ABSTRACT

MURTHY, PRANAV. Design of a Full Power Test System for Semiconductor Switching
Characterization. (Under the direction of Dr. Douglas C Hopkins.)

Switching characterization of power semiconductors is commonly determined by Dou-
ble Pulse Test. This method does not completely reflect real application circuit conditions
like parasitic inductance and self heating of the device. Designing an application circuit
specifically for switching loss calculation is expensive especially for high power circuits. In
this thesis, an Energy Re-circulation based circuit is designed to test 6kV, 100A Super Cas-
code Power Modules switching characteristics under full power conditions. The circuit uses
inductor and capacitor to store energy and re-circulate at higher power levels than available
from the supply. A complete system with cooling solution for test devices, controller for

current regulation, bus bar for circuit connection and their assembly is presented.
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CHAPTER

INTRODUCTION

1.1 Overview

Power semiconductors are considered to be the most important components in modern
power processing equipment from grid applications, electric vehicles, motor drives to
low power household applications. Therefore it is important to accurately analyse and
design compact and efficient systems. Semiconductor testing plays an important role in
characterization and determining reliability of new devices. Silicon Carbide MOSFETs
are considered as leading candidates to replace IGBTs in medium voltage (2.5kV - 15kV)
applications. Authors in [1] have demonstrated the use of low voltage JFETs and MOSFETs
to build Supercascode switch structures which have low ON resistances and capable of fast

switching at high voltages.



In order to investigate new power electronic circuit topologies it is important to have ac-
curate loss models of these semiconductor devices. Typically, characterization tests for new
MOSFETs include Static and Dynamic tests. Static tests in [2],[3],[4],[5] are performed using
curve tracers such as Keysight B1015A which can completely define the device output and
transfer characteristics, on state resistance, threshold voltages, and junction capacitances.
A dynamic test includes Double Pulse Testing which switches a MOSFET under inductive
load to determine switching characteristics. This, however, does not accurately predict
the switching behavior in an application because of different operating conditions. These
differences can be circuit parasitics in the commutation loop, device parasitic capacitance
and distortions caused by probes and cables[6],[7]. Building an identical test system to the
application circuit only to evaluate devices at rated conditions would be expensive and
time-consuming especially for high power application.

This thesis explores how circuits based on Energy Re-circulation topology can be used
to perform full power tests [8]. The operation and virtual design of a 6kV,100A test circuit
will be discussed in detail here. Because of the 2020 pandemic, the Full Power Test circuit

demonstration was limited to a virtual circuit design.

1.2 Thesis Outline
This thesis is divided into 4 parts

¢ Chapter 2 provides background to Full Power Test circuit and how it is related to the

other test methods.

* Chapter 3 discusses the working of the circuit and formulate equations for system

sizing

* Chapter 4 discusses the design of passive components and selection of switching

frequency



e Chapter 5 details the design of current controller, cooling system, bus bar and shows

the assembly of the system



CHAPTER

BACKGROUND AND LITERATURE
REVIEW

This chapter discusses the Static and Dynamic methods used to characterise electrical
behaviour of switching power semiconductors. The drawbacks of the classical methods are

listed and compared to the advantages of the Full Power Test method.

2.1 Static Characterization

A static characterization test is used to determine the DC and AC behaviour of a MOSFET.
This includes output and transfer characteristics, on state resistance, threshold voltage and

junction capacitances. References [2],[3],[4],[5] show the static characterization process



on newly developed high voltage SiC MOSFETs using a Curve Tracer, Impedance analyser

and hot plate to test over a range of temperature. This test is important to understand the

working principle and operating limits of the Device Under Test (DUT). The next section

describes how switching performance is evaluated for a DUT.

2.2 Dynamic Characterization

A Double Pulse Test (DPT) is commonly used to characterize dynamic behaviour of MOS-

FETs. This test is carried out by switching a clamped inductive load on and off at a set

current. It can be used to measure turn on and turn off time, current and voltage rise times,

and energy lost in transitions. Figure 2.1 shows a typical DPT setup with a MOSFET and

Schottky diode.
I
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Figure 2.1: Typical Double Pulse Test Circuit
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The MOSFET is switched on to build up current in the inductor to a target value and

then turned off. The current freewheels through diode D for a short time and the MOSFET



is switched back on. The inductor L is sized such that the load current remains nearly
constant during freewheeling when the current commutates from MOSFET to diode or the
opposite. The two transitions of switching off and turning back on at the rated current are
recorded to determine energy lost during transition. The Figure 2.2 shows a typical gate

pulse and current waveform of a DPT.

S S~ o — N
T

Turn-off Turn-on

Figure 2.2: Typical Double Pulse Test Waveform

A shunt resistor at the source terminal of MOSFET or a Rogowski coil can be used to
sense the device current. The test circuit is designed such that the parasitic loop inductance
and stray capacitances are kept to a minimum. Pulse width is usually short enough to not
cause significant self heating of the device. A change in gate driver resistance and device
temperature affects the %, % and V —I characteristics [9]. The switching loss is affected
by the test circuit layout, gate driver and parasitic inductance in the commutation loop,

which may not resemble the application circuit[7]. Self-heating of devices during DPT of

high voltage and high current devices leads to error in loss measurement [10].



2.3 Full Power Test

The classical methods of semiconductor testing have some shortcomings in accurately
predicting switching losses as discussed in the previous section. A straightforward way
to evaluate losses accurately would be to build an identical test system for this purpose.
Although, it might become very difficult and expensive especially for high power applica-
tions.

In [8] a new class of switched mode circuit called Energy Re-circulation and Storage
Circuits (ERSC) is introduced. This circuit pumps in and stores energy in inductor and
capacitor to create higher flow of power than the source provides, and dissipates it in the
device under test. Figure 2.3 shows a Boost-Buck ERSC in which the energy re-circulates
between L and C and the power supply only provides for the losses in semiconductors.
Switch S1 is modulated independently to control I; and switch S2 controls voltage V, and

L.

L, iz
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Ideal Cascaded Boost/Buck ERSC

Figure 2.3: Ideal ERSC Buck Boost [8]

The main circuit under consideration for this thesis is obtained by modifying the Boost-



Buck converter to an Asymmetric half bridge converter as shown in Figure 2.4. This change
limits capacitor to a fixed voltage and only inductor current can be ramped up. Inductor
current increases when both S1, S2 are ON and it decreases when both switches are off.

When only one of the switches is ON, the current freewheels with the diode.

H AEZS Ql A D
R s R esr
- - L R |
C Vdc o= o
N DI 4E}§ Q2

Figure 2.4: Full Power Test Circuit

A similar circuit is used in [11] to perform device characterization of low voltage IGCTs
(1.5kV) and diodes (3.3kV) under real working conditions. Figure 2.5 shows the test circuit
with two opposing switching cells connected by an inductor known as the Opposition
Method. A current control loop is used to vary the load from 0 to 2kA at different switching
frequencies. The device power losses are measured using calorie meter and power analyzer.

By expanding this circuit to a Full bridge topology, [6] demonstrates a full power emu-
lation with GaN devices under hard and soft switching conditions. Figure 2.6 shows the

circuit used for this test.
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CHAPTER

CIRCUIT OPERATION

This chapter discusses the design and operation of the Full Power test circuit used in this

thesis.

3.1 Operating principle

Figure 3.1 shows the test circuit power stage derived from the ERSC Boost-Buck converter.
A single MOSFET and diode connection form a switching cell which are connected in
opposition to form this circuit. A DC link capacitor stores the recirculating energy. The DC
power supply is used to supply the losses of the circuit. Resistor Ry, is for current limiting
the power supply.

In this thesis a "Virtual Design’ of a 6kV,100A setup for Full Power test of the 100A Super

10
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Figure 3.1: Full Power Test Circuit

Cascode Power Module (SCPM) [1] will be presented in Chapter 4.

3.1.1 Modes of operation

Assuming the control loop has reached steady state for the set value of current the following
modes can be identified.

Mode 1 (Fig.3.2): Current build up - MOSFETs Q1 and Q2 are conducting and induc-
tor current, I; starts rising from its lowest value I,,;,,. The inductor current ripple, Al is
controlled by adjusting the overlap time, ¢, for which Q1, Q2 are both ON. Voltage across
inductor is (V,,, — I.(2R4s on + R;)) where, V,,, is the voltage across capacitor, Ry oy is

the ON resistance of the MOSFET and R, is the Equivalent Series Resistance (ESR) of the

inductor.
A Q1
H R s R esr '_ZS L R 1
C Vde C = o
i3 o

Figure 3.2: Mode 1
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Mode 2 (Fig.3.3): Re-circulation - As the current reaches it highest value I,,, ., switch Q1
is turned off and current commutates from Q1 to D1. If the device losses are low, inductor

current is held almost constant in this state. Switch Q2 remains ON.

H R s
R esr L R 1
- Y 1}
C Vdc C =
X DI *EES Q2

Figure 3.3: Mode 2

Mode 3 (Fig.3.4): Current reduction - Switch Q2 is turned off and diodes D1, D2 starts
conducting. Voltage across inductor L becomes (—V,,;, +2V; + I; x Ry o) where, V; is the
forward voltage drop of the diode. The current starts reducing as (- %) and charges the

capacitor.

N D2
U R s
- R esr L R 1
YY) {1}

I

vde C

N DI

Figure 3.4: Mode 3

Mode 4 (Fig.3.5): Re-circulation - After the inductor current reaches I,,,;,, switch Q1 is

turned back ON. The current commutates from Q2 to D2 and re-circulates through Q1 and

12
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Figure 3.5: Mode 4

3.1.2 Switching pattern

In this circuit the current can be built up to any desired level by forcing a net positive
volt-sec product across the inductor using a current control method. The switch Q2 is set
to a fixed duty of 0.5 and the switch Q1 is controlled by the regulator. The Fig.3.6 shows
build up of current when d 1+ d2 > 1 where d1 and d2 are duty cycles of switches Q1 and
Q2 respectively.

At steady state, when the average inductor current reaches a set value, the duty d1 settles
to a value slightly above 0.5 to compensate for the losses in the circuit. This time difference
in duty cycle between d1 and d2 is defined as €, which can be calculated by using the

formula[12]:

(3.1

The gate pulses of Q1 and Q2 are phase shifted in time, defined as ® (sec), which reduces

the value of inductance required for a certain allowed ripple.

13
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Figure 3.6: Inductor current build up

3.2 Component sizing

Power stage loss estimation: The capacity of a power supply will be determined by the
total circuit and DUT losses to be compensated. The circuit is expected to have conduction
and switching losses in the semiconductors and parasitic resistance in the passives. The
total power recirculating in the circuit at steady state will be E x I; where E is the DC link
voltage and I; is the average inductor current. Only a fraction of this will be lost as active
power. Therefore the power source should be sized according to the sum of all the expected
losses and some margin above it.

The current through the MOSFETs Q1,Q2 can be approximated to a square wave shape

since Al is small compared to I;.

14
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Figure 3.7: Steady state waveform
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Irms :Imax*‘/ﬁ (3.2)

I, Lyax*D 3.3)

Vg:

where, I, ,,, is the Root Mean Square (RMS) of the current through MOSFETs, 1,,,,, is
the highest value of current through Q1,Q2 and D is the duty cycle of the switches.

Therefore, the MOSFET conduction and switching losses can be estimated as:

Pcond:IerS*RdsON (3.4)

Psw:(Eon'FEoff)*fsw (3.5)

where, f;, is the switching frequency and E,,, E,;; are the ON and OFF switching
energy of the MOSFET.

Diode losses can be estimated as:

Poona=Vixlyyg+17, %Ry (3.6)

Py = Qe * Vour * fow 3.7)

where, Q. is the total junction charge at voltage V, R, is the equivalent resistance and
V; is the forward voltage of the diode.

Assuming an air core inductor, the copper losses due to its DC resistance can be calcu-
lated as:

P,,= Ifavg xR, (3.8)

16



where, R; is the equivalent series resistance of the inductor.

Switching Frequency: In this test the SCPM is selected for evaluation which is based on
fast switching Silicon Carbide JFETs. The switching frequency for test can be selected based
on the type of application circuit that the SCPM is intended to be used in. The maximum
switching frequency for test under full power will depend on total module losses and the
cooling capacity of the cold plates.

Inductor: As seen from figure 3.7, for a fixed current ripple, inductance L is directly
dependent on the overlap time (¢,) between Q1 and Q2. For a given test condition where
E is the maximum DC link voltage and AT is the maximum allowed ripple current, the

required inductance value can be defined as:

L_E*to
N

(3.9)

Capacitor: A DC link capacitor is connected to store energy during re-circulation. The
minimum required size of a capacitor is given by:
Imax * tO

C=——— 3.10
AV (3.10)

where, AV is the maximum allowed ripple voltage and I,,,, is the peak inductor current
during operation.
Overlap time ¢, directly influences the required inductance and capacitance, therefore

it should be minimised to reduce the size of the test setup.

17



CHAPTER

COMPONENT DESIGN

This chapter discusses the design and sizing of the main components introduced in the
previous chapter. Due to limited access of the High Voltage lab in FREEDM caused by
COVID-19, a virtual design is proposed for a 6kV, 100A test system.

The specifications of the Full Power Test circuit is listed in Table 4.1.

Table 4.1: Full Power Test Specification

Maximum DC Bus Voltage | 6000V
DC Current 100A
Maximum input power 6kwW

18



4.1 Super Cascode Power Module

The 6kV,100A Super Cascode Power Module [1] consists of two parallel strings of active
switches where each string is made of 6 JFETs (USCi UJN1202Z) and a MOSFET (USM141)
in series. The electrical and thermal characteristics of the module are summarised in the

Table 4.2.

Table 4.2: SCPM Specifications

Rated Voltage 6kV
Rated Current 100A
Drain-Source ON resistance, Rpg oy 48m¢)
Thermal resistance (Junction to case) | 0.45 C/W

The maximum voltage for continuous testing of the SCPM is chosen to be 5kV to re-
semble a real application circuit where a semiconductor switch is typically derated by
20% [13]. Figure 4.1 shows the test schematic of the SCPM in LTSpice where R; is the load
resistance and L, is the parasitic inductance of the SCPM module and V;,,,,,;, is the DC
power supply. The rest of the elements in the schematic from JFETs J1-J12 and M1, M2 form
the Super Cascode, and resistors R1-R11, capacitors C1-C5 and diodes D1-D5 form the
voltage balancing network for the cascode. A switching test at 5000V, 100A resistive load
and 50% duty cycle is simulated to observe the switching characteristics under full load.
Figure 4.2 and 4.3 show voltage and current waveform from LT Spice simulation where the
module has a 21ns rise time and 47ns fall time of drain to source voltage.

This simulation is used to calculate the switching energy loss of each JFET in the SCPM
string and Table 4.3 summarises the total switching loss (Turn on + Turn off) at JFET
junction temperature of 25°C and 150°C. The total switching loss of the power module is
two times the total loss in each string. The ON resistance of JFET J6 at T; = 150°C is noted

to be 55m.

19
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Table 4.3: Switching Loss Energy of SCPM string

Switching loss at 5000V, 100A

J1 ]2 J3 J4 J5 | J6 | M

Eg, (u)) at T; =25°C | 227.7 | 433.2 | 596.6 | 715 | 820 | 800 | 5.1

Es,, (u))at T; =150° | 269 | 427.8 | 591 | 718.3 | 812 | 791 | 6.55

The switching loss of JFETs does not change significantly with rise in junction tempera-
ture, however, the drain to source resistance increases by around 3 times.

Diode Module: The FPT has two diodes D1 and D2 that are specially fabricated to
operate in the high voltage circuit. The diode module package is same as the SCPM package
with four strings in parallel and each made of five CREE CPW51700Z050B 1700V, 50A diodes

in series. The module is rated for 8.5kV, 200A.

4.2 Switching frequency

The selection of switching frequency for test is a user defined variable which allows one
to test the SCPM at particular frequency that matches the intended application circuit. To
design a cooling system for this test circuit, maximum power loss estimation of the SCPM is
required. Considering the worst case test condition of 5000V,100A the following discussion
details the maximum power loss in the module and highest frequency that the SCPM can
switch at under this condition.

In steady state condition, the duty cycle of SCPM S2 is 0.5. From equation (3.2) the RMS
current through S2 is 100*+/0.5 = 70.7A. Each module has two strings of identical elements,
therefore it can be assumed that the current distribution in each string will be half of the
total current (35.35A). The JFETs are placed in the module on a Cu/AIN/Cu Direct Bonded
Copper (DBC) substrate with junction to case thermal resistance of 0.45°C/W [1]. The Table
4.3 shows from simulation that the switching loss in a single string are not equal and the
loss increases from top JFET (J1) to bottom JFET (J6). It is also noted in [14] that due to the

nature of the balancing circuit, JFET J6 thermally limits the module in current, voltage and

22



frequency.

u, 12mil

JFET

AIN, 25mil

—»AISIC, 0.5cm

Figure 4.4: SCPM Cross section along J6

Figure 4.4 shows the cross section of the SCPM across JFET J6. Assuming the junction
temperature of JEET J6 (T},) is limited to 150°C and the baseplate temperature (73) is held

at 70°C by the cooling system, the maximum power dissipation under the J6 die is given by -

T, —T,
Prax j6 = ”;—B =177.7W
th

where, R;;, = 0.45°C/W is the thermal resistance from junction of J6 to baseplate. This
power is the sum of switching loss and conduction loss of J6. The conduction loss can be

calculated as -

Pcond]s = II%MS *RDS 150C = 68.7W

where, Iy s = 35.35A is the Root Mean Square current through JFET J6 and Rpg150c
=55mS2 is the ON resistance of J6 at 150°C

The maximum switching frequency can be calculated as-

Psw]GZPmaxJG_Pcondjﬁ

Pmax]G_PcondIG —136kHz

fsw max —
Esw]G

where, E;,, j¢ is the switching energy of J6 from Table 4.3
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This is an approximate calculation of the maximum switching frequency of the module
under full power. Other source of losses such as balancing circuit, gate drive and common
mode current are not considered here. The SCPM was designed and Double pulse tested
under the rated voltage and current conditions in [1] but not at continuous power and
switching frequency. A 3-D lookup table with switching and conduction losses at different
operating voltage, current and temperature is required to accurately model the SCPM circuit

in steady state.

4.3 Inductor

The inductor is the main energy storage element in a Full Power Test System and its sizing
depends on operating DC bus voltage and current ripple. From Section 3.1.1 it is known
that during Mode 1 of the switching cycle, both switches Q1 and Q2 are turned ON. The
inductor current rise is defined by the equation V = Lﬁ—i where V is the voltage across the
inductor, L is the inductance, Al is the ripple current and At is the time for which voltage is
applied. The maximum voltage across inductor is equal to DC link voltage of 5000V DC.
Ripple current is a design parameter which is chosen to be 5% of the 100A maximum test
current. And the total overlap time between ON time of top and bottom switch can be
chosen to set an inductance value. Since this a design parameter free to be chosen, it should
be set to as low as possible to reduce the total inductance required, and therefore, reduce
the inductor size and copper material requirement.

By trial and error method of selecting the overlap time, ¢, it is observed from LT Spice
simulation that a minimum 7, of 2(¢, + £;) produces a good square wave with low distortions.
This is used as a reference point to select ¢, = 200ns which gives the required inductance
size as 200uH. The Fig 4.6 shows the results from a FPT LT Spice simulation with 2007 s of
overlap time where V(a)— V(b) is the voltage across the inductor and I(L1) is the current.

This inductor can be built using an air core in favor of ease of design process and lower
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Figure 4.5: LT Spice Schematic of Full Power Test

Figure 4.6: FPT Results from LT Spice
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losses compared to magnetic core inductors. A Belden 37502 AWG 2 wire is chosen to build
the air core inductor. This wire can carry upto 255A DC at 30°C ambient condition, the
insulation can withstand a voltage of up to 7kV and the wire resistance is 0.16£2/1000 f ¢
[15]. The inductance required for test can be built as a single layer of coil by wrapping the
wire around a bobbin like a plastic tube or similar non-magnetic structure for mechanical
support. The inductance of a single layer air core inductor is approximated by Wheeler’s

formula [16] as

= M (4.1)
9r +10!

where, 1 is the radius of coil in inches, 1 is the length of coil in inches and n is the number
of turns. Assuming the coil diameter of 40c m(15.7in), 28 turns of AWG 2 wire gives an
inductance of 203y H . The coil is assumed to be tightly wound with minimum or no gap
between turns.

Finite Element Magnetic Method (FEMM 4.2) software [17] is used to simulate a 2-D
cross section of the coil to verify the inductance estimated by Wheeler’s formula. The
software calculates the coil inductance using flux linkage and current density in the coil
cross section. Figure 4.7 shows the cross section of the coil and its dimensions. Figure 4.8
from FEMM shows a coil inductance of 203uH with 29 turns thus confirming the initial

estimate from equation (4.1). The coil requires 3.64 meters of wire length and the resistance

will be approximately 19.1 m<2.

4.4 Capacitor

A DC link capacitor bank connected in parallel to the power supply provides the ripple
current for the inductor and stores energy during re-circulation. The value of capacitance
required can be calculated from equation (3.10). For a DC link voltage of 6000V, peak

current of 100A and allowable voltage ripple of 2%, a capacitance of 167n F is required. The
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Figure 4.7: Inductor coil cross section

Circuit Properties X |
Circuit Name:
~Results
Total current = 1 Amps
Voltage Drop = 0.00279172 Volts
Flux Linkage = 0.00020317 Webers
Flux/Current = 0.00020317 Henries
Voltage/Current = 0.00279172 Ohms

Power =0.00279172 Watts

Figure 4.8: FEMM Simulation Results
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capacitor should be able to supply RMS current of 20 A at 100k H z and have low equivalent
series resistance (ESR). A film capacitor with the required capacitance with high voltage
rating was not available readily. Therefore 3 capacitors LNK-P2X-16-220 from ICAR are
chosen and connected in series to form a capacitor bank with total capacitance of 5.33uF.
The electrical properties of the selected capacitor are summarised in the Table 4.4[18]. The
manufacturer specify a £10% of tolerance on the capacitance values. This variation of
capacitance in a series combination can result in voltage imbalance across the capacitors.
Therefore it is recommended to connect a resistance R = 10/C in parallel to the capacitors
[19]. Power resistors MG750 of 625k£2, 10kV, 5W from Caddock Electronics are selected for

voltage balancing[20].

Table 4.4: Capacitor Specifications

Attribute Value

Capacitance 16 uF
Voltage rating 2200V DC

Maximum RMS current 45 A

Equivalent Series Inductance(ESL) 30 nH
Equivalent Series Resistance(ESR) 1.3 m<2

4.5 Power supply

The power supply at the input acts as an auxiliary source which supplies power to compen-
sate for the losses in the re-circulation circuit. It is sized based on the expected power loss
in the circuit for a given test condition and oversized with some safety margin. The Table
4.5 lists all the estimated losses during peak test condition of 5000V, 100A and 136k H z
switching frequency. Junction temperature of the all the devices are assumed to be at 25°C.

At steady state SCPM duty cycle D = 0.5, Inductor average current I,,, = 1004, RMS

current through SCPM I,,,, =70.7A, ON resistance of SCPM R, =48m(}, Diode module
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forward voltage V; = 1.6V x5 (5 diode in a string), DC resistance of Inductor R; = 19.1m.
From equation (3.2)-(3.8), device datasheet and LT Spice simulation results in Section

4.1 the losses are estimated.

Table 4.5: Estimate of maximum power loss during test

Component Power (W)
SCPM switching loss 2030
SCPM conduction loss 480
Diode conduction loss 800
Inductor R-L loss 191
| Total Loss | 3501

A 6kW,8kV Magna XR series power supply with 2U rack mount form factor is chosen
for test. The supply is oversized to accommodate for unaccounted losses and expand test

system capability to higher power modules in the future.
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CHAPTER

VIRTUAL TEST SETUP

This chapter discusses the design of a current controller, cooling system, bus bars and

assembly of all the components to form the Full Power Test system.

5.1 Current control

This section introduces the design of current controller for the Full Power Test circuit. The
steady state operation can be described by four switching instances as discussed in Section
3.1.1 and identified in the Figure 5.1. Power electronic circuits are commonly modelled
using small signal approximation and state space averaging, but this method of analysis
is not applicable to ERSC circuits since they are not normally loaded like other power

electronic circuits [21].
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Figure 5.1 shows the circuit waveform where Q1 and Q2 are switched at duty cycle D1
and D2 respectively. Assume the sum of duty cycles is equal to 1 and there is initial current
I,,in in the inductor. The phase shift ¢ between D1 and D2 controls the ripple current at

every switching instant as defined by

(D1—@)*TsxE
L

where E is the DC link voltage. The average voltage across inductor in each cycle is zero
therefore the average current remains constant.

Consider a second case with D, + D, > 1 where D1 is 0.5 and D2 is 0.6. Figure 5.2 show
the increase in average inductor current after every switching cycle. From the switching
circuit modes and the waveform, it can be observed that the current in inductor effectively

depends on average voltage across nodes A and B defined as,
<Vip>=|Di—D,|E

The FPT circuit can be modelled as a simple inductor connected to a pulse width
modulator that produces voltage pulses. The current ripple is controlled by an independent
variable called ¢ which does not affect the control loop. For test purposes, the lower device
Q2 is selected as Device Under Test and its duty cycle is maintained constant and duty cycle
of switch Q1 is controlled by a closed loop current controller.

Figure 5.4 shows the current control block diagram of the FPT circuit. A summation
block compares a reference current and the inductor feedback current to produce an
error signal i,(f). The current feedback is obtained from a current sensor with gain H. The
compensator blocks converts this error signal to a control signal d(t). The compensator
G c is a PI controller defined as

GC:GC(]*(1+%)
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Figure 5.1: Circuit waveform with D, + D, =1
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Figure 5.2: Circuit waveform with D, + D, > 1
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where G, is the DC gain and w) is the compensator pole. Figure 5.3 shows the block diagram
of the Pulse Width Modulator(PWM) where input signal d(#) is compared with a sawtooth
waveform of frequency f;. The gain of PWM block is defined as E/V;,,,, where E is the DC

link voltage and V,,,, is the peak voltage of sawtooth waveform.

Sawtooth wave generator

_ PWM waveform
a(t)
d(t) E ——»

Figure 5.3: Pulse Width Modulator Block diagram

The circuit model, G is defined as 1/(s L + R) where s is the Laplace transform variable,

L is the inductance and R is the resistance of coil.

Controller PWM System Current
output
G, ———» E —— G >

H

F 3

Sensor

Figure 5.4: Current control block diagram
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Figure 5.5: Bode Plot: Uncompensated loop

The compensator design process begins with defining the system loop gain as

T G.xExGxH
loop= "
oop mep

Based on the components designed in Chapter 4 and current sensor selected (detailed
at the end of this section), L =200uH, R, =19.1mQ, H =1/1000, E =5000 and Viamp = 1.
The uncompensated system loop gain is defined as:
T,

TloopUC = 1+S/O) (51)
4

where, T, = Ex H/R and w, = R/L. Figure 5.5 shows phase and magnitude plot of
Ti00p uc With alow frequency gain of 48.3d B and the crossover frequency at 3.98kH z.
Assuming the lowest switching frequency of test at 10k H z, a loop crossover frequency

of 1k H z is required for the compensated system. The compensated system equation can
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be written as:
G.oxH*E 1
*
R (1+s/w,)

Tlaop: *(14+w;/s)

At high frequency when w/w, >> 1 and w;/w << 1 the transfer function can be approx-

imated to
-~ Tu k3 GCO
flf

At the new crossover frequency f = f,,

T(s)~1

Tu *GCO _
flfe

oot
T, * f.

For f,=1kHz, f,=15.1Hz, T, = oo = 261.78

1000%19.1%x10—-3

G.0=0.2513

The pole of compensator, w;, is placed at frequency ten times lower than crossover
frequency so as to not reduce the phase margin.

The compensated bode plot and startup response of FPT is shown in 5.6 and 5.7 respec-
tively. This controller is tuned for a DC link voltage of 5000V and its coefficients must be
recalculated when DC link voltage changes.

A current transducer, IT-200-S from LEM is selected for sensing the inductor current.
It has a bandwidth of 150k H z(—3d B) and sensing range of up to 200A peak and a gain of
1/1000 [22].

36



Bode Diagram: Compensated System, Tc
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Figure 5.6: Bode plot of Compensated system

5.2 Cooling system

This section explores the design of a cooling system for the Full Power Test circuit. The total
power loss in each SCPM at a test condition of 5kV, 100A and 136kHz switching frequency is
approximated to be 1015W of switching loss and 240 W of conduction loss. Similarly, each
diode module has 400W of conduction loss. The cooling system consists of two cold plates
and a heat exchanger where each cold plate holds an SCPM and a diode module.

Fig 5.8 shows the single line diagram of the water cooling system where two cold plates
are connected in parallel in a closed loop. The pump pushes the water against the friction
loss in pipes and pressure loss in the components at a constant flow rate. A heat exchanger
cools the heated water with copper coils and powerful fan. The total heat to be removed

from each cold-plate is 1655W but the system is oversized assuming 2000W of heat per

plate.
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Startup response of FPT
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Figure 5.7: Startup response for Step input
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Figure 5.8: Cooling system
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The thermal resistance of the cold plate is defined as

I —Ty

Ocp = Q

(5.2)

where, T; = 70°C is surface temperature of cold plate, T} is the temperature of water coming
out of the cold plate and Q=2000W is the total heat absorbed in the cold plate. The hot
water from both cold plate outlets is mixed before entering the heat exchanger. The thermal

resistance of the heat exchanger can be defined as

Iy —1,
2Q

Opx = (5.3)

where, T, =25°C is the ambient room temperature. Similary, the thermal resistance of the

system can be defined as

N a °
Oys :W:O.Oll% C/W (5.4)
From Equation 5.2, 5.3 and 5.4 the relation between thermal resistances can be derived as
Ocp
®sys < T +0Opx

For the cooling system to work, thermal resistances of the elements should be selected
such that is satisfies the above equation.

A cold plate ATS-CP-1001-DIY from Advanced Thermal Systems is selected which has a
thermal resistance of 0.0062 C/W at 1GPM (gallon per minute) of fluid flow and a total area
of 45.11sq.in(198mm X 147mm) that can house the two power modules on it [23]. The
two power modules cover a total area 0of 29.72sg.in(137mmX70mmX2) on the cold plate.

Assuming uniform heat dissipation from the modules, the effective cold plate resistance
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can be obtained by normalizing with total area as

Totalplatearea
Ocp =0.0062 : =0.00941°C/W
Heatingelement contactarea

A heat exchanger ATS-HE-25 is selected which has a thermal resistance of 0.00588 C/W at
2GPM [24]. A 1/2 inch diameter PVC tube from Swagelok is used to connect all the systems
in the cooling loop. From the SolidWorks assembly of the system, it is estimated that a total
of 10.4 feet of PVC tube will be required to connect the water loop.

A positive displacement type water pump is required for this closed loop cooling ap-
plication. The size of pump depends on the total friction losses in the pipes and pressure
drops in the connected equipment (cold plate and heat exchanger). The cold plate and heat
exchanger each drop 0.85p si (pounds per square inch) and 4p si respectively [23],[24]. The

total pressure drop per feet of pipe P;, can be estimated using Hazen-Williams equation[25].

452xQ

T 185 *D;ll-% (5.5

d

where Q is the fluid flow rate (GPM), C = 155 is the friction factor coefficient of the PFA
pipe [25], Dy, is the inner diameter of pipe. This equation estimates a 0.217 psi friction loss
in the pipe. Therefore the total pump capacity should be at least equal to sum of pressure
drops in the loop.

A 18V BLDC (Brushless DC) pump INTG3-560 series from GRI pumps is selected. It has
9p si of pumping capacity at 2GPM which is sufficient for this application. A flow meter
from Advanced Thermal Systems is also attached at the exit of the heat exchanger to monitor

water flow rate.
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5.3 Bus bar design

A bus bar design and analysis for the Full Power Test Circuit is detailed in this section.
Parasitic inductance of the path in a switching loop can cause an overvoltage across the
switching element as defined by

%:LP*E

The important electrical parameters of the bus bar are its Resistance, Inductance (self
and mutual) and Capacitance. The self inductance of a bus bar of length /, width w, and
thickness ¢ can be calculated using the equation[26]

21 w+t)

+0.5+0.2235( )% 1077 (5.6)

Lo r=2I(1
self (Og(w+t

The mutual inductance of two bars placed d distance apart with insulating material in
between them and carrying currents i, i, is calculated as [27]
Uoldr It

Liutuar = cos (5.7)
el = A+ 12 1 kw2 ¢

where, u, and u, is the permeability of vacuum and insulating material respectively, ¢ is
the angle between direction of currents and k is the correction coefficient.

Figure 5.9 shows a circuit of the Full Power Test with parasitic inductances from the
bus bar. L, and L, are the inductance of the postive and negative terminals connecting
DC link capacitors to the switch legs (Q1-D1). Lj 1, Iy us2, La, I, are the inductances of the
paths between the switch legs as indicated in the figure.

Authors in [26] have presented a comprehensive guideline to bus bar design which is
used for this design. Figure 5.10 shows the layout of bus bar connecting the power modules
to DC link capacitor. The layer in blue (P,) is the positive V. bar that connects drain of
Q1, cathode D2 and positive terminal of capacitor. The red layer (P,) connects to negative

terminal of capacitor, source of Q2 and anode of D1. The two separate straight bars (P,, P;,)
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Figure 5.9: Parasitics in Full Power Test circuit
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in yellow form nodes A and B which connects to load inductor.

! p11 [

p22 [l B o

Figure 5.10: Bus bar layout for FPT

A low inductance bus bar can be obtained by having greater overlap area between bars
carrying currents in opposite direction [28]. The separation between bus bars should be as
small as possible to get maximum flux cancellation during overlap [29]. Also, having thicker
and wider bars will reduce self inductance.

The components are assembled in the orientation as shown in Figure 5.10 and the bus

bars are designed in SolidWorks. The minimum thickness of the bar is defined by the amount
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Figure 5.11: Bus bar layout in Q3D

of current without exceeding the maximum working temperature of the dielectric. Reference
[30] provides bus bar ampacities of typical sizes of conductors for 30°C rise in temperature
over ambient. According to the standard ratings of copper No.110, a 1/16in(1.5875mm)
thick and 3/4in wide piece of copper can handle up to 105A DC current. This is selected as
the starting point for thickness of plate in the simulations. A rule of thumb for good bus bar
design is to have current density (J) lower than 54/ mm?[31]. Figure 5.11 shows the busbar
assembly in Q3D where C, and C,, are the sections which connect capacitors C1, C2 and
C2, C3 respectively.

Ansys Q3D is used to calculate the parasitic inductance and current density in the bus
bars. The thickness of bus bar is increased from 1/16in.(1.5875mm) to 2mm to ensure
the current density is lower than 5A/mm?. The sharp edges are rounded off to avoid high

electric field concentration and eddy current heating losses. The insulation layer thickness
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between the bus bars should be minimised to get better mutual inductance coupling[29]
but should also electrically isolate them from each other. Common choices for insulation
are Nomex, Mylar, Tedlar, Kapton, epoxy powder coating. A 5m il Kapton layer is selected as
insulation between plates P, and P, of the bus bar assembly. It has 5000V /mil of dielectric
withstand capacity and working temperature up to 400°C [32].

The inductance of Loop 1 defined as [, + [, + I, is simulated by replacing SCPM Q1 and
diode D1 from bus bar assembly with short circuit using copper bars. Similarly, inductance
of Loop 2 formed by P,, P, and P, is defined as 1, + [, us1+1, + 1, us2+1, and simulated at

20MHz. Table 5.1 summarises the AC inductance of the different parts of bus bar assembly.

Table 5.1: Partial inductance of bus bars

Entity | Inductance (at 20MHz)
Loopl 154.97nH
Loop?2 149.27nH

I, 50.43nH

I, 18.42nH

C, 45.24nH

C, 41.61nH

The total inductance of DC link capacitor section is, Lyc = ;1 + 1, + 1.3+ C,+ C, =
176.85nH, where C, and C, are the inductances of copper segments that connect the
capacitors. Figures 5.12 and 5.13 shows current density plots for bus bar P, and P, at worst
case condition of 100A DC. The normal operating current in the bars is around 20A RMS.
This simulation is carried out under constant current and does not include skin effect.
The plots provide feedback about current distribution in the bus bar and helps in iterative
design process. It can be seen from the figures that the maximum current density stays well
below the limit of 5A/m m?. This confirms the bus bar is capable of carrying the required

current under the required conditions.
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Figure 5.13: Current density plot of plates P, at 100A DC
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5.4 System Assembly

Figure 5.14 shows a SolidWorks assembly of the Full Power Test System. The heat exchanger
and pump is placed on ground level and the cold plates are about 59¢ m above the ground.

A server rack frame can be used to mount the plates and capacitor.

Figure 5.14: FPT SolidWorks assembly
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Figure 5.15: Close up of Top View
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CHAPTER

CONCLUSION AND FUTURE WORK

A 6kV, 100A Virtual Full Power Test system is designed and verified in simulation for evalu-

ating switching characteristics of the Super Cascode Power Module.

6.1 Scope of future work

The test system hardware can be built from the proposed design and evaluated against
SCPM switchingloss results obtained from Double Pulse Test method. A thermal description
model of the SCPM for PLECS simulation can be generated from monitoring SCPM base

plate temperature, switching loss and current during test.
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