ABSTRACT

RAVURI, LIKHITA. Interactions between Distributed Energy Resources in a Balanced Three-Phase
Microgrid . (Under the direction of Dr. Srdjan M Lukic.)

The penetration of Distributed Energy Resources (DER) at medium and low voltages (MV and
LV), both in utility networks and downstream of the meter, is increasing worldwide. While the
application of DERs can potentially reduce the need for traditional system expansion, controlling
a huge number of DERs create a whole new challenge for operating and controlling the network
safely and efficiently. This challenge can be partially addressed by microgrids, that are localized
grids that can disconnect from the traditional grid to operate autonomously and help mitigate grid
disturbances to strengthen grid resilience. This research mainly focuses on two main concerns in
microgrids: 1. The interactions between various DERs in a microgrid and improving the power
quality, and 2. The system response to faults by abiding to IEEE-1547 standards defined by the
utlility.

Studying the interactions between multiple inverter interfaced DERs when tied together is
absolutely important, given their predominance in many microgrids. In order to avoid the need
for any communication among modules in a paralleled inverter system, the power-sharing control
loops are based on the P/@Q droop method. The output impedance of the closed-loop inverter
affects the power sharing accuracy and determines the droop control strategy. Furthermore, the
proper design of this output impedance can reduce the impact of the line-impedance unbalance. In
order to program a stable output impedance, the virtual impedance concept is increasingly used for
the control of power electronic systems, as an additional degree of freedom for active stabilization,
improved power quality and disturbance rejection. Methods to estimate the optimal values for these
virtual impedances have been explored.

Synchronous generators are one of the most common types of DERs, and this research focuses on
interactions between inverter based DERs and synchronous generators in microgrids. When voltage

controlled inverters are operated in parallel with synchronous generators, the effect of the machine



inertia is observed to change the system dynamics when compared to the most common inverter-
based microgrids. The operating characteristics of such microgrid systems have been explored for
different modes of operation.

Instead of trying to mitigate inverter overloads and thus allow larger voltage and frequency
transients, it is often preferable to allow the inverter to provide as much support as possible, and
simply current limit when necessary. Also, according to the new IEEE-1547 standards, the smart in-
verters in microgrids are expected to stay online and operate in Low Voltage Ride Through (LVRT)
mode. Current limiting in the presence of other grid-forming DER is complicated for voltage con-
trolled inverters. The use of simple current reference saturation is shown to cause instability. Virtual
impedance current limiting is implemented to provide improved transient stability during current
limiting with faults. Current limiting performance during faults in islanded and grid connected
mode is investigated, and it is shown that virtual impedance current limiting provides improved
transient stability during current limiting in the presence of synchronous generators compared to
traditional current limiting methods.

The methods implemented in this thesis for mitigating the problems with multiple component
interactions in microgrids will allow for more reliable and cost effective application of inverter based
DERs with synchronous generators in the microgrid, even during faults. The analysis was carried
out by modeling the microgrid system using PLECS and MATLAB software platforms. Hardware
validation for the same have been initialized through designing and building a robust DC storage

device as part of a three phase AC storage.
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Chapter 1

Introduction

1.1 Big Picture-Microgrids

Economic, technology and environmental incentives are revolutionizing electricity generation and
transmission. The generating facilities are slowly moving towards more distributed energy resources
rather than centralized generation. Distributed Energy Resources (DER) include a wide range of
prime mover technologies, such as gas turbines, microturbines, internal combustion (IC) engines,
Photo-Voltaic (PV) systems, fuel cells, wind-power and storage devices. These emerging technolo-
gies have lower emissions and the potential to have lower cost negating traditional economies of
scale [12]. Few applications include power support at substations, deferral of transmission and dis-
tribution upgrades, use of renewable energy, higher power quality and smarter distribution systems.
Thus, distribution system provides major opportunities for smart grid concepts.

According to a recent research at University of Puerto Rico as part of the GridEd consortium
[13], today’s electricity system is considered to be 99.97% reliable, but still allows for power outages
and interruptions costing Americans at least $150 billion each year — about $500 per person. Since
1982, growth in peak demand for electricity — driven by population growth, bigger houses, bigger
TVs, more air conditioners and more computers — has exceeded transmission growth by almost

25% every year. With just a 5% more efficient grid, the energy savings would be almost equal to
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Figure 1.1: Microgrid, Adapted from [3]

permanently eliminating the fuel and greenhouse gas emissions from 53 million cars. Clearly, there
are terrific opportunities for improvement.

Also, due to the increased interference of digital systems and sophisticated controls, many in-
dustrial, commercial and residential customers now require a high level of power quality. Power
quality, availability and reliability are important issues to all customers. These customers are espe-
cially sensitive to momentary voltage sags caused by remote faults. It has been found that, in terms
of energy source security, that multiple small generators are more efficient than relying on a single
large one for lowering electric bills [14]. Small generators are better at automatic load following and
help avoid large standby charges seen by sites using a single generator.

This introduces the concept of microgrids. Microgrids are electricity distribution systems con-
taining loads and distributed energy resources, (such as distributed generators, storage devices, or
controllable loads) that can be operated in a controlled, coordinated way either while connected to

the main power network or while islanded. Having multiple DER units in a microgrid, particularly



if extra generation is available, makes the chance of all-out failure much less likely.

1.2 Problem Statement

1.2.1 Component Interactions

Most emerging technologies such as microturbines, photovoltaic systems, fuel cells and ac storage
have an inverter to interface with the electrical distribution system, thus forming an inverter dom-
inated microgrid. However, since internal combustion engine driven synchronous generators (SGs)
are the most common type of DER with a combined installed capacity exceeding 100,000 MW [15],
mostly in backup power applications, it is expected that synchronous generators will play a major
role in microgrid installations. From the Fig. 1.1, it is therefore important to study the interactions
between the inverter interfaced sources with synchronous generators and battery energy storage
devices when tied together, thus leading to working on the interactions between multiple DERs in

a microgrid setup.

1.2.2 IEEE 1547 standards during faults (Low Voltage Ride Through)

The second focus of this thesis is the realistic applicability of the developed microgrid model on
real time systems. To achieve this, it’s extremely important to abide by the rules of the IEEE-1547
standards for interconnection and interoperability of Distributed Energy Resources (DER) with
associated Electric Power Systems (EPS) interfaces [16].

According to the revised 1547 draft from 2016 [17], one of the main updates in the smart inverter

design and operation requirements include voltage and frequency trip and ride-through settings.

1. Voltage Interconnection and Trip Requirements

e Should not superimpose a voltage or current upon the grid
e Can actively regulate the voltage at PCC

e Normal operation within +/- 5% of nominal voltage



Region gzll;argz:t(;::llti:; Ridei;r hl:ough Operating Ma_xirr! um
(% Nominal Voltage) i Mode Trip Time

Near(m')“i"a' 88 <V <110 Indefinite Cc?ﬁmﬂf Appw:g;me
LOW(\IT/I}SQ& 1 70<V <88 20 seconds %;g?;tg;ly 21 seconds
LOW(\I'_'%';&;Qe 2 50<V <70 10 seconds %;g?:iti%? 11 seconds
Low(\la_’:lflztia;ge 3 V < 50 1 seconds %2?:;%2? 1.5 seconds

Figure 1.2: Voltage Interconnection and Ride Through requirements, Adapted from [4]

* Ride Through during Disturbances:
{ Stay connected while the grid is within “Ride through until” voltage-time range in
the corresponding operation mode as shown in Fig. 1.2
{ For HV; (1.1,1.2)pu, power output can be reduced as f(V) under mutual agreement

{ If ride through is not exited, and system recovers, inverters should restore to con-

tinuous operation within 2 seconds

{ If system doesn’t exit LVRT region, and returns from LV3 (< 50) to LV> [0.5,0.7)pu

or LV; [0.7,0.88) pu, Smart inverter restores available current in <= 2 seconds

2. Frequency Interconnection and Trip Requirements

e Adopted as is in 1547 draft



In [60.2,61.5|Hz, smart inverter can reduce power until it ceases to export power by

61.5Hz and the remaining requirements are mentioned in Fig. 1.3

System Minimum Ride- Ride-
Frequency Range of Through Through MaximumTrip
Default Adjustability Unti? Operational Time
Settings (Hz) (Hz) Mode
No Ride Not
f >62 62 - 64 Through Applicable 0.16 seconds
Mandatory
60.5<f<62 60.1-62 299 seconds Operation 300 seconds
. - Continuous .
58.6<f<60.5 Not Applicable Indefinite Operation Not Applicable
57.0 < f < 58.5 57 - 59.9 209 seconds | Mandatory | 354 seconds
- Operation
No Ride Not
f<57.0 53 - 57 Through Applicable 0.16 seconds

Figure 1.3: Frequency Interconnection and Ride Through requirements, Adapted from [4]

1.3 Objectives

The objective of this research is to investigate the component interactions between Distributed
Generators in a microgrid and work towards mitigating the power sharing and inertia issues and
implement the respective control strategies. Inverter current-limiting in the presence of synchronous
generators is analyzed and virtual impedance current limiting is implemented to provide stable
current limiting during overloads and three-phase faults in both grid connected and islanded mode

operation.

1.4 Outline of Chapters

In Chapter 2, modeling and control of various types of DER units considered for this research have

been elaborated. Chapter 3 is focused on the challenges to connecting multiple DERs to a common



point (PCC) in microgrids. A detailed analysis on both grid-connected and islanded mode operation
have been performed and described in this chapter. The challenges involved with current limiting
in the presence of synchronous generators are described in Chapter 4 and virtual impedance based
current limiting algorithms are implemented to provide stable current limiting and Low-Voltage
Ride Through (LVRT) operation during balanced three-phase faults. In Chapter 5, as a first step
towards hardware development, a prototype for a DC Distributed Energy storage Device (DESD)
is designed, developed and tested for efficiency, robustness and performance. Finally, conclusions,

contributions, and topics for future work are described in Chapter 6.



Chapter 2

Modeling and Control of Distributed

Energy Resources in Microgrid

This chapter discusses the modeling and control of all the DERs considered for this thesis so that

the findings from the next chapters can be validated through simulations.

2.1 Three Phase Battery Energy Storage System

Due to the penetration of renewable energy sources into the present day power systems, the use of
energy storage systems in power system management is growing. The evolution of the concept of
energy storage systems undoubtedly offers new opportunities, challenges, and numerous advantages.
Over the past few decades, many new advances have been made in this field of energy storage
systems. To analyze the dynamics introduced by the energy storage system (ESS) in the system of

interest, a simplified model is developed in PLECS.

2.1.1 Overview of Energy Storage Systems in microgrids

Energy Storage Systems (ESS) technologies have existed for quite a long time and are becoming of

paramount importance in the 21st century due to the smart grid. These energy storage systems help



overcome some of the limitations of electricity generation from renewable energy sources (the major
one being intermittent nature of generation). Besides, they also offer a number of advantages like
frequency regulation, transient stability, voltage support, flicker compensation, spinning reserve,
uninterrupted power supply, load leveling, and peak shaving among others. Utilization of energy
storage systems begins at the transmission level where large scale storage devices are the best
options to be used. Next, the small scale energy storage devices are the ones that are used at the
consumer’s end.

Battery Energy Storage systems (BESS) is the most commonly used category of energy storage
systems with the renewable energy sources. Battery Energy Storage Systems play a significant role
in the integration of small scale renewable energy sources into the main power system network
(a.k.a. smart grid). They can be seen as the distinct and most viable solution for small scale
renewable energy integration due to their remarkable properties like high energy density, technology

up-gradation, power density, discharge time, life cycle, response time, cost and efficiency etc. [18]
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Figure 2.1: 3-phase ESS block diagram



Since the main focus of this thesis is on three phase systems, a three phase energy storage device
is considered to be integrated into the microgrid system. As shown in Fig. 2.1, a three phase AC

energy storage device is modeled in 2 stages,

e Three Phase Inverter Stage - To convert DC power to AC

e DC/DC Stage - To maintain the DC bus voltage at the inverter’s input. This stage interfaces

the batteries with the inverter stage.

2.1.2 Three Phase Inverter Plant

A three phase inverter and it’s characteristics are studied in order to analyze a DC microgrid
connected to an AC load. The operating principle of the inverter can be explained as a switch
rapidly switched back and forth to allow current to flow. The body-diode/ anti-parallel diodes
connected in parallel with the switch provide a path for the inductive load current when the switch
is turned off. The alternation of the direction of current in the inductor produces AC current on
the output side. Thus power gets converted from AC to DC.

Additionally, an LCL filter is used to filter the waveform for the fundamental component of
the waveform to pass to the output while limiting the passage of the harmonic components. If the
inverter is designed to provide power at a fixed frequency, a resonant filter can be used. For an
adjustable frequency inverter, the filter must be tuned to a frequency that is above the maximum
fundamental frequency. [19] The circuit diagram for a three-phase voltage source inverter with an
LCL filter is shown in Fig. 2.2.

A three phase inverter system can be modeled as a system using state-space analysis. Since the
input side differs in the ground point from the output side, the potential difference between the
two ground points needs to be considered. Also, since the inverter terminals are delta-connected,
the Y-connected passive component parameters should be remodeled for the d-connected system

modeling.
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Figure 2.2: Three Phase Inverter Circuit Diagram

Thus,
R =3Ry
L =3Ly
1
Cc ==C
3 Y

From the inductor Volt-Seconds balance,

di,

Ll dt = VL]_ = dec
di, - -
LZ dt2 - VLZ - Vcap
From the capacitor-charge balance,
dv - -
C wae cap = Ly

10

Vcap

VOUt

Load

(2.1)
(2.2)

(2.3)

(2.4)

(2.6)



1. Steady-state analysis

Considering the DC components of above equations for computing steady-state values,

W, =DVpbc Veap (2.7)

Since, volt-seconds of the inductor, Lj are balanced at steady-state,

W,=20
D= Veap
Vbc

Similarly, balancing the volt-seconds of inductor, Ly at steady state,

VL2 = Vcap Vout (2.8)
Vi, =0
Vcap = Vout
Thus, duty cycle,
Vout
D= 2.9
Vo (2.9)

From the capacitor-charge balance at steady state,

Ie=1, IL (2.10)
IC - O
ILi=1,

11



Thus, at steady-state, the output voltage of the inverter is same as the voltage across the filter

capacitor. Similarly, from the above derived equations, the average current flowing through

the capacitor at steady-state is zero, thus the current through both the inductors is the same.

Given this, controlling the capacitor voltage, Vcap and the inductor current, I, ensures full

control over the inverter’s output voltage and current at steady-state.

2. Small-signal analysis

To analyze the dynamic performance of the inverter, small signal analysis is performed. This

analyzes the system for small perturbations in different variables that effect the system performance.

Thus, perturbing the variables in (2.4), (2.5) and (2.6) for small-signal analysis,

mVae = dVoc + VaeD + DVbc

Vcap = ﬁcap + Vcap
iLl == iLl + ILl
iLz == iLz + ILz

Vout = @out + Vout

(2.11)

(2.12)
(2.13)
(2.14)

(2.15)

Substituting these parameters in the inductor-voltage and capacitor-charge equations and con-

sidering only the AC-small signal components,

dip, s . 1
dt (dVDC Ucap)TLl
di ) 1
7;2 = (’Ucap Uout)@

12

(2.16)

(2.17)

(2.18)



dg0 transformation

The phase quantities in abc/stationary reference frame are generally sinusoidal in nature. Thus the
conventional control methods designed for regulating DC quantities doesn’t work very well in this
setup. However, if the reference frame is rotated at the operating frequency, the positive sequence

phase quantities become constant. Transforming the control variables from abc/ stationary reference

frame to dq0 reference frame,

Xape =T *Xugo (2.19)
where, 2
r§ cos(wt)  cos(wt %)  cos(wt+ %)
3§ sin(wt)  sin(wt %) sin(wt+ %)
’ ’
Thus, 2 3
0 w 0
ar !
T T! =
o gw 0 Oé
0O 0 O

Neglecting the zero-sequence components, from (2.16), (2.17) and (2.18):

2 3
dng 1 ~ 0 w
% = (Vo Teanyy) ileqﬁ £ (2.20)
w 0
2 3
d%Lz 1 . ~ o 0 w
2 (cap Do) Loy, 8 /4 (2.21)
2 w 0
2 3
dUcap 3 4 A “ 0 w
qu = 6(ZL1dq ZLqu) Ucapdqﬁ O g (222)
w

Thus, the state-space representation of the system, considering 6-states as: ile, iqu, ide, z'|_2q,

13



Ucapq, Vcapq 1S,

2 3 2 32 3 2 3 2 3

Ly, 0 w 0 0 3£ 07giL, w0 0 0

Ly, w 0 0 0 0 EZRi, 0 P7, 3 80 07, 4
% ide _ g0 0 w oo (1) %de RO 0 Zediz = 0l gUoutaz

iLp, 0 O w 0 0 3 iLp, 0 0 dq 0 357 Voutg

Deapa 2 0 2 0 0 w’Bcap, 0 0 0 0

Beapq 0o 2 0 0 w Beapq 0 0 0 0

This is of the form, T = AT + Bu. Thus, the control inputs of the six-state system are the d
and ¢ parameters of the duty cycle, i.e., dg and dg.
From this, we can derive the transfer functions of any of the control states with respect to the

control inputs depending on the requirement of the controller.

Controller Design - Dual Loop Control

Two control schemes of the DER unit can be characterized into two types, namely,
e Current Controlled Method (CCM)
= Voltage Controlled Method (VCM)

While CCM has the advantage of superior harmonic compensation performance, using this
strategy leads to difficulties when DER units switch to autonomous islanding operation. On the
other hand, VCM has been considered as an attractive solution for dual-mode (grid-connected mode
and islanded mode) microgrid applications.

Voltage and current regulators are used in voltage-source inverters to control the output current
and/or voltage. There are many types of regulators, and different types of regulators are applied in
different reference frames. The most common are synchronous frame proportional-integral(PI) con-

trollers, and a3 or abc frame proportional-resonant(PR) controllers. Various non-linear regulators

14



have been developed such as predictive deadbeat, hysteresis, and sliding mode [13, 28, 29]. Since

this thesis focuses on balanced operating conditions, only synchronous frame PI control has been

implemented [1].

1. Controller Types

(a)

Synchronous Frame PI1 controller

A PI (Proportional-Integral) controller consists of a proportional and integral term, and
is capable of eliminating steady state error at dc. The transfer function for a PI controller,
G(s) and discretized version G(z) at a (Ts = 100 10 ) sampling period, is given in
(2.23).

K;

Gls) = Kp+-1 & G(z)= 22202

o (2.23)

PI controllers have been applied for voltage and current regulation in the natural abc
frame or stationary o3 frame, but are generally considered unsatisfactory because of the
significant steady state error due to the PI controller’s finite gain at non-zero frequencies
[20].

PI regulators have infinite gain at dc, and thus can be used to track reference sinusoids
with zero steady state error in the synchronous dq frame. However, components which
are not rotating at the synchronous frequency, such as negative sequence or harmonics,
are not dc in the synchronous frame. Since PI regulators have significant steady state er-
ror at non-zero frequencies, modifications are necessary if negative sequence or harmonic
components need to be controlled. One way of doing it is to have multiple dq transforma-
tions rotating at the frequencies of interest, i.e., (n  1)w for positive sequence harmonics,
(n 4+ 1)w for negative sequence harmonics, 2w for negative sequence fundamental, and
nw for zero sequence harmonics. Alternatively, proportional-integral-resonant controllers

may be used.

Stationary Frame PR controller

The proportional-resonant (PR) controller in the a8 or abc frame is mathematically

15



similar to a synchronous PI controller transformed into the stationary frame [20]. The

transfer function for a non-ideal PR regulator is given in (2.24).

2wes

G = K, Kr——"—"7"——
() b "'52 + 2uwes + Wi

(2.24)

The PR controller has infinite gain at the controller resonant frequency, w, and thus
can be used to track a reference sinusoid in the stationary frame with zero steady state
error [20]. In practical applications, the infinite gain at the resonant frequency can lead
to numerical stability problems, and so a damped version of the resonant controller can

be used that has a large, finite gain at the resonant frequency [20].

2. Dual Loop Control

(a)

Voltage Control Loop

DQ PI control is also commonly used for voltage control of inverters. A typical imple-
mentation of dq voltage control is shown in Fig. 2.3. The control in Fig. 2.3 is composed
of an outer voltage loop and an inner current loop, and is referred to as multi-loop volt-
age control. The voltage control also includes virtual impedance, where the voltage drop
across a virtual impedance is subtracted from the voltage reference. Virtual impedance
is discussed in more detail in Ch 4.

Current Control Loop

DQ PI control is commonly used for current control in inverters. A typical implemen-
tation of dg0 current control is shown in Fig. 2.3, which includes output voltage feed-
forward and decoupling terms. The dqO frame aligns the g-axis with the grid voltage by
converting the grid voltage to dq0, driving the d-axis voltage to zero with a PI controller,
and feeding the integral of the PI output back as the dq0 transformation angle.

By feeding-forward the output voltage and the inductor voltage drop coupling term,
the current controller can be made into a single-input-single-output transfer function,

neglecting the PWM delay associated with vijg and vig. The output voltage feed-forward
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Figure 2.3: Three Phase Inverter Controller Block Diagram

and decoupling terms commonly used in dg0 current control have been implemented in

this control as well.

The inverter control parameters have been adapted from a Three phase, 100kW Schneider

inverter available off the shelf.

Table 2.1: Three Phase Inverter-Model Parameters

Parameter ‘ Value
Inverter-side filter inductor (L1) | 750uH
Filter capacitor (C) 0pF
Grid-side filter inductor (L) 1.7mH
Voltage Controller (kpy:z) 0.17
Voltage Controller (kiy:z) -0.158
Current Controller (kpi:z) 2.5
Current Controller (kii:z) -2.46
Frequency Droop Gain (myp) -1/100000
Voltage Droop Gain (mq) -1/100000
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3. PWM Modulation Scheme

Space Vector PWM Modulation have been used to increase the output voltage range of the

converter for a given input [21].

PWM Comparison

iR
| | il

u”

\
Il
Iy

Y “ll‘

1.988 1.992 1.996  2.000  2.004  2.008 2012 2.016
Time (s)

Figure 2.4: PWM Switching Sequence

Simulation Results

Implementing the switching model in PLECS, the inverter is observed to be stable and dual loop-
voltage control is implemented to control the inverter output voltage of each phase to be same as

the grid phase voltage., i.e., 277p§ in dq0 reference frame.

Since the inverter is rated for 100kW, simulation results for the corresponding current through

the LCL filter inductor at the inverter output is shown below,
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Figure 2.6: Three Phase Output Current Waveforms
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Figure 2.7: Three Phase Inverter Voltage Waveform during Load Change

Figure 2.8: Three Phase Inverter Current Waveform during Load Change
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To check the controller bandwidth, the inverter's response to a step change in load from 50kW
to 100kW can be seen in Fig. 2.7 and Fig. 2.8 and the results show that the controller bandwidth

is high-enough.

2.1.3 DC/DC Stage - Modeling

Distributed Energy Storage Devices(DESDs) are a very vital part of any kind of microgrids. During
an outage from the utility, the battery based energy storage device acts as a slack bus in the
microgrid and thus maintains the DC bus voltage in the system. Thus in a DC-DESD, the battery

bus is interfaced with a current controlled DC-DC converter.

Figure 2.9: Boost Converter circuit diagram

The interfacing circuit between the battery and the DC-port of the 3-phase AC Storage Device
is basically a boost converterto step up the voltage level as required, the same is shown in Fig. 2.9.

To derive the transfer function of the converter,

1. Steady-state analysis

At steady-state, the volt-seconds of the inductor should be balanced and the charge balance

in the capacitor should happen.
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During ON State,

Figure 2.10: Boost Converter - ON State

gi
W = L% = Vbar (2.25)
. chap Vcap
=C = 2.26
o dt R (2.26)
During OFF State,
Figure 2.11: Boost Converter - OFF State
di_
WL = LW = Voatt  Veap (2.27)
P chap _ Vcap
le= C—P =1 =2 (2.28)
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At steady state, for inductor Volt-Seconds (V.s) balance, L dc;—tL =0

Thus,
D(Voatt) + (1 D)(Vbatt Veap) =0 (2.29)
This implies that,
Vbatt
Veap = 2.
cap 1 D ( 30)

. dVeap _
At steady-state, for capacitor-charge (q.C) balance,C =" =

Thus,

DCER)+(1 D)L e®)=0 (2.31)

R

This implies that,

_ Veap
I = T (2.32)

2. Small-signal analysis

Perturbing a small value for each time varying parameter:

o= W+ LdgtL (2.33)
o= lc+ Ldzctap (2.34)
Yhatt = Vbatt + Vatt (2.35)
Veap = Veap + Veap (2.36)
¢=D+d (2.37)
¢=0p" ¢ (2.38)
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The small signal analysis can be performed as follows: From volt-seconds balance:
0
YL = Vpa 0+ (Vhatt  Veap)d (2.39)

cz Considering only the transient AC components,

o 0
L (TtL = Mpat + Veapd  capD (2.40)
In Laplace domain,
SLTL(S) + Veap(S)D " = Vbt (S) + Veapd(s) (2.41)

From capacitor-charge balance:
~ _ Ycap . Vcap, 40
= q+ — .
e R a+ (L R )a (2.42)

Considering only the transient AC components,

Cdocap - @ + Vcap& |L6+ 'i\LDO (2.43)
dt R
In Laplace domain,
1
(SC+ Z)eap(s) = (1 DYL(s) ILds) (2.44)

From (2.41) and (2.44); de ning the system in matrix form,
2 32 3 2 3 23

L D’ 0 Vea 1
> 997 - a4y + 0w
D (sC+ %) Veap(S) I 0

Thus, the transfer function of the inductor current with respect to the duty variable can be

derived as,
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A 0
V, +2D 1
Gig = IL(s) _ (CVeap)s L

" &)  LCsZ+ Ls+(DY)? (2.45)

Transfer function of output voltage with respect to the inductor current can be derived as,

o O‘cap(s) _ DOVcap (LI'y)s

= = 2.46
VT (s)  (CVeap)s+2D°IL (2.46)

Transfer function of the output voltage with respect to the duty cycle can be derived as,

Gug = Vcap(S) _ DoVcap (LID)s (2.47)
7 ds)  LCs?2+ Ls+(DY? '

Four switches have been used in the designed energy storage system along with the source in-
ductor split into two halves that make the system an "Interleaved Bi-directional DC-DC converter"

as shown in Fig. 2.12

Figure 2.12: Designed Interleaved DC Energy Storage Device circuit diagram
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Controller Design - Dual Loop Control

A boost converter can be controlled for it's output capacitor voltage or it's input inductor current.
Dual loop control is implemented for the current application, the outer voltage loop would maintain
the DC bus in the DESD at 400V and the inner interleaved current loops will maintain the current

through each inductor in each leg of the DESD depending on the load requirement.

1. Current Loop

Thus, considering (2.46) for the transfer function of inductor current to voltage, and since
all parameters are DC, using a Pl controller should help control the current in a current

controlled boost converter.

The transfer function of the Pl controller can be realized as,

Gei = Kpi + % (2.48)

Figure 2.13: DC-DESD current controller bode plot
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So the loop gain can be realized as,

Gie; = GidGqi (2.49)

From MATLAB, the values of K, and K can be derived and the bode plot of the loop gain

Gig, is as shown in Fig. 2.13,

. Voltage Loop

A PI controller is used to control the DC bus voltage. Since the DESD is bi-directional, the
controller bandwidth is modeled such that it can operate both in buck and boost mode at
the commanded DC bus voltage. The voltage loop bandwidth can be seen from the bode-plot

of the loopgain G g, below,
Kiv

Gc\/ =K pv + (250)

Figure 2.14: Bode plot to determine voltage controller bandwidth
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Since this is the outer loop to the current controller loop, the voltage controller loop gain would
be as follows and the bode-plot to show the voltage-controller bandwidth can be observed in
Fig. 2.14

_, G, .
GLG\, - ( TGLGiGW)GCV (2-51)

Figure 2.15: DC-DESD control loop simulation block diagram

Simulation Results

Bipolar modulation is used for the Pulse Width Modulation (PWM) to generate the gate
pulses to all four switches. Due to the interleaved design, the triangular waves used for the

modulation in each interleaved controller leg are aligned 180apart as shown in Fig. 2.15

For a load change from 1.25kW to 5kW, using the controller parameters de ned in Table.
2.2, the inductor currents on the input side for the interleaved operation can be observed to

be as follows,
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Figure 2.16: DC DESD inductor current waveforms: (a)Step response of inductor currents, (b)DC-
DESD inductor current ripple in each interleaved phase

The inductor current ripple on the input side is shown in Fig. 2.16, The peak-to-peak ripple
of each inductor is around 9A at full-load, i.e., around 40% of full-load average current in

each inductor.

Figure 2.17: DC DESD battery current ripple

Due to the interleaved topology, the current ripple at the battery terminals is much lower than

that with the conventional sized inductor design, thus improving the charging and discharging
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Table 2.2: Interleaved DC/DC Boost Converter-Model Parameters

Parameter | Value
Battery-side inductor (L, and L) 120H
Battery-side capacitor (Cpatt) 22F

DC bus-side capacitor Cpc) 60H
Voltage Controller (kpy) 0.6299
Voltage Controller (kiy) 70.8
Current Controller ( Kpi) 4:.054 10 3
Current Controller ( ki) 6.6856

pro le of the batteries. The peak-to-peak current ripple here is around 3A at full-load, i.e.,
around 7% of full-load current. Thus, the current is much smoother here providing a much

better charging and discharging transient, Fig. 2.17 shows the simulation result for the same.

2.1.4 Battery Interface

There are basically three types of battery models reported in the literature, speci cally: experi-
mental, electrochemical and electric circuit-based. Experimental and electrochemical models are
not well suited to represent cell dynamics for the purpose of state-of-charge (SOC) estimations of
battery packs [22]. Electric circuit-based models can be useful to represent electrical characteristics
of batteries. The most simple electric model consists of an ideal voltage source in series with an
internal resistance. The open circuit voltageVoc gives the voltage across the ideal battery, whereas
the voltage across the ideal battery and resistancd?y, gives the terminal voltage of the battery V.
The true internal resistance of the battery is highly related to the State-Of-Charge (SOC) and
the electrolyte concentration of the battery bank. To take recognition of the role of the state of
charge, this battery model varies the resistance of the battery, i.eRy is a function of the state of
charge (SOC). This model assumes the same characteristics for the charge and the discharge cycles.
The open voltage source is calculated with a non-linear equation based on the actual SOC of the

battery [5]. The controlled voltage source is described by,

Voc = Vo(j0 K QAj + Ae B idt (252)
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Figure 2.18: Battery Model Circuit Diagram [5]

Voatt = Voc Ryl patt (2.53)

where Vo is the no load battery voltage (V), K is the polarization voltage (V), Q is the battery
capacity (Ah), A is the exponential zone amplitude (V), B is the exponential zone time constant
inverse (Ah 1), Vpar is the battery voltage (V), Ry is the battery internal resistance (W), |pat iS
the battery current (A), and Ridt is the charge supplied and drawn by the battery (Ah).

The model has a non-linear term equal toK TQW' This term represents a non-linear voltage
that changes with the amplitude of the current and the actual charge of the battery. So when the
battery is almost completely discharged and no current is owing, the battery voltage increases
to nearly Eg. As soon as a current circulates again, the voltage falls abruptly. This behaviour is

representative of a real battery.

2.2 Inverter based Distributed Generator Emulation

Most of the DC distributed sources connecting to a three-phase AC line would need a similar power
electronic interface with a three-phase inverter in cascade. Thus, more DERs can be emulated in
the current system at test by connecting more such inverters in parallel. Thus, the overall system

dynamics remain the same with more DERs included. System stability might be of concern and a
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lot of research is going on in this regard [23, 24, 25, 26] but that is beyond the scope of this thesis.

2.3 Synchronous Generator Model

Synchronous machines are AC machines that have a eld circuit supplied by an external DC source.
In a synchronous generator, a DC current is applied to the rotor winding producing a rotor magnetic
eld. The rotor is then turned by external means producing a rotating magnetic eld, which induces
a 3-phase voltage within the stator winding. Field windings on rotor produce the main magnetic
eld and the voltage is induced in the armature windings of stator.

The rotor of a synchronous machine is a large electromagnet. The magnetic poles can be either

salient or non-salient construction.

2.3.1 Modeling

By de nition, in synchronous generators, the frequency of the electricity produced by synchronous
generators is synchronized with the mechanical rotational speed.
For a 4-pole machine, since the electrical frequency for the system is 60Hz, the synchronous

speed of the generator can be calculated as,

120 fe

Nm D

(2.54)

Thus, the synchronous speed of the machine is 1800rpm.

2.3.2 Control

This research is focused on residential microgrids and thus, the synchronous generators under con-
sideration are in the range of hundreds of kW. Thus the controller is mainly based on modern
electronic governor and automatic voltage regulator (AVR) control systems used for internal com-
bustion engine driven generators. The basic control diagram for a synchronous generator is as

follows,
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Figure 2.19: Synchronous Generator Block Diagram, Adapted from [1]

1. Governor

The governor measures the shaft speed and adjusts the engine throttle position to regulate the
speed to the desired set point. Following gure shows the basic model for the diesel engine and
governor. The reference speed command comes from the corresponding real-power command
through the power sharing loop using a P-f droop curve or from an automatic generator
control (AGC). The simpli ed governor control is emulated through a PID control, and the
diesel engine is modeled as an actuator time constant and time delay [1]. The output of the

PID controller sets the torque command on the generator mechanical shaft.

The available synchronous generator model in PLECS library is used with the parameters
in Table. 2.4. For a 100kVA standalone synchronous generator with an RC load, since the
frequency is maintained at the nominal value (the P-f droop curve is de ned as the same for

the inverter), the speed of the machine is always maintained at 180@m.

Fig. 2.21 shows the controller response to a load change from 50kW to 100kW. It can be

observed that the transient during the dynamic load change is small and the generator speed
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Figure 2.20: Governor Control Circuit Block Diagram

Figure 2.21: Governor following the Speed Reference
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is maintained at the corresponding frequencies according to the Active Power-Frequency droop

curve.

. Automatic Voltage Regulator (AVR)

The DC excitation system for the synchronous generator that controls the terminal voltage
comprises of an Automatic Voltage Regulator (AVR) and a brushless exciter. The AVR gets
a reference command for terminal voltage through a power-system stabilizer or a Q-V droop
curve with respect to voltage. Using a simpli ed PID control to emulate the modern digital
AVRs [1], the exciter is supplied to, through a power ampli er. The simpli ed brushless exciter
here is emulated using a simple rst order-transfer function with a time constant, Te and an

exciter gain, Kg.

Figure 2.22: AVR Control Circuit Block Diagram

For the generator parameters shown in Table. 2.4, Fig. 2.23 shows the controller response to a
load change from 50kW to 100kW. It can be observed that the transient during the dynamic
load change is small and the generator's terminal voltage is maintained at the corresponding
value according to the Reactive Power-Voltage droop curve. The nominal voltage i.e., 240 |

will be maintained when the reactive power of the generator system is OkVA (nominal).

35



From the gure above, the reactive power of 4kVA generated in the system is due to the
capacitive load and since the slope of the droop curve is very small, the deviation in the terminal
voltage from nominal value is very low. Thus, the generator can maintain the terminal voltage close
to 240V, _ at any load condition.

From Table. 2.3, the PID controller gains in the governor for the 100kVA generator in the current
application are chosen such that the commanded power sharing is met at the corresponding rotor
speed. Similarly, to maintain the terminal voltage, proper gains in AVR are chosen corresponding

to the reactive power sharing. These controller gains are adapted from [1].

Table 2.3: 100kVA Synchronous Generator-Controller Parameters [1]

Parameter | Value
AVR (kp) 1.62
AVR (ki) 10.4
AVR (kq) 0.05
AVR (Tg) 0.1
AVR (TE) 0.01
AVR (Kg) 1
AVR (Sg) 0

Governor (kp) 7
Governor (kj) 57
Governor (kg) 0
Governor (Tq) 0
Engine (T1) Os
Engine (T2) Os

The initial transient in the voltage and speed waveforms is due to the generator's inertia. The
steady-state response of the generator terminal voltage and the generator phase currents as load
increases from 50kW to 100kW is shown in Fig. 2.24, The amplitude of generator phase currents

increases as the load increases from 50kW to 100kW,
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Figure 2.23: AVR following the Voltage Reference and applying the correspondind

Figure 2.24: 3-phase SG terminal voltage and current waveforms during load change
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Table 2.4: 100kVA Synchronous Generator-Model Parameters

Parameter | Value
Stator Resistance ( Rg) 0.0166
Stator Leakage Inductance () 148014H
Unsat. Magn. Inductance-d (L mqo) 2:922mH
Unsat. Magn. Inductance-q (L mqo) 1:382nH
Saturated Magn. Inductance-d (L mdg, ) 2mH
Saturated Magn. Inductance-d (Lmge, ) | 2:922mH
Saturating Magnetizing ux ( Psit) 1
Field Resistance ( RY?) 1.3
Field Leakage Inductance () 124247H
Damper resistance-d R‘k’d) 0:00237
Damper resistance-q Rﬁq) 0:0025
Damper leakage inductance-d (ﬁ(d) 140322H
Damper leakage inductance-q I(lokq) 179315H
Inertia ( J) 0.1
Friction Co-e cient ( F) 0
Number of pole-pairs ( p) 2

2.3.3 Permanent Magnet SG Vs. Wound Field SG

In a Permanent Magnet Synchronous Generator (PMSG), the reactive power cannot be controlled
since the rotor is a permanent magnet and thus, no external DC eld excitation is required. Since
the terminal voltage of the generator cannot be regulated in a PMSG, the fault response we see in
this case might not justify the system stability in terms of fault-tolerance. But in a full Synchronous
generator, the real and reactive power are always controlled and thus, the actual power sharing
and impacts on each of the sources can be seen well. Thus, for the current purpose of testing fault

scenarios, using a conventional synchronous generator makes better sense.
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Chapter 3

Component Interactions In

Three-Phase Microgrids

After modeling all the three di erent types of DERs in Ch 2, they are interconnected and connected
to the superimposed power grid with loads, to study the interactions between them. Any component
may be connected and fed directly into any other component. The energy of the battery storage can
be fed to both the load and the host network, and from the superimposed grid, in turn, the charging
of the storage is possible. Furthermore, the load can be fed directly from the host network. From
this general fully-interconnected model, a speci ¢ model can be derived, required for the simulation
of the real microgrid. It is also necessary to incorporate technical or regulatory constraints that

may limit the ow of energy.

3.1 System at Test

The system under consideration in this thesis is a simpli ed inverter and generator based microgrid
model (Fig. 3.1) to demonstrate the interactions between each other when connected. The impact
on overall system stability is also discussed to an extent when multiple generators are tied together.

The block diagram of a simpli ed inverter and generator based microgrid model developed for
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this work is as follows,

Figure 3.1: Microgrid System under test

3.2 Paralleled Inverter System

The growing penetration of power-electronic-based renewable energy sources into the modern power
system, such as solar and wind energy, e ciently reduces the total consumption of the fossil fuels.
Thus, renewable energy power plants are becoming a main conversion scheme to accomplish the
green and clean electricity generation. For these applications, grid-tied inverters are extensively
employed as exible and e cient grid interfaces to connect the renewables to the grid [27]

Inverters connecting DC power supplies to AC systems occur in humerous applications. Pho-
tovoltaic power plants and battery storage installations are examples of such applications. Since
many such distributed generators needs to be tied together with an inverter interface in a real-world
implementation of microgrids, the stability and control of paralleled inverters become a crucial case

to be considered and analyzed deeply before implementation.
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3.2.1 Operation

Although inverter topologies used for power transmission have traditionally been current sourced, in
recent years, voltage source inverters (VSI) have been increasingly used for high-power applications
like electric traction and mill drives, PV power systems and battery storage systems. Control scheme

for VSI used in this research have been explained in detail in Ch 3.

Figure 3.2: Parallel voltage sources concept illustration, Adapted from [6]

It is well known that stable operation of a power system needs good control of the real power
ow, P and the reactive power ow, Q. Thus, when multiple sources are tied together in a microgrid,
power sharing between the sources is of high-priority. Traditionally, the communication link between
all the inverters connected together sends the corresponding power dispatch command to each
inverter to maintain the load. Recent advancements in control of Uninterrupted Power supply (UPS)
systems make possible, their independent parallel operation, avoiding communication links between
the units. The advantages of such power con guration include high reliability and no restriction on
the physical location of the UPS units [28]. To achieve this special kind of parallel operation, the
droop method is often adopted. The droop method is based on a well-known concept in large-scale
power systems that consists of drooping the frequency of the ac-generator when its output power
increases. Control of a distributed system without communication can only be achieved at the price
of permitting a small error. The small droop is generally considered acceptable as long as the error

remains within prede ned limits.
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Usually, the inverter output impedance is assumed to be inductive due to both the high-inductive
component of the line-impedance and the large inductor of the output lter [6]. Based on this as-
sumption, the relation between real and reactive power to frequency and output voltage magnitude

respectively, can be determined as follows,

Us

P = oo x2[R(Ur Uzcos)+ XUssin ] (3.1)
- U i
Q= mriisl RUssin + X (U Upcos ) (3:2)

So for overhead lines, sincX R, R can be neglected. Assuming the power angleto be small,
sin = andcos =1.

Thus, above equations become,

_ U
P ==L (3.3)
o U1(U;( Uz) (3.4)

Thus, for an inductive system, the power angle depends predominantly orP, whereas the

voltage di erence depends predominantly onQ.

Figure 3.3: Real Power-Frequency (P-f) and Reactive Power-Voltage (Q-V) Droop characteristics
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Thus, the frequency and voltage droop curve for the inverter can be determined as,

f fo= ky(P Po) (3.5)

U Uo= kq(Q Qo) (3.6)

fo and Up are rated frequency and grid voltage respectively, andP?y and Qg are the momentary
set points for active and reactive power of the inverter. The frequency and voltage droop control

characteristics are shown graphically in Fig. 3.3

Figure 3.4: Three Phase paralelled inverter voltages at PCC

Droop control loop gives the system frequency reference from the generated real powd?  and
the inverter output voltage magnitude from the reactive power (Q) generated in the system. When
droop control is included to generate the voltage reference to the inverter controller, the power
sharing can be observed depending on the corresponding droop curves. To prove the concept, the

two inverters connected together di er a bit in control parameters with similar droop slopes. The
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