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Abstract

With increasing Distributed Energy Resources (DER) penetration and increased
High Voltage Direct Current (HVDC) applications, Modular Multilevel Converter
(MMC) is becoming an integral part of the power system due to its advantages in
terms of scalability, harmonic performance and efficiency. One of the most challeng-
ing topics as with regard to MMC lies in its modelling as the detailed model offers
computational challenge during transient simulations. Thus, the main purpose of
this study is to derive an input admittance model that can be used for stability
studies and controller designs.

In this thesis, the topology and operating principles of MMC are studied and an in-
put admittance model is derived analytically. The derived input admittance is then
compared with the input admittance of two level converter. Moreover, an average
model of an MMC with four Sub Modules (SM) per arm is simulated in PLECS and
used to validate the analytical model using frequency domain approach. Further-
more, the impact of different controller parameters, switching schemes and switching
frequency variations on the derived input admittance is investigated.

It is found that the analytical and the simulated models agree very well for the
entire frequency range with the exception of slight discrepancy at low frequency
ranges (between 1 and 10 Hz). It is demonstrated that the input admittance model
remains the same regardless of the changes in modulation schemes. Moreover, the
derived input admittance is able to predict the changes in the input admittance of
MMC due to control parameter variations.

Keywords: MMC, Input Admittance, MMC Modelling, Converter Control, PLECS,
AC sweep analysis.






Acknowledgements

This work is part of my master study at Chalmers University of Technology, thanks
to a Swedish Institute (SI) scholarship. The financial support granted by the in-
stitute and the networking opportunities provided by the agency are gratefully ac-
knowledged. Furthermore, I would like to forward my warm gratitude to the SI
team, especially Seble Abera and Johana Lundin for their cooperation throughout
my stay in Sweden.

I would like to express my heartfelt gratitude to my supervisor Mebtu Beza for his
invaluable support, guidance and encouragement throughout the thesis. My special
thanks goes to his sacrifice and flexibility in breaching the geographical challenge.
[ am also indebted to my examiner Massimo Bongiorno for setting up the platform
to meet my personal needs.

I take this opportunity to express my gratitude for my friends and family in the
US, especially Efrem Tewelde, Tesfamariam Asghedom, Joseph Tedros and Brchico
Abun for their friendship and motivation throughout the course of this thesis. Thank
you for making my stay a productive and enjoyable experience.

At last but not least, I would like to thank my family for their support, care and
love. My deepest and sincerest appreciation go to my late father, Yhdego Abun,

who engraved the significance of education at early age. Warm gratitude is owed to
my mom and my siblings for their patience, sacrifice and their endless love.

Adulis Abun, Gothenburg, April 2016

vii






Contents

List of Figures
List of Tables

1 Introduction
1.1 Introduction . . . . . . . . . . ..
1.2 Background . . . .. ... ...
1.3 Outline of Thesis . . . . . . . . . . . . . . . . ..

2 Modeling of MMC

2.1 Topology and Operating Principle . . . . . . ... ... .. ... ...

2.1.1  Average Value Model (AVM) and Detailed equivalent models
(DEM) . . . o o
2.1.2 MMC System Model Parameters . . . . ... ... ... ...
2.2 MMC Internal Control (Dynamics) . . . . ... ... ... ... ....
2.3 Modulation for Switching Pulse Generation . . . . . . . .. ... ...
2.4 Switching Frequency . . . . . . .. ..o oo

3 Input Admittance Analysis
3.1 Introduction . . . . . . . . . . ...
3.2 System Model . . . . . . .. ...
3.2.1 Per-Phase Dynamics . . .. .. .. ... ... ... .....
3.2.2 Open-loop System . . . . . ... ...
3.3 Control System Design and Input Admittance Derivation . . . . . . .
3.3.1 Controller Design Principle. . . . . . ... ... .. ... ...
3.3.2 Current Control Loops . . . . . . .. . . ... ... ... ...
3.3.3 Choice of control laws . . . . . .. ... ... ... ...
3.3.4 Input Admittance Calculation . . . . . .. .. ... ... ...
3.4 Input Admittance Comparison of MMC and Two Level Converter . .

4 Simulations
4.1 System Design Strategy . . . . . . . .. ... oL
4.1.1 Modulation . . . . ... ...
4.1.2 Control System . . . . . ... ...
4.1.3 ACsweep analysis . . . . .. .. ... L.
4.2 Simulation Results . . . . . . . ... ... .. ... .. ...
4.2.1 Modulation . . . .. ...

17
17
17
19
20
22
22

ix



Contents

4.2.2 Control System . . . . . ... ... L

5 Model Validation
5.1 Impact of Parameter Changes on Input Admittance . . . . . . . . ..
5.1.1 Effectofac . . . . . . ...
5.1.2 Effectof ap . . . . . ..
5.1.3 Effect of Switching Frequency . . . . . . ... ... ... ...
5.1.4 2N + 1 Modulation scheme . . . . . . ... ... ... ....
5.2 Chapter Summary . . . . . . . .. ...

6 Conclusion and Future Work

6.1 Conclusion .
6.2 Future Work

Bibliography

29
29
29
34
39
40
42

43
43
43

45



2.1
2.2

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

0.1
5.2
5.3
5.4

2.5

2.6
2.7
5.8
2.9

5.10
5.11

5.12
5.13

List of Figures

Schematic diagram of three phase MMC . . . . . ... ... ... ..
Figure 2-2 (a) Half-bridge SM (b) IGBT valve (detailed model)

Per-Phase equivalent model of an MMC . . . . .. ... ... ....
Ac-side parameters . . . . . ... ...
Output Current Controller . . . . . . . . .. ... ... ... .....

Upper arm PS-PWM modulation . . . . .. ... ... ... .....
Output (ac-side) current controller . . . . . . . ... ... ... ...
AC sweep analysis implementation . . . . .. ... ... ... ....
Perturbation injection . . . . . . . .. ... ... ... ...
PS-PWM switching action for the upperarm . . . . . . .. .. .. ..
Modulation results for the upper arm . . . . . . .. ... .. .. ...
Arm and ac-side currents . . . . . . .. ...
Reference and measured phase voltages of three phase model . . . . .
Line to line reference and measured voltages . . . . . . .. .. .. ..
Arm and ac-side currents of three phase model . . . . . . . ... ..
Dynamic Response of the output current controller . . . . . ... ..

Simulation and analytical model input admittance for ac=0.05wy,, . .
Simulation and analytical model input admittance for ac=0.1ws,
Simulation and analytical model input admittance for ac=0.2ws,
Analytical model input admittance for ag = 0.2wy, , ac = 0.1wg,
and ag = 0.05Wsy -« v v o e e
Simulation model input admittance for ag = 0.2w,, ac = 0.1wsy,
and ac=0.0bws, . . . . .
Simulation and analytical model input admittance for ap=0.0lac . .
Simulation and analytical model input admittance for ap=0.05a¢ . .
Simulation and analytical model input admittance for ap=1 . . . . .
Analytical model input admittance for ap=0.1 a¢, ap=0.0lac and
CYF:1 ...................................
Simulation model input admittance for, ap=0.1 a¢, ap=0.01a¢ and
CYF:1 ...................................
Simulation model input admittance for f, = 1050H z and f, = 2075H z
Reference and measured voltages for 2N + 1 modulation . . . . . . .
Comparison of input admittances for analytical, N + 1 and 2N + 1
modulation schemes . . . . . . . . ... L

33
34
35
36
37

38

el



List of Figures

xii



List of Tables

2.1 Specification of MMC base parameters. . . . . . . . .. .. ... ... 5
2.2 Comparison between N + 1 and 2N + 1 PS — PW M modulation. . . 7

xiii



List of Tables

List of Acronyms

AVM Average Value Model

DEM Detailed Equivalent Model
HVDC High Voltage Direct Current
IGBT Insulated Gate Bipolar Transistor
MMC Modular Multilevel Converter
NLC Nearest Level Control

NVC Nearest Vector Control

PWM Pulse Width Modulation

PD Phase Disposition

POD Phase Opposite Disposition
APOD Anti Phase Opposite Disposition
PS-PWM Phase Shifted Pulse Width Modulation
PI Proportional Integral

SM Sub Module

SHE Selective Harmonic Elimination
SVM Space Vector Modulation

VSC Voltage Source Converter

Xiv



1

Introduction

1.1 Introduction

With the trend of increasing in the penetration of distributed energy resources, the
VSC (Voltage Source Converter) is becoming a key role player in integrating these
renewable energy resources with the existing grid. Moreover, it is being used as a
fundamental block in different power electronic based devices, to solve differ chal-
lenges in the power system; starting from integrating renewable energy resources
to HVDC (High Voltage Direct Current) applications. However, to meet the ris-
ing demands of power capabilities and harmonic performance of converters, a VSC
based technology, MMC (Modular Multilevel Converter) is emerging as an optimum
solution for a wide range of applications.

The modular topology of MMC enables to build high voltage converters with a
higher scalability and fault tolerance [7]. By increasing the number of voltage levels
in the output using more sub modules, the power capability can be increased and
the switching frequency can be effectively reduced. Furthermore, as the harmonics
of the output voltage are reduced due to increased voltage levels, less filtering is
required hereby improving the compactness of the system. The reduced switching
frequency will also help in decreasing the switching losses significantly and thus
leading to increased power ratings of the converter. Besides, as there is no direct
series connections of the several semiconductor switches involved, problems related
to simultaneous switching are also avoided [7]. Nevertheless, low order voltage har-
monics at low switching frequencies put a larger energy storage requirement than
as in traditional two level converters [6]. Thus, deriving a model that can com-
pletely describe the technical characteristics of the converter, including the internal
dynamics of the SM capacitor voltages and currents circulating between the legs of
the converter is of significant importance.

1.2 Background

The first MMC based HVDC transmission project, the Trans Bay Cable, was com-
missioned in 2010 by Siemens [1]. In addition to HVDC transmission applications,
the MMC technology is being investigated for a wide range of applications such as
railway feeding interties and medium voltage industrial drives [2] for its numerous
benefits. Consequently, it is an active research area where investigations aiming at a
deep understanding and optimum solutions for modeling, modulation schemes, con-
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trol strategies, fault analysis. . . etc. are being carried out. As a model is the building
block for all studies and analysis, this thesis will focus on modelling of MMC.

So far, different topologies of MMC have been proposed addressing specific concerns.
A frequency domain model of MMC, for steady-state analysis of all operating point
variables has been derived in [2] and [6]. In addition to mimicking the results of the
detailed time domain computations, the model has a further advantage of clearly
separating the dynamic and steady state effects. However, several assumptions in
the model such as ignoring the switching harmonics, were made and thus it has a
setback as it is not able to model the dynamics of the system. Consequently, it can’t
be used for further control system analysis, such as in the design and evaluation of
the closed loop control systems.

One of the potential methods of representing the models of converters is to express
the converter in terms of its input admittance matrix. In [4], a controlled three phase
VSC is modelled using its input admittance. The main advantage of representing
the VSC using this method its input admittance matrix is credited to the robust-
ness of the model for different applications, such as studying the stability and grid
interaction of the converter. Furthermore, the technique creates ease in modeling
any change in the system, like modification of control schemes and parameters[4].

1.3 Outline of Thesis

After defining the scope of the thesis in the introduction, the theory of operating
principle and topology of MMC is presented in Chapter 2 of the thesis. In Chapter
3, an analytical model for the input admittance of an MMC will be derived. More-
over, comparison of this input admittance model with that of a two level Converter
(VSC) will be carried out in this chapter. Furthermore, the simulation model of
MMC is discussed in Chapter 4. In this chapter, PLECS model of the MMC with
the assumption of constant capacitor voltage is developed for verification purposes.
Subsequently, changes in the input admittance with the changes in the controller
parameters and modulation strategies used is investigated in Chapter 5. The Veri-
fication of the analytical model by comparing it with the simulation results is also
be presented in this chapter. Finally conclusions and recommendations for future
works are presented in Chapter 6.
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Modeling of MMC

2.1 Topology and Operating Principle

As it can be shown in Figure 2.1, the circuit structure of MMC consists of three
phase legs, each comprising of two arms connected in series between the dc-link.
There are N number of Sub Modules (SM) in each arm in series with the arm in-
ductor and resistor. The main objective of the inductor is to limit the surges in the
arm current and also arm current harmonics; thus they are significant in the control
of circulating currents. The resistances are operational variables, as they model the
converter losses and the resistances of the inductor.

The SMs are the basic building blocks of the MMC and consist of either of the most
popular configurations; half bridge or full bridge configurations. The half bridge
configuration, which is the focus of this thesis, is depicted in Figure 2.2. It com-
prises of two switches, which dictates the charging and discharging of the capacitor.
The switches consist of a controllable power switch (e.g. an IGBT) and an anti-
parallel diode. When a switch is turned on, either the IGBT or the antiparallel
diode in the same switch conducts. Only one switch is turned on at a time and
thus there are three possible switching modes; inserted, bypassed and blocked. The
SM is said to be inserted if switch S1 is turned on and the capacitor can be either
charging or discharging depending on the direction of the arm current. If the arm
current flows into the SM through the anti-parallel diode of S1, then the capacitor
will be charged. However, if the current flows out of the SM through the IGBT of
S1, then the capacitor will be discharged. Nevertheless, regardless of the direction
of the arm current, the terminal voltage of the SM is the same as the capacitor
voltage. The SM is operating in its bypassed mode if switch S2 is turned on. In
this mode whichever the direction of the arm current is (either the IGBT or the
anti-parallel diode will conduct depending on the direction of the arm current), the
capacitor voltage remains constant and the terminal voltage of the SM is zero. The
blocked mode of operation of the SM is when both the switches are turned off. This
is impractical mode of operation as the capacitor can only charge (through the anti-
parallel diode), but never discharge. As a result of the two practical modes, the SM
can be controlled to provide either the capacitor voltage or zero output voltage. This
way, the SMs are switched on and off generating stepped, near-sinusoidal waveforms.
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Figure 2.2: Figure 2-2 (a) Half-bridge SM (b) IGBT valve (detailed model)

2.1.1 Average Value Model (AVM) and Detailed equivalent
models (DEM)

In [13], the performance of both the average value model (AVM) and detailed equiv-
alent model (DEM) are analyzed. The proposed AVM assumes an ideally balanced
capacitor voltages and ideal IGBTs. Moreover, the MMC characteristics are mod-
elled using a controllable voltage source for the ac-side representation and control-
lable current source for the dc-side representation. On the other hand, the detailed
model assumes the valves as ideal IGBT switch and the antiparallel diodes as non-
linear resistances. Detailed equivalent model treat each MMC arm as a Thevenin
equivalent branch whose voltage and resistance is calculated each switching period.
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Detailed models are far more accurate than the averaged models, but they are com-
putationally challenging [9]. Even though the average model is able to replicate
the dynamic performance of the converter accurately, unlike the detailed model, it
cannot represent specific switching states. As a result, the average model cannot
simulate different faults, such as SM failures or control system failures in the SMs
as well as in the converter [9].

However, this thesis uses the AVM for simulating the MMC in PLECS. The AVM
is selected due to its capability to model the dynamics of the converter accurately
and its computational simplicity. The simulation of the MMC for validating the
analytical model is discussed in Chapter 4 in detail.

2.1.2 MMC System Model Parameters

In order to validate the analytical input admittance using simulations, an MMC
with 4 SMs is simulated in PLECS. The parameters of the MMC are given in Table
2.1. The dc-link voltage is selected to be 16 kV and thus the capacitor voltages are
made to be 4 kV each. The selection of the control parameters and the choice of the
switching frequency is discussed in chapter 4.

Table 2.1: Specification of MMC base parameters.

Parameter Value | Parameter Value
Arm inductance (L) 2mH | Output inductance (L) 2mH
Arm resistance (R) 0.1 | Current control bandwidth (a¢) 0.2Wg
Grid voltage (v,) 7kV | Feed forward Voltage bandwidth (ar) | 0.1a¢
DC link voltage (vq) 16kV | SM per arm (n) 4
Capacitor Voltage (vgy) | 4kV | Switching frequency (fs) 2075 Hz

2.2 MMC Internal Control (Dynamics)

The dynamics of the MMC is mainly associated with that of SM capacitor’s dynam-
ics. The internal dynamics mainly comprises of the SM capacitors’ voltages and the
circulating currents. To simplify the complexity of the model, it is proved in [14]
that the sum of the capacitors voltage in an arm can be taken into consideration
instead of separate capacitor voltage of the SM. This consideration is further used
to derive the analytical model in chapter 3.

There is a nonlinear relationship between the circulating currents and the capaci-
tor voltage variations. These variations in voltage when the capacitors are charged
and discharged (insertion and bypassing of the SM), cause the circulating current
harmonics. On the other hand, the circulating currents cause the capacitor voltage
ripples [6]. This nonlinearity poses some challenges in deriving the frequency model
2], [6]. Thus, the analytical derivations carried out in this thesis assume perfectly

5



2. Modeling of MMC

balanced capacitor voltages and as a result capacitor voltage balancing algorithm is
not implemented in the simulations.

2.3 Modulation for Switching Pulse Generation

Numerous modulation and control schemes have been studyed in various literatures
throughout the work of this thesis. The classification of the various types of mod-
ulation techniques based on switching frequencies is presented in [16]. For high
switching frequency modulations, the carrier based modulation with phase shifted
(PS-PWM) or level shifted (PD, POD, APOD-PWM) carrier and space vector mod-
ulation (SVM) techniques are suggested. Whereas for low switching frequency mod-
ulations, Selective Harmonic Elimination (SHE), Nearest Vector Control (NVC) and
Nearest Level Controls (NLC) are recommended. The various techniques have also
been presented in [15] and a choice is made based on the number of voltage levels.
With the increase in the number of levels, PWM and SHE become computation-
ally inefficient [15], SVM complexity increases exponentially [17], and thus NLC is
proposed for higher number of levels. In practice PS-PWM is being used by ABB,
while Siemens use NLC [18].

The modulation algorithm is responsible for obtaining the desired voltages at the
outputs. In order to ensure the proper operation of MMC and to obtain the desired
output waveforms, the capacitor voltages must be balanced and their variations
maintained within a narrow band. The capacitor voltage balancing strategies can
be based on the modulation techniques or control algorithms [10]. Three of these
control methods are presented in [17] and it is proposed that the voltage balanc-
ing algorithm be integrated into the modulation scheme either by modifying the
switching functions or the switching sequence. The principle of operation of these
modulation strategies is to control the capacitor voltage within a narrow band by
feedback control or by controlling the switching sequence of the SM. Thus, an ideal
modulation technique depending on the latter strategy consist of a waveform gener-
ator technique and voltage balancing algorithm. The waveform generator technique
decides the insertion ratio (the number of the SM in an arm to be inserted) by
comparing the reference switching signal with the carrier and the voltage balancing
algorithm determines the specific SM to be inserted or bypassed [10].

Conventional harmonic analysis methods for carrier based modulation is carried out
in [12] and it is found out that the capacitor voltage will diverge, if the switching
frequency is selected as an integer multiple of the fundamental frequency. However,
it is observed if the carrier frequency (w,) is selected in such a way that N w. (where
N is the number of SM in an arm) is an integer multiple of the fundamental fre-
quency (wy), then the sub-harmonics and harmonics which are non-integer multiples
of the fundamental frequency will be suppressed in the sum of the switching func-
tions of an arm [12]. The ac-side voltage mainly depends on the difference of the
upper and lower arm voltages, while the dc-link voltage depends on the summation
these two voltages. Thus, if the switching harmonics of the upper and lower arm

6
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voltages are in phase with each other, the ac-side harmonic content will be enhanced.

On the other hand, if the switching harmonics are out of phase the dc-link har-
monic performance will be improved, as there is cancellation of the corresponding
harmonic content. The phase angles of the switching harmonics are determined by
the phases of the carrier waveforms, which can be optimized either for the dc-link
or ac-side harmonic performance. The phases of the carrier waveforms of the SM
can be determined on the bases of the selection of the harmonic performance that
needs to be optimized. Thus, two kinds of PS-PWM modulation schemes N +1 and
2N + 1 were presented and they are summarized in Table 2.2. Moreover, it is found
out that the mathematical model of the 2N 4 1 level modulation is more complex
than the N 4 1 level modulation. This is due to the fact that the upper and lower
arm switching harmonics do not always cancel out. Thus, N+1 level modulation is
preferred for further analysis as in [12], [10], [16].

Table 2.2: Comparison between N + 1 and 2N + 1 PS — PW M modulation.

N + 1 Modulation | 2N + 1Modulation
dc-link harmonics | ac-side voltage harmonics

Harmonics erfor- ..
P is enhanced is improved
mance
Phase shift (5)
of carrier waveforms 7 radians out of in phase (i.e.5 = 0 when N is

in the upper

and lower arms of phase.(i.e = ) odd, and 3 = % when N is even)

a phase leg

Insertion index for a | constant Variable
phase leg

Voltage levels of phase | N + 1 2N +1
to neutral

2.4 Switching Frequency

The selection of the switching frequency affects the switching losses, harmonics con-
tent, and voltage balance of the SM capacitors and the overall efficiency of the
converter [11]. Moreover, there is a tradeoff between the capacitor voltage ripple
and the switching frequency. To ensure high efficiency of the converter, the switching
frequency is preferred to be as low as possible. On the other hand, the capacitor volt-
age balancing challenge increases as the peak to peak voltage ripple of the individual
SM increases due to the significant reduction in switching frequency. Consequently,
there is a lower limit of the switching frequency below which the peak to peak capac-
itor voltage ripple may cause voltage imbalance between individual capacitors and
hence instability. The effect of switching frequency on the arm and line harmonics

is also affected by the number of SMs per arm and the control strategies employed
[11].
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Input Admittance Analysis

3.1 Introduction

As the role of the grid-connected converters for various HVDC and FACTS appli-
cations increase, it is necessary to analyze the impact of the introduction of the
converters into the grid. The converter can be interconnected with the grid easily,
without causing instabilities, as long as its control system is designed in such a way
that its input admittance is passive. This way, the system will dampen oscillations
at any frequency [21].

In order to achieve passive input admittance for a VSC, Proportional-Integral (PI)
based current controller in synchronous (dq) reference frame with dq decoupling and
voltage feed-forward can be designed. In [4] and [21], expressions for the elements
of the input admittance of a controlled two level VSC have been derived. The input
admittance of the converter is then used as a tool for a closed-loop stability analysis
of the converter-grid interconnection. With growing usage of MMC, the need for
input admittance model of MMC also rises for the reasons mentioned above. This
section focuses on derivation of input admittance model for an MMC.

3.2 System Model

3.2.1 Per-Phase Dynamics

In deriving the continuous-time model of the MMC, certain assumptions are made
to ease the complexity. On the assumption that the switching frequency and the
number of the SMs per arm are satisfactorily high, the discrete nature of the wave-
forms can be neglected. The impact of switching delay on converter characteristics
is neglected by assuming a reasonably high switching frequency. Fixed SM capacitor
voltage is assumed; thus no circulating current control and capacitor voltage control
is employed. Furthermore, the three phase model can be transformed into a single
phase, if the leg and filter inductances are assumed to be the same and if the grid is
assumed to be balanced. As mentioned in 2.2, the sum of the capacitors voltage in
an arm can be considered instead of individual SM capacitor voltages. Based on all
these assumptions a per-phase model seen in Figure 3.1 is used for further analysis.
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I
mln

I
mln

il

Figure 3.1: Per-Phase equivalent model of an MMC

With ¢; representing the lower arm current and ¢, the upper arm current, the ac-side
current (i5) and the circulating current between dc terminals (i.) are given by

iy = iy — iy (3.1)

.yt
le=—
Similarly, the ac-side voltage driving ac-side current (vs ) and the internal voltage
deriving the circulating current (v.) are given by:

(3.2)

U + Uy
= 3.3
v, =22 33)
y= 0" %Y (3.4)

2
Where v; is the inserted voltage in the lower arm, v, is the inserted voltage in the
upper arm and vy is the pole to pole voltage of the dc-link.

Applying KVL, we can derive

Va dZu

< _Ri,- L2 —v,=F 3.5
2 (3:5)
where F is the voltage at the converter output. Similarly,
Y | i 1%y — B (3.6)
RN — 7 _ v = .
2 P ar T

Adding (3.5) and (3.6)

10



3. Input Admittance Analysis

R(iy — i) + L&) 4y — g, = 2F
Putting in (3.1) and (3.3)
R: _ Ldis

Us = yls— g = B

Substituting g and é with R" and L', respectively, the expression is simplified to

di. _

vy — Rlig — L' i

E (3.7)
As shown in [14], the per-phase dynamics consisting of the internal dynamics of the
SM capacitor voltages and the circulating current can also be expressed in terms of
the internal control variables i, 7., v, and v, as

dv, N , Is
dvy N , is
-3 39

where N is the number of SMs in an arm, n, is the insertion index for the upper
arm, n; is the insertion index for the lower arm. In addition, the dynamics for the
circulating current as,

dic 1 ‘
— — d
il (vc ch> (3.10)
Rearranging (3.7)

dis _ 1 D
= 1|vs— E— Ri,

Moreover, the converter output voltage £ and the grid voltage v, can be related as

R L

I (v

Figure 3.2: Ac-side parameters

E — vy = L% + R,
Thus, (3.7) can also be expressed as

di 1
o (v ) (3.11)

where L = L, + % and R” = R, + %

11
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3.2.2 Open-loop System

If the open-loop system represented by (3.7) is transformed into the dgq reference
frame, it can be expressed as

E;= v — (R' - L's) isa + L'wiisg (3.12)

Eq = Usq — (R/ + L,S> isq - L’wlisd (313)

where w; is the angular frequency of the reference waveform. Furthermore, this can
be written as

Vsd — Ed = (R/ + LIS> isd — L’wlisq

Vsg — By = L'wyisg + | R + L’s) isq
Thus, if expressed in the matrix form it will be
Vsg — By - R +L's _L,UJI lsd
lvsq — Eq] - [ L'w; R+ L's| |ig (3.14)

(3.12) and (3.13) can also be compiled to describe the open-loop system in terms of
d-q space vectors, i.e. (3.12) + j*(3.13), then
E=v,— (R’ + L’(s +jw1)>z's

Solving for i,

i\ ! ) (vs - E) (3.15)

R+ L(s+jwn

3.3 Control System Design and Input Admittance
Derivation

3.3.1 Controller Design Principle

For MMC to operate properly, there should be a voltage difference between the
dc-side voltage and the dc component of the output voltages of the SMs. The dif-
ferential voltage generates a circulating current between the legs of the converter,
which is responsible for the transfer of power between the sides of the converter.
Moreover, the average SM capacitor voltage should be also maintained at a con-
stant value to ensure that the average power transfer through an SM is zero.

These conditions are met by controlling the switching action of the power electronic
switches of individual SMs. Regardless of the strategy used, the control system
should achieve certain objectives such as:

e active and reactive power control.

12



3. Input Admittance Analysis

dc-side voltage control.
circulating current control.

arm capacitors voltage control.
SM capacitor voltage balancing.

The typical control system have a cascaded structure consisting of inner loop and
outer loop controls. The inner loop control involves current controller, while the
outer loop control comprises of active power control and reactive power (terminal
voltage) control as detailed in [4], [21] and [23]. However, in this thesis only the in-
ner loop current controller is considered. It is implemented in the synchronous (dq)
reference frame, which enables an independent control of the active and reactive
power [20]. Moreover, capacitor voltage control is omitted as a constant capacitor
voltages are considered. Furthermore, all the outer loop controllers are not included
in the scope of this thesis.

3.3.2 Current Control Loops

The control method implemented for controlling the ac-side current is based on dg
(synchronous) frame control and is depicted in Figure 3.3. This transformation from
the stationary frame adds a cross-coupling term and to mitigate that a decoupling
term is added in the control method in order to ensure independent control of the
d and q components. As can be seen in Figure 3.3, the cross coupling effect cancel-
lation is implemented by an inner loop of a positive feedback with a gain of jw; L.
Moreover, a voltage feed-forward is also included for good dynamic performance.
Furthermore, in case the voltage feed-forward option is unavailable due to difficulty
in measuring the voltage E, active damping path might be added in the derivation
[21].

Figure 3.3: Output Current Controller

3.3.3 Choice of control laws

The input admittance of a converter depends on the control implementation. In this
section PI controller of the ac-side current is used to calculate the expressions for

13



3. Input Admittance Analysis

the input admittance of the ideal system; a system where the outer-loop controls
is neglected. PI current controller with voltage feed-forward, dq-current decoupling
and active damping is designed. However, further analysis of the input admittance
is made by making the assumption that it is possible to feed-forward the voltage
and thus the active damping resistance is neglected. Here, a standard PI controller
will be considered to derive the input admittance. However, the choice of control
laws is arbitrary and the model can be extended to include the circulating current
controller based on the methods provided in [21].

3.3.4 Input Admittance Calculation

Here only the ac-side current controller is considered.

The open-loop system is given by (3.15) as,

S S
R'+L' (erjwl)

A PI current controller with dg-current decoupling, PCC voltage feed-forward and
active damping results in the control law [21]

v*s — Kk:p + i) (it = i) + (jor L' — Ra>is} L H(s)E (3.16)

where H(s) is a first order feed forward filter, k, is the proportion gain, k; is the
integral gain and R, is the active damping term.

Assuming that the converter delay time (7,), which comprises of the controller’s
computational delay and PWM switching times, then v, = e~ T¢*v*. However, ne-
glecting the delay for simplicity, assuming v, = v} and combining (3.15) and (3.16)
results in

io(R+ L (s +juw)) + B = [(kp + ’f) (it =) + (jun ! - Ra)z's] +H(s)E
= iS(R’ + Ry +ky+ 5+ L’s> = (/-cp + k)z + H(s)E
where H(s) = H(s) — 1 , which can be simplified to
is (L's2 + (R + Ra+ky)s + k) _ (kps + k;)z VHSE  (3.17)
This can also be rewritten in another form as,

is = Guls)i% + Yi(s) E (3.18)

where G.;(s) and Y;(s) are the ideal inner closed-loop transfer function and input
admittance respectively. These are referred as ideal because the outer control loops
are neglected.From (3.17) and (3.18), G(s) and Y;(s) can be calculated as

14



3. Input Admittance Analysis

_ (kps + ki) Yi(s) = sf:[(s)
U2+ (R + R, +ky)s + k; NS+ (R4 Ry +ky)s + K
(3.19)

Gci<3)

3.4 Input Admittance Comparison of MMC and
Two Level Converter

The input admittance model for a two level three phase converter (VSC) is derived
in [4] and [21]. In [21] an input admittance expression of

B sH(s)
L2+ (K, + R, + R)s + K,

is proposed; L being the input filter inductance, H(s) feed forward Low pass filter,
R, active dumping Resistance, R input filter resistance, k, and k; proportional and
integral control parameters. Moreover, as grid voltage is used in [4] and [21], (3.19)
can be expressed in terms of grid voltage (v,). Modifying (3.18) to replace E with
v, (3.19) can be expressed as

Yi(s)

(3.20)

B sH(s)
L2+ (Ry+ K, + R")s + ki

Comparing (3.20) and (3.21) it can be easily seen that the expressions of the input
admittance for MMC and that of a two level converter are the same with excep-
tion of the input filter inductance and resistance. In MMC, the input admittance
comprises of the equivalent inductance of the input filter (coupling inductance) and
half of the arm inductance in series, while in two level converter it is made up of
the input filter (coupling) inductance only. Similarly, the resistive part of the input
admittance in MMC includes half of the arm resistance in series with the filter re-
sistance, whereas two level converter consists of the filter resistance only.

Yi(s) (3.21)

However, it is to be noted that the similarity obtained between the input admit-
tances of a two level converter and that of MMC is only under the assumptions
taken in this thesis work. Constant capacitor voltage and ideal converter without
delay is considered in this thesis. Otherwise, had the internal dynamics of MMC
been considered, different relationship between the input admittances of two level
converter and that of MMC would have been expected.
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4

Simulations

In this chapter, an MMC with four SMs per arm is simulated in PLECS. A single
phase open loop system is designed from which a three-phase open-loop system is
developed. After verification of the three-phase open-loop system, ac-side current
control is implemented for the three-phase MMC and its closed-loop performance is
verified.

4.1 System Design Strategy

A simulation model which is used to verify the mathematical model is prepared in
PLECS. A balanced capacitor voltage and ideal IGBT switches are considered to
simplify the simulation. To achieve the final MMC simulation model required to
validate the analytical derivations, a single phase MMC with 4 SMs per arm and
an open loop voltage control is initially modelled. After verification of this model,
a three phase model with an open loop voltage control is implemented. Finally, a
three phase model with ac-side current controller is simulated.

To verify the open-loop model of MMC is working as intended, a comparison of
the measured and reference (fundamental) voltages is carried out. Moreover, as
the main component of the open-loop system is the modulation part, it is used for
validating the proper operation of the open-loop model. Since the total number of
inserted SMs in N+1 modulation scheme remains constant during a period, it is also
used as a verification tool for the modulation. Similarly, for the closed loop system,
the performance of the controller is first analyzed by checking its ability to track
reference.

4.1.1 Modulation

Modulation determines the instant at which individual switches change their states
and is responsible for obtaining the desired voltage waveforms at the output. From
the various SPWM based multicarrier modulation techniques, PS-PWM is selected
in this thesis. This is mainly because PS-PWM is one of the widely used industrial
standards for carrier based multilevel modulation [17]. In this scheme, multiple car-
riers with same amplitude and frequency but different phase shifts are compared
with a reference waveform to generate the firing pulses as shown in Figure 4.1.

PS-PWM is not suitable for low switching frequencies. The lower the switching
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4. Simulations

frequency, the higher is the impact of the delay on the converter characteristics.
Accordingly, a higher value of switching frequency is considered to reduce the im-
pact. The switching frequency is decided by the carrier frequency and hence a higher
carrier frequency of 2075 is selected. The carrier frequency is chosen to meet the
conditions for good harmonic performance [12]. Consequently

o the switching frequency is made non-integer multiple of the fundamental fre-
quency (f1), and

o The product of the switching frequency (f;) and N (number of SM per arm)
is selected as an even multiple of the fundamental frequency.

'.-.Ir“:; wref

Sine Wawe

Triangular Wavel Comparator

Triangular Wave2

[I:II'I-'IDErEtEII'l

‘ ‘ | :+:= -—[j: FP3

Triangular Wave3 Comparator2

= o

Triangular Waves Comparators
Figure 4.1: Upper arm PS-PWM modulation
Carriers for individual SM are generated and are phase shifted by @ degree, N
being the number of SM per arm. The phase shift between the carrier waves is
selected on the basis of harmonic performance and the type of modulation imple-
mented. Here N + 1 level modulation is selected as it is simpler than the 2V + 1
level modulation. Moreover, as discussed in 2.3, in N + 1 modulation the number

of inserted SM per a phase leg is always constant (equal to N per phase leg) and
thus can be used as a verification tool.
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4. Simulations

The reference waveforms for the upper and lower arms are 180° out of phase. A
unity modulation index is used and thus the amplitude of the reference is selected
to be equal to that of the carrier, which is in turn equal to the half of the dc-link
voltage of % = 8kV.

4.1.2 Control System

Controller Design

As can be seen in Figure 4.2, PI current controller of the output (ac-side) current
with dq decoupling and voltage feed forward of the grid voltage (V4 and Vi) is
implemented in PLECS. For the mathematical model derived in Chapter 3, a con-
sideration of both with and without voltage feed forward is proposed and thus a
feed forward of an active resistance is included in order to make the model robust.
However, in the simulations only the approach with feed forward voltage is imple-
mented and hence no active damping is included.

The feed forward filter H(s) needs to have a static unity gain to ensure a perfect
compensation of F (the voltage at the output of the converter) in steady state [21].
There are many possibilities to achieve this of which a first order filter implementa-
tion is the easiest. Therefore, H(s) is selected to be,

ap

H(S) - S+ ap

where ap can be selected based on the mode of operation(transient or steady-state).
It is recommended in [21] to select an ap value of less than 0.1a. for steady-state
operation and this will be considered in this thesis.

(4.1)

Vg’d D > s f ; =
* fr\ *
i D \r Pl D VY
i, D >
' =
k=da. L

3% ﬁh
AR v
C)—
\VA
=

lsg P I ; ) 5.4
o g
Ve D> B

Figure 4.2: Output (ac-side) current controller
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Parameter Selection

The maximum bandwidth of the output current controller is limited by the switching
frequency [4]. However, the actual bandwidth to be selected is determined by the
speed of the response desired. In [21], it is recommended that the bandwidth of
the closed-loop current controller should be less than % of the angular switching
frequency. Hence a,. < 0.2 wy, is selected for the simulations as a base value.
Moreover, the parameters of the PI controller are selected as K, = a.L” , whereas
K; is tuned to remove the steady-state errors quickly. However, for analysis carried
out in Chapter 5,K; is selected as K; = a.R"” . Besides, the bandwidth of the voltage
feed forward filter (ar) is selected to be small (0.1a, ) for normal mode of operation.
Thus, the control block diagram depicted in Figure 4.2 is based on the control law
expressed by (3.16) and parameters selected in this section.

4.1.3 AC sweep analysis

As can be seen in Figure 4.3, the perturbation injection to carry out AC sweep anal-
ysis is implemented by introducing a disturbance voltage in series with the grid. As
PLECS doesn’t support a three phase controlled voltage source perturbation (which
represents the grid), it was difficult to make the AC sweep analysis of a three phase
system. The disturbances in the three phases need to be balanced. In order to meet
that condition, a dq approach is applied as shown in Figure 4.4. Accordingly, the
perturbations are introduced into the dq components, which later are transformed
into three phase balanced disturbances.
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Upper Arm Upper Arm Upper Arm
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Figure 4.3: AC sweep analysis implementation
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Figure 4.4: Perturbation injection

21



4. Simulations

4.2 Simulation Results

4.2.1 Modulation

As can be seen in Figure 4.5, four phase shifted carriers are compared with a ref-
erence to generate the switching pulses for the SMs in the upper arm. Similarly, 4
phase shifted carriers are compared with a second reference which is phase shifted
by 180° from the first reference, to generate the complementary firing pulses of the
SMs in the lower arm. As shown in the diagram of Number of Inserted Cells (Upper
Arm), each time a carrier crosses the reference, there is a change in the number of
inserted SMs in the arm.

Output voltage ref and Phase Shifted Carriers

E 5000
> 0
8 N NS T PATAY A,
:9_5000 5 __ _ .._ R P W, Y.
Measured and Reference voltage
E 5000
> 0 ISP
% - - - ______|__ l._fa;—-——f_“_":——_/—lr_
> 5000 H——1—1 |
Number of Inserted Cells (Upper arm)

4_
=
N
IS
g ° ] |
=
=

D I I I : I

2.578 2.580 2.582 2.584 2.586 2.588 x le-1
Time (s)

Figure 4.5: PS-PWM switching action for the upper arm

Moreover, as shown in Figure 4.6, the total number of inserted SMs during one
period remains constant and is equal to the number of SM in an arm. This is in
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4. Simulations

accordance with the theory of the N + 1 modulation scheme discussed in section
2.3. It can also be noticed, in Figure 4.6 that the output voltage waveform has
5 levels proving the accurate implementation of the N 4+ 1 modulation technique.
Furthermore, from the second diagram of the same figure, it can be observed that
the average of the output voltage coincides with the upper arm reference. This
validates the mathematical model, as the simulation results of the output voltage
comply with (3.3).

Number of Inserted Cells in a Leg

Number of SM
.Y

3 e e L e e o e s e e U e e e i e e e
2 R T AP T R AP U R Al v SR S0 PR PRI T R A U R PR ST SR O S I PR ST
10X 1e4 Measured and reference Voltages
- gl Ty -

2.35 2.40 2.45 2.50 255 x le-1

Figure 4.6: Modulation results for the upper arm

In addition, as shown in Figure 4.7, upper and lower arm currents are 180° out
of phase. However, they have the same amplitude and frequency. The upper and
lower arm currents are determined by the internal dynamics of MMC. Thus, their
similarity and harmonic performance obtained in the figure, is the direct result of
the presumed balanced capacitor voltage. The arm currents add up as per (3.1) and
(3.2), and hence it can be concluded that the mathematical model is valid.
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Upper Arm Current

Figure 4.7: Arm and ac-side currents
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Ref and measured ( Phase voltage (A))
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Figure 4.8: Reference and measured phase voltages of three phase model

The number of levels of the converter is governed by the number of phase voltage
levels, but not by the load type or the number of phases [23]. In N + 1 modulation
technique, the number of line to line voltage levels is given by

NL,LIZ*Np—l (42)

where N, is the number of phase voltage levels. As can be seen in Figure 4.8 and
Figure 4.9, the phase voltages have 5 levels and the line to line voltages have 9 levels,
verifying (4.2).

Moreover, closer observation of Figure 4.8 shows the output phase voltages follow-
ing their respected references. Besides, as can be observed from Figure 4.8 and
Figure 4.9, the line to line voltages have higher amplitude and a better harmonic
performance than the single phase model.
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Figure 4.9: Line to line reference and measured voltages
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Likewise, as can be seen in Figure 4.10, the output currents are sinusoidal with a
balanced phase shifts. The upper and lower arm currents of a phase leg are 180° out
of phase. Additionally, it can also be observed that the three phase currents have
the same amplitudes.

Upper Arm Current

500 A ~ 3
<
'
= 0
£
= , . _

SO o NS \ v ¥ \/ \/

Lower arm current

= 0
v
A
=
]

-500 Y ¥ ul %

output current

1000~ A AT AV AU e U e Vet labeValabadatia
E_, (Y s { G e B .
'
= 0 .
v
; ) I 1 ( \
=~ -1000 - L FAWACATATARAWATAVARAY FATAWAVAGLWATA

0.56 0.58 0.(1.':0 0.62 0.64 0.66
time (s)

Figure 4.10: Arm and ac-side currents of three phase model

4.2.2 Control System

The dynamic response of the ac-side current controller can be seen in Figure 4.11.
Independent steps for the d and ¢ current components are applied at different in-
stants and as can be observed from the figures the current controller tracks the step
changes in the references. Moreover, the individual responses of the d and ¢ currents
to the respective steps confirm the realization of the decoupling of the synchronous
components (dq) by the controller action in steady-state.
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Reference and Measured d axis current (Id* and Id )

Reference and Measured q axis current (Ig* and Iq )
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Figure 4.11: Dynamic Response of the output current controller
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Model Validation

In this Chapter, the analytical results are validated through time domain simula-
tions. To find the input admittances in the time domain simulation, AC sweep
analysis is used. This is achieved by injecting a voltage perturbation at different
frequencies. The input admittances are then calculated as a rate of the FFT of the
current response to the voltage disturbances.

5.1 Impact of Parameter Changes on Input Ad-
mittance

In this section, the impact of change in control parameters, switching frequency
and modulation scheme on the analytical and simulated models is studied. These
studies aim at assessing the robustness of the analytical model to mimic the simu-
lated model for various values of the control and modulation parameters. Therefore,
comparisons between the two models under different parameters are made to verify
the analytical derivations.

For these analysis, the analytical input admittance model is made to include the
filter inductor. This is because the AC sweep analysis calculates the current re-
sponse to the injected voltage, which represents the whole admittance including the
filter. The AC sweep analysis is carried out using PLECS and the result is exported
to MATLAB, where the comparison between the analytical and simulated model is
carried out.

5.1.1 Effect of a¢

Three different cases have been studied to analyze the effect of the current controller
bandwidth on the ability of the analytical model to represent the MMC model. The
band width of the current controller is varied to be 10% (0.1ws, ) and 5% (0.05ws,
), of the angular switching frequency, from the base value of 20% (0.2w, ). As can
be seen in Figure 5.1, when a( is selected as 0.05w,,, the two models coincide for the
entire frequencies with exception of small deviation below 10 Hz. Similarly it can
be observed in Figure 5.2 and Figure 5.3, for ac = 0.1wy, and ac = 0.2ws,, that
the analytical model mimic the simulation results for the entire frequency ranges
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no significant difference as long as the ability of the analytical model to mimic the
MMC’s input admittance is concerned. It can be seen that the three models coincide
for the entire frequency range with small deviation in the range below 10 Hz.

As can be observed from the three cases (Case I, Case II and Case III) there is

with a very small deviation below 10 Hz.

5. Model Validation
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Figure 5.1: Simulation and analytical model input admittance for a¢
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Bode DEgram
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Bode Dagram
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Bode Dagram
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Bode Diagram
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Figure 5.5: Simulation model input admittance for ac = 0.2wy,,, ac = 0.1w,,, and
ac=0.05wg,,

It is found that both models have similar trend in their phase and magnitude plots
with the change of a. As can be seen in Figure 5.4 and 5.5, both the simulation and
analytical models’ input admittance magnitude (gain) for higher frequency ranges
do not vary regardless of the changes in a. Moreover, for lower frequency ranges
similar behavior can be observed (i.e. higher magnitude for smaller bandwidth of

(676 )

5.1.2 Effect of ar

Three different values of ap are simulated, keeping a¢ at the base value (g =
0.2wgy, ). The band width of the feed forward is varied independently to be 1% (0.1
ac), 5% (0.05a¢ ) and 1 (unity). It can be observed in figures of case IV- case VI
(Figure 5.6-Figure 5.8), that the analytical model mimics the MMC’s input admit-
tance perfectly for all frequency ranges greater than 10 H z, regardless of the changes
in ap. However, the input admittance of the analytical model deviates slightly from
the simulated model for frequency ranges less than 10 Hz.

As can be deducted from (3.19) and (4.1), it is expected for the analytical model to
vary inversely with changes in ar. This can be easily proved by observing Figure
5.9. Moreover, as is illustrated in Figure 5.9 and Figure 5.10, with the decrease of
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Bode Dagram
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Bode Dagram
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Bode Diagram
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5.1.3 Effect of Switching Frequency

To study the impact of varying the switching frequency explicitly, two different val-
ues of switching frequency are analyzed. Only the switching frequency is varied
separately keeping the current controller parameters at their base values (i.e. when
the switching frequency is 2075 Hz, ac=0.2wy, and ap=0.1ac ). When all other
parameters are kept constant, no change in the input admittance is expected as
there are no parameters in the analytical derivations that directly depend on the
switching frequency. This is mainly because the delay from the converter is ig-
nored in the analytical derivations. Moreover, as higher switching frequency is used,
the impact of switching frequency on the input admittance is negligible. In accor-
dance with the analytical results, the simulations’ input admittance also remains
the same irrespective of the changes in the switching frequency. This can be easily
verified by observing Figure 5.11. The results of the AC sweep analysis for the two
different switching frequencies are plotted on the same figure and as can be seen,
there is no change in the results regardless of the changes in the switching frequency.
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5.1.4 2N + 1 Modulation scheme

In this section 2N 4 1 modulation scheme is implemented and the resulting input
admittance model is compared with that of the N+1. To implement this modulation
scheme, the phase shift between the carriers of an arm is made to be 45° (1—]%0) and
similarly, the references of the upper and lower arms of a leg are made to be phase
shifted by 180°. To prove that the modulation scheme is working as intended, the
total number of inserted SM and the comparisons of the reference and measured
voltages are observed. It is observed that the total number of inserted SM during
a period varies in accordance with the theory in 2.3. Moreover, it can be observed
in Figure 5.12 that the measured voltage is able to follow the reference voltages.
As can be seen from Figure 5.13, there are no significant variations on the input

admittances, when N + 1 and 2N + 1 modulation schemes are used.
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Figure 5.13: Comparison of input admittances for analytical, N + 1 and 2N + 1
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5.2 Chapter Summary

The impact of different control parameters, switching frequency and modulation
scheme, on the input admittance is studied in this chapter. AC sweep analysis is
carried out for the individual case and the results are compared with the analytical
model in MATLAB. It is found out that the two models (analytical and simulated)
match perfectly for the entire frequency range, with exception of small discrepancy
at lower frequencies (below 10 Hz). This discrepancy may be explained by com-
putational errors due to the very small gains involved. Moreover, it is observed
that the analytical model is able to imitate the simulated model regardless of the
changes in the control and modulation parameters. Furthermore, it is observed in
both the simulation and analytical models that the input admittance is not affected
by changes in the switching frequency and modulation schemes.
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Conclusion and Future Work

6.1 Conclusion

In this thesis work, an analytical input admittance model of MMC is derived. To
verify this derived model, a five level MMC is simulated in PLECS. The simulation
results from the AC sweep analysis in PLECS are then compared with the derived
input admittance in MATLAB. Moreover, control and modulation parameters im-
pact on the input admittance model of the MMC is analyzed. Besides, the input
admittance expression of the MMC is compared with that of a two level converter.

For the typical system at the base values (case III), the derived and simulated
models match entirely with the exception of slight discrepancy at low frequency
ranges (below 10 Hz). Among all the parameters studied, it is found that the
analytical model is able to mimic the simulated model regardless of the variations
in the control and modulation parameters. It is also demonstrated that changes
in switching frequency and modulation schemes do not affect the input admittance.
Additionally, for an MMC with constant capacitor voltage assumption, it is observed
that the input admittance of MMC has the same expressions as that of a two level
converter (VSC) with an equivalent inductance and resistance resulting from a series
connection of the arm inductor and the filter inductor.

6.2 Future Work

In this study an assumption of constant capacitor voltages is made. However, in
practice the capacitor voltages are varying and it accounts for significant internal
dynamics of MMC. Future works in representing the MMC with its input admit-
tance model may include:

e the assumption of uniform capacitor voltages can be disregarded and more ro-
bust model can be derived by including the circulating current and capacitor
voltage dynamics.

e in this model, only internal loops are included; however, a robust model can be

designed by including the outer control loops of Alternating Voltage Control
loop (AVC), Direct Voltage Control loop (DVC) and PLL dynamics.
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