neous voltage values of each phase and the characteristic impedance corresponding to the

AFEC filter inductances and the AFEC dc bus capacitance. In this experiment, 2 mH

filter inductance per phase and dc bus capacitance of 470 µF are used. Figure 6.14 shows

the three phase grid currents drawn by the AFEC converter when the PWM signals are
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passed. The peak value of the surge current is less than 14 A even with a very small filter

inductance of 2 mH. Figure 6.15 shows the expanded view at the instant t3.

6.7 AFEC MV DC Bus Mid-Point Voltage Shift

The 3L-NPC converters are often faced with voltage balancing issues resulting in different

voltages on the top and bottom bus capacitors. The leakage currents in the SiC IGBTs

and diodes can vary by a factor of more than ten. For the 15 kV/40 A SiC IGBTs used

in the AFEC MV setup, the leakage variation is given in Figure 2.3 (a). It is mentioned

in Section 2.4 to use leakage balancing resistors to cancel out the effect of variations in

the leakage currents. But over time these resistances get slightly changed. In the charging

process of the MV dc bus, using closed loop control and ramp reference from very small

value, as discussed in the next section for laboratory demonstration, this small variation

can lead to dc bus mid-point shift. The difference in the voltages increases as the total

dc bus voltage builds up through controlled charging process because of this voltage

drop mismatch. It results in over-stressing one capacitor and can have significant effect

at higher voltage levels. Therefore, along with the resistance balancing method, a mid-

correction algorithm is used in the AFEC control to ensure proper balancing.

When the top and bottom dc bus voltages start to deviate, using symmetrical modu-

lating signals further widens the gap. Thus, the positive and negative half cycles of each

of the three modulating signals need to be scaled separately according to the ratio of the

bottom and top dc bus voltages, respectively, to half of the total dc bus voltage. Thus,

the positive and negative half cycles of each modulating signal is scaled separately by

two different scaling factors during every instant of sampling. These corrected 3-phase

modulating signals have to be used for PWM generation as shown in Figure 6.16.

Figure 6.17 gives the simulation result for the full rated TIPS AFEC before imple-

menting the mid-point shift correction algorithm. Here, the leakage currents in the top

and bottom devices are assumed to vary by 15%, which is considered as the worst case

situation for the SiC devices in the TIPS AFEC. The dc bus mid-point voltage shift is

seen to be severe. Figure 6.18 gives the simulation result after implementing the mid-point

shift correction algorithm. It is seen that the mid-point correction algorithm proposed

has resulted in balanced voltage sharing between top and bottom dc buses. Figure 6.19

shows the mid-point shift correction action of the proposed algorithm at 1.6 kV in the
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Figure 6.16: Mid-point shift correction algorithm for the AFEC

Figure 6.17: Top and bottom dc bus voltages showing mid-point voltage shift in the
TIPS AFEC dc bus voltage
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Figure 6.18: Top and bottom dc bus voltages after enabling mid-point balancing algo-
rithm

CH1, CH2 – 1.05 kV/div

CH3, CH4 – 425 V/div

Mid-Point Shift correcting action

Figure 6.19: AFEC dc bus mid-point shift correction by the proposed algorithm at 1.6
kV–CH1, CH2: MV dc bus voltage reference and actual MV dc bus voltage; CH3, CH4:
top and bottom MV dc bus voltages
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Figure 6.20: Communication between PD boards of AFEC and DAB for safe start-up
and shut-down

AFEC MV setup without using the leakage balancing resistors. It can be seen that the

top and bottom dc bus voltages become equal after enabling the proposed algorithm.

6.8 Start-up and Shut-down for MV TIPS Demon-

stration

The start-up and shut-down procedures of the MV TIPS setup demonstrated in the lab-

oratory is explained in this section. These procedures are very critical and can result in

the damage of the devices if not followed correctly. The AFEC and DAB stages commu-

nicate with each other through optical cables, PD board and the controllers. Figure 6.20

shows the block diagram indicating the communication between AFEC and DAB for safe

start-up and shut-down of the MV dc link in the TIPS system.

6.8.1 Start-up Process for the MV Setup

For the start-up of the TIPS MV setup, the MV dc bus is pre-charged to the peak grid

line voltage through the variac-step up transformer arrangement instead of through the

DAB side as discussed in Section 6.4. The start-up process of the entire TIPS is initiated

by the AFEC stage under normal operation. The DAB control is automated based on

the MV dc bus voltage. For start-up, initially the LV side converters are turned-on with
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the PWM pulses passed from the controller. DAB control maintains the output LV dc

bus voltage at very low value (18 V). This ensures that the load on all the converters

is kept low during the start-up. The MV dc bus is pre-charged to lower voltage of 200

V and then the PWM pulses are passed to the AFEC with anti-windup included in the

current controller. Then using a slow ramp reference for the MV dc bus voltage, the

AFEC voltage controller boosts the voltage to the required final value.

The DAB controller slowly increases the LV dc bus voltage proportional to the MV dc

bus voltage. This is done to maintain the transformer turns ratio. As this voltage build

up happens, the load on all the converters start to increase with a ramp. As the dc bus

voltage increases, the variac setting at the AFEC input is increased so as to maintain

higher modulation index of 0.75. This process is continued till the steady state voltage

of the MV dc bus is reached. Then the modulation index of the LV side converter is

increased to further increase the load.

This start-up process is smooth and ensures that the devices see very less transients.

This process is used for protecting the devices as these devices are in limited quantity

and are still in the experimental stage. Also, the gate driver picks up random noise due

to the initial high di/dt during the start-up, and results in the spurious tripping of the

converter. With further improvement in the device and gate driver, the start-up process

proposed and demonstrated on the TIPS LV setup can be used for the MV setup.

The start-up process used in the MV setup for 8 kV demonstration is shown in

Figure 6.21 and summarized as follows:

1. Pre-charge the AFEC MV dc bus through variac and diodes to 200 V; set the DAB

LV dc bus voltage to 18 V.

2. Pass PWM pulses to the AFEC and increase the MV dc bus voltage using ramp

reference.

3. Enable the fault communication between the two controller boards.

4. Increase the grid voltage such that AFEC modulation index is maintained at 0.75

throughout the start-up process.

5. Increase DAB LV dc bus voltage based on MV dc bus voltage and Look Up Table

(LUT).

6. Maintain MV dc bus at 8 kV and LV dc bus at 480 V.
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Figure 6.21: Start-up procedure used in the MV setup for 8 kV MV dc bus demonstration

Figure 6.22 shows the LV side charging process in proportion to the MV dc bus

voltage. The waveform is zoomed in at 1.2 kV MV dc bus voltage. Figure 6.23 shows

the AFEC controller charging the MV dc bus voltage to 5 kV. The MV dc bus voltage

reference, actual MV dc bus voltage, and the top/bottom MV dc bus voltages are shown.

The top and bottom dc bus voltages are seen to be perfectly balanced. This due to

the leakage balancing resistors as well as the mid-point shift correction algorithm used.

Figure 6.24 shows the AFEC controller charging the MV dc bus voltage to 7 kV. The

MV dc bus voltage is seen to perfectly follow the voltage reference. Figure 6.25 shows the

synchronous reference frame active current component (id) and its reference (i∗d) of the

AFEC during the MV dc bus charging process to 4 kV. It can be seen that the active

current required increases with increase in the dc bus voltage. The transient applied with

increase of grid voltage using variac to maintain modulation index is handled smoothly

by the AFEC current controller.

This smooth charging process for the MV dc bus is used for all the laboratory ex-

perimental demonstrations of the TIPS system and the AFEC-DAB converter for dc

micro-grid applications. Similarly, a reverse process is used for discharging the MV dc

bus as explained next.
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Figure 6.22: LV side dc bus charging process in proportion to the MV dc bus

CH1, CH2 – 2.1 kV/div

CH3, CH4 – 850 V/div

Figure 6.23: MV dc bus voltage waveforms while charging to 5 kV–CH1, CH2: MV dc
bus voltage reference and actual MV dc bus voltage; CH3, CH4: top and bottom MV dc
bus voltages
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CH1, CH2 – 4.2 kV/div

Figure 6.24: MV dc bus voltage waveforms while charging to 7 kV–CH1, CH2: MV dc
bus voltage reference and actual MV dc bus voltage

CH2, CH4

Figure 6.25: Synchronous reference frame active current component and its reference
while the dc bus is charging to 4 kV with final steady state power of 2.3 kW
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6.8.2 Shut-down Process under Normal Condition for the MV

Setup

For the shut-down process, the reverse procedure is implemented. AFEC control initiates

the shut-down command through an ON/OFF switch. The MV dc bus voltage is then

brought down through a ramp reference to 1 kV. The DAB reduces the LV dc bus voltage

in proportion to the MV dc bus voltage and finally settles at 18 V. Once the MV dc bus

voltage settles at 1 kV, AFEC PWM pulses are cut down and the input voltage discharges

to the peak of input grid line voltage through the DAB and load. Then the variac output

voltage is reduced to zero for the complete discharge of the MV side dc bus.

The shut-down process under normal condition for discharging from 8 kV MV dc bus

voltage is shown in Figure 6.26 and summarized as follows:

1. Initiate the shut-down process from the AFEC control by reducing the MV dc bus

voltage using ramp reference.

2. Reduce the DAB LV dc bus voltage based on MV dc bus voltage and LUT.

3. At ≤ 1.2 kV MV dc bus voltage, disable the AFEC PWM pulses and run it in the

diode bridge mode.

4. Continue reducing the LV dc bus voltage based on LUT till 75 V and then switch

DAB into manual mode–at this instant the LV dc bus voltage reduces to 18 V.

5. Reduce the AFEC dc bus voltage to zero using variac and power off the control

boards.

Figure 6.27 shows this discharge process while discharging from 3.7 kV. All the steps

are highlighted in the figure. Figure 6.28 shows the same process for discharging from 5

kV. Figure 6.29 shows both the charging and the discharging processes captured in the

same screen at 5 kV dc bus voltage. The MV dc bus voltage charges to 5 kV, stays at

steady state for 75 seconds and then discharges after that. These waveforms are captured

in the rolling mode of the oscilloscope.
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Figure 6.26: Shut-down procedure used in the MV setup for 8 kV MV dc bus demon-
stration

Figure 6.27: AFEC stage control of the MV dc bus while discharging from 3.7 kV (CH1–
Total dc bus voltage reference (1.05 kV/div), CH2–Total dc bus voltage (1.05 kV/div),
CH3–Top dc bus voltage (425 V/div), CH4–Bottom dc bus voltage (425 V/div)
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CH1, CH2 – 2.1 kV/div

CH3, CH4 – 850 V/div

Figure 6.28: MV dc bus voltage waveforms while discharging from 5 kV–CH1, CH2: MV
dc bus voltage reference and actual MV dc bus voltage; CH3, CH4: top and bottom MV
dc bus voltages

CH1, CH2 – 2.1 kV/div

CH3, CH4 – 850 V/div

Ch SS

Disch

Disch

Figure 6.29: MV dc bus voltage waveforms while charging to and discharging from
5 kV–CH1, CH2: MV dc bus voltage reference and actual MV dc bus voltage; CH3,
CH4: top and bottom MV dc bus voltages; Ch-Charging process, SS-Steady state, Disch-
Discharging process

210



6.8.3 Shut-down Process under Fault Condition for the MV

Setup

Safe shut-down of the converter under fault conditions is very important. These faults

can be due to sudden transients or random protection circuit noise pickups due to the

high dv/dt operation of the 15 kV SiC IGBTs. The main concern is the protection of

the HV SiC devices since they are rated for low currents. Fault can happen in AFEC

side, DAB MV side or DAB LV side. The steps needed to shut-down the converter in all

these cases are given in the flow chart in Figure 6.30. In case of fault in the DAB stage,

AFEC should be protected against sudden load throw-off and over voltage oscillations.

Similarly, in case of fault in the AFEC stage, DAB LV side should be run in open loop

diode mode so as to protect the AFEC anti-parallel diodes from heavy inrush currents.

AFEC 
Fault

AFEC 
protection 

detects

AFEC PWM 
pulses off, 

communicates 
to DAB

DAB LV 
pulses off, run 
in open loop 
diode mode

Reduce variac to 
zero, power off 

converters

DAB MV 
Side Fault

DAB protection 
detects

DAB MV 
pulses off, 

communicates 
to AFEC

AFEC PWM 
pulses off,
DAB LV 
pulses off

Reduce variac to 
zero, power off 

converters

DAB LV 
Side Fault

DAB protection 
detects

DAB LV 
pulses off, 

communicates 
to AFEC

AFEC discharges 
using ramp 

reference, DAB 
MV pulses off

Reduce variac to 
zero, power off 

converters

Figure 6.30: Shut-down procedures under fault conditions
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Figure 6.31: AFEC currents and dc bus voltage during experimental validation of the
abnormal shut-down process (CH1, CH2, CH3: Currents 1 A/div, CH4: MV dc bus
voltage 1 kV/div)

For example, consider the situation when TIPS is transferring power and the AFEC

stage trips. The MV dc bus collapses instantly to the peak grid line voltage. The DAB is

trying to regulate the LV dc bus and thus, the AFEC SiC JBS diodes see large current

transients. To prevent this, an abnormal condition is programed in to the DAB control.

The abnormal condition is when the MV dc bus voltage seen by the DAB collapses

suddenly. In such a situation, DAB phase angle is suddenly made zero. This makes

the DAB run in the passive mode and thus, the current drawn from the AFEC side

is momentarily zero and the system can be shut down without any device overcurrent.

Figure 6.31 shows the experimental validation of such an abnormal condition when TIPS

is operating at 1.6 kV on the MV dc bus.

6.9 Conclusions

Large inrush currents are drawn when a 3-phase AFEC of systems like SST is connected

to the MV grid. Conventional methods of starting MV grid connected converters using

the current limiting resistors are not viable in such higher voltage systems. There is a
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need for a very elegant method for starting the SST system during the charging of the

MV dc bus. The surge currents are limited if the MV dc bus is pre-charged to peak of

the ac grid voltage or higher. Simple, yet very useful method to pre-charge the dc bus

capacitors through the DAB side of the SST is presented in this chapter. The presented

method is used with anti-windup in the AFEC current controllers to prevent the current

controllers from hitting the limits. Detailed analysis and experimental validations of the

proposed SST start-up scheme is given in this chapter with TIPS as the SST. A systematic

description of the start-up and shut-down processes of the MV setup in the laboratory

is presented for safe operation. This will be useful to the future researchers.

The main contributions are summarized as follows:

1. Proposed a method for pre-charging the MV dc bus of a SST through the DAB

stage using a LV dc source connected to the DAB side LV dc bus.

2. Proposed an anti-windup algorithm to prevent the AFEC current controllers from

hitting the saturation limits when the PWM pulses are passed after the pre-charging

process.

3. Safe start-up and shut-down schemes are proposed for the TIPS system laboratory

demonstrations which are validated up to 8 kV on the MV dc bus.
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Chapter 7
Protection and Feeder Interfaced Studies of

TIPS

7.1 Introduction

One key problem faced by the TIPS and by all other power electronic converters on the

grid is that of protecting the power electronic devices in the converter. These devices

face strict thermal and voltage breakdown limits; the current cannot rise above the rated

value for any sustained amount of time and the voltage cannot rise above the rated value

at all. The devices can sustain an excess current up to 4 to 5 times the rating of the

device for brief periods, but these periods cannot exceed 3 ms. Traditional protection

devices operate on the order of several cycles of the fundamental, so between tens of

milliseconds and two hundred milliseconds, so they are expected to be inadequate to

protect the devices of TIPS, especially the 15 kV SiC IGBTs, in the event of a fault.

This chapter seeks to explore the possible protection options and identify a method to

adequately protect the TIPS in the event of an exigency [120]. The main focus is on the

fault coordination at the 13.8 kV distribution grid side.

7.2 TIPS Fault Protection Scheme Components

The single line diagram of the protection scheme at the MV distribution grid side of TIPS

is indicated in Figure 7.1. The ac side protection devices are connected at the upstream

of the input LCL filter of the AFEC. This protection system includes a fast acting power
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Line Current DC Bus Voltage

DC Bus Fault Protection 

Switches

Figure 7.1: TIPS fault protection scheme single line diagram

electronics switch to act as a primary protective device at the ac input of the TIPS. A

fuse is placed in series with this switch to act as a backup protection device. The two

pieces of equipment should be coordinated so that the fast acting power electronics switch

interrupts the fault current before the fuse blows during normal operation, reducing the

maintenance need to replace the fuse.

A metal-oxide varistor (MOV) is placed at the input of TIPS to divert surge currents.

Fast acting switches also need be placed at the positive and negative dc bus terminals in

order to help protect the system against faults on the dc bus. Overcurrent and over/under

voltage protection is implemented using a protection board to shut down the PWM pulses

in case of these faults to protect the active devices in the converter. This section describes

these protective components of TIPS.

Figure 7.2: ABB HRC generation CEF type Fuse breaking characteristics
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7.2.1 Fuse

The fuse selected for TIPS application is ABB HRC generation, CEF type tested ac-

cording to the DIN 43625 standard [121]. ABB’s HV fuse-links have the properties of

low minimum breaking current, low power losses and low arc voltage. CEF fuses are of

back-up type. Back-up type fuses have a zone between the minimum melting current and

the minimum breaking current where the fuse-links may fail to interrupt. For CEF fuse-

links this zone is very narrow [121]. The selected fuse for TIPS protection application has

a nominal current of 6 A, minimum breaking current of 35 A and is rated at 17.5 kV.

Figure 7.2 shows the I2t characteristics of the selected fuse. The breaking time at 35 A

is 100 ms. Thus, this fuse can only be used as a backup protection and cannot be used

as the primary protection for the 20 A devices of TIPS in case of fault. It is connected

near to the MV grid (Figure 7.1). Thus, fast acting semiconductor ac switch (equivalent

to a circuit breaker) need to be used as the primary equipment for protecting the IGBT

modules of TIPS in the case of fault on the ac side. This is verified through simulations.

7.2.2 Fast Acting Power Electronics AC Switch

The AFEC of TIPS operates at MV level with a nominal current of 4.2 A at the grid

interface for 100 kVA power. In the present market, there are no circuit breakers available

at MV level and very low minimum breaking currents of around 20 to 40 A to protect the

IGBT modules. Therefore, the primary protection at the ac side need to be implemented

by using a fast acting ac semiconductor switch. Figure 7.3 shows the circuit schematic

of the ac switch considered for TIPS application. This 4-quadrant switch is composed of

two 15 kV/20 A co-pack modules connected in anti-series as shown in the figure. Each

co-pack module has a 15 kV/20 A SiC IGBT chip connected in anti-parallel with series

connection of two SiC JBS diodes. This ac switch is connected in series with the grid side

inductance downstream to the fuse (Figure 7.1). Under normal operating conditions, the

gate signals to the IGBTs are kept high to keep them turned-on.

During fault, the high fault currents are sensed using higher bandwidth LEM LA 55-P

current sensors (200 kHz bandwidth) and when the threshold is crossed, the gate signals

to these IGBTs are turned low to break the circuit [120]. Another method is to use the

shoot-through logic in the gate driver of these IGBTs in the ac switch to turn them off in

case of overcurrent fault. Thus, this fast acting semiconductor switch performs the role
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15 kV/20 A SiC IGBT-JBS Diode Co-pack 

module

Figure 7.3: Fast acting semiconductor ac switch schematic

of a circuit breaker in the TIPS protection circuit. The effectiveness is validated through

simulations in this chapter.

7.2.3 Protection Board for PWM Pulse Shutdown

In order to protect the TIPS converter from over current in the line and over voltage or

under voltage in the 22 kV dc bus, the PWM signals to the 15 kV SiC IGBTs should

be shut down when the fault is detected. A protection board with its control logic is

designed for this purpose. The current and voltage sensor outputs are compared in this

board with pre-set reference limits to check for over currents or over/under voltages. This

board is the same PD board explained in Chapter 2 and is shown in Figure 2.31.

A high performance comparator IC LM339 from Fairchild semiconductors is used for

all sensed channels. The references are set using high precision potentiometers. Once a

fault is detected, the PWM signals are disabled through the ‘AND’ logic. This protection

scheme is very fast and acts first to protect the IGBTs. The protection logic has differ-

ential amplifiers to eliminate any CM noise polluting the signal ground because of PWM

switching. Also, the gate signals are optically isolated.

7.2.4 Fast Acting Power Electronics Switch for DC Bus Fault

Protection

The ac side protection equipment may not protect the semiconductor devices of the

converter in the case of faults occurring on the dc side of the AFEC. For this, fast acting

semiconductor switches are placed on the positive and negative terminals of the dc bus.
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Figure 7.4: DC bus fault protection for TIPS AFEC

Lg Ls

Cf

Lline

MOV

Figure 7.5: TIPS AFEC with MOV protection from transient overvoltage

These switches open up and protect the converter IGBTs and diodes from carrying the

fault currents in the case of dc bus fault. Since the PD board shuts down the SiC IGBT

PWM pulses in the case of fault, these dc side semiconductor switches are mainly used

for protecting the diodes in the converter. The AFEC schematic in Figure 7.4 shows the

placement of these devices on the dc bus terminals. Each of these switches is composed

of series connected 15 kV/ 20 A co-pack modules.

7.2.5 Metal Oxide Varistor

The MOV is a device to divert large line overvoltage to ground through a low-impedance

path. The device normally has large impedance, but when exposed to a large voltage,

the material changes state and becomes low impedance [122]. These devices are placed at

the input to the TIPS in order to divert any large overvoltage on the ac lines away from

the equipment. Figure 7.5 illustrates the TIPS rectifier with MOV protection during a

transient overvoltage at the input. Without the MOV, the overvoltage falls across the

line and filter inductances and could damage the insulation of the filter inductors. The

overvoltage also generates a surge current that travels through the devices. The MOV
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used is Polim-K 11-20 from ABB [123].

7.3 Fault Coordination and Analysis

This section explains the simulation based study of the coordination between the protec-

tion equipment in the event of fault occurring within the converter at various points on

the 13.8 kV ac side and on the dc bus. Line currents and device currents are measured in

each case to see how fast the protective action is taken by each of these components. A

simulation model is developed in MATLAB/SIMULINK/PLECS platform. The switch-

ing model of the 3L-NPC based AFEC of TIPS is considered for analysis with the rest

of TIPS modeled as equivalent impedance across the dc bus. In all the cases, the TIPS

model is running at 100 kW with 22 kV on the MV side dc bus.

7.3.1 Without protection devices installed

A 3-phase to ground fault is applied at t = 219.5 ms at the filter capacitor node initially

to see the effect of fault occurring at the 13.8 kV grid side of TIPS. It is assumed that

no protection equipment is installed. Figure 7.6 shows the currents drawn from the grid

during fault. It can be seen that current magnitude has increased tremendously to about

500 A. This can saturate and damage the line inductance on the grid side. Figure 7.7

shows the converter currents during fault. Converter currents become very large (about

260 A) which increases the currents flowing through the IGBT modules as can be seen

from Figure 7.8 for one pole. The device currents are seen to stay over 200 A for more

than 10 ms which will damage the IGBT modules. Thus, it is essential that protective

devices are installed and that they coordinate properly during fault so as to protect these

devices.

7.3.2 With only the Fuse and PD Board installed

A MV ‘fuse’ as described in the previous section is used as the backup protection device.

This fuse has a minimum breaking current of 35 A at about 100 ms. This time to break

is fairly large and hence it is obvious that this fuse alone cannot protect the converter

IGBTs and diodes in the event of fault happening anywhere in the system. Thus, analysis

is done for the case with a fuse at the grid side along with the protection board to shut
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Figure 7.6: Grid currents during 3-phase to ground fault at filter capacitor nodes without
any protective devices installed

Figure 7.7: Converter currents during 3-phase to ground fault at filter capacitor nodes
without any protective devices installed

Figure 7.8: R-phase pole switch currents during 3-phase to ground fault at filter capac-
itor nodes without any protective devices installed
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Figure 7.9: Grid currents during 3-phase to ground fault at filter capacitor nodes with
fuse and protection board installed

Figure 7.10: Converter currents during 3-phase to ground fault at filter capacitor nodes
with fuse and protection board installed

Figure 7.11: 15 kV SiC IGBT module currents during 3-phase to ground fault at filter
capacitor nodes with fuse and protection board installed (All currents are in amperes)
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Figure 7.12: Clamping diode currents during 3-phase to ground fault at filter capacitor
nodes with fuse and protection board installed

down the PWM pulses to the converter in the event of fault. Figure 7.9 to Figure 7.12

show the waveforms when a 3-phase to ground fault is applied at t = 219.5 ms at the

filter capacitor node.

Figure 7.9 shows the grid currents. It can be seen that the grid currents have increased

to more than 400 A peak in the 3 phases without the fuses breaking the circuit. The fuse

in each phase takes time to open with breaking times of about 10 ms for each of the 3

phases. Figure 7.10 shows the converter currents in this case. It can be seen that even

though the fuse takes time to break the circuit on the grid side, the PWM pulse shutdown

by the PD board in the event of fault has instantaneously brought the converter currents

to zero. This protects the IGBT and clamping diode modules in the converter as can be

seen from their respective current plots in Figure 7.11 and Figure 7.12, respectively.

Figure 7.13 to Figure 7.16 show the waveforms when a single phase to ground fault is

applied at t = 219.5 ms at the filter capacitor node in the R-phase. From these waveforms

it can be observed that the behavior is similar to that during the 3-phase fault. The R-

phase grid current remains more than 200 A for about 7 ms before the fuse blow out.

But the converter currents and IGBT/diode currents are within the permissible limits in

all the three phases during the fault because of PWM pulse shutdown by the PD board.
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Figure 7.13: Grid currents during single phase to ground fault at the R-phase filter
capacitor node with fuse and protection board installed

Figure 7.14: Converter currents during single phase to ground fault at the R-phase filter
capacitor node with fuse and protection board installed

Figure 7.15: 15 kV SiC IGBT module currents during single phase to ground fault at
the R-phase filter capacitor node with fuse and protection board installed (All currents
are in amperes)
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Figure 7.16: Clamping diode currents during single phase to ground fault at the R-phase
filter capacitor node with fuse and protection board installed

7.3.3 With Fast Acting Semiconductor AC Switch installed

Since the fuse is only used as a backup protection device, another level of protection

is required on the ac side to protect against the fault current. For this, a fast acting

semiconductor switch is used. This section explains the simulation results with this switch

incorporated along with the fuse and protection board. This switch is controlled to open

immediately once the grid current crosses 30 A.

Figure 7.17 and Figure 7.18 show the waveforms when a 3-phase to ground fault is

applied at t = 219.5 ms at the converter terminals. From Figure 7.17 it can be seen that

the fast acting semiconductor switch on the grid side has acted almost instantaneously to

break open the circuit when the grid current has crossed 30 A. This has limited the peak

fault current flowing through the grid side inductor to 30 A preventing its saturation and

damage. Also this prevents the fuse from breaking open and thus eliminates the need

to unnecessarily replace the fuse in case the fault lasts only for few cycles. Figure 7.18

shows the converter currents during this fault.

Another important role played by this ac switch is to protect the filter capacitor in

the event of fault. For the same 3-phase to ground fault considered at the converter

terminals Figure 7.19 and Figure 7.20 show the filter capacitor currents and voltages,

respectively, when only fuse is used for protection. It can be seen that the peak capacitor

current rises to about 115 A and peak capacitor voltage rises to about 87 kV. Figure 7.21

and Figure 7.22 show the filter capacitor currents and voltages, respectively, when the ac

224



Figure 7.17: Grid currents during 3-phase to ground fault at the converter terminals
with fast acting ac switch installed

Figure 7.18: Converter currents during 3-phase to ground fault at the converter terminals
with fast acting ac switch installed

Figure 7.19: Filter capacitor currents during 3-phase to ground fault at the converter
terminals without fast acting ac switch installed
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Figure 7.20: Filter capacitor voltages during 3-phase to ground fault at the converter
terminals without fast acting ac switch installed

Figure 7.21: Filter capacitor currents during 3-phase to ground fault at the converter
terminals with fast acting ac switch installed

Figure 7.22: Filter capacitor voltages during 3-phase to ground fault at the converter
terminals with fast acting ac switch installed
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Figure 7.23: Experimental test setup for concept validation of fault protection using ac
switch

switch is installed. It can be seen that the peak capacitor current has reduced to 27 A and

the peak capacitor voltage has reduced to 13 kV. Thus, the fast acting semiconductor

switch provides significant improvements to the protection of the system, particularly of

the filter components.

7.3.4 Experimental Study of AC Switch Action at Low Voltage

It has to be noted that to dissipate the energy stored in the filter inductances during

sudden opening of line using ac switches, a snubber or varistor circuit is required across

them. The impact of opening the line using ac switch is studied using a LV scaled down

test setup. The circuit schematic is given in Figure 7.23. The ac side filter inductor

value is 5 mH. The ac switch rating is 3 kV/20 A which is a Si IGBT based switch

with configuration shown in Figure 7.23. The dc side load is 100 Ω. The RC snubber

parameters are 500 Ω and 10 nF. The 3-phase grid line–line voltage is 300 V rms.

In the experiment, the ac switch is turned off during the steady-state operation of the

diode bridge of the grid connected AFEC. Figure 7.24 shows the experimental waveforms

captured at the instant of ac switch turn-off. The voltage across the ac switch shoots up

to 1 kV. The currents goes to zero almost instantly even in the inductive circuit. This

protects the diodes in the AFEC circuit but the voltage across the snubber increases to

very high value. This is due to the very large di/dt at the time of ac switch turn-off.
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Figure 7.24: Experimental waveforms at the instant of ac switch turn-off

The snubber capacitors remain charged after the opening of the ac switch. Hence, a large

resistance in the range of MΩ is required across the snubber to discharge the capacitor

after turn-off of ac switch. A careful design of snubber is extremely important here.

7.3.5 DC Bus Fault Protection

The PD board shuts down the PWM pulses when any fault is detected. Thus, the 15 kV

SiC IGBTs in the AFEC of TIPS are protected during the dc bus fault. However, the

diodes in the converter see a very high current for a substantial amount of time when a

short circuit is applied across the dc bus. Fast acting semiconductor switches need to be

installed on both the positive and negative terminals of the dc bus in order to protect

these diodes (Figure 7.4). The 15 kV SiC IGBT co-pack module can be used as the dc

switch.

Figure 7.25 shows the currents through the anti-parallel diodes of each co-pack module

in the R-phase leg of the converter when a dc bus short circuit is applied at t = 219.5

ms without any dc bus fault protection. It can be seen that the peak current through
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Figure 7.25: 15 kV SiC IGBT co-pack module currents during dc bus fault without dc
bus fault protection switch installed (All currents are in amperes)

Figure 7.26: 15 kV SiC IGBT co-pack module currents during dc bus fault with dc bus
fault protection switch installed (All currents are in amperes)
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the top two module diodes reaches almost 180 A and stays more than 20 A for about 7

ms. This is more than the current that these diodes are designed to withstand for such a

long duration of time. Also the current through the bottom module diode instantaneously

rises to several hundreds of kilo-amperes. After the fault is applied it can be seen that the

current polarity is negative indicating that the anti-parallel diodes are mainly carrying

the fault currents since the PD board has shut down the PWM pulses of the IGBTs.

Figure 7.26 shows the same currents when the dc bus fault protection switch is installed.

It can be seen that the diodes see zero current after the fault since the protection switches

open up on seeing the fault. The fault current flows through the bleeder resistances across

the dc bus. Thus, dc bus fault protection is required at any cost.

7.3.6 Surge Current Protection using MOV

The MOVs are used for surge voltage protection. Figure 7.27 and Figure 7.28 give the

simulation results without MOV installed and with MOV installed, respectively. The

surge voltage used for simulation is an example 95 kV/1.2 µs overvoltage impulse similar

to a lightning overvoltage as described by [124]. It can be seen that the MOV reduces the

peak voltage to just over 30 kV, or one-third of the original impulse. Otherwise nearly

the entire voltage falls across the filter. In both cases, the filter limits the surge current

to about 70 A, which is assumed to be within the surge current rating of the devices.

The main benefit of the MOV in this case is to limit the voltage across the filter and

the potential damage to the filter’s insulation. The impact of MOV protection has to

be studied with the grounding scheme implemented for the TIPS system. The detailed

study of grounding for TIPS, and the interaction of the grounding, filter and protection

components during overvoltage and overcurrent surges are carried out with ABB for 1

MVA TIPS [125], [126]. The results are given in Appendix B.

7.4 TIPS Specifications Based on Distribution Feeder

Modeling and Volt/Var Control

In this section, the dynamic model of the 3-phase TIPS is applied in a simplified IEEE

34 bus feeder circuit. The fault ride-through, overloading and transient overvoltage with-

stand requirements of the TIPS are investigated from the overall power system point of
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Figure 7.27: R-Phase transient overvoltage impulse, TIPS input voltage, and line current
with no MOV protection

Figure 7.28: R-Phase transient overvoltage impulse, TIPS input voltage, and line current
with MOV protection
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view at 1 MVA level for which TIPS is initially proposed. As the focus is on 1 MVA

power level, the passive element values is different compared to the earlier discussions.

But the design methods used are the same as discussed before for 100 kVA TIPS. The

assumption is that enough 15 kV SiC IGBT chips are paralleled to meet the current

rating for 1 MVA application.

The design target is a 1 MVA, 13.8 kV/480 V TIPS, and the specification of such a

device has to consider the application environment, especially:

1. At what grid point (node) the TIPS is connected–if the TIPS is connected further

down the feeder, the voltage regulation control requirements may be harsher as the

system short-circuit impedance is higher.

2. The feeder loading may be unbalanced and the input voltage to the 3-phase TIPS

may be unbalanced as well.

3. There may be a nearby high impedance fault that causes the input voltage of the

TIPS to drop well below its rated voltage, and the TIPS may need to ride-through

these kinds of system faults.

4. The nearby fault can also introduce voltage transients that may threaten the power

electronic devices of TIPS.

5. If the TIPS is supplying large motor loads, the start-up of the motors may trigger

the TIPS protection if the protection scheme is not designed properly.

It is also important to validate that the specifications are within the reach of actual

design targets. For example, there should be limits on TIPS’s reactive power compensa-

tion capability so that the maximum current limits of the power electronic switches of

TIPS are not violated [109].

7.4.1 Dynamic Average Model of the TIPS-Feeder System

The feeder model is the same as shown in Figure 5.42 for 1 MVA power level. The two

TIPS connected to nodes 824 (TIPS824) and 844 (TIPS844) are indicated in Figure 7.29

for the sake of discussion. The reactive power compensation capacitors are not considered

in the circuit. However, to set the baseline steady state load flow solution of the dynamic
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Figure 7.29: Simplified model of IEEE-34 bus test feeder indicating the positions of two
TIPS considered for dynamic simulation

simulation in this study, appropriate Q injection settings are given to TIPS824 and

TIPS844.

An equivalent TIPS model is built in MATLAB/Simulink to simulate its dynamic

behavior when it is connected to the grid (Figure 7.30). Since in this study, it is more

important to simulate TIPS’s volt/var control capability, which is realized primarily by its

AFEC stage, only this stage is modeled and the rest of the stages are modeled altogether

as a constant power load.

Instead of the detailed switching model, TIPS is modeled by controlled voltage and

current sources on the ac input side and dc output side respectively. On the ac input

side, 3-phase voltages and currents are measured and sent to the TIPS controller. On

the dc output side, dc bus voltage is measured and sent to the TIPS controller as well.

Since TIPS compensates reactive power to the grid in addition to active power control,

a reactive power (Q) setting is added as an external input parameter to the model

(a negative Q means the reactive power should be injected into the grid). The TIPS

controller calculates the 3-phase reference voltage Vryb and sends it back to the 3-phase

controlled voltage sources. The pass-through power (P ) of the TIPS is calculated based

on the ac input 3-phase voltages and currents, and this P is used to calculate the current

of the controlled current source on the dc side.

Vector control algorithm is adopted for regulating the reactive power injection and

active power consumption of TIPS in the simplified IEEE 34 bus system. In this approach,
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Figure 7.31: TIPS AFEC controller model used with the average model for feeder inter-
faced simulations
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the main focus is to operate the TIPS AFEC at the desired power factor. As shown in

Figure 7.31, the control is carried out in the synchronous d, q frame of reference. The unit

vectors (cos θ and sin θ) for the d, q to 3-phase and vice versa conversion are generated

using a PLL synchronized with the grid voltages. The dc bus is regulated by a voltage

controller loop which generates the positive sequence d-axis current reference (i∗d).The

Var-compensator reference generator (Qset) generates the positive sequence q-axis current

reference (i∗q). The positive sequence voltage controller generates the positive sequence

voltages (vrp, vyp, vbp). To decouple the control scheme in the d and q-axes, feed-forward

terms are used to modify the d, q reference voltages accordingly. In addition to supplying

real power to the 480 V grid, the rectifier can feed reactive current back to the 13.8 kV

grid when the grid voltage collapses to maintain its voltage. The i∗q is limited by rated

current according to (7.1). Therefore, the basic control scheme in this dynamic model is

similar to the one proposed for 100 kVA TIPS in Chapter 3, without the harmonic loops.

The harmonic loops can be avoided since the power level (1 MVA) is high, if TIPS is

operating near to its rated conditions.√
(i∗d)

2 + (i∗q)
2 ≤ Irated (7.1)

Another important control action happens during the fault condition. When a line to

line or a line to ground fault happens, one or more phase voltages of the grid go down. This

creates an unbalance in the system. During that time, if the standard positive sequence

based control is used, the dc bus capacitor voltage oscillates to a large extent. During

this time negative sequence voltage is generated in the grid. It is required to counter

its effect on the system to block unwanted dc bus oscillation. To mitigate this problem

negative sequence controller is used as discussed in Chapter 3. The negative sequence

d, q axis current references (i∗dn and i∗qn) are set to zero. The current controller output

generates negative sequence voltage references (vrn, vyn, vbn). Also, if a 4-wire system

is used, CM voltage is introduced in the system which causes zero sequence current to

flow into the system. So a zero-phase sequence based controller is used to block this CM

current flow. In the implemented MATLAB/SIMULINK/SIMPOWERSYSTEMS model

of the TIPS AFEC stage controller, vr, vy and vb are generated by superimposing the

positive, negative and zero sequence voltages (Figure 7.31) and are used as the reference

signal vReferenceryb for the controlled voltage sources shown in Figure 7.30.
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7.4.2 Dynamic Simulation based 1 MVA TIPS Performance

Study and Specification

In this section, the performance of the TIPS dynamic model is studied extensively using

the feeder model and the AFEC control model improved to make it deployable in practical

feeder circuit.

Study of Control Instability during Fault Ride-Through

A major concern is the stability of the feeder circuit when power-electronics interfaced

equipment such as the TIPS is connected at random locations of the feeder, especially

at the end of the feeder such that the TIPS may see a weak system. It was found that

TIPS844 is prone to instability while TIPS824 is not so. The reason is quite simple:

at Node 844 the short-circuit impedance is higher than that of Node 824, making it

a weaker system. Many factors impact the stable performance of the TIPS including

controller design, input voltage level, loading level etc as discussed in Chapter 5.

As an example, Figure 7.32 shows an instable condition that TIPS844 may experience.

The top part of the figure shows the rms values of the input voltages (measured before

the input filter) of TIPS844 and the lower part shows the 3-phase input voltages. Initially

the system was controlled to a stable operation. At t = 0.05 s, a high impedance fault

is introduced at Node 818 which causes the input voltage of TIPS844 to drop, and

the controller of TIPS844 cannot maintain stability after about two cycles. One way of

maintaining the system stability is to reduce the loading of TIPS. Figure 7.33 shows the

input voltages of TIPS844 under the same simulation conditions as those of Figure 7.32

with one exception–the loading of TIPS844 was reduced from 1 MW to 900 kW. Obviously

the reduction of TIPS844’s load helps in avoiding the instability during fault ride-through.

A specification for the TIPS to avoid instability is therefore for its AFEC stage controller

to monitor the input voltages and inform the LV stage inverter controller to reduce the

loading during under-voltage operations.

A single line to ground fault (SLGF) is introduced at Node 818 in B-phase (through

the grounding impedance) at t = 0.5 s, which causes the input voltage to drop for TIPS824

and TIPS844. The simulation results given in Figure 7.34 to Figure 7.37 suggest that the

two TIPS have no problem to ride-through a 1.5-cycle fault while still supplying the full

load (1 MW). The reactive power injection settings for TIPS824 and TIPS844 are 600
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Figure 7.32: TIPS844 instable operation under high impedance fault at node 818 (All
voltages in volts)

Figure 7.33: TIPS844 stable operation under high impedance fault at node 818 after
reduced loading (All voltages in volts)
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Figure 7.34: DC bus voltage (in volts) of TIPS844 during 1.5 cycles SLGF

Figure 7.35: Input ac voltages (in volts) of TIPS844 during 1.5 cycles SLGF
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Figure 7.36: DC bus voltage (in volts) of TIPS824 during 1.5 cycles SLGF

Figure 7.37: Input ac voltages (in volts) of TIPS824 during 1.5 cycles SLGF
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Figure 7.38: DC bus voltage (in volts) of TIPS844 during 3 cycles SLGF

Figure 7.39: Input ac voltages (in volts) of TIPS844 during 3 cycles SLGF
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Figure 7.40: DC bus voltage (in volts) of TIPS824 during 3 cycles SLGF

Figure 7.41: Input ac voltages (in volts) of TIPS824 during 3 cycles SLGF
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Figure 7.42: DC bus voltage (in volts) of TIPS844 during 1.5 cycles LLF

Figure 7.43: Input ac voltages (in volts) of TIPS844 during 1.5 cycles LLF
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Figure 7.44: DC bus voltage (in volts) of TIPS824 during 1.5 cycles LLF

Figure 7.45: Input ac voltages (in volts) of TIPS824 during 1.5 cycles LLF

243



kVar and 900 kVar, respectively, to keep most of the node voltages within limits under

normal condition.

An attempt was made to prolong the SLGF duration to see if the TIPS can ride-

through up to 3 seconds SLGF caused voltage sags. For this the SLGF at Node 818 was

applied from t = 0.5 s to 3.5 s. The simulation results given in Figure 7.38 to Figure 7.41

show that the TIPS can still ride through the severe 0.3 pu single phase voltage sag. In

all the cases, when the fault condition is removed, the input voltage of both the TIPS

experience high amplitude transients. The input filter needs to be designed to withstand

these kinds of transient overvoltage. All the analysis is done with a dc bus capacitance of

400 µF. For most of the cases, the TIPS control becomes unstable for dc bus capacitance

value lower than this. This selection is similar to the study in Chapter 5. Thus, both MV

dc link stability study and feeder interface stability study under fault conditions show

that the TIPS MV dc bus capacitance need to be selected to be substantially high.

A line to line fault (LLF) is introduced at Node 818 between the Y-phase and the

B-phase at t = 0.5 s, which causes the input voltage drop for TIPS824 (to about 0.36

pu) and TIPS844 (to about 0.46 pu). Both the TIPS control and the 400 µF MV dc

bus capacitor appear to be able to ride-through a 1.5 cycle LLF for TIPS input voltage

down to 0.36 pu. This is shown in Figure 7.42 to Figure 7.45. It is observed that higher

Q injection causes the dc bus voltage to drop faster (TIPS844 is injecting 900 kVar while

TIPS824 is injecting 600 kVar). This also happened in the SLGF scenario, indicating the

necessity to block the Q injection function under severe voltage unbalance conditions.

Study of Overloading Capability

The AFEC stage dc bus capacitor and TIPS location on the feeder are found to be among

the determining factors of the overloading capability of TIPS. The bottom line is that

the input voltage of the TIPS cannot drop significantly (for example lower than 0.75 pu

for a dc bus capacitor of 400 µF) during the overloading period.

If thermal design is not considered, whether or not a TIPS can survive a certain

overloading condition can be measured by the MV dc bus voltage. Figure 7.46 and Fig-

ure 7.47 show a survival case and a failed case for TIPS844, respectively. These results

show that TIPS844 can survive 130% overloading but not 140% due to the ‘weaker’ grid it

sees being downstream of the feeder. Similar simulation shows that TIPS824 can survive

140% overloading but not 150%, due to the ‘stronger’ grid it sees compared to TIPS844.
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Figure 7.46: TIPS844 MV dc bus voltage (in volts) when the TIPS is 130% overloaded

Figure 7.47: TIPS844 MV dc bus voltage (in volts) when the TIPS is 140% overloaded
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The MV dc bus voltage waveforms of TIPS824 for these two scenarios are similar to

Figure 7.46 and Figure 7.47, respectively. Since the reactive power the TIPS injects to

the system also impact the TIPS input voltages, and the device junction temperature

increase of the TIPS is determined by its operation conditions and its thermal design,

the determination of the overloading capability of a particular TIPS is very complicated.

Figure 7.48: Switching transient overvoltage (in volts) after the 5 mH input filter of
TIPS844

Figure 7.49: Switching transient overvoltage (in volts) before the 5 mH input filter of
TIPS844
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Study of Overvoltage Protection Capability

The basic insulation level (BIL) for a similar conventional transformer is 95 kV. To be

deployable in a distribution feeder, the TIPS should have similar overvoltage protection

levels. The input filter of the TIPS can be designed to reduce the voltage transients

coming from the grid. In the present design used in these simulations, the input filter is

represented as a series R-L branch per phase. The line resistance is very small and equals

to 1 mΩ while line inductance is 5 mH to 10 mH (for 1 MVA). When a high-impedance

fault at Node 818 is cleared, the switching transient overvoltage peak before and after

the input filter of TIPS844 are found to be 56 kV and 14 kV respectively, if the line

inductance is 5 mH. This is shown in Figure 7.48 and Figure 7.49. Similarly if the line

inductance is 10 mH, the switching transient overvoltage peak before and after the input

filter of TIPS844 are found to be 78 kV and 14 kV, respectively.

Since lightning induced overvoltage is normally considered in the determination of

BIL of a distribution transformer, the simulation here suggests that the BIL of TIPS can

be the same as that of a conventional transformer, i.e., 95 kV before the input filter. To

protect the power electronics devices in TIPS, a MOV based surge arrester needs to be

considered after the input filter as discussed in Section 7.3.6.

7.5 Conclusions

This chapter explores the different protection devices needed to protect the solid state

semiconductor devices of TIPS. These semiconductor devices are the most critical com-

ponents of TIPS which are rated for low currents and thus, have to be rapidly protected

from the fault currents. Different protective equipment like MV fuse, fast acting ac semi-

conductor switch working as a circuit breaker, dc bus fault protection semiconductor

switch, specially designed protection board and surge voltage arresting MOV are thor-

oughly analyzed. Fault coordination between these devices is investigated. Different faults

like 3-phase to ground fault, single phase to ground fault and dc bus fault are considered

for the analysis. The overall protection scheme is explained in detail.

A revised IEEE 34 bus test feeder model is used to study the design specifications

of TIPS at 1 MVA power level from the power system point of view. For this purpose,

a dynamic model of the TIPS is developed and integrated with the feeder model. Sim-

ulation studies have helped in the TIPS control model improvement to avoid stability
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issues associated with weak network at the TIPS connection point. Overloading study

indicate that the TIPS design may be able to handle 130% overloading if thermal design

is sufficient. Moreover, a MOV based surge arrester need to be included for overvoltage

protection.

The main contributions are summarized as follows:

1. Studied the fault coordination between different protection equipment proposed for

the TIPS AFEC using the switching model of the converter.

2. Studied the feeder interface performance of 1 MVA TIPS using its average model,

and came up with specifications of the TIPS system required for fault ride-through,

overload and overvoltage withstanding capabilities.
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Chapter 8
Power Loss Analysis of Three-Phase MV

Grid Connected Converters Based on HV

SiC Devices

8.1 Introduction

The 15 kV SiC IGBT can be switched at higher switching frequencies compared to Si

IGBTs, under the same cooling conditions. The experimental switching frequency limits

for the 15 kV/20 A SiC IGBT are given in [60] from the device perspective. The 15

kV/20 A SiC IGBT can be switched at 6.2 kHz and 5.1 kHz, with liquid cooling and

forced air cooling, respectively, at 10 kV blocking voltage and 5 A current considering

safe thermal margin [60]. Due to the bipolar nature of the IGBT, the forward voltage

drop is small at high power levels and hence, reduced conduction loss [3]. Hence, HV SiC

IGBTs are preferred over HV SiC MOSFETs at higher power levels. The maximum safe

operating junction temperature for the 15 kV SiC IGBT is 175◦C which is higher than

that for 6.5 kV Si IGBT [29], [60]. In [60], the junction temperature of the 20 A chip is

shown to rise by 67.2◦C with 125 W loss. The performance of the multi-chip 40 A module

considered in this Chapter is different from the 20 A module due to parasitic effects of

packaging. Simulation based thermal analysis of 3L-NPC pole using 12 kV/10 A SiC

IGBT loss data is discussed in [127] but is not validated through experimentation. The

experimental thermal analysis of LV SiC devices based power converters are reported in

the literature [128]–[132], but that based on HV SiC devices are not available. This work
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focuses on addressing this void.

In the initial part of this chapter, the thermal design and power loss analysis of a 3-

phase, 3L-NPC grid connected converter based on 15 kV/40 A SiC N-IGBT module with

forced air cooling is presented [56]. The analysis is carried out based on the experimentally

measured switching/conduction loss data of the IGBT as well as the thermal performance

of the devices observed from the continuous heat-run tests. PLECS and COMSOL based

thermal simulations are carried out to understand the performance of the converter using

the experimental data which is supported by analytical calculations. A 3-phase MV

converter based on these devices is developed (shown in Figure 2.13 (b)) and successfully

tied with the 4.16 kV/60 Hz grid as explained in Chapter 3. The higher power and high

switching frequency capability of this converter under the hard-switching condition is

estimated based on simulations, but using the experimental data collected from 9.6 kW,

5 kHz operation for calibration. Power loss distribution analysis is also carried out for

higher dc bus voltages and different power factors. At this moment, the experiments are

limited in power and voltage due to other factors like high dv/dt, high di/dt generated

EMI and CM noise affecting the converter operation in the laboratory. Therefore, best

effort is put in understanding the thermal behavior of the grid connected converter based

on COMSOL multiphysics FEM simulations at higher power, frequency and voltage.

In the later part of this chapter, the power loss estimation is carried out for the grid

connected 3L-NPC converter at 7.2 kV grid voltage using different HV devices such as

15 kV SiC IGBT, 12 kV SiC IGBT, 10 kV SiC MOSFET and 6.5 kV SiC IGBT in

different modes of operation [28], [39]. This estimation is for 12 kV dc bus voltage and

gives a comparative understanding of the different devices for this application. This is

followed by the efficiency estimation of the TIPS AFEC using 15 kV/20 A SiC IGBT

and 1200 V SiC MOSFET based on the loss data given in [29], [43]. Finally, the power

loss comparison of the 4.16 kV grid connected 3L-NPC converter with a newly proposed

3-phase PWM buck rectifier is briefly discussed [35].

8.2 15 kV/40 A SiC IGBT Module Loss Data

In this section, the 15 kV/40 A SiC IGBT co-pack module thermal layers are described.

The device switching loss and conduction loss data captured using double pulse test

(DPT) and forward conduction test, respectively, are also given.
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Figure 8.1: 15 kV/40 A SiC IGBT vertical cross-section indicating thickness as well as
thermal conductivity of different layers (dimensions not in scale)
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Figure 8.2: Cauer model based thermal equivalent circuit of 15 kV/40 A SiC IGBT
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8.2.1 15 kV/40 A SiC IGBT Thermal Layers

Figure 8.1 shows the vertical cross-section of the co-pack module indicating the different

layer thicknesses as well as the thermal conductivity of each layer [56]. An aluminium

nitride (AlN) layer of 1 mm thickness is used for 20 kV dc base plate isolation which is

going to provide large thermal resistance and cause substantial increase in the junction

temperature. A thermistor mounted on the AlN insulation layer can be used for temper-

ature sensing of the IGBTs. Figure 8.2 shows the thermal equivalent circuit for the two

parallel 20 A SiC IGBT chips. The parameters are explained in later sections.

8.2.2 15 kV/40 A SiC IGBT Experimental Loss Evaluation

In this section, the 15 kV/40 A SiC IGBT loss evaluation is explained. The switching

loss is measured using a DPT circuit. The schematic of DPT circuit used is shown in

Figure 8.3 along with the circuit parameters. This test provides the turn-on and turn-

off switching loss data at desired junction temperature of the device, without needing a

high current source. Since the power flow is negligible in such tests, the device junction

temperature is assumed to be at the same level as the hot plate on which the device

is mounted [29]. The DP test is performed by A. Kadavelugu et al as part of the work

reported in [57], [133] and is presented in this dissertation for the sake of discussion.

8 mH/30 A, 

Cp < 10 pF
10 kV SiC 

JBS Diode

+

DC 

Voltage

15 kV/40 A 

SiC IGBT 

mounted on 

Hot-Plate

30 µF

ESL = 30 nH-

Figure 8.3: Double pulse test circuit schematic
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VGE (10 V/div)
VCE (1 kV/div)

Ic (2 A/div)

Eon (2 mJ/div)

dV/dt=25 kV/µs

dV/dt=6 kV/µs

Time scale-200 ns

Figure 8.4: 15 kV/40 A SiC IGBT turn-on characteristics at 5 kV, 5 A, 175◦C

Figure 8.4 and Figure 8.5 show the 15 kV/40 A SiC IGBT turn-on and turn-off

switching characteristics respectively at 5 kV and 5 A. The turn-on and turn-off charac-

teristics shown are captured at 175◦C junction temperature. The 15 kV SiC IGBT has

safe operating junction temperature as high as 175◦C resulting in high power density

operation possible for the converter [29], [60]. The turn-on and turn-off gate resistances

used are 33 Ω and 10 Ω, respectively, which are the same values used in the 3-phase grid

connected converter. The selection of the turn-on gate resistance is based on a trade-off

between the acceptable dv/dt and the switching loss as mentioned in Section 2.3. For this

gate resistance, the dv/dt at the beginning of turn-on transition is limited to 25 kV/µs

as shown in Figure 8.4. Table. 8.1 summarizes the parameters and observations from

the DPT under this condition. Similarly, the switching loss of the IGBT is measured at

different operating points and are plotted in Figure 8.6 and Figure 8.7.

The conduction loss data is measured through forward conduction test. Figure 8.8

shows the forward voltage drop of the 15 kV/40 A SiC IGBT module at different currents

and two temperatures (data from Powerex). The voltage drop is measured by passing

controlled current through the IGBT at VGE=20 V and required temperature.
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VGE (10 V/div) VCE (1 kV/div)

Ic (1 A/div)Eoff (5 mJ/div)

dV/dt=8 kV/µs

dV/dt=2 kV/µs

dV/dt=5 kV/µs

Time scale-400 ns

Figure 8.5: 15 kV/40 A SiC IGBT turn-off characteristics at 5 kV, 5 A, 175◦C

Table 8.1: DPT Parameters

Parameter Value

Turn-on gate resistance 33 Ω

Turn-off gate resistance 10 Ω

Turn-on time 800 ns

Turn-off time 1.6 µs

Turn-on energy loss 9.414 mJ

Turn-off energy loss 19.03 mJ

Turn-on gate voltage 18 V

Turn-off gate voltage -5 V
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Figure 8.6: 15 kV/40 A SiC IGBT turn-on loss distributions (almost same for 150◦C
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Figure 8.7: 15 kV/40 A SiC IGBT turn-off loss distributions
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Figure 8.8: 15 kV/40 A SiC IGBT forward V-I characteristics

8.3 Heat Run Test and Converter Thermal Design

Thermal design of the 3-phase converter is carried out based on continuous heat-run test

of the 15 kV/40 A SiC IGBT and the JBS diode. A hard switched boost converter is used

for the heat run test. The test is performed at a blocking voltage of 8 kV which is con-

sidered as the maximum voltage the devices are expected to see under transients in the

3-phase grid connected converter before protective shut-down. Higher voltage characteri-

zation and the heat-run test of the single chip 15 kV/20 A co-pack module are discussed

in [29], [60] which is used for TIPS AFEC power loss analysis later in this chapter. The

boost converter parameters and test conditions are summarized in Table. 8.2.

8.3.1 Heat Sink Selection

The thermal resistance from junction to the base plate (Rjc) of the IGBT is 0.39◦C/W.

Using extrapolation from the DPT switching loss data, the switching loss comes out to be

190 W if the device junction temperature (θj) reaches 175◦C based on the test conditions

in Table. 8.2. The conduction loss is small and is estimated to be 10 W under the same

conditions. The total power loss (Ploss) of 200 W is shared by the two IGBT chips in
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Table 8.2: Boost Converter Heat-Run Test Parameters

Parameter Value

Input voltage 2 kV

Output voltage 8 kV

Duty ratio 0.75

Power 7.8 kW

Boost inductor 140 mH

Output dc bus capacitance 30 µF

Switching frequency 5 kHz

Test duration 30 mins

Mode of Operation CCM

the module. Considering the ambient temperature (θa) as 32◦C (at the time of test) and

the maximum allowable device junction temperature (θjmax) as 175◦C, the maximum

value of heat sink thermal resistance (Rhs max) can be calculated as in (8.1) and comes

out to be 0.495◦C/W. Here, Rtg is the thermal resistance of the silicone gel based heat

compound/thermal grease (Wakefield Type 120) used which is taken as 0.05◦C/W.

θa + PlossRhs max +
Ploss

2
(Rjc +Rtg) ≤ θjmax (8.1)

Based on this analysis, off the shelf Wakefield heat sink (part no. 392-300AB) with

dimensions 11.811” X 4.921” X 5.346” and Rhs = 0.16◦C/W is selected for the converter

application as shown in Figure 8.9 in the inset. This value of Rhs is calculated for forced

air cooling [60]. The size of the heat sink selected is also decided by the separation needed

between the devices for MV isolation as explained in Chapter 2. The maximum operating

condition for the 3-phase converter using this heat sink is derived later in this chapter.

8.3.2 Boost Converter Based Device Heat Run Test

The boost converter shown in Figure 8.9 using the above selected heat sink is run for

30 mins to allow θj to reach steady state [60]. Figure 8.10 shows the boost converter

waveforms at the end of 30 mins. At the end of 30 mins, the heat sink temperature (θh)

near to the device base plate is measured using a Fluke thermal camera. The emissivity
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Output DC bus capacitors

Boost inductors

Gate driver 15 kV SiC IGBT

20 kV SiC JBS Diode

Bus bar

Heat Sink Photo

Figure 8.9: Boost converter experimental test setup

VGE (20 V/div)

Boost output voltage (2 kV/div)

Boost inductor current (1 A/div)

Figure 8.10: Boost converter waveforms at 8 kV output dc voltage, 7.8 kW, 5 kHz at
the end of 30 mins heat-run test
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is considered as 0.9. For convenience, the heat sink temperature measured just near to

the device is assumed to be equal to that below the device base plate. The heat-run test

is carried out for all the twelve SiC IGBTs to be used in the converter and the maximum

value of θh is found to be 51◦C. Hence, the total module power loss (Ploss) in the boost

converter can be calculated using (8.2) and comes out to be 118.75 W. Using this power

loss, the actual value of θj when the boost converter is running with the selected heat

sink is calculated as in (8.3) and equals 77.13◦C. This calculation is possible as the

anti-parallel diodes do not contribute to the power loss in the boost converter.

Ploss =
(θh − θa)
Rhs

(8.2)

θj = θh +

(
Ploss

2

)
(Rjc +Rtg) (8.3)

This θj is really low compared to the maximum allowable temperature of 175◦C.

Hence, with this heat sink, it is possible to operate the presented converter at much

higher power than that demonstrated experimentally in this dissertation. The power

and switching frequency limits are derived in the latter sections in this chapter. The six

clamping diodes to be used in the 3L-NPC converter are also tested in the boost converter

along with the IGBT for 30 mins under the same conditions. The maximum heat sink

temperature is found to be 40◦C indicating that the JBS diodes are highly efficient.

8.3.3 Thermal Simulation of Device Heat Run Test

A thermal FEM simulation is carried out in COMSOL Multi-physics software to under-

stand the thermal distribution of the selected heat sink under this condition. The air

flow rate is 115 cfm at the inlet and the ambient temperature is considered as 32◦C. Fig-

ure 8.11 shows the thermal distribution of the top surface of the heat sink. For reducing

computational time and to ensure convergence, Rhs is assumed to include the spreading

Rth, Rth due to thermal conduction along fin, Rth between fin surface and air, and Rth

due to heating of air along length of fin. It can be seen that the junction temperature θj

of the SiC IGBT chips reaches 74.2◦C when the power flow through each chip is 59.375

W (calculated analytically based on observation). This temperature is very close to that

predicted by calculation. The thermal simulation is also useful to understand the heat

spread on the heat sink surface. This information along with isolation requirement is used
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Figure 8.11: Boost converter surface temperature in ◦C from COMSOL simulation

for deciding the separation of devices on the 3L-NPC pole.

8.3.4 Three-Level Pole Heat Run Test

The device heat run test shows that forced air cooling is sufficient for the 3L-NPC con-

verter, as in the boost converter the device is exposed to extreme thermal stress than in

the 3L-NPC converter. Two such heat sinks are used per pole in the 3L-NPC converter

(Figure 2.14 (b)). This is to arrange the devices with sufficient separation for HV isola-

tion. They are electrically connected together to keep them at the same potential. A set

of fans on each end of the heat sink is installed; one to push and another one to suck the

air to achieve maximum heat dissipation. One cooling fan set is composed of two fans

with 115 CFM each, coupled together on the same axis so as to increase the air flow rate.

This cooling system arrangement is indicated in Figure 2.14 (b) for one side of the pole.

In this section, the experimental thermal validation of the 3-phase converter poles is

carried out. All the three 3-level poles to be used in the converter are tested in standalone

single phase inverter mode with different loads and modulation schemes according to the

schematic shown in Figure 8.12. The temperature variation across the heat sink after 30

mins of the test is captured using a Flir T420 thermal camera. The emissivity setting of
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Figure 8.12: Three-level pole test schematic in single phase (Cdc = 60 µF)

the camera is set at 0.9 to match that of the heat sink black surface. The 10 kV source

used for the pole tests is the boost converter explained in Section 8.3. In single phase,

each pole is tested with 10 kV dc bus voltage and 7.2 kW power. This validates the

3-phase converter hardware till 10 kV dc bus and 21.6 kW power.

Figure 8.13 shows the test results with square modulation at 5 kHz switching and R-

load of 7.2 kW. This mode of operation is used in soft-switched converters like the DAB.

Figure 8.14 shows the test results with SPWM at 5 kHz switching and 7.2 kW with

RL-load. The resistance used is 1 kΩ while the inductance is 140 mH. This is the mode

under which the pole operates in the AFEC in the grid connected mode. Figure 8.15 (a)

and (b) show the thermal image of the 3-level pole with square modulation and SPWM,

respectively, after 30 mins (heat sink position marked). In the thermal images, sp1 is

near the inlet fans, sp2 is near the center of the pole and sp3 is near the outlet fans. It

can be seen that in both modes of operation the maximum temperature on the heat sink

is around 34.3◦C to 39.6◦C which implies that the device junction temperature is way

below the accepted 175◦C for the 15 kV SiC IGBT. And as the thermal image captured

in this section shows, the converter can be pushed to higher power levels, the limit of

which is derived in the next section.
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Boost gate voltage (10 V/div)

Pole voltage (2 kV/div) Pole current (2 A/div)

Boost output voltage (2 kV/div)

Figure 8.13: Pole test experimental waveforms–Square modulation with R-load (Ch1:
10 V/div, Ch2: 2 kV/div, Ch3: 2 kV/div, Ch4: 2 A/div)
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Figure 8.14: Pole test experimental waveforms - SPWM with RL-load (Ch1: 20 V/div,
Ch2: 2 kV/div, Ch3: 2 kV/div, Ch4: 5 A/div)
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(a) (b)

Heat Sink

Heat Sink

Figure 8.15: Three-level pole thermal images after 30 mins heat-run test (a) Square
modulation (b) SPWM

8.4 Thermal Analysis of 15 kV/40 A SiC IGBT based

Three-Phase Converter

In this section, the semiconductor power loss analysis of the 3-phase converter under

various operating conditions is carried out based on experimentally measured loss data

in Section 8.2.2. These loss data are used as the input in the thermal library of the PLECS

simulation software to get the loss distribution of the converter. Unavailable points are

extrapolated based on expected performance. The reverse recovery loss of the JBS diode

is very small and therefore, its switching loss is neglected in the analysis. Table. 8.3

shows the total loss of each top leg module for all the cases considered in this section.

The bottom leg modules are assumed to have same losses. The uneven cooling slightly

affects the loss distribution which is neglected.

The total power loss in each die in the 3L-NPC pole calculated through PLECS

simulation is used as input for the COMSOL FEM simulation. Figure 8.16 shows the

top-view of the 3-D model used for COMSOL simulation of one 3-level pole. The device

and diode package models placed on top of the heat sink are shown. The orientation of

the module on the heat sink can vary depending on bus bar connections. The variation

in heat spread due to this is assumed to be negligible.
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Table 8.3: 3L-NPC Pole Power Loss (W) Distribution

Case IGBT1 IGBT2 Diode1

Grid Tie (5 kHz) at 9.6 kW (pf = 1) 1.56 9.2 1.2

Grid Tie (5 kHz) at 100 kW (pf = 1) 47 154 26

Grid Tie (5 kHz) at 30 kVA (pf = 0.72) 5.64 23.35 2.44

Grid Tie (5 kHz) at 100 kVA (pf = 0) 73.2 84 31.8

Grid Tie (10 kHz) at 100 kW (pf = 1) 51.6 414 27

DAB (10 kHz) at 8 kW 27.45 14.69 0.4

x

y

IGBT1 IGBT2 IGBT3 IGBT4Diode1 Diode2

All dimensions in m

Figure 8.16: Top-view of 3D model used for COMSOL simulation of 3L-NPC pole

8.4.1 Thermal Analysis of Grid Connected Converter Switching

at 5 kHz

The switching frequency considered for the grid connected converter in this section is 5

kHz. Figure 8.17 shows the plot of the total power loss versus dc bus voltage and load

for the converter under grid tied UPF operation. The plot is given upto 30 kW based on

the JBS diode current rating of 10 A with some margin (40%) for transients. At 8 kV

dc bus voltage, 4.16 kV grid voltage and 9.6 kW power, the total power loss is estimated

to be 71.76 W. This gives an efficiency of 99.25% for the switching converter under the

condition demonstrated in the laboratory. This does not consider the power losses in the

passive elements of the converter.

Figure 8.18 shows the thermal distribution for one pole of the converter based on

boundary conditions measured in the experiment. The maximum device junction temper-

ature is seen for the middle IGBT chips. This is expected for 3-phase, 3L-NPC converter

running in UPF mode [28]. This temperature reaches only 27.2◦C implying that the power
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Figure 8.17: Power loss variation of the grid tied converter (at UPF) with dc bus voltage
and output load at 5 kHz switching frequency (x = Pload, y = Ploss)

through the designed converter can be pushed to higher values. The heat sink tempera-

ture adjacent to the middle devices is found to reach only 26◦C which is confirmed from

the experiment as shown in Figure 8.19 using a reversible liquid crystal (RLC) based

temperature sensor. RLC sensor changes color from black to green for each crystal once

the temperature crosses the value indicated. No change in color shows that the heat sink

temperature near to the middle IGBT module is lower than 30◦C. The calibration of

RLC sensor is carried out on a resistance with controlled power loss as shown in the

figure. The COMSOL simulation shows the variation of temperature on the 3-level pole

surface which is calibrated for the 9.6 kW experiment through RLC sensors mounted

on different points on the converter. The point to point matching between COMSOL

thermal simulation and experimental thermal measurements is used as the basis for high

power, loss estimation as discussed next.

As mentioned earlier, the 30 kVA limitation in the developed converter is due to the

10 A rating of available JBS diodes. But 30 kVA is not sufficient to utilize the full thermal

capability of the IGBTs in the 3-level pole. With higher current rated JBS diodes, 100

kVA is achievable since peak current reaches around 20 A. For loss estimation above 30

kVA, same chip size for the JBS diode is assumed with scaled up conduction loss. For

100 kW power at UPF with 4.16 kV grid and 8 kV dc bus voltages, it is estimated that

the total power loss is 1.54 kW from Figure 8.17 through extrapolation, using the fitted
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Figure 8.18: Grid tied converter one pole surface temperature in ◦C at 8 kV dc bus
voltage, 4.16 kV grid voltage and 9.6 kW power

Heat sink  

temperature 

measurement 

during 

experiment Calibration on a resistor

Figure 8.19: Reversible liquid crystal reading of the heat sink temperature
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Figure 8.20: Grid tied converter one pole surface temperature in ◦C at 8 kV dc bus
voltage, 4.16 kV grid voltage and 100 kW power

curve equation (R2 = 0.9999) given in (8.4). Here, Ploss is the total converter power loss

and Pload is the load on the dc side. This gives an efficiency of 98.46% for the switching

converter.

Ploss = 0.0005P 3
load + 0.0196P 2

Load + 8.5544PLoad − 14.699 (8.4)

The COMSOL simulation plot for one pole of the converter under this condition (see

Table. 8.3 for loss) is given in Figure 8.20. The middle devices IGBT junction temper-

atures reach about 58◦C which is way below the maximum allowable temperature of

175◦C.

Figure 8.21 shows the power loss variation of the grid tied converter with power

factor for different total kVA at 5 kHz switching frequency. It can be seen that the total

converter power loss is the highest for UPF operation in each case. Based on curve fitting,

the interpolation equation (R2 = 0.9993) for 30 kVA is given in (8.5), where pf is the

power factor on the ac grid side. The power factor at which minimum power loss occurs
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Figure 8.21: Power loss variation of the grid tied converter with power factor for different
total kVA at 5 kHz switching frequency showing the minimum loss operating point at 30
kVA (x = pf, y = Ploss)

Figure 8.22: Grid tied converter one pole surface temperature in ◦C at 8 kV dc bus
voltage, 4.16 kV grid voltage, 30 kVA and pfmin = 0.72
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is calculated by solving (8.6) and this comes out to be pfmin = 0.72.

Ploss = 1809.9pf 5 − 3893.5pf 4 + 3188pf 3 − 1096.4pf 2 + 5.589pf + 259.17 (8.5)

dPloss
dpf

= 9049.5pf 4 − 15574pf 3 + 9564pf 2 − 2192.8pf + 5.589 = 0 (8.6)

Figure 8.22 shows the COMSOL simulation plot of one pole under this condition. The

middle devices IGBT junction temperatures reach about 30.82◦C and are the maximum

temperature points in the pole. The minimum power loss for the converter is 188.58 W

at 30 kVA.

Figure 8.23 shows the power loss variation of the grid tied converter with total kVA

for different power factor at 5 kHz switching frequency. As explained before, for the same

system kVA, highest loss occurs for the UPF condition, while the next highest loss occurs

for the STATCOM condition (pf = 0). Based on curve fitting, the extrapolation equation

(R2 = 0.9999) for the STATCOM operation is given in (8.7).

Ploss = 0.0421S2 + 7.7244S − 10.292 (8.7)

From this curve, the total converter power loss at 100 kVar STATCOM operation is

1183.15 W. The total power loss based on PLECS simulation comes out to be 1134 W

at 100 kVar. Hence, the error in using the extrapolation curve is only 5%. The error is

within this limit for all the curves fitted in this section and these curves can be used

to estimate the system thermal performance at all the possible operating conditions.

Figure 8.24 shows the COMSOL simulation plot of one pole during 100 kVar STATCOM

operation. The middle devices IGBT junction temperatures reach about 45.04◦C and are

the maximum temperature points in the pole. This thermal distribution is significantly

different from the plot in Figure 8.20 for 100 kW. Compared to Figure 8.20, the heat

sink temperature is mostly uniform since the losses in all the four IGBT co-pack modules

in one pole are almost similar for STATCOM operation (Table. 8.3). For other power

factors, similar analysis can be done. Since UPF and STATCOM operations are found to

have the highest total power losses, COMSOL plots for these two conditions at 100 kVA

are given. Based on the thermal analysis done in this section, it is possible to estimate the

thermal distribution of the grid connected converter under various operating conditions.
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Figure 8.24: Grid tied converter one pole surface temperature in ◦C at 8 kV dc bus
voltage, 4.16 kV grid voltage, 100 kVar and STATCOM operation with pf = 0
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8.4.2 Thermal Analysis of Grid Connected Converter Switching

at Higher Frequencies

Based on the 15 kV/40 A SiC IGBT loss and thermal data captured experimentally in

previous sections, the power loss variation of grid connected converter based on switching

frequency is analyzed next. Figure 8.25 shows the loss variation with switching frequency

and power at 8 kV dc bus voltage, 4.16 kV grid voltage and UPF operation. It can

be seen that total power loss increases with switching frequency for same power due to

increased switching loss. This is expected due to large turn-off time in IGBTs. Based on

extrapolation, the total power loss at 10 kHz and 100 kW comes out to be 2.956 kW

leading to an efficiency of 97.04% for the switching converter. The module loss distribution

is given in Table. 8.3.

Figure 8.26 shows the COMSOL simulation of one pole at 10 kHz and 100 kW. It can

be seen that the junction temperature θj of the middle device IGBTs reaches 136◦C with

25◦C ambient temperature θa. This analysis is with the assumption that the converter is

in open space and θa is 25◦C, such as the condition in the laboratory experiments. When

the converter is enclosed in the real world installations, θa can go very high. Therefore, a

safety margin is considered. If the θa increases to 64◦C, the middle device IGBT junction

hits the maximum temperature of 175◦C. Thus, the limiting operating condition for the

developed grid connected converter based on 15 kV/40 A SiC IGBTs at 4.16 kV grid

voltage and 8 kV dc bus voltage is 100 kW UPF operation at fsw=10 kHz and θa=64◦C.

The 10 kV/10 kHz pole test using 20 A modules are validated in [133].

8.4.3 Thermal Analysis of DAB

The grid connected 3-phase converter using 15 kV/40 A SiC IGBT is used as the source

for the DAB at 8 kV MV dc bus voltage as explained in Section 5.6.3. The 15 kV/40 A

SiC IGBTs in this converter see ZVS during turn-on. Figure 5.38 shows the experimen-

tal waveforms captured with 8 kV input dc voltage, 480 V output dc voltage, 10 kHz

switching frequency and 9.6 kW power. The thermal distribution of one pole in this case

is shown in Figure 8.27 (see Table. 8.3 for loss). The total loss in the MV section of the

DAB is 289.98 W at 9.6 kW based on Table. 8.3. The MV dc bus voltage and power are

the same as that used for grid connected converter at 5 kHz switching frequency. The

maximum junction temperature reaches 34.4◦C on the IGBT chips in the outer co-pack
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modules. The heat sink temperatures adjacent to the co-pack modules are confirmed to

be similar to the one estimated by COMSOL simulation using the RLC sensor during

the experiments.

Compared to the grid connected operation at 5 kHz switching frequency, here the

power loss is higher due to higher frequency and the regularly occurring partial ZVS

turn-off. The high frequency DAB transformer used in the experiments is designed for 22

kV to 800 V operation at 100 kVA. Therefore, due to light load operation and mismatched

voltage ratio at lower voltages, there is partial ZVS turn-on as well. In practice, the turn-

off loss is lower than that estimated from PLECS simulation which assumes pure hard

turn-off. This happens because a practical module offers significant snubber equivalent

capacitance. Nonetheless, the objective is to show the thermal performance when the

soft-switched converter is switched at 10 kHz with the 15 kV/40 A SiC IGBTs. The

performance is expected to improve compared to grid connected converter at higher

loads due to proper ZVS action.

Figure 8.27: DAB one pole surface temperature in ◦C at 8 kV MV dc bus voltage, 480
V LV dc bus voltage, 9.6 kW power and 10 kHz switching frequency
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8.5 Comparative Loss Evaluation of 3L-NPC Con-

verter using Different HV SiC Devices

The loss data in this section and the following sections do not take into account the in-

creased power loss due to increase in heat sink temperature near to any device, caused by

the power loss in the adjacent devices, during converter continuous operation. Therefore,

the loss data obtained in these sections are going to be smaller compared to the ones

predicted by the continuous heat-run test of the 15 kV/40 A SiC IGBTs in Section 8.4.

Nonetheless, the objective is to compare the different devices for relative loss under the

same operating conditions.

In this section, the SiC based HV devices such as 12 kV/10 A SiC IGBT, 15 kV/20 A

SiC IGBT and 10 kV/10 A SiC MOSFET, and 6.5 kV/25 A Si IGBT are compared for

efficiency when used in the 3L-NPC converter. The efficiency analysis is done for both

UPF AFEC and STATCOM modes of operation of the grid connected converter [28],

[29], [39]. For 12 kV and 15 kV SiC IGBTs, 2 µm buffer layer is considered instead of

the 5 µm buffer layer considered in the previous section. The 2 µm buffer layer leads to

higher dv/dt and therefore, high gate resistance need to be used to reduce the dv/dt to

similar level as that of the 10 kV SiC MOSFET. This increases the switching loss and

therefore, a fair comparison can be made with 10 kV SiC MOSFET for similar dv/dts.

However, the conduction loss is smaller for 2µm buffer layer compared to 5µm buffer layer

[29]. Also, single chip 15 kV/20 A SiC IGBT is used for loss comparison in this section

based on loss data given in [29]. The anti-parallel diodes and the clamping diodes used

are 10 kV/10 A JBS diodes. The reverse recovery losses of the JBS diodes are negligible.

Therefore, only the diode conduction loss is considered in the simulation. A 100 kVA,

3L-NPC VSC is simulated in the grid connected mode in closed loop with synchronous d,

q vector control. The converter schematic used for this analysis is shown in Figure 8.28.

To fairly compare 12 kV and 15 kV SiC IGBTs with 10 kV SiC MOSFET and 6.5

kV Si IGBT for grid connected applications, power loss comparison is done at lower grid

and dc bus voltages of 7.2 kV and 12 kV, respectively. This is done to evaluate 10 kV SiC

MOSFET and 6.5 kV Si IGBT within their blocking voltage range. Each device blocks

5.5 kV. So, this is an optimum value for comparing 10 kV SiC MOSFET with 12 kV and

15 kV SiC IGBTs. For 6.5 kV Si IGBT, this means blocking close to its rated value. These

voltages are lower than the TIPS specifications and are used only for the comparison of
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Figure 8.28: 3L-NPC Converter tied with 7.2 kV grid at 12 kV dc bus voltage used for
comparative loss analysis

available HV devices for MV grid connected applications. The loss analysis with TIPS

AFEC specifications is discussed later in the chapter.

The loss analysis is done using thermal library of PLECS based on experimental loss

data of these devices as discussed before. The converter interfaces with a 7.2 kV, 60 Hz,

3-phase grid on the input side and regulates 12 kV dc on the output side. The efficiency

of the 3L-NPC converter in the grid connected mode is simulated for two cases. In Case

1, the 3L-NPC converter is operated as a STATCOM supplying a maximum of up to 100

kVar (leading) to the grid. In Case 2, the 3L-NPC converter is operated as an AFEC at

UPF supplying 100 kW to the output dc load. Table. 8.4 summarizes the various modes

of operation and the devices considered in this section.

Figure 8.29 and Figure 8.30 show the 3L-NPC converter line current and switch

current waveforms (top switch, middle switch and clamping diode) at 1 kHz and 10 kHz

switching frequencies, respectively. The waveforms are for UPF operation. Table. 8.5 and

Figure 8.31 show the THD of the converter current waveform at different frequencies of

operation. It is important to notice that due to low current (8 A rms) and relatively

higher dc bus voltage (12 kV), the current THD is poor (52.74%) at 1 kHz switching

frequency of operation. Therefore, when the switching frequency is increased to 10 kHz,

the THD reduces to 5%. The lower order harmonic effect is discussed in Chapters 3 and

4. This section shows the impact of increasing the switching frequency in improving the

THD from the switching ripple point of view.

Table. 8.6 shows the detailed loss distribution for 3L-NPC converter operating at 1
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Table 8.4: 3L-NPC Converter Operating Modes

Parameter Details

Active Device 6.5 kV/25 A 10 kV/10 A 12 kV/10 A 15 kV/20 A

Si IGBT SiC MOSFET SiC IGBT SiC IGBT

Grid Voltage 7.2 kV, 3φ 7.2 kV, 3φ 7.2 kV, 3φ 7.2 kV, 3φ

60 Hz 60 Hz 60 Hz 60 Hz

MV dc bus voltage 12 kV 12 kV 12 kV 12 kV

Power AFEC Unity Unity Unity Unity

Factor STATCOM Zero Zero Zero Zero

(Leading) (Leading) (Leading) (Leading)

fsw Considered 1 kHz, 3 kHz 1 kHz, 3 kHz 1 kHz, 3 kHz 1 kHz, 3 kHz

10 kHz 10 kHz 10 kHz 10 kHz

Figure 8.29: 3L-NPC converter waveforms at 1 kHz (phase voltage scaled by 200)
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Figure 8.30: 3L-NPC converter waveforms at 10 kHz (phase voltage scaled by 200)

Table 8.5: THD (%) of grid currents with fsw in UPF and STATCOM modes

Switching Frequency UPF AFEC STATCOM

1 kHz 52.74 59.47

3 kHz 15.79 16.11

10 kHz 5.01 5.364
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THD AFEC (%)
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Figure 8.31: THD (%) of grid currents with fsw in UPF and STATCOM modes

kHz switching frequency. Table. 8.7 and Table. 8.8 are the loss data for the same at

3 kHz and 10 kHz switching frequencies, respectively. Here, Psw is the switching loss,

Pcond is the conduction loss, Pclamp is the clamping diode total loss, Ptotal is the total

converter loss and η is the efficiency of the converter. The device locations are marked

in Figure 8.28. From these loss data it can be observed that UPF mode exhibits lower

efficiency compared to the STATCOM mode of operation at all frequencies irrespective

of the devices used. Figure 8.32 and Figure 8.33 are the graphical representations of

the losses at different switching frequencies of operation in the UPF AFEC mode and

STATCOM mode, respectively.

From this study it is interesting to notice that, a converter with 6.5 kV Si IGBT

exhibits 99.142% efficiency at 1 kHz switching frequency. But the converter efficiency

with 6.5 kV Si IGBT drops down to 94.28% as the switching frequency is increased

to 10 kHz, whereas SiC IGBT and SiC MOSFET based converters operate at more

than 98.99% efficiency throughout the considered switching frequency range. This can be

attributed to smaller turn-off times for SiC MOSFET and SiC IGBT. The SiC MOSFET

being a unipolar device does not have to go through stored minority charge removal

process during turn-off. In the case of SiC IGBTs, the smaller turn-off time is due to

faster removal of stored charge in the reverse biased condition because of their smaller
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Table 8.6: 3L-NPC Converter Loss Data at 1 kHz

Parameter UPF Mode STATCOM Mode

6.5 kV 10 kV 12 kV 15 kV 6.5 kV 10 kV 12 kV 15 kV

Device Si SiC SiC SiC Si SiC SiC SiC

IGBT MOS. IGBT IGBT IGBT MOS. IGBT IGBT

S2, Psw (W) 87.5 1.46 10.15 12.7 49 0.74 6.54 8.1

S3 Pcond (W) 26.47 27.95 27.4 28.1 19.05 22.85 21.35 21.9

S1, Psw (W) 0 0 0 0 49 0.74 6.54 8.1

S4 Pcond (W) 23 23 23 23 13.6 15.4 14.75 15.65

Pclamp (W) 6 6 6 6 11.8 11.8 11.8 11.8

Ptotal (W) 857.82 350.46 399.27 418.8 854.7 309.18 365.82 393.3

η (%) 99.142 99.65 99.6 99.58 99.15 99.69 99.63 99.61

recombination lifetime as compared to Si IGBTs [3]. Therefore, it is always advisable to

use SiC switches at higher switching frequencies (> 3 kHz) for better THD of the line

currents. Moreover, due to large turn-on and turn-off times of Si IGBTs compared to SiC

IGBTs and SiC MOSFETs, the current waveforms have large amounts of low frequency

components due to larger dead-times. The effects of dead-times are discussed in Chapters

3 and 4.

It is important to notice that the efficiency of the SiC MOSFET based converter is

marginally better compared to converters based on SiC IGBTs up to 10 kHz switching

frequency. This is due to lower switching loss of SiC MOSFET compared to SiC IGBT,

though the conduction loss of SiC IGBT is lesser compared to SiC MOSFET. This is

expected because MOSFET is a unipolar device and thus, has a smaller turn-off time

because of no stored minority carrier charge. It is anticipated that at higher current levels,

the conduction loss will also play a key role for efficiency calculation, and SiC IGBT based

converters will have better efficiency compared to SiC MOSFET based converters. The

15 kV SiC IGBT has been designed for higher blocking voltage. Thus, the converter

based on 15 kV SiC IGBT co-pack module has slightly higher conduction loss compared

to the converter based on 10 kV SiC MOSFET in the UPF mode. This will reverse as

the power level is scaled up. Comparison of Table. 8.7 and Table. 8.8 gives an insight

into the dominance of conduction loss for the SiC MOSFET.
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Table 8.7: 3L-NPC Converter Loss Data at 3 kHz

Parameter UPF Mode STATCOM Mode

6.5 kV 10 kV 12 kV 15 kV 6.5 kV 10 kV 12 kV 15 kV

Device Si SiC SiC SiC Si SiC SiC SiC

IGBT MOS. IGBT IGBT IGBT MOS. IGBT IGBT

S2, Psw (W) 260.5 8.655 28.37 34.5 133 4.13 14.6 16.1

S3 Pcond (W) 21.29 22.3 22.08 22.7 15.45 19.15 17.75 18.3

S1, Psw (W) 0 0 0 0 133 4.13 14.6 16.1

S4 Pcond (W) 18.8 18.8 18.8 18.8 10.4 12 11.45 12.15

Pclamp (W) 4.5 4.5 4.5 4.5 10.2 10.2 10.2 10.2

Ptotal (W) 1830.54 325.53 442.5 483 1812.3 297.66 411.6 437.1

η (%) 98.17 99.67 99.56 99.52 98.19 99.7 99.59 99.56

Table 8.8: 3L-NPC Converter Loss Data at 10 kHz

Parameter UPF Mode STATCOM Mode

6.5 kV 10 kV 12 kV 15 kV 6.5 kV 10 kV 12 kV 15 kV

Device Si SiC SiC SiC Si SiC SiC SiC

IGBT MOS. IGBT IGBT IGBT MOS. IGBT IGBT

S2, Psw (W) 909 36.38 86 123 445 18.06 44.05 59.1

S3 Pcond (W) 21.25 22.3 22.08 22.7 15.45 19.15 17.75 18.3

S1, Psw (W) 0 0 0 0 445 18.06 44.05 59.1

S4 Pcond (W) 18.8 18.8 18.8 18.8 10.4 12 11.45 12.15

Pclamp (W) 4.5 4.5 4.5 4.5 10.2 10.2 10.2 10.2

Ptotal (W) 5721.3 491.88 788.28 1014 5556.3 464.82 765 953.1

η (%) 94.28 99.51 99.21 98.99 94.44 99.54 99.24 99.05
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The efficiency of SiC MOSFET based 3-level NPC VSC decreases as the frequency is

reduced from 3 kHz to 1 kHz. This is true for both UPF mode and STATCOM mode. In

contrast, the efficiency of both Si IGBT based and SiC IGBT based converter increases

when the frequency is reduced. It has been found that a switching frequency of 2.5

kHz acts as the maximum efficiency point of operation with the SiC MOSFET as the

switching device, at this current level. Above this frequency, efficiency reduces due to

increase in switching loss and below this frequency efficiency reduces due to increase

in conduction loss. This is because, below this frequency the percentage magnitude of

switching ripple increases in the line current. Also, due to the low bandwidth available

for control loops, the lower order harmonic content also increases. This can be seen from

Figure 8.29 and can also be confirmed by the sharp increase in line current THD as the

frequency is reduced from 3 kHz to 1 KHz (Figure 8.31). The MOSFET being a unipolar

device, has a higher channel resistance compared to the bipolar IGBT which has lower

specific on-resistance because of conductivity modulation [3]. So the total increase in rms

current adversely affects SiC MOSFET performance as compared to the IGBTs because

of a higher increase in conduction loss. To reduce the switching ripple and lower order

harmonics from line grid, large filters are required. This leads to the conclusion that at

higher current levels, it is better to use SiC IGBT as the switching device for the grid

connected 3L-NPC converter in both UPF and STATCOM modes.

Table. 8.6–Table. 8.8 show that both 12 kV and 15 kV SiC IGBTs has slightly higher

conduction loss as compared to 6.5 kV Si IGBT for different switching frequencies con-

sidered. This has to do with the fact that these SiC N-IGBTs have been designed for

12 kV and 15 kV blocking voltage while Si IGBT has been designed for 6.5 kV blocking

voltage. A device designed for higher voltage is expected to have more on-state drop than

a device designed for lower voltage [3]. But the loss data indicate that the difference is

only marginal even though the rating is almost twice. This can be attributed to the fact

that SiC devices require lower doping compared to Si devices, thus having a lower on-

resistance. This coupled with the fact that SiC IGBT has lower switching loss compared

to Si IGBT, makes it an automatic choice for SSTs such as TIPS.

Based on this analysis the optimum switching frequency of operation for the 3L-NPC

is 2.5–5 kHz since the AFEC is hard switched. For TIPS application, 3 kHz is selected

as the switching frequency. 15 kV SiC IGBT is selected as the active device due to its

lower conduction loss at higher power levels and higher voltage blocking capability. The
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Figure 8.32: Efficiency comparison of 3L-NPC in UPF AFEC Mode
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Figure 8.33: Efficiency comparison of 3L-NPC in STATCOM Mode
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loss distribution of TIPS AFEC with 13.8 kV input ac and 22 kV dc bus is discussed in

the next section along with full TIPS loss analysis.

8.6 TIPS Overall Efficiency Evaluation

In this section, the loss evaluation of the entire TIPS is carried out, first based on PLECS

loss analysis and then experimental measurements on the developed hardware prototype

at 5 kV MV dc bus voltage.

8.6.1 TIPS Efficiency Estimation using PLECS Simulations

For this analysis, 15 kV/20 A, 2 µm SiC IGBTS are considered in both AFEC and DAB

MV side converter. The turn-on and turn-off gate resistances used are 200 Ω and 10 Ω,

respectively, at 11 kV to reduce the dv/dt way beyond the device punch-through voltage.

The switching characteristics of 15 kV/20 A SiC IGBT at 11 kV are shown in Figure 8.34

and Figure 8.35 indicating the high turn-on dv/dt with 2 µm IGBTs [29], [39]. The turn-

on and turn-off energy losses are 52.38 mJ and 17.6 mJ, respectively. The turn-on loss is

very high compared to turn-off loss due to very slow switching with high RG (On).

The device switching loss data at 11 kV is used for estimating the efficiency of the

TIPS AFEC operating at 22 kV dc bus, 13.8 kV input grid, 100 kVA and switching at

3 kHz. Table. 8.9 gives the loss distribution of TIPS AFEC switching at 3 kHz, both

in the UPF mode and STATCOM mode with 22 kV dc bus. The STATCOM mode is

found to be slightly more efficient than the UPF AFEC mode. Compared to Table. 8.7,

the conduction loss is lower in this case as the line current is smaller due to same 100

kVA power but higher grid voltage. The switching loss is higher due to switching from

a higher voltage of 11 kV compared to 5.5 kV. It can be seen that the TIPS AFEC

has very high efficiency (> 99%) in both the modes of operation. For TIPS application,

the AFEC switching frequency is selected to be 3 kHz on the basis of acceptable hard

switching loss.

Table. 8.10 gives the loss distribution across the DAB stage using actual loss data

of 15 kV SiC IGBT, 1200 V SiC MOSFET and the HF transformer [29], [43], [42]. The

loss is calculated for the rated power of 100 kVA and switching frequency of 10 kHz.

Table. 8.11 gives the loss distribution for the LV side converters using loss data in [43].
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Figure 8.34: Turn-off transition at 11 kV, 10 A with RG(Off) = 10 Ω (Ch1: VGE - 20
V/div; Ch3: VCE - 2 kV/div; Ch4: Ic - 2 A/div; Math1: Energy loss 12 mJ/div; Time
scale: 500 ns/div) [29], [39]

20 V

-5 V

Very high di/dt

11 kV
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Figure 8.35: Turn-on transition at 11 kV, 5 A with RG(On) = 200 Ω (Ch1: VGE - 20
V/div; Ch3: VCE - 2 kV/div; Ch4: Ic - 2 A/div; Math1: Energy loss - 15 mJ/div; Time
scale: 1 µs/div) [29], [39]
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Table 8.9: TIPS AFEC Loss at 3 kHz, 100 kVA and 22 kV DC Bus

Loss Component UPF Mode STATCOM Mode

Total Switching Loss (W) 440 370

Total Conduction Loss (W) 102 79.5

Total Loss (W) 542 449.5

Efficiency (η%) 99.46 99.55

Table 8.10: TIPS DAB Loss at 10 kHz, 100 kVA and 22 kV–800 V DC Bus

Loss Component Value

MV Side Switching Loss (W) 601.86

MV Side Conduction Loss (W) 84.06

LV Side Switching Loss (W) 86.34

LV Side Conduction Loss (W) 511.05

HF Transformer Loss (W) 390

Total Loss (W) 1673.31

Efficiency (η%) 98.33

Table 8.11: TIPS LV Side Loss at 17 kHz, 100 kVA and 800 V DC Bus

Loss Component UPF STATCOM

One Converter Switching Loss (W) 99 105

One Converter Conduction Loss (W) 246 197

One Converter Total Loss (W) 345 302

Total Loss for Three Converters (W) 1035 906

Efficiency (η%) 98.97 99.04
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Table 8.12: TIPS Overall Loss Distribution

Loss Component AFEC DAB LV Side Total

(UPF) (UPF) Loss

Switching Loss (W) 440 688.2 297 1425.2

Conduction Loss (W) 102 595.1 738 1435.1

HF Transformer Loss (W) 390 390

Total Loss (W) 542 1673.3 1035 3250.3

Efficiency (η%) 99.46 98.33 98.97 96.75

The overall TIPS efficiency can be calculated from the total loss of each of the three

individual stages. Table. 8.12 summarizes these loss results. It can be seen that the overall

efficiency of TIPS is projected to be 96.75% at 100 kW which is very impressive for a SST

meant to be operating at MV level [39], [134]. It has to be mentioned that the efficiency

can be further improved by decreasing the gate resistance for the 15 kV SiC IGBT from

200 Ω. A trade-off has to be made between the switching loss and the acceptable dv/dt.

Also, it is possible to parallel more dies in the 1200 V SiC MOSFET module to reduce

its conduction loss. Hence, with further optimization TIPS efficiency can be increased

to as high as 98%. It is to be noted that this efficiency estimation does not consider the

power loss in the passive elements like the filter components, dc bus bleeder resistances,

leakage balancing resistors, heat sink grounding chokes etc. It only gives the efficiency of

the switching converter stage. Hence, during the actual experimental measurement the

efficiency is expected to be slightly lower than this.

8.6.2 TIPS Experimental Efficiency Measurement

Experimental measurement of TIPS system efficiency is carried out on the developed

hardware prototype at 2.64 kV MV ac grid, 5 kV MV dc bus voltage and 5.1 kW. A

three-phase precision power analyzer WT3000 from Yokogawa is connected at the output

of the variac in the test system to measure the power drawn from the grid. Figure 8.36

shows the readings of the power analyzer. Reactive power of about 2.09 kvar is drawn to

support the magnetizing current of the step-up transformer taking the apparent power to

5.8 kVA. The real power drawn from the variac output to support the load and meet the

losses comes out to be 5.4 kW. With 5.1 kW load at the output, the entire test system
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efficiency excluding the variac loss but including the step-up transformer loss comes out to

be 94.44%. This includes the losses in the passive components also and thus, is slightly

lower than the estimated value. The heat sink temperatures for all the devices were

found to be lower than 30◦C indicating highly efficient operation of the SiC devices. As

the AFEC side voltages are increased to the full system ratings of 13.8 kV ac and 22 kV

dc, due to the increased switching loss, the efficiency will reduce slightly. The conduction

loss will remain the same since the device current levels does not increase much. With

further optimization of device performance and passive elements, the efficiency could be

improved further.

Figure 8.36: Power analyzer waveforms during TIPS integration (Urms is the variac
output phase voltage, Irms is the variac output phase current, P is the active power, Q
is the reactive power, S is the apparent power, λ is the power factor and φ is the power
factor angle)
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8.7 Power Loss Evaluation of MV Grid Connected

Three-Phase PWM Buck Rectifier

This section explains the power loss analysis carried out in the PLECS software on the

3-phase PWM buck rectifier topology using the actual device loss data of 10 kV/10 A

SiC MOSFET, 15 kV/20 A SiC IGBT and 10 kV/10 A SiC JBS diode [3], [24], [25], [29],

[135], [136]. The PWM buck rectifier is a current source based topology and has many

advantages when used as the AFEC for MV grid interface. A new topology for PWM

buck rectifier using SiC devices is proposed [35].

8.7.1 Three-Phase PWM Buck Rectifier using SiC Devices

The power circuit of the proposed SiC based PWM buck rectifier is given in Figure 8.37.

The CSCs are traditionally used for motor drive applications with GTOs as the active

switches. The GTOs are limited to low switching frequency operations due to their large

turn-off delays [1], [137]–[141]. At MV levels, higher switching frequencies have to be used

to reduce the size of the filter components on the grid side and the dc choke on the load

side. For the traditional Si GTO based MV current source rectifier (CSR) switched at

200–540 Hz, the LC filter parameters required are Lf = 0.1–0.3 pu and Cf = 0.3–0.6 pu.

The dc choke Lchoke required is 0.5–0.8 pu [1], [140]. This results in very large size for

the passive elements and thus increased loss. Hence, until recently current source based

buck rectifiers did not get much attention for MV AFEC applications for SSTs or other

similar power conversion applications [141].

Now with the advent of SiC based semiconductor switching devices with higher voltage

blocking and higher switching frequency operation capabilities, this topology now offers

several advantages [3], [24], [25], [29], [135], [136]. The high reverse recovery loss for

the Si PiN diodes does not allow series connection of these devices with Si IGBTs for

forming a current switch at these MV and high power levels. Due to much lower reverse

recovery loss offered by SiC JBS diodes, it is now possible to connect these SiC devices

in series to form a current switch [136]. A fully functional and packaged current switch

based on 6.5 kV/25 A Si IGBT from ABB and 6 kV/10 A SiC JBS diode from Cree,

respectively, has been reported in [142]. Comparative evaluation of different combinations

of Si/SiC devices and diodes for application in a current switch is reported in [143]. In

the topology in Figure 8.37, each active device still needs the anti-parallel diode due to
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Figure 8.37: Proposed 3-phase PWM buck rectifier topology

the small reverse recovery charge of the SiC JBS series diode. However, the current rating

of these anti-parallel diodes can be very low compared to the case with Si PiN diodes

[136].

The advantage of SiC devices in CSCs over Si IGBTs at LV levels (∼ 400 V) is well

known [144]–[146]. The objective is to investigate the efficiency of PWM CSR based

on 10 kV SiC MOSFET and 15 kV SiC IGBT at MV levels (> 4.16 kV). In this new

topology, a series connection of SiC based active device and 10 kV SiC JBS diode is

proposed to construct a practical MV CSR or the PWM buck rectifier (Figure 8.37).

This combination acts as a voltage bi-directional series switch or termed as the ‘current

switch. The 10 kV/10 A SiC MOSFET and 15 kV/20 A SiC IGBT are compared with

respect to efficiency when used as the active device with this topology based on the actual

device loss data measured in the laboratory [24], [29]. Parallel connection of two current

switches is used due to the low current ratings of these devices for each half of all three

converter poles. A freewheeling SiC JBS diode can be used at the output side to reduce

the loss during the zero state. The topology proposed is for 100 kVA applications.

The control scheme for the PWM buck rectifier used in simulations is given in Ap-

pendix C [35]. A CSR has the advantage that the control scheme is implemented so as
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to control the PWM current on the ac grid side or the constant dc current on the dc bus

side. Since the PWM switching is implemented on the current rather than the voltage, it

is possible to get proper sinusoidal current on the input grid side at UPF with less control

requirements compared to VSCs [1], [140]. Also, zero dead-time requirement compared

to VSCs (proportional to large dc bus voltage) results in no lower order harmonics due to

non-linear dead-time. This is very critical since practical MV VSCs need high dead-time

which results in very high THDs at higher switching frequencies as discussed in Chapters

3 and 4. The lower order harmonics in the buck rectifier due to the small overlap time

is proportional to the dc link current iDC rather than the large dc link voltage and is

not substantial [1], [140]. For the grid tied system with 4.16 kV grid and 100 kVA, when

HV SiC devices are used with a switching frequency of 10.8 kHz, the filter parameters

become Lf = 0.035 pu and Cf = 0.053 pu. The dc choke equals 0.189 pu. This shows a

tremendous size reduction. This topology is also more reliable compared to VSCs because

of no shoot-through faults. Also, any fault on the dc side does not cause the device cur-

rents to rise fast as the dc choke limits the rate of rise (di/dt) of the currents. This allows

sufficient time for the protective shut down of the converter; thereby ensuring protection

of the devices under fault conditions [1], [140].

The main drawback is the loss in the dc choke which affects the overall converter

efficiency. Therefore, a comparative efficiency evaluation is carried out for the PWM

buck rectifier with the 3L-NPC converter in the grid connected AFEC mode.

8.7.2 SiC Based Current Switch

The Si PiN diodes have very large reverse recovery loss. This does not allow the series

connection of these diodes with Si IGBTs or MOSFETs to form a series switch or the

‘current switch’. High frequency PWM switching of Si based current switches is not

preferred due to high losses. The SiC JBS diodes have very low reverse recovery loss.

Thus, these can be connected in series with either 10 kV SiC MOSFET or 15 kV SiC

IGBT to form the current switch.

This opens up the scope for using current source based converters for MV grid tie

applications. Table. 8.13 shows the reverse recovery charge comparisons for 10 kV Si PiN

diode and 10 kV SiC JBS diode at 25◦C and 125◦C. It can be seen that as the junction

temperature becomes 125◦C, the reverse recovery charge of SiC JBS diode decreases

slightly while that of the Si PiN diode increases to 4 µJ. That is almost 5 times more for
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Table 8.13: Reverse Recovery Charge of 10 KV Si PiN and 10 KV SiC JBS Diodes

Diode Temperature

25◦C 125◦C

10 kV SiC JBS Diode 0.84 µC 0.79 µC

10 kV Si PiN Diode 1.8 µC 4 µC

PiN diode compared to SiC JBS diode. This suggests that SiC JBS diodes can be used

for constructing series switches with SiC devices [3].

8.7.3 Selection of DC Choke

High switching frequency of operation results in the size reduction of the dc choke. On the

dc side, the 150 mH dc choke is considered to be made up of series-parallel combination

of 100 mH, 10 A dc choke (195T10) from Hammond manufacturing. This is done to meet

the operating voltage and current requirements. This combination results in an equivalent

dc choke resistance of 0.63 Ω. Figure 8.38 shows the voltage and current seen by the dc

choke during 100 kVA, UPF operation (in simulation) which is used for calculating the

loss in the dc choke. The parasitic capacitance is 300 pF which is sufficiently large to

cause dv/dt induced currents to create problems.

8.7.4 PWM Buck Rectifier Loss Evaluation

The switching loss data for the 10 kV/10 A SiC MOSFET and 15 kV/20 A SiC IGBT (2

µm) are measured in the laboratory using a DPT circuit. In all the cases, the inductance

used in the test circuit is 8 mH. An on-gate resistance of 100 Ω and off-gate resistance

of 10 Ω are considered for these measurements [28], [29]. The buck rectifier is running in

controlled closed loop at 100 kVA. The 10 kV SiC JBS diode reverse recovery loss has

been assumed to be negligible. Table. 8.14 and Table. 8.15 shows the loss distribution

with 10 kV/10 A SiC MOSFET and 15 kV/20 A SiC IGBT as the switching device

for the buck rectifier, respectively. The switching frequency considered is 10.8 kHz. As

mentioned before, the loss data in this section do not take into account the increased

power loss due to increase in heat sink temperature near to any device, caused by the

power loss in the adjacent devices, during converter continuous operation.
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Figure 8.38: PWM buck rectifier dc choke voltage and current

Table 8.14: PWM Buck Rectifier Power Loss with 10 KV/10 A SiC MOSFET

Loss type One diode loss One MOSFET loss Total loss

Conduction loss (W) 22.6 16.95 474.6

Turn-on loss (W) 0 14.39 172.68

Turn-off loss (W) 0 1.05 12.6

Total loss (W) 22.6 32.39 659.88

DC choke loss (W) 242.7 902.58

Efficiency (%) 99.09
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Table 8.15: PWM Buck Rectifier Power Loss with 15 KV/20 A SiC IGBT

Loss type One diode loss One IGBT loss Total loss

Conduction loss (W) 22.6 16 463.2

Turn-on loss (W) 0 40.38 484.6

Turn-off loss (W) 0 18.78 225.4

Total loss (W) 22.6 75.16 1173

DC choke loss (W) 242.7 1415.7

Efficiency (%) 98.58

From Table. 8.14, it can be seen that the efficiency of SiC MOSFET based buck

rectifier is high. The unipolar nature of SiC MOSFETs and smaller life times in SiC results

in high switching frequency operation with very low switching loss. Because of very small

on-state specific resistance in SiC, the 3-phase PWM buck rectifier with SiC MOSFET

also has very small conduction loss even at 100 kVA power level. Thus, this device is

a very good candidate for this topology. Also, the use of SiC based JBS diodes further

reduce the overall switching loss. From Table. 8.15, it can be seen that the efficiency of

15 kV SiC IGBT based 3-phase PWM buck rectifier is slightly lower than that with 10

kV SiC MOSFET but still very high at 10.8 kHz switching frequency and 100 kVA power

level.

With the increase in switching frequency, SiC MOSFET is expected to show better

performance due to its unipolar nature. This is shown in Figure 8.39 (a). It shows the

total switching loss variation of the Buck Rectifier with switching frequency at 100 kVA

using both 10 kV SiC MOSFET and 15 kV SiC IGBT. At lower switching frequencies,

the switching losses are comparable but it differs largely with increase in frequency. With

the scale up of power to 1 MVA and more, 15 kV SiC IGBT is expected to perform

better due to lower conduction loss ensured by conductivity modulation. This is shown

in Figure 8.39 (b). For simulating at higher power levels, required numbers of current

switches were connected in parallel to meet the current ratings of the devices.

The loss contributed by the dc choke is added onto both Table. 8.14 and Table. 8.15.

Even with the loss in the dc choke, the efficiencies of the SiC devices based buck rectifier

is significantly high. This well-known disadvantage of the current source based converter

gets compensated by the tremendous reduction in the converter loss because of using SiC
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Figure 8.39: (a) Switching loss vs switching frequency and (b) Conduction loss vs power
for the buck rectifier
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Figure 8.40: PWM buck rectifier and 3L-NPC converter efficiency (%) comparison graph

devices. The selection of one or the other depends on the application. If the PWM buck

rectifier application demands smaller size packaging, high switching frequency operation

is needed to reduce the filter component sizes. Then using 10 kV SiC MOSFETs would

be a better choice. But if the PWM buck rectifier operating power level need to be scaled

up, it is better to use 15 kV SiC IGBT.

8.7.5 Power Loss Comparison with 3L-NPC Converter

Figure 8.40 shows the efficiency comparison bar graph of PWM Buck Rectifier with 3L-

NPC converter for 4.16 kV grid voltage and 100 kVA at 10.8 kHz switching frequency.

As mentioned before, the loss data in this section do not take into account the increased

loss due to increase in heat sink temperature during converter continuous operation. The

dc choke still contributes a major portion of the total loss for the PWM buck rectifier.

Also, the dc choke design becomes complicated due to high voltage ripple across it. At

this voltage level with more than 200 W loss, it becomes necessary to go for oil cooling.

This increases the cost, size and weight. Also the increase in the parallel capacitance

with oil cooling creates additional control complexity. Therefore, with the development
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of MV SiC devices, the current source based PWM Buck Rectifier can match the 3L-NPC

converter in terms of efficiency if the dc choke design can be optimized for lower loss.

The 3L-NPC is the main focus of this dissertation due to this reason. With ‘cur-

rent switch’ using SiC devices recently being reported, PWM buck rectifier offers an

alternative for MV grid connected applications. This is a future work and needs further

research.

8.8 Conclusions

In this chapter, the complete power loss analysis and detailed thermal performance of

a 3-phase, 3L-NPC converter based on the newly developed multi-chip 15 kV/40 A SiC

IGBTs are presented. The loss data in this section takes into account the increased power

loss due to increase in heat sink temperature near to any device, caused by the power loss

in the adjacent devices, during converter continuous operation. This is explained using de-

vice switching/forward characteristics, continuous heat-run tests and PLECS/COMSOL

multi-physics simulations. The power loss estimations for the MV operating conditions

are found to match the experimental observations with minimal error. Therefore, the

thermal performance at high power and high switching frequencies are estimated based

on the data collected from experiments. The limiting operating condition for the devel-

oped grid connected converter at 4.16 kV grid voltage and 8 kV dc bus voltage is 100 kW

UPF operation at 10 kHz switching frequency with the ambient at 64 ◦C. Overall, the

thermal performance of the 3-phase converter using 15 kV/40 A SiC IGBT is satisfactory

for various conditions, and opens up the scope of using these converters in high power

density, MV applications.

Then a comparative loss evaluation is presented for 7.2 kV grid connected 3L-NPC

converter based on 6.5 kV Si IGBT, 10 kV SiC MOSFET, 12 kV SiC IGBT and 15

kV SiC IGBT. The selection criteria of devices based on high power or high frequency

applications is discussed based on the loss analysis. A 3-phase PWM Buck Rectifier

topology based on SiC series switch is proposed for MV grid connected applications.

Power loss comparison of PWM Buck Rectifier and 3L-NPC converter is presented based

on 10 kV SiC MOSFET and 15 kV SiC IGBT. The loss in the dc choke of the PWM

Buck Rectifier is found to be a contributing factor in its lower efficiency compared to the

3L-NPC converter. With further improvement in dc choke design, PWM Buck Rectifier
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can be a viable alternative to 3L-NPC for grid connected applications.

The main contributions are summarized as follows:

1. Presented a method to estimate the thermal performance of HV SiC devices based

grid connected converters. The effectiveness of the presented method is verified

by experimental observations on the developed prototype of the grid connected

converter based on 15 kV/40 A SiC IGBTs.

2. Presented a detailed comparative evaluation of MV grid connected converters based

on different HV SiC devices as well as the 6.5 kV Si IGBT.

3. Proposed a current source based 3-phase PWM Buck Rectifier topology using a

SiC device and SiC JBS diode for MV grid interface applications.
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Chapter 9
Three-Phase High Frequency Converter

Based on 10 kV SiC MOSFETs for High

Speed Motor Drive Applications

9.1 Introduction

MV high speed motor drives are suitable for applications which demand small size and

weight of the motor drive system with high efficiency [7], [147]–[149]. MV drives are

popular compared to traditional LV drives due to better efficiency for the same power

level and higher power density. For example, with MV drive, the copper loss in the motor

coils is small due to small rms current for same power level [147]–[149]. Until recently,

such MV drives are composed of multilevel converters made of Si IGBTs [48], [150],

[151]. As mentioned before, the Si IGBTs are limited in voltage to 6.5 kV and are highly

inefficient if switched at more than 1 kHz [28], [39]. Thus, a Si based MV drive needs

higher order multilevel converter for meeting the blocking voltage requirement [149].

Alternatively, cascaded multilevel converters can be used for attaining higher effective

converter switching frequency (fsw) to run the motor at very high speed [7], [149]. This

is because, the speed of the motor is proportional to the fundamental frequency (fm) of

the converter, and high fm is attainable only with high fsw. With practical limitations in

the number of cascaded converter modules, due to dc bus voltage balancing issues and

lower power density, the motor speed attainable in such MV drives are not high enough

to achieve very small size of the motor [152], [153]. Therefore, mechanical gears are used
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Figure 9.1: Test setup schematic of the 3-phase, 2-level converter based on 10 kV/10 A
SiC MOSFETs

for increasing the speed. This reduces efficiency, in addition to making the system bulky,

and the need for regular maintenance of the gear due to wear and tear. This calls for an

alternative approach.

Recently developed 10 kV SiC MOSFETs are getting attention for MV motor drives.

These SiC MOSFETs can be switched at higher switching frequencies (≥ 10 kHz) from

MV levels with smaller switching loss compared to Si IGBTs. Also, due to very small

specific on-resistance, the conduction loss is very small [24]–[26], [28], [39], [154], [155].

Hence, these can be used in a simple 3-phase, 2-level topology switching at 10–20 kHz,

and used for high speed MV motor drives with ≥ 2.3 kV ac voltage and 6 kV dc bus

voltage [156]. This converter, along with the AFEC discussed in previous chapters based

on HV SiC devices such as the 15 kV SiC IGBT, can form a very high power density,

variable frequency drive (VSD) for high speed MV motors.

In this chapter, a 3-phase converter using 10 kV/10 A SiC MOSFET co-pack modules

is developed and experimentally demonstrated for high speed motor drive. The test setup

schematic of the demonstrated converter is shown in Figure 9.1. The 10 kV/10 A SiC

MOSFET co-pack modules from Cree, packaged by Powerex are used. A boost converter

based on 15 kV/20 A SiC IGBT is used as the source for the 6 kV dc bus voltage.

The 3-phase converter is switched using SPWM and the load currents are filtered using

inductors of 180 mH per phase. Detailed power loss and thermal analysis of the developed

converter are presented. Also, different isolation transformers for the gate driver power
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Figure 9.2: 10 kV/10 A SiC MOSFET co-pack module (a) package details and (b) chip
layout

supply with low coupling capacitance are evaluated for MV motor drive applications.

9.2 Device Characterization

9.2.1 10 kV/10 A SiC MOSFET Module Details

The package of the 10 kV/10 A SiC MOSFET co-pack module used in the converter is

shown in Figure 9.2 (a). The package size is 4.41” X 2.36” X 0.79” including the height of

the control pins. Drain (D) and source (S) are the power terminals. The Kelvin connection

for the gate signal is marked as ‘Gate’. There is a current sensing resistance in series with

the MOSFET chip between ‘Gate Return’ and source. The chip layout inside the package

is shown in the schematic in Figure 9.2 (b). The 10 kV/10 A SiC MOSFET die size is

8.11 X 8.11 mm2. The anti-parallel diode with size 10.6 X 8.3 mm2 in the co-pack module

is a 10 kV/10 A SiC junction barrier schottky (JBS) diode. There is a 4.8 X 4.8 mm2 Si

Schottky diode in series with the SiC MOSFET to cancel out the body diode of the SiC

MOSFET.

300



9.2.2 Forward V-I Characteristics of 10 kV/10 A SiC MOSFET

Module

The forward characteristics of the co-pack module is captured using the curve tracer

Tektronix 370A for nine values of gate voltages (vgs) from 0 to 16 V. From the V-I plot

given in Figure 9.3, it can be seen that the drain-source forward voltage drop (vds) is 6.5 V

at 9 A drain-source current (ids) when vgs equals 16 V. The operating vgs for the 3-phase

converter is 20 V. As seen from the plot, the V-I curves are matching for higher vgs and

hence, the curve is similar at vgs = 20 V. The Si diode in the module also contributes to

the voltage drop in the on-state. The forward V-I curves are important in the thermal

design of the converter, as they are used for calculating the device conduction loss.

Figure 9.3: 10 kV/10 A SiC MOSFET co-pack module V-I characteristics
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9.2.3 Switching Characteristics of 10 kV/10 A SiC MOSFET

Module

The turn-on (Eon) and turn-off (Eoff ) energy losses of the co-pack module are measured

experimentally using the clamped inductive DPT circuit. Figure 9.4 shows the circuit

schematic with parameters. The gate signal to the top module MOSFET S1 is kept

low (-5 V) while the double pulse signal is applied on the gate of the bottom module

MOSFET S2. The bottom co-pack module is the device under test (DUT). During the

first pulse, the DUT current ids rises to the required level. The energy losses Eoff and

Eon are measured during the first turn-off pulse and second turn-on pulse, respectively.

The current level is decided by the dc bus voltage, inductor value and the width of the

pulses. The anti-parallel diode D3 in the top module is used as the free-wheeling diode

for the inductor current.

This represents the operating scenario in the three-phase converter with motor load.

The top module total package capacitance affects the switching loss of the bottom module,

and vice-versa, in a two-level pole. When the diode D3 is conducting, the voltage across

the top module is very small and hence, its capacitance is high. Thus, when the bottom

module turns on, the high dv/dt causes a spiky current to flow through it due to this

high capacitance of the top module. This increases the switching loss in the bottom

module compared to a discrete free-wheeling diode due to the relatively higher package

capacitance of the top module. A discrete free-wheeling diode in place of the top module

(no D1 and S1) is only helpful to estimate the loss of the standalone packages. Therefore,

an arrangement shown in Figure 9.4 using the entire half-bridge is used for switching loss

characterization in this chapter. A hot plate below the module base plate maintains the

junction temperature of the DUT, since there is no significant power loss in the module

in a DPT.

Figure 9.5 and Figure 9.6 show the turn-on and turn-off characteristics of the 10

kV/10 A module, respectively, at 6 kV blocking voltage, 10 A current and 125◦C junction

temperature (θj). The gate drivers used in the DPT and also for the six 10 kV SiC

MOSFETs in the 3-phase converter are shown in Figure 2.2 (a). The design of the gate

driver is similar to that for the 15 kV SiC IGBT discussed in [52]. Both the turn-on

and turn-off gate resistances used are 14.7 Ω based on a trade-off between switching loss

and dv/dt. The turn-on and turn-off energy losses are found to be 13.84 mJ and 2.114

mJ, respectively. This results in a total switching power loss of about 160 W per module
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Figure 9.4: DPT circuit schematic for switching characterization

at 10 kHz. This is reasonably small and hence, the MOSFET based converter can be

pushed to higher switching frequencies. The spiky current (∼13 A) in bottom module

due to the capacitance of the top module is indicated in Figure 9.5 and is considered

in Eon calculation. Figure 9.7 and Figure 9.8 give the Eon and Eoff values, respectively,

at different operating points measured using DPT. It can be seen from Figure 9.7 that,

Eon decreases with temperature for the same current and voltage. This is due to the

decrease in threshold voltage with temperature and hence, faster turn-on reducing Eon.

From Figure 9.8, Eoff is found to be comparatively very small and varying only with

blocking voltage. Eoff variation with temperature is negligible while it slightly decreases

with current. The turn-on and turn-off dv/dts at 125◦C are 36 kV/µs and 27 kV/µs,

respectively, while they reduce to 29 kV/µs and 26 kV/µs, respectively, at 25◦C. Hence,

the turn-on dv/dt increase while the turn-off dv/dt almost remain constant with increase

in temperature. The variation in turn-on dv/dt with temperature at 6 kV and 10 A is

shown in Figure 9.9. The maximum dv/dt value is considered for designing the shield

needed to suppress the generated EMI.
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vds (2 kV/div)ids (5 A/div)

vgs (10 V/div)

iL (2 A/div)

~ 13 A Spike

Figure 9.5: 10 kV/10 A SiC MOSFET turn-on waveforms at 6 kV, 10 A, 125◦C

vds (2 kV/div) ids (5 A/div)

vgs (10 V/div) iL (2 A/div)

Figure 9.6: 10 kV/10 A SiC MOSFET turn-off waveforms at 6 kV, 10 A, 125◦C
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9.3 Thermal Analysis of the 10 kV SiC MOSFET

Modules

9.3.1 Single Chip 10 kV/10 A SiC MOSFET Module

For understanding the thermal performance of the device, continuous heat run tests are

carried out for 15 mins, when the device thermals are assumed to reach steady state.

The heat sink temperature adjacent to the device base plate (θh) is monitored using a

Flir thermal camera with emissivity setting adjusted to 0.9. Based on small assumptions,

design thumb rules and experimental data, the thermal performance of the module is

estimated. The heat sink and the cooling system are finalized based on a trade-off between

the device separation for proper isolation and the maximum utilization of thermal path

for faster heat dissipation. The heat sink used per pole has dimensions 7.087” X 4.921” X

5.346” from Wakefield Solutions (part no. 345-1046-ND). Forced air cooling is used with

one fan-set each, at the inlet and the outlet of the heat sink. Each fan-set is composed

of two fans running at 115 CFM coupled on the same axis to increase the CFM.
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Vout

80 mH30 µF

D1

D2

Boost
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Figure 9.10: Boost-buck converter setup for gate driver test

Heat-run tests are carried out both using the boost-buck circuit in Figure 9.10 as

well a simple boost converter using only the boost section in Figure 9.10. This helps to

understand the thermal performance of the high side device as well as the low side device

in the 3-phase converter. The boost-buck converter is developed using the two poles of

the 3-phase converter. Two MOSFET modules in the poles are replaced by 20 kV SiC

JBS diodes D1 and D2 with similar packaging as the MOSFET modules. The ‘Boost’

section is switched at 10 kHz with 0.75 duty ratio while the ‘Buck’ section is switched at

10 kHz with 0.25 duty ratio and without filter. The input and output voltages Vin and

Vout are 1.5 kV and 6 kV, respectively, and the power is 6 kW. This setup is also used for

validating the high side performance of the gate driver before mounting on the 3-phase

converter.

Figure 9.11 shows the boost-buck converter waveforms indicating that the high side

gate driver is operating reliably under high dv/dt and 6 kV swing of the emitter of

the high side device S1. The buck diode (D1) voltage (Ch3) shows this voltage swing.

Figure 9.12 shows the boost converter waveforms at 6 kV output dc voltage, 7 kW and

switching at 10 kHz.

Table. 9.1 shows the thickness of different layers and their thermal conductivity values

in the 10 kV/10 A SiC MOSFET co-pack module. The thermal resistance from junction

to base plate (Rjc) is 0.23◦C/W (chip area of 8.11 X 8.11 mm2) for the 10 kV/10 A SiC

MOSFET. The thermal resistances Rtg and Rhs for the thermal grease and heat sink are

0.05◦C/W and 0.11◦C/W (value for forced air-cooling from data-sheet), respectively.

Figure 9.13 shows the boost converter thermal image after 15 mins. The temperature
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Figure 9.11: Boost-buck converter waveforms using 10 kV/10 A SiC MOSFETs

Figure 9.12: Boost converter waveforms using 10 kV/10 A SiC MOSFETs
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Table 9.1: 10 kV/10 A SiC MOSFET Thermal Conductivity

Layer Thickness (mm) Thermal Conductivity

(W/m/◦C)

SiC Drift 0.12 380

SiC Bulk 0.31 380

Solder 0.076 33

DBC Copper 0.305 393

AlN 1.016 170

DBC 0.305 393

Solder 0.127 33

on the heat sink near to the device base plate is θh = 35.3◦C. The ambient temperature

θa is 25◦C. Therefore, the loss in the co-pack module is calculated to be roughly 94 W

using (9.1), similar to the method used in Chapter 8 for 15 kV SiC IGBT. Based on this,

and assuming that the loss is contributed only by the SiC MOSFET chip, the junction

temperature θj of the MOSFET is estimated to be 61.52◦C using (9.2). This is very

small compared to the maximum operating temperature of 175◦C allowed for the 10 kV

SiC MOSFET chip. In reality, the Si diode also contributes to this loss and hence, θj

is smaller than 61.52◦C. These calculations are possible because the anti-parallel diode

does not carry current in the module S2 in the boost converter.

Ploss =
(θh − θa)
Rhs

(9.1)

θj = θh + Ploss (Rjc +Rtg) (9.2)

Figure 9.14 shows the thermal image of the boost-buck converter indicating that θh

has settled at 38.2◦C near to the boost device. So the θj of the MOSFET is estimated to be

71.8◦C using the same assumptions. In this case, the heat sink temperature has increased,

due to both boost and buck devices switching on heat sinks which are tied together. This

condition closely resembles that in the three-phase converter. These experimental data

show that fsw can be increased further. If both boost and buck in Figure 9.10 are switched

at 20 kHz, the power loss in the buck-module S1 is 240 W (based on (9.1) and switching
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Figure 9.13: Boost converter thermal image using 10 kV/10 A SiC MOSFETs

Figure 9.14: Boost-buck converter thermal image using 10 kV/10 A SiC MOSFETs
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loss � conduction loss). This increases θj of the SiC MOSFET to 118.6◦C, which is

reasonable. Hence, fsw is increased to 20 kHz in the three-phase converter to increase fm

up to 1 kHz as explained later. To have some safety margin, this is considered as the best

operating point for the converter. Hence, the DPT results are captured up to 125◦C.

For cross checking the calculation, the DPT data from Figure 9.7 and Figure 9.8 are

used for the case with θj equal to 125◦C (approx.), along with conduction loss data from

Figure 9.3. The switching (Psw) and conduction (Pcond) losses are 225 W and 17 W,

respectively, based on the operating conditions at 20 kHz and using (9.3). The total loss

of 242 W is similar to that estimated by heat-run tests.

Ploss = fsw (Eon + Eoff ) + Pcond (9.3)

The total weight of the 3-phase converter power hardware excluding the control power

supply and filter inductor is 50 kg (110 lbs). Considering 60% de-rating for the device

voltage and current, the maximum operating power for the designed three-phase converter

using 10 kV/10 A SiC MOSFET is 21 kW. Therefore, the power density is 420 W/kg

(191 W/lbs). Considering volume (29” X 16” X 11”), the power density is 4.11 W/inch3

(or 0.25 MW/m3). The volume is decided by the spacing constraints due to HV isolation

requirement between the devices on the heat sink.

9.3.2 Two Chip 10 kV/20 A SiC MOSFET Module

10 kV/20 A modules using the same size package is used to double the power density of

the 3-phase converter. Two 10 A chips are connected in parallel to increase the current

rating. Since the MOSFET chips have positive temperature coefficients, parallel operation

with equal current sharing is achievable. The series Si diode is omitted from this package.

Figure 9.15 and Figure 9.16 show the turn-on and turn-off characteristics of the 10 kV/20

A module, respectively, at 6 kV blocking voltage, 10 A current and room temperature

(25◦C). As discussed before, for the 10 kV SiC MOSFETs, the loss does not vary much

with temperature and therefore, the loss data at 25◦C is considered for analysis. The

turn-on and turn-off energy losses are 15.11 and 2.87 mJ, respectively, with 14.7 Ω turn-

on and turn-off gate resistances. From the V-I characteristics in Figure 9.17, the forward

drop is 1.8 V at 10 A. Compared to the 10 A module, the forward drop reduces due to

reduction in the on-state resistance after paralleling the chips.
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vds (1 kV/div)

ids (10 A/div)

vgs (10 V/div)

iL (5 A/div) ~ 19 A Spike

Figure 9.15: 10 kV/20 A SiC MOSFET turn-on waveforms at 6 kV, 10 A, 25◦C

vds (1 kV/div)

ids (5 A/div)

vgs (20 V/div)

iL (5 A/div)

Figure 9.16: 10 kV/20 A SiC MOSFET turn-off waveforms at 6 kV, 10 A, 25◦C
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Figure 9.17: 10 kV/20 A SiC MOSFET co-pack module V-I characteristics

The total loss in the module when switched in a boost converter at 6 kV dc bus, 20

kHz and 10 A average current through the boost inductor is roughly 370 W. Considering

θa = 25◦C and half the total power loss dissipated through one chip, θj per chip reaches

97.15◦C which is smaller than 108.3◦C estimated for the one 10 A chip module. Therefore,

paralleling the MOSFET chips reduces the maximum θj per chip for double the total

current through the module (4.7 A in Figure 9.12 compared to 10 A considered here).

This is because, the total switching loss does not increase much while the total conduction

loss reduces by more than half. Hence, the power density can be increased by a factor of

more than two by paralleling two chips with same package dimensions and eliminating

the series Si diode.

A multi-chip 120 A half-bridge module is reported in [26] with dimensions 7.48” X

5.51” X 1.89”. That is only 5 times increase in device volume compared to the 20 A module

for 6 times more power. Based on the analysis in this paper, it is expected that the power

density of the 3-phase converter using this module will increase enormously. In the next

section, the converter demonstration is done using 10 A modules for understanding the

impact of high dv/dt.
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Figure 9.18: Three-phase converter bus-bar arrangement

Figure 9.19: Three-phase converter hardware setup using 10 kV/10 A SiC MOSFETs
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9.4 Three-Phase Converter Hardware Design, De-

velopment and Experimental Demonstration

9.4.1 Converter Hardware

A sandwich bus bar is developed for the 3-phase converter based on copper sheets as

shown in Figure 9.18. The bus bar stray inductance Lstray is calculated to be less than

15 nH. Small value of Lstray is required to protect the devices from the Lstray.di/dt

voltage spikes. The positive and negative copper plates are separated from each other

using FR4 insulation. The corners are rounded and smoothed to avoid corona discharge

at higher dc bus voltages. All sides are covered with Kapton tape insulation (not shown

in Figure 9.18). One heat sink is used per pole. The three heat sinks are electrically

connected together. Four low ESL (30 nH) film capacitors from ICAR of 120 µF, 3.5 kV

rating, are connected in series in the dc bus.

The MV, high speed motors have very low winding inductance. Therefore, external

filters are required between the converter and the motor to filter out the high magnitude

switching frequency ripple voltage present in the converter line voltage. This is required

to prevent the motor insulation breakdown. In the experimental setup of the presented 3-

phase converter, 180 mH inductors are used in each phase. Since the devices are switching

at very high dv/dt, the parasitic capacitance Cpf across the filter needs to be small in order

to reduce the Cpf .dv/dt generated spikes in the motor currents. The series connected filter

with frequency response given in Figure 2.27 (b) is used here. At 28.572 kHz resonant

frequency, the value of Cpf is calculated to be 222 pF in each phase.

The converter hardware setup along with the probes used for measurement are shown

in Figure 9.19. Six gate drivers are used in total and they are mounted on top of the

corresponding modules. Bottom of each gate driver board is covered with Nomex paper

for insulating the logic ICs from high dv/dt generated noise interference.

9.4.2 Experimental Validation

The converter is experimentally demonstrated under various operating conditions. Fig-

ure 9.20 to Figure 9.22 show the converter waveforms with fsw = 10 kHz. The converter

is tested up to fm = 400 Hz at 5 kV dc bus voltage using fsw = 10 kHz. For higher values

of fm, fsw is increased to 20 kHz. Higher fm waveforms are shown in Figure 9.23 to Fig-

315



Figure 9.20: Three-phase converter waveforms at 6 kV dc bus voltage, 3 kV ac line
voltage rms, fsw = 10 kHz, 5 kW load and fm = 60 Hz

Figure 9.21: Three-phase converter waveforms at 5 kV dc bus voltage, 2.6 kV ac line
voltage rms, fsw = 10 kHz, 3.8 kW load and fm = 240 Hz
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Figure 9.22: Three-phase converter waveforms at 5 kV dc bus voltage, 2.6 kV ac line
voltage rms, fsw = 10 kHz, 3.7 kW load and fm = 400 Hz

Figure 9.23: Three-phase converter waveforms at 3 kV dc bus voltage, 900 V ac line
voltage rms, fsw = 20 kHz, 1.45 kW load and fm = 720 Hz
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Figure 9.24: Three-phase converter waveforms at 3 kV dc bus voltage, 900 V ac line
voltage rms, fsw = 20 kHz, 1.45 kW load and fm = 1 kHz

Figure 9.25: Three-phase converter zoomed waveforms in Figure 9.24 at fsw = 20 kHz
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Figure 9.26: Filter inductor voltage drop at 3 kV dc bus voltage, 900 V ac line voltage
rms, fsw = 20 kHz, 1.45 kW load and fm = 1 kHz

20 Samples in one fm

Figure 9.27: Modulating signals with fsw = 20 kHz and fm = 1 kHz
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Figure 9.28: Three-phase converter loss variation with load at fm = 1 kHz, 6 kV dc bus
voltage and 3 kV ac line voltage

ure 9.27 with 3 kV dc bus voltage and up to 1 kHz (Figure 9.24). The dv/dt generated

noise can be seen superimposed with the converter currents in all the waveforms. The

current spikes are more visible with increase in fm as the time-scale becomes smaller in

the waveforms. The zoomed in current waveforms in Figure 9.25 show the spikes clearly

at 20 kHz switching frequency in every 50 µs interval during device switching. The filter

inductor voltage in Figure 9.26 shows the 20 kHz, 6 kV peak-peak switching voltage

ripple superimposed on the 1 kHz fundamental frequency voltage drop. For any 6-pole

motor, fm = 1 kHz results in a speed of 20,000 RPM at MV level which is not possible

with any Si based converter.

9.5 Three-Phase Converter Loss Analysis

The experimentally measured switching and conduction loss data of the 10 kV/10 A

SiC MOSFET are used for the loss analysis. The loss data captured experimentally in

Section 9.2 are used in the thermal model of PLECS simulation software to estimate the

loss of the 3-phase converter under various conditions. Figure 9.28 shows the variation
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of the converter loss with load at fm = 1 kHz, 6 kV dc bus voltage and 3 kV ac line

voltage. Loss variations at both 10 kHz and 20 kHz fsw are plotted. The loss does not

vary with fm and therefore, only loss values at fm = 1 kHz are given. The conduction

loss is small compared to the switching loss at both 10 kHz and 20 kHz fsw. This shows

good forward characteristics of the 10 A module. The switching loss and therefore, the

total loss almost doubles when fsw is increased from 10 kHz to 20 kHz. At fsw = 20 kHz

and 20 kVA load, the total loss is estimated to be 695 W, which gives an efficiency of

96.64%. This efficiency at a power density of 4.11 W/inch3 is reasonable.

9.6 Transformer Design for the Isolated Power Sup-

ply of Gate Drivers for MV Drive Applications

One of the challenges in using the HV SiC devices is their very high turn-on and turn-off

dv/dts at the switching instants. The very high dv/dt can give rise to high frequency

circulating current through the gate driver circuit, which may also disrupt the gate drive

control signals. These high frequency currents find path through the inter-winding cou-

pling capacitance of the isolation stage of the gate driver power supplies [52], [157]. The

high frequency, high dv/dt stress on the isolation stage also reduces the life time of its

insulation. Commercial gate drivers are available for Si IGBTs rated up to 4.5–6.5 kV.

These commercial gate drivers’ isolation transformers have significant coupling capaci-

tance in the range of 8-14 pF [158]. In the presence of high dv/dt, such high coupling

capacitance gives rise to large high frequency circulating current in the circuit.

The gate driver for HV 15 kV SiC IGBT reported in [52] has the coupling capac-

itance in the range of 3.4 pF. Gate driver based on [52] is used for all the converter

work discussed in this dissertation. Gate driver for 10 kV/100 A SiC MOSFET has been

reported in [159]. The net effective coupling capacitance of the isolation stage is 5 pF.

Contactless air core transformer based isolated power supply for gate driver have been

proposed in [160], [161]. A double galvanic isolation transformer has been proposed in

[162] to achieve HV isolation for gate driver power and also to isolate the gate drive sig-

nal. With optimum design approach, the coupling capacitance may be further reduced.

In this section, several possible isolation transformers of different soft magnetic materi-

als and winding techniques are evaluated through electrostatic finite element methods

(FEM) and the optimum design is selected. Considering the intended application for MV
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power converters, the isolation transformer is designed for very high dc insulation (> 30

kV). Coupling capacitance as low as ∼ 0.5 pF has been achieved. The FEM analysis is

presented and supported by measurement results. The functionality of the gate driver

power supply using the selected isolation transformer is validated by testing it on low

side and high side devices in a boost-buck circuit.

9.6.1 Isolated Power Supply Design Requirements

The HV SiC power devices typically require +20 V and -5 V gate voltages to turn-on and

turn-off respectively. A negative gate drive is required to overcome the possibility of gate

turn-on due to the effect of collector-gate ‘Miller’ capacitance on device during turn-off.

An isolated dc-dc converter is used for generating these voltages. The schematic of the

dc-dc power supply is shown in Figure 9.29. A push-pull PWM controller, in open-loop,

has been used to generate the complementary pulses to drive the MOSFET H-bridge.

The H-bridge provides the bipolar 50 kHz square wave to the primary of the isolation

transformer.

The isolation transformer has two secondary windings that generate +20 V and -5 V

upon rectification. To maintain the HV isolation of the transformer, no voltage feedback

control has been used. However, the output voltages are regulated using linear regulators

at the output stage of the gate drive power supply. In Figure 9.29, ‘FG’ corresponds

to the floating ground which may be connected to the floating emitter/source of the

power device. CM chokes are used both at the input and the output of the gate driver

power supply to limit the circulating CM currents. The measurement of Cc, the isolation

transformer coupling capacitance is done by shorting the primary winding terminals and

the secondary winding terminals, and measuring the capacitance between them as shown

in Figure 9.30. The design specifications of the gate driver for HV SiC IGBT/MOSFET

is summarized in the Table. 9.2, where Cc is in the 1–100 MHz frequency range.

9.6.2 Isolation Transformer Design and FEM Analysis

The selection of the magnetic core material, size and winding design plays significant role

in the determination of the coupling capacitance. The magnetic core is selected such that

it can house the required number of turns and also give high magnetizing inductance. The

core has to be big enough to have enough clearance between the primary and secondary
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Figure 9.29: Schematic of isolated gate driver power supply (FG: floating ground)

Primary 

Side 

Secondary 

+20 V Side 

Secondary 

-5 V Side 

C

c

Figure 9.30: Coupling capacitance measurement in the gate driver power supply isolation
transformer

Table 9.2: Gate Driver Specifications

Parameter Value

Turn-on Voltage 18 V–20 V

Turn-off Voltage -5 V

Supply Input Voltage 18 V–20 V

Switching Frequency Up to 20 kHz

RG(On) 10–100 Ω

RG(Off) 10–33 Ω

Isolation Voltage Up to 20 kV

dv/dt Capability > 50 kV/µs

Cc < 5 pF
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Figure 9.31: Amorphous core dimension parameters

windings. The two secondary windings need not be separated as there is no isolation

requirement between them. The insulation between the windings and the core also have

to be sufficient to achieve the required isolation. As the voltages of each individual winding

are low, a 24 AWG varnished copper wire with insulation rated for 1 kV is used. Three

layers of Nomex paper of thickness 0.38 mm are used on each winding for insulation from

the core. Also, five layers of Kapton tape are used to hold the Nomex paper, which also

contributes to the insulation. This insulation, by design, gives more than 30 kV isolation

between primary and secondary windings. Various available magnetic cores with different

shapes and material are selected for the transformer design. Keeping the similar windings

(10 turns on primary, 11 and 5 turns on secondaries) and the insulations, electrostatic

FEM simulations are done on different cores to find the primary to secondary coupling

capacitance for each case.

Two amorphous based cut C-cores are selected for the transformer design. The di-

mensions of these cores are marked in Figure 9.31 and given in Table. 9.3. Core 2 has

slightly bigger cross sectional area than Core 1. Core 2 is also longer than the Core 1.

Two separate winding techniques are tried on these cores. In the first winding approach,

the varnished wire is compactly arranged in both the primary and secondary windings.

In the second winding approach, the windings are slightly distributed along the core
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Table 9.3: Amorphous Core Parameters

Dimension Core 1 (in mm) Core 2 (in mm)

A 5 5

B 20 20

C 25 40

D 8 10

E 30 30

F 35 50

which is the pattern when PVC insulated wires are used in winding the transformer.

Figure 9.32 and Figure 9.33 show the FEM simulation results. In both the cases, the

coupling capacitance has increased when the windings are distributed. In Core 1, the

coupling capacitance has increased from 1.4 pF to 2.2 pF; while for Core 2 it increased

from 1.78 pF to 2.75 pF. The Core 2 has slightly higher coupling capacitance as its core

area is bigger than that of Core 1. The capacitance between the core and the windings

is more in the case of Core 2, resulting in higher coupling capacitance. As seen from this

case, the distributed windings give higher coupling capacitance. Thus, in the subsequent

cases, only the compact windings are considered.

Figure 9.34 shows the FEM simulation result for coupling capacitance when Ferrite

UR 42/25/12 core from Magnetics is used. The estimated coupling capacitance between

the primary and secondary windings is 1.74 pF. Ferrite Toroidal core ZW44916TC from

Magentics is analyzed next. The estimated coupling capacitance between the primary and

secondaries is 4.92 pF as shown in Figure 9.35. In toroidal cores, the edges of the windings

are much closer compared with the rectangular cores which increases the capacitance.

Also, proper attention has to be given to the creepage between the primary and secondary

windings.

As discussed earlier, the parasitic capacitance of a winding depends on the winding

area on the core. The wider the winding area, the higher the winding capacitance which

leads to higher coupling capacitance. Thus, to reduce the winding area, planar windings

are made on the printed circuit board (PCB). The winding to core insulation is also

provided by the FR4 in the PCB board. A 3 mm gap is kept all around the core from the

windings which is filled with FR4 material. Figure 9.36 shows the FEM analysis for this
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Figure 9.32: Electrostatic FEM simulation of Core 1 for coupling capacitance (a) com-
pact winding (b) distributed winding

Figure 9.33: Electrostatic FEM simulation of Core 2 for coupling capacitance (a) com-
pact winding (b) distributed winding
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Figure 9.34: Electrostatic FEM simulation of Ferrite core UR 42/25/12 for coupling
capacitance

Figure 9.35: Electrostatic FEM simulation of Ferrite toroidal core ZW44916TC for cou-
pling capacitance

327



Figure 9.36: Electrostatic FEM simulation of amorphous core for coupling capacitance
with PCB windings

Figure 9.37: Electrostatic FEM simulation of double galvanic isolation transformer for
coupling capacitance based on Ferrite toroid ZW43610TC
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case. The estimated coupling capacitance between the primary and secondary windings

is 0.62 pF. For this case, amorphous Core 2 with parameters given in Table. 9.3 is used.

This verifies that the area between the winding and the core has to be kept minimal to

get the best minimal coupling capacitance.

Double galvanic isolation requires two magnetic cores. However, it helps to increase

the isolation level. Also, as the parasitic capacitances of the two isolation stages are

in series, the net effective coupling capacitance is reduced. Figure 9.37 shows the FEM

simulation result for double galvanic isolation when Ferrite toroids ZW43610TC are used.

The first transformer has 10 turns in primary and single turn in secondary. The second

transformer has single turn in primary. It has 11 and 5 turns in the secondaries. The

estimated coupling capacitance is 0.52 pF. Thus, with the double galvanic isolation stage,

it is possible to achieve a very small coupling capacitance. The isolation can be further

increased by mounting the two cores on either sides of the power supply PCB board.

The FEM analysis on nano-crystalline core with the dimension of Core 1 in Table. 9.3

is also done. The coupling capacitance for this case is similar to the one shown in Fig-

ure 9.32. The amorphous or nano-crystalline cores have high permeability and high flux

saturation level. However, at a frequency of 50 kHz and above, the amorphous core’s

permeability is relatively low resulting in low magnetizing impedance.

Comparing the FEM based estimates of the coupling capacitance shows that the

winding to core capacitance dominates in the net coupling capacitance, as compared

to the direct winding to winding capacitance. Thus, increasing the distance between the

primary and secondary windings alone does not help in reducing the coupling capacitance.

9.6.3 Isolation Transformer Prototype Development

The hardware prototypes of the transformers designed in the previous section are de-

veloped. All transformers are made with 24 AWG varnished wire. All the transformers

have 10 turns on primary, 11 and 5 turns on secondaries. The insulation used on all

transformers are also similar. Figure 9.38 shows the photos of the isolation transformers.

9.6.4 Measurements Using Impedance Analyzer

The impedance analyzer HP4294A is used to measure the magnetizing inductance and

the coupling capacitance of all the transformers shown in Figure 9.38. The measured
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(a) (b)

(c) (d)

(e) (f)

Figure 9.38: Gate driver isolation transformer prototypes (a) Core 1 (Table. 9.3) (b) Core
2 (Table. 9.3) (c) UR 42/25/12 based transformer (d) ZW44916TC based transformer
(e) Transformer with PCB winding (f) Double galvanic isolation based transformer
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(a)

(b)

(c)

Figure 9.39: Gate driver isolation transformer measured coupling capacitances of (a)
Core 1 (Table. 9.3) (b) Core 2 (Table. 9.3) (c) UR 42/25/12 based transformer
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(d)

(e)

(f)

Figure 9.39: Continued. Gate driver isolation transformer measured coupling capaci-
tances of (d) ZW44916TC based transformer (e) Transformer with PCB winding (f)
Double galvanic isolation based transformer
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Table 9.4: Isolation Transformer Measured Parameter Comparison

Transformer Magnetizing Coupling

Inductance (µH) Capacitance (pF)

at 50 kHz at 50 MHz

Amorphous Core 1 63 1.27

Amorphous Core 2 85 1.35

Ferrite Core UR 42/25/12 152 2.26

Ferrite Core ZW44916TC 503 3.77

PCB Winding 302 0.7

Double Galvanic Isolation 217 0.54

Nano-Crystalline Core 1 1050 1.45

frequency based variations of the coupling capacitance of these transformers in the range

of 10 kHz to 110 MHz are shown in Figure 9.39. The measured capacitances are relatively

close to the values estimated through FEM simulations presented in Section 9.6.2. As

predicted through the FEM estimation, the double galvanic isolation transformer has the

least coupling capacitance. The values of the measured coupling capacitances at 50 MHz

and magnetizing inductances at 50 kHz are tabulated in Table. 9.4. A trade-off has to

be made between coupling capacitance and magnetizing inductance while selecting the

suitable transformer.

Figure 9.40: Measured coupling capacitance of nano-crystalline core with dimensions
same as that of amorphous Core 1
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Figure 9.41: Gate driver low side test waveforms with 5 kV dc bus

The magnetizing inductances are measured at 50 kHz which is the isolated power

supply board’s operating frequency. The amorphous core’s measured magnetizing induc-

tance is comparatively small. Such low magnetizing impedance is likely to overload the

H-bridge IC in the power supply board. Thus, for the gate driver power supply eval-

uation, a nano-cyrstalline based transformer is selected with dimensions same as that

of amorphous Core 1. The measured magnetizing inductance and coupling capacitance

of the nano-crystalline based transformer are also shown in Table. 9.4. The measured

coupling capacitance in 10 kHz to 110 MHz frequency range is shown in Figure 9.40.

9.6.5 Continuous Switching Tests

The boost-buck test circuit shown in Figure 9.10 is used for the continuous switching tests

on the gate driver. The output of the boost converter is regulated at 5 kV. Figure 9.41

shows the low side test waveforms captured at the end of 30 mins when the gate driver

under test is driving the boost 10 kV SiC MOSFET. In this case, the boost converter is

switching at 5 kHz. The test is run for 30 mins.
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Figure 9.42: Gate driver high side test waveforms with 5 kV dc bus

Figure 9.43: Test setup for high side testing of Nano-crystalline core based isolation
transformer
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The reliability of the gate driver power supply while driving the high side power device

is evaluated by using the gate driver on the buck converter in Figure 9.10. The output of

the boost converter is regulated at 5 kV. Both the boost and buck converters are switched

at 10 kHz switching frequency. Figure 9.42 shows the test waveforms captured at the end

of 30 mins. In this case, the gate driver switching the 10 kV SiC MOSFET in the buck

converter is subjected to very high dv/dt.

These switching waveforms are captured with the nano-crystalline core. The gate

driver power supply with the selected nano-crystalline core performed reliably without

any sign of degradation in both low and high side tests. Figure 9.43 shows the test setup

arrangement for this case. This gate driver isolated power supply board is being developed

as part of the intelligent gate driver reported in [163].

9.7 Conclusions

In this chapter, the design and experimental validation of a MV, high frequency, 3-phase,

2-level converter based on 10 kV/10 A SiC MOSFET co-pack module are presented. The

application of the converter is in high speed MV motor drives for marine applications,

compressors for oil and gas industries, wind energy generation systems etc. The design

of the converter is discussed including gate driver, bus bar, filter and dc bus capacitor.

The 10 kV/10 A SiC MOSFET co-pack module characterization and heat-run tests are

discussed for loss analysis, and the thermal design of the converter. The power density

improvement with a two-chip 20 A module is explained. The experimental results up to

1 kHz fundamental and 20 kHz switching frequencies are also given. This inverter can

be used with the AFEC based on 15 kV SiC IGBTs to form a back to back VSD for the

drive system to improve the power density.

The design and experimental validation of gate driver power supply isolation trans-

former with very low coupling capacitance for SiC power devices used in MV applications

are also presented. Several transformer designs are evaluated and optimum design with

inter-winding coupling capacitance ∼ 0.5 pF is achieved. It is found that the area of the

winding with the core has to be minimized to reduce the coupling capacitance. An isolated

gate driver power supply using nano-crystalline core, with coupling capacitance of 1.45

pF is built. The functionality of the gate driver is verified using both low side and high

side tests of the gate driver using the nano-crystalline core based isolation transformer.
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The main contributions are summarized as follows:

1. Presented the design, development and demonstration of a MV, high frequency,

3-phase, 2-level converter based on 10 kV/10 A SiC MOSFET co-pack module for

high speed gear-less MV motor drive application. Successful demonstration of the

converter at 1 kHz fundamental frequency using 20 kHz switching frequency.

2. Proposed different topologies for the isolation transformer of gate driver power

supply of HV SiC devices for handling high dv/dt with the aim of reduced coupling

capacitance.
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Chapter 10
Comparative Evaluation of 15 kV SiC IGBT

and 15 kV SiC MOSFET for Grid Connected

Applications

10.1 Introduction

In the previous chapters, 15 kV SiC IGBT is considered for grid connected AFEC ap-

plications. The active device considered in the 3-phase, 3L-NPC converter is 15 kV SiC

IGBT. Since, the IGBTs in the AFEC in grid connected operation is hard-switched, the

switching frequency is limited to 3–5 kHz. The switching frequency is decided based on

the thermal study as explained in Chapter 8. This in-turn limited the inner current loop

bandwidth to 1 kHz considering that the control sampling time is the same as the switch-

ing time. Due to this limitation in bandwidth, the control system has additional parallel

control loops to eliminate the lower order harmonics.

In Chapter 9, it is shown that HV SiC MOSFETs such as the 10 kV SiC MOSFET

can be switched at higher switching frequencies, due to their lower switching loss, in MV

applications where the switching loss is the dominant power loss. Cree has reported the

development of 15 kV/20 A SiC MOSFETs recently [27]. In this chapter, the performance

of the 15 kV/20 A SiC MOSFET is analyzed for grid connected applications. The device

thermal behavior is understood through boost and 3L-NPC pole heat-run tests at 10 kHz.

The performance of 15 kV/20 A SiC MOSFET switching at 10 kHz is compared with

that of 15 kV/40 A SiC IGBT switching at 5 kHz to make valid comparisons. Based on
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Figure 10.1: MV grid connected 3-phase, 3L-NPC converter based on 15 kV/20 A SiC
MOSFET co-pack mdoule

the observations, a strong case is made for using 15 kV SiC MOSFET for grid connected

AFEC applications. The impact of higher switching frequency on the control performance

is studied for the grid connected converter shown in Figure 10.1 through simulations.

10.2 Boost Converter Based 15 kV/20 A SiC MOS-

FET Heat Run Test

Heat-run test of the 15 kV SiC MOSFET is carried out in the boost converter setup

shown in Figure 8.9. The test duration is 30 mins as in the case of IGBT. It is to be

mentioned that the temperature is found to reach steady state after about 15 mins. The

boost output dc bus voltage is 6 kV at 5.6 kW. The gate resistances RG(on) and RG(off)

are 33 Ω and 10 Ω, respectively. These are the same values used for the 15 kV/40 A SiC

IGBT based converter explained in Chapter 8. The boost converters waveforms at 5 kHz

and 10 Hz are given in Figure 10.2 and Figure 10.3, respectively. It can be seen that the

peak inductor current at 5 kHz is 5.4 A while the peak current at 10 kHz is 4.6 A. The

ripple current reduces with increase in switching frequency with the same boost inductor

of 80 mH. The device peak current is the same as the inductor peak current. This has

the same effect in the grid connected 3-phase converter, where the switching ripple peak

value in the grid current reduces with increase in switching frequency. In other words,

339



the filter size can be smaller to achieve the same peak ripple current. This is a benefit of

having increased switching frequency.

Each 15 kV/20 A SiC MOSFET co-pack module has two 10 A SiC MOSFET chips

in parallel. Each chip area is 8 mm X 8 mm and has Rjc = 0.51◦C/W [27]. Wakefield

heat sink (part no. 392-300AB) with dimensions 11.811” X 4.921” X 5.346” and Rhs =

0.16◦C/W is used, same as the case with 15 kV/40 A SiC IGBT discussed in Chapter

8. The thermal images of the 15 kV/20 A SiC MOSFET module and the heat sink area

adjacent to the device base plate are given in Figure 10.4 and Figure 10.5, for 5 kHz

and 10 kHz switching frequencies, respectively. The heat sink temperature (near to base

plate considered) θh reaches 29.8◦C and 36.8◦C at 5 kHz and 10 kHz, respectively. The

ambient temperature θa = 24◦C at the time of the experiments and thermal grease Rtg

= 0.05◦C/W.

Using (8.2), the power loss for the module is 36.25 W at 5 kHz and 80 W at 10

kHz. Using (8.3), the junction temperature θj of each 15 kV SiC MOSFET chip reaches

39.95◦C and 59.2◦C, at 5 kHz and 10 kHz, respectively. This implies that the rise in

temperature ∆θ is 2.2 times for the 10 kHz switching compared to 5 kHz switching. Also

θj = 59.2◦C is very small compared to 175◦C allowed and hence, 10 kHz switching is a

good option for the 15 kV SiC MOSFET.

Under the same conditions, based on the DPT and forward conduction tests, the 15

kV/40 A SiC IGBT co-pack module loss comes out be 87.5 W and 165 W, at 5 kHz and

10 kHz, respectively. Using Rjc = 0.39◦C/W for each of the 20 A IGBT chips, θj reaches

57.25◦C at 5 kHz and 86.7◦C at 10 kHz. The rise in temperature ∆θ is 1.9 times for the

10 kHz switching compared to 5 kHz switching.

The Rjc for IGBT is smaller compared to MOSFET due to increased chip area of 8.4

mm X 10 mm. This helped in faster dissipation of heat and hence, only 1.9 times increase

in θj with doubling of switching frequency. Nonetheless, the important observation here

is that the MOSFET θj reaches only 59.2◦C even at 10 kHz switching, which is only

slightly higher than that of IGBT at 5 kHz switching. This is with a higher value of Rjc

per chip for the MOSFET module. Hence, MOSFET thermal performance is very good

and can be used for high power density applications at MV levels.
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Boost gate voltage (20 V/div)

Boost output voltage (2 kV/div)

Boost inductor current (5 A/div)

Figure 10.2: Boost converter waveforms at 6 kV output dc voltage, 5.6 kW, 5 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs

Boost gate voltage (20 V/div)

Boost output voltage (2 kV/div)

Boost inductor current (5 A/div)

Figure 10.3: Boost converter waveforms at 6 kV output dc voltage, 5.6 kW, 10 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs
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Figure 10.4: Boost converter thermal image at 6 kV output dc voltage, 5.6 kW, 5 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs

Figure 10.5: Boost converter thermal image at 6 kV output dc voltage, 5.6 kW, 10 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs
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10.3 3L-NPC Pole Based on 15 kV/20 A SiC MOS-

FET

In this section, a 3L-NPC pole based on 15 kV/20 SiC MOSFET is tested in SPWM

mode of operation with RL-load. The circuit schematic is the same as in Figure 8.12

where the 15 kV/40 A SiC IGBT module is replaced with the 15 kV/20 A SiC MOSFET

module. The construction of the 3L-NPC pole is similar to Figure 2.14 (b) with the same

cooling conditions. The inductor value used is 180 mH in all cases and the load resistance

is changed for different loads. Figure 10.6 shows the pole test setup. Figure 10.7 and

Figure 10.8 show the pole test waveforms at 6 kV dc bus voltage and 4.5 kW. Figure 10.7

shows the waveforms when the MOSFETs are switching at 5 kHz while Figure 10.8 shows

the waveforms when the MOSFETs are switching at 10 kHz. The difference in switching

frequencies can be clearly observed from the pole voltages in both cases.

Figure 10.9 and Figure 10.10 show the thermal images of the pole after 30 mins at 5

kHz and 10 kHz switching frequencies, respectively. In the thermal images, sp1 is near the

inlet fans, sp2 is near the center of the pole and sp3 is near the outlet fans. The maximum

temperature at steady state is near to the outlet fan in both the cases as expected. This

value is 27.3◦C with 5 kHz switching and 28.2◦C with 10 kHz switching. Hence, the

doubling of switching frequency has only increased the temperature throughout the heat

sink by around 1–2◦C.

Figure 10.11 shows the pole test waveforms at 8 kV dc bus voltage, 5 kW and 10

kHz switching frequency. Figure 10.12 shows the zoomed in waveforms indicating the 10

kHz operation on the pole voltage. Figure 10.13 shows the thermal image of the pole

under this condition. The maximum temperature on the heat sink is 29.4◦C. Similarly

Figure 10.14 shows the pole test waveforms at 9 kV dc bus voltage, 6.3 kW and 10 kHz

switching frequency.

Figure 10.15 shows the pole test waveforms at 10 kV dc bus voltage, 7.5 kW and

10 kHz switching frequency. Figure 10.16 shows the zoomed in waveforms under this

condition. Figure 10.17 shows the thermal image of the pole indicating that the maximum

temperature on the heat sink is 31.8◦C. The 15 kV/40 A SiC IGBT based 3L-NPC pole is

tested under the same operating condition but at 5 kHz switching frequency as explained

in Section 8.3.4. The thermal image given in Figure 8.15 (b) for SPWM shows that the

maximum temperature is 34.3◦C even at 5 kHz switching frequency for the same 10 kV
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Boost Converter as 

DC Source

3L-NPC Pole using 

15 kV SiC MOSFETs

Thermal Camera

Gate 

Driver

Figure 10.6: Test setup for 15 kV SiC IGBT based 3-level pole

Boost gate voltage (20 V/div)
Pole voltage (2 kV/div)

Pole current (5 A/div)
Boost output voltage (2 kV/div)

Figure 10.7: Three-level pole waveforms at 6 kV dc bus voltage, 4.5 kW, 5 kHz switching
frequency with 15 kV/20 A SiC MOSFETs
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Boost gate voltage (20 V/div)

Pole voltage (5 kV/div)

Pole current (5 A/div)Boost output voltage (5 kV/div)

Figure 10.8: Three-level pole waveforms at 6 kV dc bus voltage, 4.5 kW, 10 kHz switching
frequency with 15 kV/20 A SiC MOSFETs

Heat Sink

Figure 10.9: Three-level pole thermal image at 6 kV dc bus voltage, 4.5 kW, 5 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs
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Heat Sink

Figure 10.10: Three-level pole thermal image at 6 kV dc bus voltage, 4.5 kW, 10 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs

Boost gate voltage (20 V/div)

Pole voltage (5 kV/div)

Pole current (5 A/div)
Boost output voltage (5 kV/div)

Figure 10.11: Three-level pole waveforms at 8 kV dc bus voltage, 5 kW, 10 kHz switching
frequency with 15 kV/20 A SiC MOSFETs
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Boost gate voltage (20 V/div)

Pole voltage (5 kV/div)

Pole current (5 A/div)Boost output voltage (5 kV/div)

100 µs

Figure 10.12: Three-level pole zoomed in waveforms at 8 kV dc bus voltage, 5 kW, 10
kHz switching frequency with 15 kV/20 A SiC MOSFETs

Heat Sink

Figure 10.13: Three-level pole thermal image at 8 kV dc bus voltage, 5 kW, 10 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs
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Boost gate voltage (20 V/div)

Pole voltage (5 kV/div)

Pole current (5 A/div)Boost output voltage (5 kV/div)

Figure 10.14: Three-level pole waveforms at 9 kV dc bus voltage, 6.3 kW, 10 kHz switch-
ing frequency with 15 kV/20 A SiC MOSFETs

Boost gate voltage (20 V/div)

Pole voltage (5 kV/div)

Pole current (5 A/div)Boost output voltage (5 kV/div)

Figure 10.15: Three-level pole waveforms at 10 kV dc bus voltage, 7.5 kW, 10 kHz
switching frequency with 15 kV/20 A SiC MOSFETs
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Boost gate voltage (20 V/div)

Pole voltage (5 kV/div)

Pole current (5 A/div)Boost output voltage (5 kV/div)

100 µs

Figure 10.16: Three-level pole zoomed in waveforms at 10 kV dc bus voltage, 7.5 kW,
10 kHz switching frequency with 15 kV/20 A SiC MOSFETs

Heat Sink

Figure 10.17: Three-level pole thermal image at 10 kV dc bus voltage, 7.5 kW, 10 kHz
switching frequency at the end of 30 mins heat-run test with 15 kV/20 A SiC MOSFETs
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dc bus voltage and 7.5 kW. Hence, the 3L-NPC pole based on 15 kV/20 A SiC MOSFET

is a viable alternative for 3-phase AFEC applications.

10.4 Loss Comparison of Grid Tied Converter using

15 kV SiC MOSFET and 15 kV SiC IGBT

Based on the heat run test of the 3L-NPC pole, it is found that 15 kV/20 A SiC MOSFET

based pole switching at 10 kHz gives better thermal performance compared to that based

on 15 kV/40 A SiC IGBT switching at 5 kHz under the same operating conditions. The

gate resistances considered are the same for both cases. In this section, the power loss

comparison of the grid connected converter is carried out. Based on the loss data of 15

kV/40 A SiC IGBT given in Chapter 8 and the loss data of 15 kV/20 A SiC MOSFET

taken from [27], the grid connected converter total power loss is plotted in Figure 10.18

for load variation from 7.5 kW to 30 kW at UPF. The loss data are given for 8 kV dc

bus voltage and 12 kV dc bus voltage with 4.16 kV grid voltage in both cases. Both

5 kHz and 10 kHz switching are considered for the 15 kV SiC MOSFET while only 5

kHz switching is considered for the 15 kV SiC IGBT. The 10 kV JBS diode module is

considered as the clamping diode in all the cases. The loss information is captured using

PLECS thermal simulation based on experimental device loss data.

It is seen that the MOSFET based converter loss is significantly lower than that of

IGBT based converter loss when the dc bus voltage is 8 kV and switching frequency is

5 kHz. Also, the MOSFET based converter loss at 10 kHz switching frequency is lower

than that of IGBT based converter loss at 5 kHz switching frequency at higher power

levels and 8 kV dc bus voltage. This is because, the IGBT switching loss increases due

to high switching current levels at high power. This clearly shows that switching loss

dominates the conduction loss in these applications and hence, MOSFET is the better

choice. At 12 kV dc bus voltage, the IGBT and MOSFET based converters have almost

similar loss profile. This is because, the modulation index is smaller for the same grid

voltage of 4.16 kV. Hence, for the same power, the device current is smaller reducing

the effect of switching loss for the same blocking voltage. But the increase in blocking

voltage results in higher loss compared to 8 kV dc bus voltage operation. Due to the

same reason, the MOSFET based converter loss profile at 5 kHz and 10 kHz switching

frequencies are also similar at 12 kV dc bus voltages for the power range shown.
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Figure 10.18: Power loss variation of the grid tied converter (at UPF) with output load
using 15 kV/20 A SiC MOSFET and 15 kV/40 A SiC IGBT

10.5 Control Advantages with 15 kV SiC MOSFET

Operating at High Switching Frequencies

Higher switching frequency operation using 15 kV SiC MOSFET results in increased

bandwidth available for the fundamental control loops. As discussed in Section 3.3.2, this

means that the fundamental control loops have the inherent capability to compensate

the harmonic currents. The requirement for better transient behavior is that the inner

current control loop should have bandwidth of atleast 3.6 kHz. With 10 kHz switching

frequency possible for the 15 kV SiC MOSFET compared to the 15 kV SiC IGBT, under

the same operating conditions, > 3.6 kHz bandwidth for the current loop is possible. This

implies that parallel harmonic compensation proposed in Chapter 3 may not be required

in this case. This is analyzed through simulations in this section. It has to be noted that

increased bandwidth also results in fast transients of the converter voltages and currents.

Hence, the converter power rating should be decided based on the safe operating area of

the 15 kV SiC MOSFET considering overshoots during sudden transients.
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Figure 10.19: Grid currents with 4.16 kV MV grid voltage, 8 kV dc bus voltage, 9.6 kW
power, 10 kHz switching frequency, ωi = 2 ∗ π ∗ 4000 rad/s and ωv = 2 ∗ π ∗ 400 rad/s
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Figure 10.20: Frequency spectrum of grid currents with 4.16 kV MV grid voltage, 8 kV
dc bus voltage, 9.6 kW power, 10 kHz switching frequency, ωi = 2 ∗ π ∗ 4000 rad/s and
ωv = 2 ∗ π ∗ 400 rad/s
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Figure 10.21: Grid currents with 4.16 kV MV grid voltage, 8 kV dc bus voltage, 50 kW
power, 10 kHz switching frequency, ωi = 2 ∗ π ∗ 4000 rad/s and ωv = 2 ∗ π ∗ 400 rad/s
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Figure 10.22: Frequency spectrum of grid currents with 4.16 kV MV grid voltage, 8 kV
dc bus voltage, 50 kW power, 10 kHz switching frequency, ωi = 2 ∗ π ∗ 4000 rad/s and
ωv = 2 ∗ π ∗ 400 rad/s
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Figure 10.19 shows the grid currents with 4.16 kV MV grid voltage, 8 kV dc bus

voltage, 9.6 kW power at 10 kHz switching frequency for the converter operation shown

in the schematic in Figure 10.1. The harmonic conditions are the same as listed in Ta-

ble. 3.4 and Table. 3.5. Figure 10.20 shows the grid current frequency spectrum under

this condition. Only the fundamental control loops are used with ωi = 2 ∗ π ∗ 4000 rad/s

and ωv = 2 ∗ π ∗ 400 rad/s. The THD is found to be 6.2%.

For the same conditions with 15 kV SiC IGBT switching at 5 kHz and parallel har-

monic compensation loops, the THD is found to be 9.6% (Figure 3.9). The control scheme

for this case is discussed in Chapter 3. Therefore, 10 kHz switching frequency helps in

improving the grid current THD to 6.2%. The switching ripple reduces and the increased

control bandwidths help in compensating the harmonics. Although, increased switching

frequency results in greater impact of dead-time harmonics, higher control bandwidths

take care of it.

Figure 10.21 shows the grid currents with 4.16 kV MV grid voltage, 8 kV dc bus

voltage, 50 kW power at 10 kHz switching frequency. The THD is found to be 1.1%.

The grid current frequency spectrum for this power is given in Figure 10.22. Compared

to the THD (2.7%) with 15 kV SiC IGBTs switching at 5 kHz (see Figure 3.22 (a)

and Figure 3.22 (b)), the THD is better in this case, even without parallel harmonic

compensation loops. Hence, 15 kV SiC MOSFET has an advantage compared to 15 kV

SiC IGBT from control point of view if the switching loss is the dominant loss in the

converter.

10.6 Conclusions

In this chapter, the comparative evaluation of 15 kV SiC IGBT and 15 kV SiC MOSFET

is presented for non-cascaded, MV grid tied, 3-phase, 3L-NPC converter applications.

The thermal performance of 15 kV SiC MOSFET is investigated through device heat-

run test, 3L-NPC pole heat-run test, and PLECS based thermal simulation using actual

device data captured through DPT and forward-conduction tests. For applications with

low device currents, where the switching loss dominates, 15 kV SiC MOSFET is found to

be a suitable candidate. The impact of higher switching frequency possible for 15 kV SiC

MOSFET compared to 15 kV SiC IGBT on the grid current control is studied. Higher

switching frequency results in increased bandwidths for the fundamental control loops.
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This implies that the THD of grid currents can be improved without using the parallel

harmonic compensation loops. This is validated through simulation of the system based

on measured grid voltage and dead-time harmonics along with the switching ripple.

The main contribution is summarized as follows:

1. Presented a comparative evaluation of 15 kV SiC IGBT and 15 kV SiC MOSFET

for non-cascaded, MV grid tied, 3-phase, 3L-NPC converter applications.
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Chapter 11
Conclusions and Future Work

11.1 Conclusions

The work presented in this dissertation is the first attempt in demonstrating the appli-

cation of HV SiC devices such as 15 kV SiC IGBT, 10 kV SiC MOSFET and 15 kV

SiC MOSFET for 3-phase, MV, grid connected converters. The focus of the research

is to understand the challenges and propose solutions in using these HV SiC devices

for dc micro-grid applications, AFEC applications for SSTs and high speed motor drive

applications. The need for these devices in high power density, non-cascaded converter

applications is clearly explained. These devices are proposed to be used in converters

for grid interface at distribution voltage levels of ≥ 4.16 kV. The various issues caused

due to high dv/dt, di/dt operation of these devices, high blocking voltage, low current

ratings of the devices, significant effects of parasitic capacitances, high dead-time re-

quirement, high power density operation forcing proper thermal management and other

such factors are explained in detail. The solutions to overcome these issues are proposed

and validated through frequency domain and time domain analysis, simulations in MAT-

LAB/PLECS/COMSOL/MAXWELL, experiments on developed MV and scaled down

voltage hardware setups of 3-phase grid connected converters.

In Chapter 1, the background of evolution of power system is briefly explained followed

by the requirement of power electronic converters for grid interface applications. The

drawback of Si based converters are explained with the need of the hour to improve

the grid controllability with increasing renewable penetrations. The advantages of SiC

devices are highlighted along with a comprehensive reference list of various HV SiC
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devices reported in the available literature. Different 3-phase topologies are compared as

suitable candidates for grid interface applications with HV SiC devices, and the 3L-NPC

converter is selected as the main focus of this research due to its easy of construction

and simple control. The targeted application areas of these converters are also explained

in detail.

The hardware development of 3-phase converters using these devices need to take

care of proper isolation, significant insulation, EMI noise cancellation, reduced parasitic

capacitances and stray inductances, accurate sensing and processing of feedback signals,

leakage balancing of these devices, optimum gate resistance selection, proper grounding to

reduce CM currents, effective cooling system design, and the selection of dc bus capacitors

with low ESL values. These details are explained in Chapter 2 for a 3-phase, 3L-NPC

converter based on 15 kV SiC IGBTs. Isolation is achieved by keeping significant distance

between the devices, using modular converter structure for the 3L-NPC converter and

using optical fibers for gate pulses. Insulation is provided by using porcelain standoffs

between the converter poles and the cabinets, Kapton tapes on all exposed metal parts,

bus-bar edges and filter inductors, Nomex paper between filter inductor core and windings

and FR4 sheets between bus bar plates. EMI shielding is done by using co-axial shielded

cables for feedback signals, using shielding braids, Ferrite beads, CM chokes with high

impedance at high frequencies, FRC cables with proper grounding for communication

between PCBs, and proper layout of controller boards.

Reduced parasitic capacitance for the filter is achieved by using series connection of

small inductors instead of a lumped large inductor. Filter design for MV grid operation

is also discussed in detail. Reduced stray inductance for bus bars is achieved by using

Sandwich arrangement and copper strips for pole interconnection. Errors in the feedback

signals are quantized and the sensor dc offsets are canceled using moving average filters.

Leakage balancing of 15 kV SiC IGBTs and 20 kV SiC JBS diode modules is achieved

by using very high leakage balancing resistors. Optimum values for gate resistances are

decided based on a trade-off between acceptable dv/dts and switching losses. CM currents

are suppressed by using a high resistance grounding method to completely drop the

CM voltages. Forced air cooling is used with Wakefield heat sinks, with the heat sink

connected to a fixed potential to reduce circulating CM currents through the device base

plates. Polypropylene film capacitors are used for the dc bus to get low ESL values. The

different iterations of converter test setups are developed for laboratory experiments.

357



The control scheme of the grid connected converter needs to take care of the THD

of the grid currents, regulate the MV dc bus voltage, achieve bi-directional power flow,

perform pf control and Var compensation as well as maintain stability of the converter

system. Non-cascaded converter structure and switching from very high voltage levels

compared to the traditional converters, results in high harmonic current content in the

grid currents. This is due to the grid voltage harmonics and dead-time generated harmon-

ics at high switching frequencies. In Chapter 3, a method is proposed for compensating

the harmonic currents with only L-filter. The proposed method is explained through

frequency domain stability analysis and simulations based on measured values of grid

voltage harmonics in the laboratory at FREEDM Systems Center, and dead-time effect

at 5 kHz switching frequency. It is also validated through experiments on the MV setup

when tied with 4.16 kV MV grid generated in the laboratory. The method is extended

for the case with LCL filter in Chapter 4. The unified control scheme proposed for the

grid tied operation with LCL filter is studied for stability when applied on the 13.8 kV

ac to 22 kV dc AFEC of a 3-phase SST called TIPS. It is verified through simulations,

and experiments on a scaled down voltage prototype.

In Chapter 5, the performance of the MV grid connected converter when loaded with

an active converter such as a DAB is analyzed. An ac-dc-dc-ac, all SiC based 13.8 kV ac

to 480 V ac, 3-phase SST called TIPS is presented as an alternative to the conventional

60 Hz transformer for distribution grid-utility grid interface applications. It is based on

15 kV SiC IGBT on the MV side and 1200 V SiC MOSFET on the LV side. A method

to select the dc bus capacitance and control parameters based on the stability of MV

dc link is also proposed. This is validated through stability studies, system simulations

and experimental demonstration of TIPS converter tied with MV grid. The application

of TIPS in integrating DESDs such as a battery with the MV grid is also demonstrated

through feeder interface studies and TIPS LV prototype experiments.

The start-up process of the grid connected converters based on low current rated

SiC devices is very critical, especially the charging stage of the MV dc link. A novel

method for the charging of the MV dc link of the TIPS AFEC using a LV source on the

DAB LV dc bus, along with anti-windup on the AFEC current controllers is presented

in Chapter 6 for reducing the peak inrush currents. The proposed method is validated

through simulations and TIPS LV prototype experiments. The safe start-up and shut-

down procedures of the TIPS system for laboratory demonstrations are also explained
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in detail, and validated on MV hardware setup of TIPS. The protection of the 15 kV

SiC IGBTs and 20 kV SiC JBS diodes on the TIPS MV side during faults in the system

is very critical. The fault coordination between different protection equipment of TIPS

AFEC is explained in Chapter 7 using the switching model of the 100 kVA converter

for accurate analysis. The specifications of TIPS for 1 MVA feeder interface applications

are also derived based on fault ride-through capability, and overloading and overvoltage

withstanding capabilities, using the average model of TIPS.

In Chapter 8, the detailed power loss analysis and thermal analysis of 3-phase,

MV converters based on 15 kV/40 A SiC IGBTs are presented. These are based on

DPT/forward-conduction tests, boost converter based heat-run tests, 3L-NPC pole heat-

run tests, and 3-phase converter thermal analysis based on experimental data and PLECS,

COMSOL multi-physiscs thermal simulations. The loss data in this section takes into ac-

count the increased power loss due to increase in heat sink temperature near to any

device, caused by the power loss in the adjacent devices, during converter continuous

operation. The limiting operating condition for the developed grid connected converter

at 4.16 kV grid voltage and 8 kV dc bus voltage is 100 kW UPF operation at 10 kHz

switching frequency with the ambient at 64 ◦C. A comparative loss evaluation is also pre-

sented for 7.2 kV grid connected 3L-NPC converter based on 6.5 kV Si IGBT, 10 kV SiC

MOSFET, 12 kV SiC IGBT and 15 kV SiC IGBT. The selection criteria of devices based

on high power or high frequency applications is discussed based on the loss analysis. A

3-phase PWM Buck Rectifier topology based on SiC series switch is proposed for MV

grid connected applications. Power loss comparison of PWM Buck Rectifier and 3L-NPC

converter is presented based on 10 kV SiC MOSFET and 15 kV SiC IGBT. The loss in

the dc choke of the PWM Buck Rectifier is found to be a contributing factor in its lower

efficiency compared to the 3L-NPC converter.

The design and experimental validation of a MV, high frequency, 3-phase, 2-level

converter based on 10 kV/10 A SiC MOSFET co-pack module are presented in Chapter

9. The application of the converter is in high speed MV motor drives. The design of the

converter is discussed including gate driver, bus bar, filter and dc bus capacitor. The 10

kV/10 A SiC MOSFET co-pack module characterization and heat-run tests are discussed

for loss analysis, and the thermal design of the converter. The power density improve-

ment with a two-chip 20 A module is explained. The experimental results up to 1 kHz

fundamental and 20 kHz switching frequencies are also given. The design and experimen-
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tal validation of gate driver power supply isolation transformer with very low coupling

capacitance for SiC power devices used in MV applications are also presented. Several

transformer designs are evaluated and optimum design with inter-winding coupling capac-

itance ∼ 0.5 pF is achieved. Based on a trade-off between the coupling capacitance and

magnetizing inductance, a nano-crystalline based core is selected. The isolated power

supply board using this transformer is tested on both low and high side devices in a

boost-buck converter.

Finally, Chapter 10 gives a comparative evaluation of 15 kV SiC IGBT and 15 kV

SiC MOSFET for non-cascaded, MV grid tied, 3-phase, 3L-NPC converter applications.

For applications with low device currents where the switching loss dominates, 15 kV SiC

MOSFET is found to be a suitable candidate. The impact of higher switching frequency

possible for 15 kV SiC MOSFET, compared to 15 kV SiC IGBT on the grid current

control is studied. Higher switching frequency results in increased bandwidths for the

fundamental control loops. This implies that the THD of grid currents can be improved

without using the parallel harmonic compensation loops. This is validated through the

simulations.

The experimental results are limited in voltage and current in few cases due to the

limitation in the HV dc source power capability, load bank limitations, EMI causing spu-

rious tripping of laboratory power sockets, EMI influence on computers and measurement

electronics, and most importantly safety issues in the university laboratory. Nonetheless,

effort has been put in all the cases to demonstrate these challenges and proposed solutions

at the minimum required voltage and power in 3-phase MV grid connected operations.

11.2 Scope for Future Research

1. The proposed unified control scheme with LCL filter needs to be demonstrated at

MV distribution level of 4.16 kV and above. The demonstration in this dissertation

is limited to LV prototype experimental results due to the risk factor involved

with LC resonance keeping in mind the unavailability of large number of these

experimental devices.

2. TIPS and grid connected 3L-NPC converter demonstration at higher voltage and

power needs to be done. This needs the inclusion of CM chokes in the converter
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setup, improvement in voltage sensor bandwidth and accuracy, as well as the avail-

ability of high power source and load banks.

3. Back to back operation of 15 kV SiC IGBT based grid connected, 3-phase, 3L-

NPC converter and 10 kV SiC MOSFET based high frequency, 3-phase, 2-level

converter needs to be studied in detail for high speed motor drive applications. The

demonstration of this VSD with a high speed motor is a challenging work and good

research topic in itself.

4. The 15 kV SiC MOSFET based 3-phase, 3L-NPC converter operation in grid con-

nected mode with 10 kHz switching frequency needs to be demonstrated to compare

the experimental waveforms with that using 15 kV SiC IGBT switching at 5 kHz.

This is not done yet due to unavailability of 12 numbers of 15 kV SiC MOSFETs.

5. Similarly, a 3-phase, 2-level high frequency converter can be developed using 15 kV

SiC MOSFETs for attaining higher ac voltage at 1 kHz fundamental frequency for

high speed motor drive applications. This can be achieved by pushing the dc bus

voltage to up to 8 kV with 15 kV SiC MOSFETs.

361



REFERENCES

[1] B. Wu, High-power converters and ac drives, Hoboken, N.J.: John Wiley & Sons,

2006.

[2] N. G. Hingorani and L. Gyugyi, Understanding FACTS: Concepts and technology of

flexible ac transmission systems, IEEE, 2000.

[3] J. B. Baliga, Fundamentals of power semiconductor devices, 1st ed. New York, NY,

USA: Springer-Verlag, 2008.

[4] F. Filsecker, R. Alvarez, and S. Bernet, “Comparison of 4.5-kV press-pack IGBTs

and IGCTs for medium-voltage converters,” IEEE Trans. Ind. Electron., vol. 60, no.

2, pp. 440-449, Feb. 2013.

[5] D. Krug, M. Malinowski, and S. Bernet, “Design and comparison of medium volt-

age multi-level converters for industry applications,” in proc. 2004 IEEE Industrial

Applications Conference, vol. 2, pp. 781-790, 2004.

[6] H. Akagi, H. Fujita, S. Yonetani, and Y. Kondo, “A 6.6-kV transformerless STAT-

COM based on a five-level diode-clamped PWM converter: system design and exper-

imentation of a 200-V 10-kVA laboratory model,” IEEE Trans. Ind. Appl., vol. 44,

no. 2, pp. 672-680, Mar./Apr. 2008.

[7] G. Baoming, F. Z. Peng, A. T. de Almeida, and H. Abu-Rub, “An effective control

technique for medium-voltage high-power induction motor fed by cascaded neutral-

point-clamped inverter,” IEEE Trans. Ind. Electron., vol. 57, no. 8, pp. 2659-2668,

Aug. 2010.

362



[8] S. S. Fazel, S. Bernet, D. Krug, and K. Jalili, “Design and comparison of 4-kV

neutral-point-clamped, flying-capacitor, and series-connected H-bridge multilevel con-

verters,” IEEE Trans. Ind. Appl., vol. 43, no. 4, pp. 1032-1040, Jul./Aug. 2007.

[9] L. Heinemann and G. Mauthe, “The universal power electronics based distribution

transformer,” in proc. 2001 IEEE Power Electronics Specialists Conference, vol. 2,

pp. 504-509, 2001.

[10] X. She, A. Q. Huang, and R. Burgos, “Review of solid-state transformer technologies

and their application in power distribution systems,” IEEE Journal of Emerging and

Selected Topics in Power Electronics, vol. 1, no. 3, pp. 186-198, Sept. 2013.

[11] X. She, A. Q. Huang, S. Lukic, and M. E. Baran, “On integration of solid-state

transformer with zonal dc microgrid,” IEEE Trans. smart grid, vol. 3, no. 2, pp.

975-985, June 2012.

[12] D. Boroyevich, I. Cvetkovic, D. Dong, R. P. Burgos, F. Wang, and F. C. Lee, “Future

electronic power distribution systems: A contemplative view,” in proc. 2010 IEEE 12th

International Conference on Optimization of Electrical and Electronic Equipment,

Brasov, Romania, pp. 1369-1380, May 2010.

[13] S. Falcones, R. Ayyanar, and X. Mao, “A dc-dc multiport-converter-based solid-state

transformer integrating distributed generation and storage,” IEEE Trans. Power

Electron., vol. 28, no. 5, pp. 2192-2203, May 2003.

[14] T. Zhao, G. Wang, S. Bhattacharya, and A. Q. Huang, “Voltage and power bal-

ance control for a cascaded H-bridge converter-based solid-state transformer,” IEEE

Trans. Power Electron., vol. 28, no. 4, pp. 1523-1532, Apr. 2013.

363



[15] Q. Hengsi and J. W. Kimball, “Solid-state transformer architecture using ac-ac dual-

active-bridge converter,” IEEE Trans. Ind. Appl., vol. 60, no. 9, pp. 3720-3730,

Mar./Sept. 2013.

[16] L. Xiaohu, L. Hui, and Z. Wang, “A start-up scheme for a three-stage solid-state

transformer with minimized transformer current response,” IEEE Trans. Power Elec-

tron., vol. 27, no. 12, pp. 4832-4836, Dec. 2012.

[17] D. Haughton and G. T. Heydt, “Smart distribution system design automatic recon-

figuration for improved reliability,” in proc. 2010 IEEE Power and Energy Society

General Meeting, Minneapolis, MN, pp. 1-8, July 2010.

[18] W. Mc Murray, “Power conversion circuit having a high frequency link,” US Patent

Application US3.517.300 (filed April 16, 1968).

[19] K. Harada, F. Anan, K. Yamasaki, M. Jinno, Y. Kawata, and T. Nakashima, “In-

telligent transformer,” in proc. 1996 IEEE Power Electronic Specialist Conference,

Baveno, pp. 1337-1341, June 1996.

[20] M. Khang, P. N. Enjeti, and I. J. Pitel, “Analysis and design of electronic trans-

formers for electric power distribution system,” IEEE Trans. Power Electron., vol.

14, no. 6, pp. 1133-1141, Nov. 1999.

[21] H. Krishnaswami and V. Ramanarayanan, “Control of high-frequency AC link elec-

tronic transformer,” Proc. IEE Electric Power Applications, vol. 152, no. 3, pp.

509-516, May 2005.

[22] M. D. Manjrekar, R. Kieferndorf, and G. Venkataramanan, “Power electronic trans-

formers for utility applications,” in proc. 2000 IEEE Industry Applications Confer-

ence, Rome, pp. 2496-2502, Oct. 2000.

364



[23] J. L. Brooks, Solid State Transformer Concept Development, Final Report Naval

Construction Battalion Center, Port Hueneme, April (1980).

[24] J. Wang, T. Zhao, J. Li, A. Huang, R. Callanan, F. Husna, and A. Agarwal, “Charac-

terization, modeling and application of 10 kV SiC MOSFET,” IEEE Trans. Electron

Devices, Vol. 55, no. 8, pp. 1798-1806, Aug. 2008.

[25] S. H. Ryu, S. Krishnaswami, M. OLoughlin, J. Richmond, A. Agarwal, J. Palmour,

and A. R. Hefner, “10-kV, 123-mΩ.cm2 4H-SiC power DMOSFETs,” Electron Device

Letters, vol. 25, no. 8, pp. 556-558, Aug. 2004.

[26] M. K. Das, C. Capell, D. Grider, R. Raju, M. Schutten, J. Nasadoski, S. Leslie,

J. Ostop, and A. Hefner, “10 kV, 120 A SiC half H-bridge power MOSFET modules

suitable for high frequency, medium voltage applications,” in proc. 2011 IEEE Energy

Conversion Congress and Exposition, Phoenix, AZ, pp. 2689-2692, Sept. 2011.

[27] K. Vechalapu, S. Bhattacharya, E. V. Brunt, S. Ryu, D. Grider, and J. W. Pal-

mour, “Comparative evaluation of 15 kV SiC MOSFET and 15 kV SiC IGBT for

medium voltage converter under same dv/dt conditions,” in proc. 2015 IEEE Energy

Conversion Congress and Exposition, Montreal, QC, Canada, pp. 927-934, Sept. 2015.

[28] S. Madhusoodhanan, K. Hatua, S. Bhattacharya, S. Leslie, S. H. Ryu, M. Das,

A. Agarwal, and D. Grider, “Comparison study of 12 kV n-type SiC IGBT with 10

kV SiC MOSFET and 6.5 kV Si IGBT based on 3L-NPC VSC applications,” in proc.

2012 IEEE Energy Conversion Congress and Exposition, Raleigh, NC, pp. 310-317,

Sept. 2012.

[29] A. Kadavelugu, S. Bhattacharya, S. H. Ryu, E. V. Brunt, D. Grider, A. Agarwal, and

S. Leslie, “Characterization of 15 kV SiC n-IGBT and its application considerations

365



for high power converters,” in proc. 2013 IEEE Energy Conversion Congress and

Exposition, Denver, CO, pp. 2528-2535, Sept. 2013.

[30] S. H. Ryu, C. Capell, C. Jonas, L. Cheng, M. OLoughlin, A. Burk, A. Agarwal, and

J. Palmour, “High performance, ultra high voltage 4H-SiC IGBTs,” in proc. 2012

IEEE Energy Conversion Congress and Exposition, Raleigh, NC, pp. 3603-3608, Sept.

2012.

[31] F. Wang, G. Wang, A. Q. Huang, W. Yu, and X. Ni, “Design and operation of a 3.6

kV high performance solid state transformer based on 13 kV SiC MOSFET and JBS

Diode,” in proc. 2014 IEEE Energy Conversion Congress and Exposition, Pittsburgh,

PA, pp. 4553-4560, Sept. 2014.

[32] D. Rothmund, G. Ortiz, and J. W. Kolar, “SiC-based unidirectional solid-state trans-

former concepts for directly interfacing 400 V DC to medium-voltage AC distribution

systems,” in proc. 2014 IEEE International Telecommunications Energy Conference,

Vancouver, BC, pp. 1-9, Sept./Oct. 2014.

[33] J. Rodriguez, L. G. Franquelo, S. Kouro, J. I. Leon, R. C. Portillo, M. M. Prats,

and M. A. Perez, “Multilevel converters: an enabling technology for high-power ap-

plications,” Proceedings of IEEE, vol. 97, no. 11, pp. 1786-1817, Nov. 2009.

[34] J. Rodriguez, S. Bernet, B. Wu, J. O. Pontt, and S. Kouro, “Multilevel voltage-

source-converter topologies for industrial medium-voltage drives,” IEEE Trans. Ind.

Electron., vol. 54, no. 6, pp. 2930-2945, Dec. 2007.

[35] S. Madhusoodhanan, Y. Cho, A. Kadavelugu, S. Bhattacharya, D. Grider, S. Ryu,

A. Agarwal, and S. Leslie, “Comparative evaluation of SiC devices for PWM buck

366



rectifier based active front end converter for MV grid interface,” in proc. 2013 IEEE

Energy Conversion Congress and Exposition, Denver, CO, pp. 3034-3041, Sept. 2013.

[36] A. De, S. Bhattacharya, and R. Singh, “Performance evaluation and characterization

of 6500V asymmetric SiC NPNP thyristor based current switch ,” in proc. 2015 IEEE

Workshop on Wide Bandgap Power Devices and Applications, Blacksburg, VA, pp.

10-15, Nov. 2015.

[37] H. Sepahvand, S. Madhusoodhanan, K. Corzine, S. Bhattacharya, and M. Fer-

dowsi, “Topology selection for medium-voltage three-phase SiC solid-state trans-

former,” in proc. 2014 IEEE International Conference on Renewable Energy Research

and Application (ICRERA), Milwaukee, WI, pp. 485-489, Oct. 2014.

[38] K. Hatua, S. Dutta, A. Tripathi, S. Baek, G. Karimi, and S. Bhattacharya, “Trans-

formerless intelligent power substation design with 15 kV SiC IGBT for grid intercon-

nection,” in proc. 2011 IEEE Energy Conversion Congress and Exposition, Phoenix,

AZ, pp. 4225-4232, Sept. 2011.

[39] S. Madhusoodhanan, A. Tripathi, D. Patel, K. Mainali, A. Kadavelugu, S. Hazra,

S.Bhattacharya, and K. Hatua, “Solid state transformer and MV grid tie applications

enabled by 15 kV SiC IGBTs and 10 kV SiC MOSFETs based multilevel convert-

ers,” IEEE Trans. Ind. Appl., vol. 51, no. 4, pp. 3343-3360, Jul./Aug. 2015.

[40] S. Madhusoodhanan, A. Tripathi, A. Kadavelugu, S. Hazra, D. Patel, K. Mainali,

S. Bhattacharya, and K. Hatua, “Experimental validation of the steady state and

transient behavior of a transformerless intelligent power substation,” in proc. 2014

IEEE Applied Power Electronics Conference and Exposition, Fort Worth, TX, pp.

3477-3484, Mar. 2014.

367



[41] A. Tripathi, K. Mainali, D. C. Patel, A. Kadavelugu, S. Hazra, S. Bhattacharya,

and K. Hatua, “Design considerations of a 15kV SiC IGBT based medium-voltage

high-frequency isolated dc-dc converter,” IEEE Trans. Ind. Appl., vol. 51, no. 4, pp.

3284-3294, Jul./Aug. 2015.

[42] K. Mainali, A. Tripathi, D. C. Patel, S. Bhattacharya, and T. Challita, “Design,

measurement and equivalent circuit synthesis of high power HF transformer for three-

phase composite dual active bridge topology,” in proc. 2014 IEEE Applied Power

Electronics Conference and Exposition, Fort Worth, TX, pp. 342-349, Mar. 2014.

[43] S. Hazra, S. Madhusoodhanan, S. Bhattacharya, G. K. Moghaddam, and K. Hatua,

“Design considerations and performance evaluation of 1200 V, 100 A SiC MOSFET

based converter for high power density application,” in proc. 2013 IEEE Energy Con-

version Congress and Exposition, Denver, CO, pp. 4278-4285, Sept. 2013.

[44] P. Shamsi and B. Fahimi, “Stability assessment of a dc distribution network in a

hybrid micro-grid application,” IEEE Trans. Smart Grid, vol. 5, no. 5, pp. 2527-2534,

Sept. 2014.

[45] X. Liu, P. Wang, and P. C. Loh, “A hybrid ac/dc microgrid and its coordination

control,” IEEE Trans. Smart Grid, vol. 2, no. 2, pp. 278-286, Jun. 2011.

[46] C. Meyer, M. Hoing, A. Peterson, and R. W. De Doncker, “Control and design of

dc grids for offshore wind farms,” in IEEE Trans. Ind. Appl., vol. 43, no. 6, pp.

1475-1482, Nov./Dec. 2007.

[47] S. P. Engel, N. Soltau, H. Stagge, and R. W. De Doncker, “Dynamic and balanced

control of three-phase high-power dual-active bridge dc-dc converters in dc-grid ap-

368



plications,” in IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1880-1889, Apr.

2014.

[48] J. A. Sayago, T. Bruckner, and S. Bernet, “How to select the system voltage of MV

drives-A comparison of semiconductor expenses,” in IEEE Trans. Ind. Electron., vol.

55, no. 9, pp. 3381-3390, Sept. 2008.

[49] S. Madhusoodhanan, A. Tripathi, K. Mainali, A. Kadavelugu, D. C. Patel, and

S. Bhattacharya, “Three-phase 4.16 kV medium voltage grid tied ac-dc converter

based on 15 kV/40 A SiC IGBT,” in proc. 2015 IEEE Energy Conversion Congress

and Exposition, Montreal, QC, Canada, pp. 6675-6682, Sept. 2015.

[50] Y. Du, J. Wang, G. Wang, and A. Q. Huang, “Modeling of the high-frequency

rectifier with 10-kV SiC JBS diodes in high-voltage series resonant type dc-dc con-

verters,” in IEEE Trans. Power Electron., vol.29, no.8, pp.4288-4300, Aug.2014.

[51] R. J. Callanan, A. Agarwal, A. Burk, M. Das, B. Hull, F. Husna, A. Powell, J. Rich-

mond, S. Ryu, and Q. Zhang, “Recent progress in SiC DMOSFETs and JBS diodes

at Cree,” in proc. 2008 IEEE Industrial Electronics Society Conference (IECON),

Orlando, FL, pp.2885-2890, Nov.2008.

[52] A. Kadavelugu and S. Bhattacharya, “Design considerations and development of

gate driver for 15 kV SiC IGBT,” in proc. 2014 IEEE Applied Power Electronics

Conference and Exposition, Fort Worth, TX, pp. 1494-1501, Mar. 2014.

[53] B. P. Schmitt and R. Sommer, “Retrofit of fixed speed induction motors with

medium voltage drive converters using NPC three-level inverter high-voltage IGBT

based topology,” in proc. 2001 IEEE International Symposium on Industrial Elec-

tronics, Pusan, pp.746-751, Jun. 2001.

369



[54] J. Pou, R. Pindado, D. Boroyevich, and P. Rodriguez, “Limits of the neutral-point

balance in back-to-back-connected three-level converters,” in IEEE Trans. Power

Electron., vol.19, no.3, pp.722-731, May 2004.

[55] D. C. Patel, A. Kadavelugu, S. Madhusoodhanan, S. Bhattacharya, K. Hatua,

S. Leslie, S. Ryu, D. Grider, and A. Agarwal, “15 kV SiC IGBT based three-phase

three-level modular-leg power converter,” in proc. 2013 IEEE Energy Conversion

Congress and Exposition, Denver, CO, pp. 3291-3298, Sept. 2013.

[56] S. Madhusoodhanan, K. Mainali, A. Tripathi, A. Kadavelugu, D. Patel, and S. Bhat-

tacharya, “Thermal design considerations for medium voltage power converters with

15 kV SiC IGBTs,” in proc. 2015 IEEE International Symposium on Power Electron-

ics for Distributed Generation Systems, Aachen, Germany, pp. 1-8, June 2015.

[57] A. Kadavelugu, “Medium Voltage Power Conversion Enabled by 15 kV SiC IG-

BTs,”Ph.D. dissertation, Dept. of Electrical and Computer Engineering, North Car-

olina State University, Raleigh, NC, 2014.

[58] A. Tripathi, S. Madhusoodhanan, K. Mainali, A. Kadavelugu, D. Patel, S. Bhat-

tacharya, and K. Hatua, “Grid connected CM noise considerations of a three-phase

multi-stage SST,” in proc. 2015 IEEE International Conference on Power Electronics,

Seoul, Korea, pp. 793-800, Jun. 2015.

[59] N. Zhu, J. Kang, D. Xu, B. Wu, and Y. Xiao, “An integrated ac choke design

for common-mode current suppression in neutral-connected power converter sys-

tems,” IEEE Trans. Power Electron., vol. 27, no. 3, pp. 1228-1236, Mar. 2012.

[60] A. Kadavelugu, S. Bhattacharya, S. Ryu, E. V. Brunt, D. Grider, and S. Leslie,

“Experimental switching frequency limits of 15 kV SiC N-IGBT module,” in proc.

370



2014 IEEE International Power Electronics Conference, Hiroshima, pp. 3726-3733,

May 2014.

[61] S. Madhusoodhanan, K. Hatua, and S. Bhattacharya, “Control technique for 15 kV

SiC IGBT based active front end converter of a 13.8 kV grid tied 100 kVA transformer-

less intelligent power substation,” in proc. 2013 IEEE Energy Conversion Congress

and Exposition, Denver, CO, pp. 4697-4704, Sept. 2013.

[62] S. Madhusoodhanan, K. Mainali, A. Tripathi, D. Patel, A. Kadavelugu, S. Bhat-

tacharya, and K. Hatua, “Performance evaluation of 15 kV SiC IGBT based medium

voltage grid connected three-phase three-level NPC converter,” in proc. 2015 IEEE

Energy Conversion Congress and Exposition, Montreal, Canada, pp. 3710-3717, Sept.

2015.

[63] M. Castilla, J. Miret, A. Camacho, J. Matas, and L. G. de Vicuna, “Reduction of

current harmonic distortion in three-phase grid-connected photovoltaic inverters via

resonant current control,” IEEE Trans. Ind. Electron., Vol. 60, no. 4, pp. 1464-1472,

Apr. 2013.

[64] W. Li, X. Ruan, D. Pan, and X. Wang, “Full-feedforward schemes of grid voltages

for a three-phase LCL-type grid-connected inverter,” IEEE Trans. Ind. Electron.,

vol. 60, no. 6, pp. 2237-2250, June 2013.

[65] J. He, Y. W. Li, and M. S. Munir, “A flexible harmonic control approach through

voltage-controlled DG-grid interfacing converters,” IEEE Trans. Ind. Electron., vol.

59, no. 1, pp. 444-455, Jan. 2012.

371



[66] E. S. Sreeraj, E. K. Prejith, K. Chatterjee, and S. Bandyopadhyay, “An active har-

monic filter based on one-cycle control,” IEEE Trans. Ind. Electron., vol. 61, no. 8,

pp. 3799-3809, Aug. 2014.

[67] J. Xu, S. Xie, and T. Tang, “Active damping-based control for grid-connected LCL-

filtered inverter with injected grid current feedback only,” IEEE Trans. Ind. Electron.,

vol. 61, no. 9, pp. 4746-4758, Sept. 2014.

[68] C. K. Duffey, and R. P. Stratford, “Update of harmonic standard IEEE-519: IEEE

recommended practices and requirements for harmonic control in electric power sys-

tems,” in IEEE Trans. Ind. Appl., vol. 25, no. 6, pp. 1025-1034, Nov./Dec. 1989.

[69] D. C. Patel, R. Chattopadhyay, S. Madhusoodhanan, S. Bhattacharya, R. R. Sawant,

and M. C. Chandorkar, “Flux vector modulation for single-phase inverter with LC

output filter,” in proc. 2014 IEEE Applied Power Electronics Conference and Expo-

sition, Fort Worth, TX, pp. 1530-1536, Mar. 2014.

[70] M. P. Kazmierkowski and L. Malesani, “Current control techniques for three-phase

voltage-source PWM converters: A survey,” IEEE Trans. Ind. Electron., vol. 45, no.

5, pp. 691-703, Oct. 1998.

[71] D. N. Zmood, D. G. Holmes, and G. H. Bode, “Frequency-domain analysis of three-

phase linear current regulators,” IEEE Trans. Ind. Appl., vol. 37, no. 2, pp. 601-610,

Mar./Apr. 2001.

[72] R. Teodorescu, F. Blaabjerg, M. Liserre, and P. C. Loh, “A new breed of

proportional-resonant controllers and filters for grid-connected voltage-source con-

verters,” in Proc. Inst. Elect. Eng. Electric Power Applications, vol. 153, no. 5, pp.

750-762, Sept. 2006.

372



[73] M. Liserre, R. Teodorescu, and F. Blaabjerg, “Multiple harmonics control for three-

phase grid converter systems with the use of PI-RES current controller in a rotating

frame,” IEEE Trans. Power Electron., vol. 21, no. 3, pp. 836-841, May 2006.

[74] A. Yepes, F. Freijedo, J. Doval-Gandoy, O. Lopez, J. Malvar, and P. Fernandez-

Comesaa, “Effects of discretization methods on the performance of resonant con-

trollers,” IEEE Trans. Power Electron., vol. 25, no. 7, pp. 1692-1712, July 2010.

[75] P. Mattavelli, “A closed-loop selective harmonic compensation for active fil-

ters,” IEEE Trans. Ind. Appl., vol. 37, no. 1, pp. 81-89, Jan./Feb. 2001.

[76] S. Bhattacharya, “High power active filter systems,”Ph.D. dissertation, Wiscon-

sin Electric Machines and Power Electronics Consortium, University of Wisconsin-

Madison, Madison, WI, 2003.

[77] D. Zhou and D. G. Rouaud, “Dead-time effect and compensations of three-level

neutral point clamp inverters for high-performance drive applications,” IEEE Trans.

Power Electron., vol. 14, no. 4, pp. 782-788, Jul. 1999.

[78] S. Sujitjorn, K. L. Areerak, and T. Kulworawanichpong, “The DQ axis with fourier

(DQF) method for harmonic identication,” IEEE Trans. on Power Delivery, vol. 22,

no. 1, pp. 737-739, Jan. 2007.

[79] A. V. Stankovic and T. A. Lipo, “A novel control method for input output har-

monic elimination of the PWM boost type rectifier under unbalanced operating con-

ditions,” IEEE Trans. Power Electron., vol. 16, no. 5, pp. 603-611, Sept. 2001.

[80] Z. D. Koozehkanani, P. Mehta, and M. K. Darwish, “Active filter for eliminating

current harmonics caused by non-linear circuit elements,” Electronics Letters, vol.

31, no. 13, pp. 1041-1042, Jun. 1995.

373



[81] H. Pouliquen, P. Lemerle, and E. Plantive, “Voltage harmonics source compensation

using a shunt active filter,” in proc. 1995 European Power Electronics conference,

EPE-98, Sevilla, Spain, pp. 1.117-1.122, Sept. 1995.

[82] L. A. Moran, J. W. Dixon, and R. R. Wallace, “A three phase active power filter

operating with fixed switching frequency for reactive power and current harmonic

compensation,” IEEE Trans. on Ind. Electron., vol. 42. no. 4, pp. 402-408, Aug.

1995.

[83] S. Kim, J. Park, J. Kim, G. Choe, and M. Park, “An improved PWM current

control method for harmonic elimination using active power filter,” in IEEE Industrial

Application Society Annual Meeting, IEEE-IAS, 1987, pp. 927-931.

[84] S. Madhusoodhanan, K. Hatua, and S. Bhattacharya, “A unified control scheme for

harmonic elimination in the front end converter of a 13.8 kV, 100 kVA transformerless

intelligent power substation grid tied with LCL filter,” in proc. 2014 IEEE Applied

Power Electronics Conference and Exposition, Fort Worth, TX, pp. 964-971, Mar.

2014.

[85] R. Burgos, D. Boroyevich, F. Wang, K. Karimi, and G. Francis, “AC stability of high

power factor multi-pulse rectifiers,” in proc. 2011 IEEE Energy Conversion Congress

and Exposition, Phoenix, AZ, pp.3758-3765, Sept. 2011.

[86] V. Blasko and V. Kaura, “A novel control to actively damp resonance in input LC

filter of a three-phase voltage source converter,” in IEEE Trans. Ind. Appl., vol. 33,

no. 2, pp. 542-550, Mar./Apr. 1997.

374



[87] M. Malinowski and S. Bernet, “Simple voltage sensorless active damping scheme for

three-phase PWM converters with an LCL filter,” IEEE Trans. on Ind. Electron.,

vol. 55. no. 4, pp. 1876-1880, Apr. 2008.

[88] R. W. De Doncker, D. Divan, and M. Kheraluwala, “Three-phase soft-switched high-

power-density DC/DC converter for high-power applications,” IEEE Trans. Ind.

Appl., vol. 27, no. 1, pp. 63-73, Jan./Feb. 1991.

[89] F. Krismer and J. W. Kolar, “Closed form solution for minimum conduction loss

modulation of DAB converters,” IEEE Trans. Power Electron., vol. 27, no. 1, pp.

174-188, Jan 2012.

[90] G. Ortiz, D. Bortis, J. W. Kolar, and O. Apeldoorn, “Soft-switching techniques for

medium-voltage isolated bidirectional DC/DC converters in solid state transform-

ers,” in proc. 2012 IEEE Industrial Electronics Society Conference (IECON), Mon-

treal, QC, pp. 5233-5240, Oct. 2012.

[91] A. Tripathi, M. Shah, S. Madhusoodhanan, S. Bhattacharya, and K. Hatua, “FPGA

based control board development for medium-voltage high-power three-phase dual

active bridge converter,” in proc. 2014 IEEE Industrial Electronics Society Conference

(IECON), Dallas, TX, pp. 1487-1493, Oct. 2014.

[92] A. Tripathi, S. Madhusoodhanan, K. Mainali, K. Vechalapu, and S. Bhattacharya,

“Series injection enabled full ZVS light load operation of a 15kV SiC IGBT based

dual active half bridge converter,” in proc. 2016 IEEE Applied Power Electronics

Conference and Exposition, Long Beach, CA, Mar. 2016.

[93] S. Moballegh, S. Madhusoodhanan, and S. Bhattacharya, “Evaluation of high voltage

15 kV SiC IGBT and 10 kV SiC MOSFET for ZVS and ZCS high power DC-DC con-

375



verters,” in proc. 2014 IEEE International Power Electronics Conference, Hiroshima,

pp. 656-663, May 2014.

[94] H. Krishnamurthy and R. Ayyanar, “Stability analysis of cascaded converters for

bidirectional power flow applications,” in proc. 2008 IEEE International Telecommu-

nications Energy Conference, San Diego, CA, pp. 1-8, Sept. 2008.

[95] H. Krishnamurthy and R. Ayyanar, “Building block converter module for universal

(ac-dc, dc-ac, dc-dc) fully modular power conversion architecture,” in proc. IEEE

Power Electronics Specialists Conference, pp. 483-489, June 2007.

[96] S. Madhusoodhanan, A. Tripathi, D. Patel, K. Mainali, S. Bhattacharya, and

K. Hatua, “Stability analysis of the high voltage dc link between the FEC and dc-dc

stage of a Transformerless Intelligent Power Substation,” in proc. 2014 IEEE Energy

Conversion Congress and Exposition, Pittsburgh, PA, pp. 3702-3709, Sept. 2014.

[97] A. Tripathi, K. Mainali, D. Patel, K.Hatua,and S. Bhattacharya, “Closed loop D-Q

control of high-voltage high-power three-phase dual active bridge converter in pres-

ence of real transformer parasitic parameters,” in proc. 2013 IEEE Energy Conversion

Congress and Exposition, Denver, CO, pp. 5488-5495, Sept. 2013.

[98] A. Tripathi, K. Mainali, S. Madhusoodhanan, D. Patel, A. Kadavelugu, S. Hazra,

S. Bhattacharya, and K. Hatua, “MVDC microgrids enabled by 15kV SiC IGBT based

flexible three phase dual active bridge isolated DC-DC converter,” in proc. 2015 IEEE

Energy Conversion Congress and Exposition, Montreal, Canada, pp. 5708-5715, Sept.

2015.

[99] K. Mainali, A. Tripathi, S. Madhusoodhanan, A. Kadavelugu, D. Patel, S. Hazra,

K. Hatua, and S. Bhattacharya, “A Transformerless Intelligent Power Substation: A

376



three-phase SST enabled by a 15-kV SiC IGBT,” IEEE Power Electron. Mag., vol.

3. no. 3, pp. 31-43, Sept. 2015.

[100] X. She, F. Wang, R. Burgos, and A. Q. Huang, “Solid state transformer interfaced

wind energy system with integrated active power transfer, reactive power compen-

sation and voltage conversion functions,” in proc. 2012 IEEE Energy Conversion

Congress and Exposition, Raleigh, NC, pp. 3140-3147, Sept. 2012.

[101] G. Brando, A. Dannier, and R. Rizzo, “Power electronic transformer application

to grid connected photovoltaic systems,” in proc. 2009 International Conf. on Clean

Electrical Power, Capri, pp. 685-690, June 2009.

[102] R. K. Gupta, G. F. Castelino, K. K. Mohapatra, and N. Mohan, “A novel inte-

grated three-phase, switched multi-winding power electronic transformer converter

for wind power generation system,” in proc. 2009 IEEE Industrial Electronics Society

Conference (IECON), Porto, pp. 4481-4486, Nov. 2009.

[103] A. Q. Huang, M. L. Crow, G. T. Heydt, J. P. Zheng, and S. J. Dale, “The future

renewable electrical energy delivery and management (FREEDM) system: the energy

internet,” IEEE Proceedings, vol. 99, no. 1, pp. 133-148, Jan. 2011.

[104] S. Madhusoodhanan, A. Tripathi, K. Mainali, D. Patel, A. Kadavelugu, and

S. Bhattacharya, “Distributed energy storage device integration with three phase

distribution grid using a transformerless intelligent power substation,” in proc. 2015

IEEE Applied Power Electronics Conference and Exposition, Charlotte, NC, pp. 670-

677, Mar. 2015.

[105] D. Linden and T. B. Reddy, Handbook of Batteries, Mcgraw-Hill Handbooks, 2001.

377



[106] D. Fregosi, S. Bhattacharya, and S. Atcitty, “Empirical battery model character-

izing a utility-scale carbon-enhanced VRLA battery,” in proc. 2011 IEEE Energy

Conversion Congress and Exposition, Phoenix, AZ, pp. 3541-3548, Sept. 2011.

[107] S. Tian, M. Hong, and M. Ouyang, “An experimental study and nonlinear modeling

of discharge I-V behavior of Valve-Regulated Lead-Acid Batteries,” IEEE Trans.

Energy Conv., vol. 24, no. 2, pp. 452-457, June 2009.

[108] IEEE notes [Online]. Available: http://ewh.ieee.org/soc/pes/dsacom/

testfeeders/index.html

[109] Z. Wang, J. Xu, K. Hatua, S. Madhusoodhanan, and S. Bhattacharya, “Solid state

transformer specification via feeder modeling and simulation,” in proc. 2012 IEEE

Power and Energy Society General Meeting, San Diego, CA, pp. 1-5, July 2012.

[110] G. G. Karady, A. Q. Huang, and M. Baran, “Freedm system: An electronic smart

distribution grid for future,” in proc. 2012 IEEE Transmission and Distribution Con-

ference and Exposition, Orlando, FL, pp. 1-6, May 2012.

[111] L. Yang, T. Zhao, J. Wang, and A. Q. Huang, “Design and analysis of a 270kW

five-level dc/dc converter for solid state transformer using 10kV SiC power de-

vices,” in Proc. 2007 IEEE Power Electronics Specialist Conference, Orlando, FL,

pp. 245-251, June 2007.

[112] Y. Du, S. Baek, S. Bhattacharya, and A. Q. Huang, “High-voltage high frequency

transformer design for a 7.2kV to 120V/240V 20kVA solid state transformer,” in proc.

2010 IEEE Industrial Electronics Society Conference (IECON), Glendale, AZ, pp.

493-498, Nov. 2010.

378



[113] A. Abedini and T. Lipo, “A novel topology of solid state transformer,” in proc. 2010

IEEE Power Electronic and Drive Systems and Technologies Conference (PEDSTC

10), Tehran, Iran, pp. 101-105, Feb. 2010.

[114] S. Falcones, X. Mao, and R. Ayyanar, “Topology comparison for solid state trans-

former implementation,” in proc. 2010 IEEE Power Energy Soc. Conf., Minneapolis,

MN, pp. 1-8, July 2010.

[115] S. Dutta, V. Ramachandaran and S. Bhattacharya, “Black start operation for the

solid state transformer created micro-grid under islanding with storage,” in proc. 2014

IEEE Energy Conversion Congress and Exposition, Pittsburgh, PA, pp. 3934-3941,

Sept. 2014.

[116] M. Kumar, L. Huber and M. M. Jovanovic, “Start-up procedure for three-phase six-

switch boost PFC rectifier,” in proc. 2014 IEEE Applied Power Electronics Conference

and Exposition, Fort Worth, TX, pp. 1852-1859, Mar. 2014.

[117] K. Mainali, S. Madhusoodhanan, A. Tripathi, D. Patel, and S. Bhattacharya,

“Start-up scheme for solid state transformers connected to medium voltage

grids,” in proc. 2015 IEEE Applied Power Electronics Conference and Exposition,

Charlotte, NC, pp. 1014-1021, Mar. 2015.

[118] H. B. Shin and J. G. Park, “Anti-windup PID controller with integral state predic-

tor for variable-speed motor drives,” IEEE Trans. Ind. Electron., vol. 59. no. 3, pp.

1509-1516, Mar. 2012.

[119] P. March and M. C. Turner, “Anti-windup compensator designs for nonsalient

permanent-magnet synchronous motor speed regulators,” in IEEE Trans. Ind. Appl.,

vol. 45, no. 5, pp. 1598-1609, Sept./Oct. 2009.

379



[120] S. Madhusoodhanan, D. C. Patel, S. Bhattacharya, J. A. Carr, and Z. Wang, “Pro-

tection of a transformerless intelligent power substation,” in proc. 2013 IEEE Interna-

tional Symposium on Power Electronics for Distributed Generation Systems, Rogers,

AR, pp. 1-8, July 2013.

[121] Datasheet [Online]. Available: http://www05.abb.com/global/scot/scot235.

nsf/veritydisplay/7d4008fa40ce98c9c12577f20038ace0/$\$$file/ABB$\

%$20Fuses_cat_3405PL202-W3-EN.pdf.

[122] G. L. Skibinski, J. D. Thunes and W. Mehlhorn, “Effective utilization of surge pro-

tection devices,” in IEEE Trans. Ind. Appl., vol. IA-22, no. 4, pp. 641-682, July/Aug.

1986.

[123] Datasheet [Online]. Available: http://www05.abb.com/global/scot/scot245.

nsf/veritydisplay/f0309c715ff8b00ac1257abf0059e8fb/$\$$file/ABB_

1HC0075855-revAB_EN_Surge$\%$20arrester$\%$20POLIM-K.pdf.

[124] International standard on high-voltage test techniques Part 1: General definitions

and test requirements, IEC Std. 60060-1, 2010.

[125] J. A. Carr, Z. Wang, S. Bhattacharya, D. C. Patel, and S. Madhusoodhanan,

“Transient overvoltage rating and BIL of the transformerless intelligent power sub-

station,” in proc. 2013 IEEE Power and Energy Society General Meeting, Vancouver,

BC, pp. 1-5, July 2013.

[126] J. A. Carr, Z. Wang, S. Bhattacharya, K. Hatua, and S. Madhusoodhanan, “Over-

loading and overvoltage evaluation of a transformerless intelligent power substa-

tion,” in proc. 2013 IEEE Power and Energy Society General Meeting, Vancouver,

BC, pp. 1-5, July 2013.

380



[127] G. K. Moghaddam, R. D. Gould, S. Madhusoodhanan, K. Hatua, S. Bhattacharya,

S. Leslie, S. Ryu, M. Das, A. Agarwal, and D. Grider, “Thermal design considera-

tions for 12kV SiC n-IGBT based 3L NPC converter,” in proc. 2012 IEEE Energy

Conversion Congress and Exposition, Raleigh, NC, pp. 2180-2186, Sept. 2012.

[128] B. Wrzecionko, D. Bortis, and J. W. Kolar, “A 120 ◦C ambient temperature forced

air-cooled normally-off SiC JFET automotive inverter system,” IEEE Trans. Power

Electron., vol. 29, no. 5, pp. 2345-2358, May 2014.

[129] X. Zhong, X. Wu, W. Zhou, and K. Sheng, “An all-SiC high-frequency boost DC-

DC converter operating at 320 ◦C junction temperature,” IEEE Trans. Power Elec-

tron., vol. 29, no. 10, pp. 5091-5096, Oct. 2014.

[130] C. N. M. Ho, H. Breuninger, S. Pettersson, G. Escobar, and F. Canales, “A com-

parative performance study of an interleaved boost converter using commercial Si

and SiC diodes for PV applications,” IEEE Trans. Power Electron., vol. 28, no. 1,

pp. 289-299, Jan. 2013.

[131] P. Ning, F. Wang, and K. D. T. Ngo, “Forced-air cooling system design under weight

constraint for high-temperature SiC converter,” IEEE Trans. Power Electron., vol.

29, no. 4, pp. 1998-2007, Apr. 2014.

[132] T. Funaki, J. C. Balda, J. Junghans, A. S. Kashyap, H. A. Mantooth, F. Barlow,

T. Kimoto, and T. Hikihara, “Power conversion with SiC devices at extremely high

ambient temperatures,” IEEE Trans. Power Electron., vol. 22, no. 4, pp. 1321-1329,

July 2007.

[133] A. Kadavelugu, K. Mainali, D. Patel, S. Madhusoodhanan, A. Tripathi, K. Hatua,

S. Bhattacharya, S. Ryu, D. Grider, and S. Leslie, “Medium voltage power converter

381



design and demonstration using 15 kV SiC N-IGBTs,” in proc. 2015 IEEE Applied

Power Electronics Conference and Exposition, Charlotte, NC, pp. 1396-1403, Mar.

2015.

[134] S. Madhusoodhanan, A. Tripathi, D. Patel, K. Mainali, A. Kadavelugu, S. Hazra,

S. Bhattacharya, and K. Hatua, “Solid state transformer and MV grid tie applications

enabled by 15 kV SiC IGBTs and 10 kV SiC MOSFETs based multilevel convert-

ers,” in proc. 2014 IEEE International Power Electronics Conference, Hiroshima, pp.

1626-1633, May 2014.

[135] R. Singh, S. H. Ryu, D. C. Capell, and J. W. Palmour, “High temperature SiC

trench gate p-IGBTs,” IEEE Trans. Electron Devices, vol. 50, no. 3, pp. 774-784,

Mar. 2003.

[136] R. Singh, J. A. Copper. Jr., M. R. Melloch, and T. P. Chow, “SiC power Schottky

and PiN diodes,” IEEE Trans. Electron Devices, vol. 49, no. 4, pp. 665-672, Apr.

2002.

[137] Y. W. Li, “Control and resonance damping of voltage-source and current-source

converters with LC filters,” IEEE Trans. Ind. Electron., vol. 56. no. 5, pp. 1511-1521,

May 2009.

[138] J. C. Wiseman and B. Wu, “Active damping control of a high-power PWM current-

source rectifier for line-current THD reduction,” IEEE Trans. Ind. Electron., vol. 52.

no. 3, pp. 758-764, Jun. 2005.

[139] J. Doval-Gandoy and C. M. Penalver, “Dynamic and steady state analysis of a

three phase buck rectifier,” IEEE Trans. Power Electron., vol. 15, no. 6, pp. 953-959,

Nov. 2000.

382



[140] B. Wu, S. B. Dewan and G. R. Slemon, “PWM-CSI inverter for induction motor

drives,” IEEE Trans. Ind. Appl., vol. 28, no. 1, pp. 64-71, Jan. 1992.

[141] A. K. Abdelsalam, M. I. Masoud, S. J. Finney, and B. W. Williams, “Medium-

voltage pulse width modulated current source rectifiers using different semiconduc-

tors: loss and size comparison,” IET Power Electron., vol. 3, no. 2, pp. 243-258, Mar.

2010.

[142] A. De, A. Morgan, D. C. Hopkins, and S. Bhattacharya, “Design, package and

hardware verification of a high voltage current switch,” in proc. 2016 IEEE Applied

Power Electronics Conference and Exposition, Long Beach, CA, Mar. 2016.

[143] A. De, S. Roy, S. Bhattacharya, and D. M. Divan, “Performance analysis and

characterization of current switch under reverse voltage commutation, overlap voltage

bump and zero current switching,” in proc. 2013 IEEE Applied Power Electronics

Conference and Exposition, Long Beach, CA, pp. 2429-2435, Mar. 2013.

[144] F. Xu, B. Guo, L. M. Tolbert, F. Wang, and B. J. Blalock, “Evaluation of SiC

MOSFETs for a high efficiency three-phase buck rectifier,” in proc. 2012 IEEE Applied

Power Electronics Conference and Exposition, Orlando, FL, pp. 1762-1769, Feb. 2012.

[145] F. Xu, B. Guo, Z. Xu, L. M. Tolbert, F. Wang, and B. J. Blalock, “High efficiency

paralleled three-phase current source front-end rectifiers for data center power supplies

with current balancing and hot-swap,” in proc. 2014 IEEE Applied Power Electronics

Conference and Exposition, Fort Worth, TX, pp. 900-905, Mar. 2014.

[146] B. Guo, F. Xu, F. Wang, L. M. Tolbert, and B. J. Blalock, “Overvoltage protection

scheme for three-phase current source converter built with SiC MOSFETs,” in proc.

383



2014 IEEE Applied Power Electronics Conference and Exposition, Fort Worth, TX,

pp. 3469-3476, Mar. 2014.

[147] E. Cengelci, P. N. Enjeti, and J. W. Gray, “A new modular motor-modular in-

verter concept for medium-voltage adjustable-speed-drive systems,” IEEE Trans.

Ind. Appl., vol. 36, no. 3, pp. 786-796, Aug. 2002.

[148] J. Dai, S. W. Nam, M. Pande, and G. Esmaeili, “Medium-voltage current-source

converter drives for marine propulsion system using a dual-winding synchronous ma-

chine,” IEEE Trans. Ind. Appl., vol. 50, no. 6, pp. 3971-3976, Nov./Dec. 2014.

[149] R. Teodorescu, F. Blaabjerg, J. K. Pedersen, E. Cengelci, and P. N. Enjeti, “Mul-

tilevel inverter by cascading industrial VSI,” IEEE Trans. Ind. Electron., vol. 49, no.

4, pp. 832-838, Aug. 2002.

[150] D. Krug, S. Bernet, S. S. Fazel, K. Jalili, and M. Malinowski “Comparison of 2.3-kV

medium-voltage multilevel converters for industrial medium-voltage drives,” IEEE

Trans. Ind. Electron., vol. 54, no. 6, pp. 2979-2992, Dec. 2007.

[151] J. A. Sayago, S. Bernet, and T. Bruckner, “Comparison of medium voltage IGBT-

based 3L-ANPC-VSCs,” in proc. 2008 IEEE Power Electronics Specialist Conference,

Rhodes, pp. 851-858, June 2008.

[152] D. Jiang, J. Xue, F. Wang, and M. H. Kao, “High density modular multilevel

cascade converter for medium-voltage motor drive,” in proc. 2011 IEEE Electric Ship

Technologies Symposium, Alexandria, VA, pp. 482-485, Apr. 2011.

[153] J. Gong, L. Xiong, F. Liu, and X. Zha, “A regenerative cascaded multilevel con-

verter adopting active front ends only in part of cells,” IEEE Trans. Ind. Appl., vol.

51, no. 2, pp. 1754-1762, Mar./Apr. 2015.

384



[154] G. Wang, X. Huang, J. Wang, T. Zhao, S. Bhattacharya, and A. Q. Huang, “Com-

parisons of 6.5kV 25A Si IGBT and 10-kV SiC MOSFET in solid-state transformer

application,” in proc. 2010 IEEE Energy Conversion Congress and Exposition, At-

lanta, GA, pp. 100-104, Sept. 2010.

[155] C. DeMarino, I. Cvetkovic, Z. Shen, R. Burgos, and D. Boroyevich , “10 kV, 120

A SiC MOSFET modules for a power electronics building block (PEBB),” in proc.

2014 IEEE Workshop on Wide Bandgap Power Devices and Applications (WiPDA),

Knoxville, TN, pp. 55-58, Oct. 2014.

[156] S. Madhusoodhanan, K. Mainali, A. Tripathi, K. Vechalapu, and S. Bhattacharya,

“Medium voltage (≥ 2.3 kV) high frequency three-phase two-level converter design

and demonstration using 10 kV SiC MOSFETs for high speed motor drive appli-

cations,” in proc. 2016 IEEE Applied Power Electronics Conference and Exposition,

Long Beach, CA, Mar. 2016.

[157] K. Mainali, S. Madhusoodhanan, A. Tripathi, K. Vechalapu, A. De, and S. Bhat-

tacharya, “Design and evaluation of isolated gate driver power supply for medium

voltage converter applications,” in proc. 2016 IEEE Applied Power Electronics Con-

ference and Exposition, Long Beach, CA, Mar. 2016.

[158] Datasheet [Online]. Available: http://igbt-driver.com/sites/default/files/

product_document/data_sheet/ISO3116I_2.pdf.

[159] D. W. Berning, T. H. Duong, J. M. Ortiz-Rodriguez, A. Rivera-Lopez, and

A. R. Hefner Jr., “High-voltage isolated gate driver circuit for 10kV, 100A SiC MOS-

FET/JBS Power Module,” in proc. 2008 IEEE Industrial Applications Society Annual

Meeting, Edmonton, Alta., pp. 1-7, Oct. 2008.

385



[160] C. Marxgut, J. Biela, J. W. Kolar, R. Steiner, and P. K. Steimer, “DC-DC converter

for gate power supplies with an optimal air transformer,” in proc. 2010 IEEE Applied

Power Electronics Conference and Exposition, Palm Springs, CA, pp. 1865-1870, Feb.

2010.

[161] R. Steiner, P. K. Steimer, F. Krismer, and J. W. Kolar, “Contactless energy trans-

mission for isolated 100W gate driver supply of a medium voltage converter,” in proc.

2009 IEEE Industrial Electronics Society Conference (IECON), Porto, pp. 302-307,

Nov. 2009.

[162] S. Brehaut and F. Costa, “Gate driving of high power IGBT through a double

galvanic insulation transformer,” in proc. 2006 IEEE Industrial Electronics Society

Conference (IECON), Paris, pp. 2505-2510, Nov. 2006.

[163] A. Tripathi, K. Mainali, S. Madhusoodhanan, A. Yadav, K. Vechalapu, and S. Bhat-

tacharya, “A MV intelligent gate driver for 15kV SiC IGBT and 10kV SiC MOS-

FET,” in proc. 2016 IEEE Applied Power Electronics Conference and Exposition,

Long Beach, CA, Mar. 2016.

[164] X. Zhengping, B. Parkhideh, and S. Bhattacharya, “Improving distribution sys-

tem performance with integrated STATCOM and supercapacitor energy storage sys-

tem,” in proc. 2008 IEEE Power Electronics Specialists Conference, Rhodes, pp. 1390-

1395, Jun. 2008.

[165] R. Edson, R. Detjen, and K. R. Shah, “Grounding transformer applications and

associated protection schemes,” IEEE Trans. Ind. Appl., vol. 28, no. 4, pp. 788-795,

Jul. 1992.

386



[166] P. Pillai et al., “Grounding and ground fault protection of multiple generator in-

stallations on medium-voltage industrial and commercial systems Part 2: Grounding

methods working report,” IEEE Trans. Ind. Appl., vol. 40, no. 1, pp. 17-23, Jan./Feb.

2004.

[167] G. L. Skibinski, J. D. Thunes, and W. Mehlhorn,, “Effective utilization of surge

protection devices,” IEEE Trans. Ind. Appl., vol. IA-22, no. 4, pp. 641-652, Jul./Aug.

1986.

[168] E. P. Wiechmann, R. P. Burgos, and J. Holtz, “Active front-end converter for

medium-voltage current-source drives using sequential-sampling synchronous space-

vector modulation,” IEEE Trans. Ind. Electron., vol. 50. no. 6, pp. 1275-1289, Dec.

2003.

[169] B. Wu, J. Pontt, J. Rodriguez, S. Bernet, and S. Kouro, “Current-source converter

and cycloconverter topologies for industrial medium-voltage drives,” IEEE Trans.

Ind. Electron., vol. 55. no. 7, pp. 2786-2797, Jul. 2008.

[170] J. R. Espinoza and G. Joos, “Current-source converter on-line pattern generator

switching frequency minimization,” IEEE Trans. Ind. Electron., vol. 44. no. 2, pp.

198-206, Apr. 1997.

387



APPENDICES

388



Appendix A
Expression for Matrix [Gf (s)]

The expressions for the individual transfer functions inside the matrix [Gf (s)] is given

here. This is derived using the matrices A(s) and B(s) given by (3.33) and (3.34), re-

spectively, in Chapter 3 using (3.35). From (3.27),[
vdf

vqf

]
= [Gf (s)]×

[
idf

iqf

]

The 2 X 2 matrix [Gf (s)] is derived using the symbolic toolbox in MATLAB and

can be represented using (A.1) to (A.5), where Te is the extraction filter time constant,

Kcn, Tcn are the harmonic current controller parameters. This clearly shows that there

is a coupling between the d and q-axes after conversion from the 5th harmonic reference

frame to the fundamental reference frame of the transfer function G5(s) (through the fre-

quency term ω6). It is to be noted that [Gf (s)](1, 2) = −[Gf (s)](2, 1) and [Gf (s)](1, 1) =

[Gf (s)](2, 2).

[Gf (s)] =

[
[Gf (s)](1, 1) [Gf (s)](1, 2)

[Gf (s)](2, 1) [Gf (s)](2, 2)

]
(A.1)

[Gf (s)](1, 1) =
Kcn[TeTcns

3 + (Tcn + Te)s
2 + (1 + TeTcnω

2
6)s+ (Tcn − Te)ω2

6]

TcnT 2
e s

4 + 2TcnTes3 + Tcn(1 + 2T 2
e ω

2
6)s2 + 2TcnTeω2

6s+ Tcnω2
6(1 + T 2

e ω
2
6)

(A.2)
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[Gf (s)](1, 2) =
Kcnω6[TeTcns

2 + 2Tes+ (1 + TeTcnω
2
6)]

TcnT 2
e s

4 + 2TcnTes3 + Tcn(1 + 2T 2
e ω

2
6)s2 + 2TcnTeω2

6s+ Tcnω2
6(1 + T 2

e ω
2
6)

(A.3)

[Gf (s)](2, 1) =
−Kcnω6[TeTcns

2 + 2Tes+ (1 + TeTcnω
2
6)]

TcnT 2
e s

4 + 2TcnTes3 + Tcn(1 + 2T 2
e ω

2
6)s2 + 2TcnTeω2

6s+ Tcnω2
6(1 + T 2

e ω
2
6)

(A.4)

[Gf (s)](2, 2) =
Kcn[TeTcns

3 + (Tcn + Te)s
2 + (1 + TeTcnω

2
6)s+ (Tcn − Te)ω2

6]

TcnT 2
e s

4 + 2TcnTes3 + Tcn(1 + 2T 2
e ω

2
6)s2 + 2TcnTeω2

6s+ Tcnω2
6(1 + T 2

e ω
2
6)

(A.5)

However, if feed-forward terms are used for decoupling the 5th harmonic d and q-

axes, in the 5th harmonic reference frame, the coupling terms in the matrix [Gf (s)] can

be neglected for the analysis. If this is assumed, the d-axis and q-axis equations are

independent. Also, the transfer functions relating vdf with idf , and vqf with iqf are the

same. Hence, the performance of the q-axis fundamental current loop is expected to be

similar to that of the d-axis fundamental current loop when the parallel harmonic loops

are added. Therefore, only the d-axis loop is analyzed in Chapter 3.
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Appendix B
TIPS Grounding and Protection from High

Voltage Impulse

B.1 Introduction

The BIL rating of a piece of equipment is the maximum peak voltage of a 1.2/50 µs

voltage impulse such as the one described in IEC 60060 [124] and shown in Figure B.1.

This strike is considered to happen at the input of the equipment as a worst case scenario.

Distribution equipment, including the TIPS, is required to withstand such impulses from

sources such as lightning. The overvoltage impulses pose several dangers to the TIPS.

First, the voltage surge could cause the rated collector to emitter voltages of the switching

devices in the TIPS to be exceeded, resulting in breakdown and destruction of those

devices. Second, the fast acting impulse could cause oscillation in the gate to emitter

voltages of the devices, which could re-trigger the turned-off devices and cause shoot-

through. Third, the overvoltage impulse could cause surge currents which could overheat

the devices through which they flow. Finally, the overvoltage impulse could cause an

excessive voltage to develop between the TIPS components and ground resulting in a

breakdown of the insulation between the two, and subsequent arcing.

The TIPS grounding scheme is described along with several protection circuits for

1 MVA power rating. The system performance with midpoint grounding and a va-

riety of grounding, protection, and filter circuits is tested in simulation with MAT-

LAB/SIMULINK and the results are reported. The impact of the parasitic capacitance

of the high frequency transformer is explored. A recommended protection scheme is re-
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Figure B.1: IEEE 60060 1.2/50 µs impulse voltage

ported along with the conclusions from this investigation.

B.2 TIPS AFEC Grounding and Protection

The TIPS is intended to be installed at the head of a feeder where it steps down a 1

MW load from 13.8 kV to 480 V. As such, it receives a ground reference along with the

neutral wire from the substation upstream and is expected to provide a ground along

the neutral wire to the loads downstream. The standard design of the input AFEC and

output inverter feature a delta-connection to the three main phases, so there is no ob-

vious place to connect the neutral wire. Several connection schemes can be considered.

First, an additional phase leg could be added to the rectifier and inverter. This requires

an extensive redesign of the TIPS and is not considered here. Second, the neutral wire

could be connected to the mid-point of the dc bus capacitors [164]. This requires no

additional equipment, but any CM ground current must flow through the converter de-

vices. Furthermore, the system may have problems during unbalanced voltage and fault

conditions. Finally, a separate grounding transformer can be connected at the input of

the system to provide a neutral connection [165].

A variety of grounding circuits are available to connect the TIPS to the ground-

ing/neutral wire, wherever that wire may be connected. These include effective grounding,

where the system is connected directly to the grounding point with minimal impedance,

low-impedance resistive grounding, high impedance resistive grounding and grounding

through a reactor. In general, increasing the resistance of the ground connection de-
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creases the ground current (and hence the currents through the devices for mid-point

grounding) while increasing the voltage from the ground to the system (and hence the

voltage from each of the TIPS components to ground). Reactive grounds have low volt-

ages between the mid-point and ground, similar to effective grounding, while providing

a small attenuation of the current and delaying the rise to the peak current (which can

be of use in conjunction with active protection) [166]. Two of the most common filters

used at the MV grid are the inductive and LCL filters. The capacitance of the LCL filter

may be grounded or not grounded, and is not grounded in this case to limit circulating

ground currents.

Protection circuits are installed at the input of the TIPS, usually just before the

filter circuit, to protect it against voltage and current surges originating on the grid.

The surge arresters, such as the MOV, have high impedance at normal voltages but very

low impedance at high voltages. The MOV acts as a low-impedance path to divert surge

currents during overvoltage transients. The MOV has a residual voltage while in operation

that, while lower than the surge voltage, can still be significant and must be endured

by the TIPS [167]. The low-pass filter acts to block high frequency input components,

particularly those found in fast-acting overvoltage transients. The LCL filter can act as

such a low-pass filter if the capacitor is grounded. The schematics for selected ground,

filter, and protection circuits are summarized in Figure B.2.

Rgnd

Lgnd

Ground 
Circuits

Lf

Lg Ls

Cf

Filter 
Circuits

Protection 
Circuits

LMOV

Low 

Pass 

Filter

Figure B.2: IEEE 60060 1.2/50 µs impulse voltage
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Figure B.3: Line current during overvoltage impulse with L-filter and 50 Ω grounding
resistor

Figure B.4: Maximum insulation voltage during overvoltage impulse; L-filter, 50 Ω
grounding resistor

394



B.3 Performance with Mid-Point Grounding

An overvoltage impulse such as that in Figure B.1 is applied at the input to the TIPS

AFEC just before the protection and filter circuits, and the line current as well as the

maximum voltage across the insulation are measured to see if any failure mechanisms

occurred. The maximum voltage across the insulation occurs between the positive dc bus

line and ground. The devices are said to fail if the voltage from collector to emitter VCE

exceeds the 15 kV rating of the device. The devices are said to fail from re-triggering if

the gate voltage VGE exceeds 0 V for the devices which are off. A failure due to excess

current is deemed to occur if the current exceeded 300 A, 5 times the rated peak current

(assuming 1 MVA), for more than 10 ms, while an insulation failure due to overvoltage

occurs if the voltage from positive dc bus line to ground exceeds 95 kV.

The TIPS BIL performance is studied using several cases. The base case is taken for a

30 mH inductive filter and a 50 Ω ground resistance with no special protection circuitry.

The line current is shown in Figure B.3 and the voltage from positive dc bus line to

ground is shown in Figure B.4. It can be seen that, even in the base case, neither the

excess current nor the insulation failure defined above occur.

Table. B.1 lists the peak line current, peak insulation voltage, and time to these

peaks for a variety of grounding circuits, input filters, and protective schemes. All of

these test cases show that the current and voltage are within the tolerance limits. The

current does exceed 300 A briefly for effective grounding and small reactive grounds, but

in both cases the current is reduced below the rated current level of 100 A before 10

ms. The component to ground voltage does not exceed 95 kV for any case, though it

does approach this limit for a high impedance resistive grounding of 500 Ω. The device

collector to emitter voltages and gate voltages are considered for all of these cases, and

in no case did the voltages exceed the failure limits.

The table shows that the voltage between the positive dc bus and ground is negligible

for effective and reactive grounding, so the assumption that the downstream disturbance

is minimal is supported. The use of a MOV or other surge arrester is recommended

even though the potential for TIPS failure is minimal. Large current surges can also be

experienced on the grid, and the MOV is necessary to divert these to ground [167]. These

surge currents have a similar shape to the overvoltage surge shown in Figure B.1, but

with a peak of 20 kA rather than 95 kV. A significant voltage can still fall across the

TIPS even while the MOV protects it from a current surge since the MOV develops a
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Table B.1: Grounding, Filter and Protection Circuit Results

Grounding Peak line Peak insulation Time to

configuration current (A) voltage (V) peak (µs)

50 Ω resistive (Base, L-filter) 210 34 110

Effective (L-filter) > 330 > 12.6 > 250

20 Ω resistive (L-filter) 265 22.8 200

500 Ω resistive (L-filter) 120 80 35

0.4 mH reactive (L-filter) > 320 > 12.5 > 250

2 mH reactive (L-filter) > 280 > 12.25 > 250

5 mH reactive (L-filter) > 240 > 12.1 > 250

Transformer ac side (L-filter) 210 34 110

50 Ω (LCL-filter) 210 34 110

50 Ω resistive (with MOV protection) 220 36 175

Effective (with MOV protection) > 320 > 12.55 > 250

500 Ω resistive (with MOV protection) 87 52 65

10 mH reactive (with MOV protection) > 205 > 13.2 > 350

Grounded LCL > 230 > 38 > 350

Low pass filter 320 50 260

Figure B.5: Line current during overcurrent impulse with MOV protection, L-filter, and
50 Ω grounding resistor
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Figure B.6: Maximum insulation voltage during overcurrent impulse with MOV protec-
tion, L-filter, and 50 Ω grounding resistor

Figure B.7: MOV current during overcurrent impulse with MOV protection, L-filter,
and 50 Ω grounding resistor
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non-negligible residual voltage while it is operating. Figure B.5 and Figure B.6 show the

line current and peak insulation voltage, respectively, when the MOV is operating to

divert a 20 kA, 1.2/50 µs overcurrent impulse. Figure B.7 shows the current through the

MOV, showing that nearly the entire overcurrent impulse flows to ground through the

MOV. The full impulse current would travel through the devices if it is not diverted by

the MOV, which would be sufficient to destroy them.

B.4 Impact of High Frequency Transformer Para-

sitic Capacitance

The impact of the HF transformer parasitics is studied for the case where a grounding

transformer is used. This grounding transformer is connected to the TIPS MV ac termi-

nals between the MOV and the input ac filter. It is effectively grounded by connecting

its neutral terminal directly to the neutral wire of the distribution feeder. Generally, the

distribution line between the TIPS and the substation grounding rod does provide some

resistance and inductance in the ground path which normally limits the ground current.

The LV side is grounded at the midpoint of the LV dc bus.

Ideally, the HF transformer used in the DAB stage provides perfect isolation between

the MV and LV sides of TIPS. In practice, this HF transformer has several parasitic

capacitances that form a connection between the two sides of TIPS (see Figure 5.3 and

Table. 5.2). The most important of these capacitances is the primary winding to secondary

winding capacitance. This capacitance provides the path for circulating currents between

the grounds on the MV side and the LV side of TIPS.

The overvoltage transient shown in Figure B.1 is applied after 5 seconds and excites

the system. The previous section shows that this energy is diverted by the MOV and

the mid-point ground and did not impact the downstream system. In this case, with

the model of the HF transformer included and a grounding transformer used at the MV

terminals, the downstream system has a large impact on the transient response. The

positive dc terminal to ground voltage, shown in Figure B.8, displays a high peak at

just over 70 kV and a highly oscillatory behavior. This is still within the 95 kV BIL

rating of the component to ground insulation, so no failure is expected. But this is a

much more severe transient than is modeled in the previous case. The source of this

oscillation is a resonant interaction between the voltage across the primary to secondary
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Figure B.8: Voltage from positive dc bus terminal to ground with HF transformer
parasatics

Figure B.9: AFEC device current with HF transformer parasatics
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Figure B.10: AFEC device collector to emitter voltages with HF transformer parasatics

parasitic capacitance in the HF transformer, which carries the ground current, and the

series inductances associated with the HF transformer. Figure B.9 and Figure B.10 show

the device current and collector to emitter voltage, respectively, in this case. Even though

they are within device limits, the oscillation is severe.

B.5 Recommended Protection Scheme

A recommended protection scheme is selected based on the analysis. The MOV is installed

at the input to the TIPS AFEC to divert overcurrent surges. A reactive ground connection

is used at the mid-point of the MV dc bus to keep the voltage from the components

to ground at a minimum, in order to protect the downstream components from the

overvoltage disturbance. The reactor in the ground path also limits the device current

and slows its rise to the peak until the active control of the TIPS AFEC brings the

switches into a condition which can reset the input current to a safe level. No particular

filter design is preferred based on grounding study, since the line current and component

to ground voltage do not seem to be greatly affected by the filter design. So the filter

design can be determined based on its switching ripple and filter size requirements.
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Appendix C
Three-Phase PWM Buck Rectifier Control

C.1 Introduction

Traditional MV PWM CSCs are based on Si GTOs or IGBTs in series with PiN diodes.

These converters are switched at low switching frequencies (≤ 1 kHz). Hence, the control

bandwidth available is small. The control approaches used in such cases are mostly based

on single loop or two loop control [168]–[170]. The control variables are either dc link

current or ac current or both. Higher switching frequency possible with SiC devices

has enabled the use of multi-loop control of order more than two. The proposed 3-loop

structure is explained here.

C.2 Three-Loop Control Scheme for PWM Buck Rec-

tifier

The block diagram showing the 3-phase PWM buck rectifier control scheme at high

switching frequency is shown in Figure C.1. Synchronous reference frame based d, q

control is used. A PLL is used for generating the reference angle θ by phase locking

with the ac side grid voltage. All the 3-phase variables are converted to the equivalent

synchronous d, q reference frame variables using θ. In the synchronous d, q reference

frame, the fundamental components of all the variables are transformed to dc quantities.
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The outermost loop is the dc link current iDC control loop. This PI controller acts

to regulate the dc link current to the required value and generates the reference i∗d for

the PI controller controlling the d-axis component of the ac line current. The d-axis ac

current controller then regulates the d-axis current id to this reference. Similarly, q-axis

ac current controller regulates the q-axis component of the line current iq to its reference

i∗q. For UPF operation, the q-axis current reference iq∗ is kept at zero. It is changed to a

non-zero reference value during the operation of the buck rectifier as a VAR compensator,

if required.

The d-axis and q-axis ac current controllers generate the references for the innermost

d-axis filter capacitor voltage controller (v∗cd) and q-axis filter capacitor voltage controller

(v∗cq), respectively. The d, q components of the filter capacitor voltages (vcd, vcq) are used

as the feedback signals for the d-axis and q-axis filter capacitor voltage PI controllers.

These innermost PI controllers then generate the required d, q modulating signals (md,

mq). To improve the dynamic response of the system, the cross-coupling terms between

the d and q-axes must be compensated by adding the feed-forward terms to the outputs

of all the PI controllers.

In total, two voltage and three current sensors are required which is similar to what

is being used in traditional current source rectifiers. Two voltage sensors are required for

grid voltage sensing. The third grid line voltage is calculated from these two assuming

balanced conditions. Three current sensors are required–two for line currents and one for

dc current. The third line current is calculated from the two sensed line currents assuming

balanced conditions. Filter capacitor voltages are calculated from the grid voltages and

line currents.

The synchronous d, q modulating signals (md, mq) generated by the inner loop PI

controllers are then converted into the stationary reference frame modulating signals

(ms
d, m

s
q) using the reference angle θ. These signals are then used to calculate the current

space vector magnitude (
−→
I ) and phase angle (θi) which are used as the inputs to the

Space Vector PWM block. Using SiC devices and the associated high switching frequency

of operation opens up the scope of using this 3-loop structure for control. This allows

separating the bandwidths of each control loop by substantial margin to control each of

the three loops like a first order system for better dynamics. Thus, application of SiC

devices in CSCs results in PWM switching of these devices which ensures that no lower

order harmonics are drawn from the grid. Traditionally, fundamental frequency switching
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Table C.1: Switching States and Space Vectors of PWM Buck Rectifier

Type Switching On-state Buck rectifier Space

state switch PWM current vector

irs iys ibs

Zero (1, 4) S1, S4 0 0 0
−→
I0

states (3, 6) S3, S6 0 0 0
−→
I0

(5, 2) S5, S2 0 0 0
−→
I0

(6, 1) S6, S1 iDC −iDC 0
−→
I1

(1, 2) S1, S2 iDC 0 −iDC
−→
I2

Active (2, 3) S2, S3 0 iDC −iDC
−→
I3

states (3, 4) S3, S4 −iDC iDC 0
−→
I4

(4, 5) S4, S5 −iDC 0 iDC
−→
I5

(5, 6) S5, S6 0 −iDC iDC
−→
I6

is more popular for these types of converters to reduce the switching losses which results

in lower order harmonics in the grid current [1].

The switching pattern used for the current source based buck rectifier should generally

satisfy two conditions: (a) the dc current iDC should be continuous and (b) the converter

PWM currents should be defined at all times. The two conditions can be combined

to define the switching constraint as: at any instant of time, there should only be two

switches conducting, one in the top half of the converter and the other in the bottom

half of the converter. Any switching scheme used for PWM based control of 3-phase

buck rectifier should strictly follow this rule. In this study, the simulations have been

carried out using Space Vector PWM (SVPWM) scheme. The SVPWM based switching

of 3-phase buck rectifier is based on the switching states of the current space vector [1].

Based on the constraints imposed on the switching of the CSR, a 3-phase buck rectifier

has a total of nine switching states as given in Table. C.1. These switching states can

be classified as ‘zero’ switching states and ‘active’ switching states. The notation (k, l)

indicates the switching state when switches Sk and Sl are turned on and all other switches

are turned off. There are three zero states in total; (1, 4), (3, 6) and (5, 2). A zero state

indicates that both the top and bottom switches in the same leg are simultaneously turned
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Figure C.2: Space vector diagram for the 3-phase PWM buck rectifier

on and all other switches are turned off. Thus, the dc link current free wheels through

these switches in the same phase leg during this period and does not get supplied from the

grid. This mode of operation of the CSR is known as the ‘Bypass Operation’ [1], [170].

To reduce the switching loss in the zero state, all the devices in the converter can be

turned-off and a freewheeling diode can be used at the output side to carry the dc choke

current. There are six active switching states in total. Figure C.2 shows the space vector

diagram representing the different sectors used for SVPWM switching of the PWM buck

rectifier. Equations (C.1) to (C.5) are used for calculating the duty ratios or T-states of

each state vector in Sector I.

−→
I Ts =

−→
I1T1 +

−→
I2T2 +

−→
I0T0 (C.1)

T1 = ma sin
(π

6
− θi

)
Ts (C.2)

T2 = ma sin
(π

6
+ θi

)
Ts (C.3)

T0 = Ts − T1 − T2 (C.4)

ma =
|I|
iDC

(C.5)
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Here, ma is the modulation index and Ts is the sampling time. These equations can

also be used when current space vector is in other sectors provided that a multiple of

π/3 is subtracted from the actual angular displacement θi such that the modified angle θ′i

falls into the range −π/6 ≤ θ′i < π/6. This condition for generalization in all the sectors

k is given by (C.6) for −π/6 ≤ θ′i < π/6 [1], [170].

θ′i = θi − (k − 1)
π

3
(C.6)

C.3 Simulation Based Closed Loop Control Analysis

This section explains the performance of the closed loop controlled 3-phase PWM buck

rectifier through simulation. The buck rectifier system chosen for analysis is rated at

4.16 kV (grid rms line-line voltage), 100 kVA, 60 Hz. The simulation is carried out in

MATLAB/PLECS. As discussed previously, this topology is different from conventional

CSCs because of the fact that each half of one phase leg of the rectifier is composed

of two high frequency PWM controlled active devices and two 10 kV SiC JBS diodes

(as opposed to a single GTO per switch). At the output dc side, a 150 mH (0.189 p.u)

inductor maintains a constant current load for the buck rectifier. A capacitor is used at

the dc link to eliminate the dc voltage ripple. An equivalent resistance is used at the dc

side to represent the load. There is an LC filter bank at the grid side of the converter for

filtering the switching ripple with the resonant frequency at 950 Hz. The filter inductance

used is 28 mH (0.035 pu) per phase and the filter capacitance used is 1 µF (0.053 pu)

per phase. The base values are 4.16 kV and 13.88 A. The switching frequency used is

10.8 kHz. The sampling frequency considered is 21.6 kHz, i.e, sampling is done twice in

each switching period. The designed filter components and dc choke sizes are small for

this voltage and power levels due to the high switching frequency considered. The inner

filter capacitor voltage control loop, ac current control loop and the outer dc link current

control loop are designed for bandwidths of 1.5 kHz, 150 Hz and 50 Hz, respectively.

Simulation is carried out to test the steady state and transient behavior of the buck

rectifier at MV levels with this high switching frequency of operation.

Figure C.3 (a) to Figure C.3 (c) show the references for each PI controllers and the

actual quantities they are regulating when the buck rectifier is controlled at UPF and 100

kW load. The waveforms are captured during the start-up transient of the converter. A
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(a) (b)

(c)

Figure C.3: (a)The dc link current reference and actual dc link current (b) ac current
d, q references and actual ac current d, q components (reference and actual currents
overlap) and (c) filter capacitor voltage d, q references and actual filter capacitor voltage
d, q components (reference and actual voltages overlap)

sudden dc current reference of 19.73 A is applied to the outer control loop from no load

condition. It can be seen that the regulation is very smooth for each of the controllers

with zero steady state error. The speed of control is proportional to their respective

bandwidths.

Figure C.4 (a) shows the dc link voltage measured before the dc choke at steady state.

The bypass operation of the converter can be observed from this figure. By controlling the

bypass duration it is possible to control the average dc link voltage. The large voltage

ripple due to the bypass operation is dropped across this dc inductance. Thus, this

inductance has to be designed for high peak to peak voltage ripple. From Figure C.4 (b),
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(a) (b)

Figure C.4: (a) The dc link voltage measured before dc choke at steady state and (b)
dc link voltage and current measured after dc choke

the dc link voltage and current measured after the dc choke are found to be smooth.

Thus, due to high frequency PWM switching the dc link current regulation is very good

even with a relatively smaller dc choke inductance of 150 mH (0.189 pu) at MV level.

High switching frequency allows dc choke size reduction by around 4 to 5 times compared

to Si based CSC (0.1–0.2 pu compared to 0.5–0.8 pu with Si) [1].

Figure C.5 (a) shows the current through each voltage bi-directional series switch

(current switch) in the top and bottom halves of R-phase leg of the buck rectifier. The

steady state peak current is found to be just below 10 A. This is within the rated contin-

uous current limit of each of the devices considered. These devices can withstand about

5–6 times the rated current for short duration during transients. Figure C.5 (b) shows

the voltage across each series switch in the top and bottom halves of R-phase leg of the

buck rectifier. It can be seen that the steady state peak blocking voltage is around 6 kV

in both positive and negative directions. This is within the rated limits considering a

margin for over voltage transients.

Figure C.6 (a) shows the positive blocking voltage across the active device and nega-

tive blocking voltage across the SiC JBS diode in the R-phase top switch. Figure C.6 (b)

shows the R-phase grid voltage, buck rectifier input current and the grid line current

after filtering the switching ripple. Filtering is found to be very smooth. Figure C.7 (a)

shows the UPF operation. Figure C.7 (b) shows the leading power factor operation when

the buck rectifier is injecting 40 kVar (leading) into the grid for Var compensation. Fig-
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(a) (b)

Figure C.5: (a) R-phase top leg and bottom leg currents per series switch (b) R-phase
top leg and bottom leg voltages per series switch

(a) (b)

Figure C.6: (a) R-phase top switch active device and JBS diode voltages (b) R-phase
grid voltage, buck rectifier input current and grid line current
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(a) (b)

Figure C.7: (a) R-phase grid voltage scaled by 100 and grid line current showing UPF
operation (b) R-phase grid voltage scaled by 100 and grid line current during Var com-
pensation

Figure C.8: Transient response of the buck rectifier when the dc current reference is
changed from 0.75 pu to 1 pu
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ure C.8 shows the transient response of the buck rectifier when the dc current reference

is changed from 0.75 pu to 1 pu (75 kW to 100 kW). It can be seen that the transient

response of the dc current and the grid current dynamics are very smooth. All these

simulation results show that the 3-phase PWM Buck Rectifier when switched at high

switching frequency is a very good candidate for MV grid interface applications. The

control is very smooth with the 3-loop structure made possible due to high frequency

switching.
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