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Abstract

This thesis investigates modeling of modular multilevel converters (MMCs) using an
averaging method known as extended-frequency dynamic phasors. An MMC can be used
as an inverter or a rectifier in high voltage direct current (HVDC) system. This research
develops a dynamic phasor model for an MMC operated as an inverter.

Extended-frequency dynamic phasors are used to model a system with only interested
harmonics present. The developed model is capable of capturing both the low and high-
frequency dynamic behavior of the converter depending on the requirements of the study
to be performed.

The selected MMC model has 5 submodules per arm (6-level converter), nearest level
control, capacitor voltage balancing, direct control and phase-locked loop (PLL)
synchronization. With the above features, the developed dynamic phasor model is
validated with electromagnetic transient model is developed using PSCAD simulation
software.

The results are compared at transient and steady state with disturbances. The main
computational advantage of this modeling is achieving less simulation time with

inclusion of harmonics of interest.
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Chapter 1

Introduction

1.1  Background

Power systems rely increasingly on advanced power electronic converters for rapid
control of real and reactive power and for long-distance power transmission. There are
several converter technologies available for various applications in power systems
including line-commutated converters (LCCs) and voltage-sourced converters (VSCs)
such as conventional two-level, multilevel, and modular multilevel converters (MMCs).

An area of rapid growth wherein high-power electronic converters have played an
enabling role is bulk power dc transmission. In high-voltage direct current (HVDC)
transmission systems, thyristor-based line-commutated converters have been used for
decades. LCC-HVDC offers the benefits of a mature technology and is available at
ratings reaching thousands of MW per converter. LCC-HVDC systems, however, suffer
from inherent technical challenges such as large filtering requirements, limited ability to

operate into weak ac systems, and converter commutation failure [1]-[2].
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As such a new breed of HVDC converters, which are based upon voltage-sourced
converters and are commonly known as VSC-HVDC, have been pursued to alleviate
these problems. A voltage-sourced converter is the most common type of self-
commutated converter, which uses fully controlled semiconductor devices such as
insulated-gate bipolar transistors (IGBTs) as switching devices [1]-[4]. These
semiconductors have gained importance over the years and, due to their reliability, are
most commonly used in such challenging applications as traction and industrial drives
[1]-[2]. To reduce low-order harmonics, the number of levels in the output voltage of a
VSC needs to be increased. Therefore, multilevel voltage-sourced converters were
introduced, which use complicated arrays of controlled switches and multiple dc
capacitors to create several voltage levels at the ac side [3]-[5].

Later a class of VSC topologies, known as modular multilevel converters, were
introduced. This class of converters is based upon stacking a large number of identical
units, known as submodules, to achieve a large number of output voltage levels so that an
exceedingly accurate replica of a sinusoidal waveform can be achieved at the converter
output [1]-[6]. The benefits of MMC-based HVDC converters are achieved at the
expense of increased control and operating complexity. MMCs deploy a large number of
submodule capacitors, whose voltages need to be tightly regulated and balanced for
proper operation. Additionally, generation of high-quality output voltage waveforms
without incurring large switching losses requires the use of advanced waveform synthesis
techniques [1], [3]-[6].

The majority of MMC studies to date have relied on computer simulations. MMC

models with reduced computational intensity fall into two general categories of average

2



Problem definition 3

(i.e., low frequency) models, and low-intensity full order (also known as detailed
equivalent) models [7]. Low-order average-value models are inherently unable to capture
transients of high frequency, and detailed models naturally include as many details as
possible within the simulation bandwidth [7]-[8]. Generally, MMC models are developed
with a pre-determined modeling outcome in mind.

This thesis proposes a new MMC model by using the concept of generalized state-
space averaging [9], which in its most basic form reduces to what is normally known as

dynamic phasors.

1.2  Problem definition

Dynamic phasors have already been used to model converters such as LCC-HVDC
and VSC-HVDC and these models have been validated with the dominant harmonics
(normally against the detailed switching-level electromagnetic transient simulation
models) [10]-[12].

There is little work done in modeling of power systems including harmonics using
dynamic phasors. Most of the work done using dynamic phasors has concentrated on the
fundamental (and occasionally the first dominant harmonic), which completely ignores
other harmonics [10], [13]-[17].

In MMC, output voltage contains considerable low order harmonics. The higher the
levels in MMC results the lower the low order harmonics. Modeling of MMC using

dynamic phasors is quite challengeable due its circuit complexity. Therefore most of the
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dynamic phasor models of MMC consider only few low order harmonics (dc,
fundamental and second harmonics).

This research, modeling of MMCs using extended-frequency dynamic phasors is
based upon decomposing a (quasi-) periodic waveform into constituent harmonics, which
can be included in the final model. The model contains details of the MMC’s control
system including its high-level control circuitry, as well as voltage balancing and
synchronization components. The developed model is then validated by comparing it
against a fully-detailed electromagnetic transient (EMT) simulation model developed in
PSCAD/EMTDC simulator. Comparisons are made to establish the accuracy of the
model (both its low-order and wide-band variants), and to assess the computational

advantages it offers compared to conventional EMT models.

1.3  Thesis motivation

Extended-frequency dynamic phasors are able to decompose quasi-periodic
waveforms into Fourier components and describe their time-domain dynamics. They are
suitable for analyzing the fundamental and harmonic behavior of power electronic
converter systems.

A preliminary (and only low-order) dynamic phasor model of an MMC system is
presented in [15] and [16] wherein the eigenvalues of the system are studied; the
presentations in [15] and [16], however, do not include any validation of the model.
Another phasor model of an MMC is presented in [17], which is developed in a rotating

reference frame. However, this model only includes the fundamental and the 2nd
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harmonic corresponding to the MMC arm’s circulating current. The above MMC models
do not include arbitrary higher order harmonics.

From the model developed in this thesis, shorter simulation time will be achieved by
considering only the harmonic components of interest. Individual harmonic-frequency
models will allow development of screening mechanisms for harmonic interaction and
stability studies. This model affords a high degree of control to the user to adjust the
bandwidth of the model depending on the requirements of the study to be conducted. It is
obvious to note that this modeling approach will also offer flexibility in its final
computational complexity, as only the desired number of harmonics will be considered
without having to model ones that are not required for the study at hand.

This research work will be of great value to the power systems industry in analyzing
the dynamic behavior of converter-intensive systems in a rapid and computationally

efficient manner.

1.4  Thesis organization

Chapter 2 presents a literature review on MMCs. This includes the circuit topology,
controllers, and general operation of MMCs. Then, Chapter 3 presents dynamic phasor
principles and applications, and a small example of dynamic phasor modeling of a single-
phase fully controlled rectifier to familiarize the reader with this modeling approach.
Chapter 4 explains how to apply dynamic phasors to modeling MMCs. Time-domain
state-space equations and dynamic phasor equations for an MMC system are derived in

Chapter 4, followed by dynamic phasor modeling of MMC controllers in Chapter 5. In
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Chapter 5, dynamic phasor modeling of direct power and voltage controllers and phase-
locked loops are discussed. For the validation of the developed dynamic phasor model, a
well-known power system transient simulation tool, i.e., PSCAD/EMTDC, is selected. In
Chapter 6, a brief introduction to PSCAD/EMTDC and the way it is used to model an
MMC system are given. Dynamic phasor model validation and discussions are presented
in this chapter by comparing the dynamic phasor model results with the results from the
PSCAD/EMTDC simulation at steady state and during transients. Finally, Chapter 7
provides the conclusions and contributions of this thesis and also suggestions for future

directions of research on this topic.



Chapter 2

Modular Multilevel Converters:

Theory and Operation

An MMC is an advanced voltage-source converter with multiple voltage levels at the
output. It builds its multilevel output voltage using a cascaded connection of a large
number of identical submodules. Provided that an adequately large number of
submodules are available a smooth and nearly ideal sinusoidal waveform can be
generated with an MMC, thereby significantly improving the harmonic contents of its
output. Additionally, submodules can be switched at a significantly lower frequency than
conventional two-level VSCs; therefore, an MMC offers improved harmonic
performance and lower switching losses than two-level converters [1]-[3]. However, the
operation of an MMC calls for additional control circuitry to ensure that submodule
voltages are maintained and balanced; as a result of its complexity and also due to the
large number of switching devices used in an MMC, modeling and simulation of an

MMC is a challenging task.



Circuit topology of a conventional MMC

2.1  Circuit topology of a conventional MMC

Figure 2.1 shows the circuit diagram of a conventional MMC. The output voltage is

constructed by properly switching the submodules in the upper and lower arms. The sum

of the submodule voltages produces a staircase output waveform. Commonly, half-bridge

or full-bridge submodules are used in MMCs; the MMC shown in Figure 2.1 employs

half-bridge submodules. Figure 2.2 shows the circuit diagram of the commonly used

submodule types.

| su‘wl\ | sn‘wl\ | s‘M1 \"
[ [ \\\
Ve 5 ] [M] [
7 | | Y
[SW] [N]SR
[
Larm I—arm I-arm
Rarm Rarm Rarm
\\}7
Rarm Rarm Rarm
Larm I-arm I—arm
(W] [ [5M4]
Vdc I [ [
- [SMz|  [SMz]|  [SM]
\sMN\ \SMN\ \sMN\
\ \ \

vt|

Converter
transformer

Figure 2.1: Schematic diagram of an MMC with half-bridge submodules.

The MMC in Figure 2.1 is grounded at the midpoint on the dc side and has an upper-

arm and a lower-arm, which contain the submodules. For a three phase MMC, there will

be 6 arms.
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Ji N N
Shi_ | k:; I Z;k tSFfi
07: Cm:: Veap Cﬂ* Veap 4{(/
sad < 7 Y
- g
(a) (b)

Figure 2.2: Types of submodules (a) half-bridge, (b) full-bridge.

A half-bridge submodule output voltage can be switched to either zero or its capacitor
voltage, Vcap; a full-bridge module can be switched to zero or +Vc,,. The output of the
submodule voltage is generated based on the switching signals given to the controlled

switches. Table 2.1 shows the submodule output voltage and the corresponding switching

signals.
Table 2.1: Relationship between switching signals and the submodule output voltage
Half-bridge submodule Full-bridge submodule

Sh1 Sho Output voltage Sr1 Se, Sk Ses Output voltage

ON OFF Veap ON OFF | OFF ON Veap

OFF ON 0 ON OFF ON OFF 0
OFF | ON | ON | OFF Veap
OFF ON OFF ON 0

For the half-bridge submodule, complementary gate signals will be given to Sy; and
Sh2 to avoid short circuits across the submodule capacitor. Similarly, gate pulses to Sg;

and Sk, and also Sgz and Sy in a full-bridge submodule will be complementary.
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2.1.1  Half-bridge submodule: current paths and conduction

Figure 2.3 shows the current paths for the two states (0 and Vcsp) of a half-bridge

submodule.

I
I
I
I
+ Vcap _____

w
I
N
L
\
\
v \
™~
=
w
I
N
L
\
\
\
X =
™~
L1

/
/
/

(a) (b)
Figure 2.3: Half-bridge submodule output (a) V4, and (b) 0.

The submodule capacitor voltage needs to be regulated to the nominal capacitor

voltage value shown in (2.1).

V
Vcap = ﬁ (2.1)

To generate a sinusoidal voltage waveform, at any instant of time the total number of
submodules that need to be turned on for a phase is equal to N. The number of levels in
the converter output voltage depends on the number of submodules. If there are N
submodules per arm, there will be N+1 levels in the converter’s output voltage. For
example, if N=5 is assumed the corresponding number of switches in the upper and lower

arms will be as shown in Table 2.2.

10
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Table 2.2: Switching states for N = 5.

Number of submodules to be turned on
Upper-arm Lower-arm Output voltage
0 5 Vic
2
1 4 Nae
10
2 3 Vic
10
3 2 _ VdC
10
4 1 _ e
10
5 0 Ve
2

An example of a switching state and the corresponding output voltage is shown in Figure

2.4.
idc
1SM |1 Ve
on)|! 5
LA (on) | !
dc Ivdc ‘ /1\
2 7 4SMs|1 g\,
| (Off) : AV
rs . Output voltage = 10
L
R \ Vs
|
\\}7
L
R Lt-f S Rs |
il
\& * /}\Vdc L
2 Y12 A
| 4SMs| | 4V,
rs ©n ] 5
[ A
1SM : oV
©off) | |

< ‘
<

Py
ldc
Figure 2.4: Converter output voltage for a given switching state
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Switching techniques of submodules 12

Figure 2.4 shows the converter output voltage when 1 submodule in the upper arm and 4

submodules in the lower arm are turned on.
Table 2.2, it must be noted that the peak value of the output voltage isv% and the

sum of the upper-arm and lower-arm submodules turned on is 5 (=N). Once the reference
signal is generated, there are several switching techniques available to generate the
switching signals for IGBTs. The reference signal is generated by using control system

and it is explained in Section 2.6.

2.2  Switching techniques of submodules

There are several switching techniques available to turn on/off the submodules of a
modular multilevel converter. Pulse-width modulation (PWM) is a popular, well-known
modulation technique used in DC-AC converters. PWM methods can be classified into
two categories of carrier-based phase shifted modulation and direct modulation with
active selection methods [18]. Both methods are based on a high-frequency carrier signal;
therefore, high-frequency switching leads to high switching losses in above converters.

There are several sub-categories of PWM, namely sinusoidal PWM (SPWM),
harmonic injection PWM, optimal PWM (OPWM or selective harmonic elimination
(SHE)) and space vector modulation (SVM), which can be used in MMCs [19]-[29].

Apart from PWM techniques, low-frequency switching techniques are also used to
turn on/off MMC submodules. The nearest level control is one of the popular low-
frequency switching methods. In this method, high-frequency carrier signals are not used.
Therefore, it results in lower operational losses compared to the losses caused by PWM

12
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techniques [30]. The down-side of nearest level control is that it requires a large number

of submodules to attain an acceptable level of harmonic reduction.

2.2.1  Sinusoidal pulse-width modulation (SPWM)

The switches in the converter can be turned on and off as required. A simple way of
switching is to turn on and off a switch only once in every cycle. However, if the same
switch is turned on several times in a cycle, an improved harmonic profile may be
achieved. Sinusoidal PWM (SPWM) is commonly used as a switching technique for
VSCs and MMCs. In sinusoidal PWM, the generation of the desired output voltage is
achieved by comparing the desired reference waveform (also called the modulating
sinusoidal signal) with a high-frequency carrier wave (triangular wave). Circuit diagram
of a two level VSC is shown in Figure 2.5 and Figure 2.6 shows the SPWM technique

used for the VSC.

Figure 2.5: A 2-level converter.

13
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AN .
VTV NN

Converter output

Amplitude

Vi | S
2

v

Time ()

Ve
2
Figure 2.6: PWM switching signal generation for a 2-level converter.
When the reference waveform is greater than the carrier waveform then the top switch

(Swi1) will be turned on and when the reference waveform is less than the carrier

waveform the bottom switch will be turned on.

Table 2.3: SPWM switching technique for 2-level converter.

Swi Sw2 Output voltage
ON OFF Ve
2
OFF ON Ve
2

If the modulating signal is sinusoidal with an amplitude An,, and the amplitude of the

triangular carrier signal is A, the ratio m=An,/A. is known as the modulation index. The

14
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amplitude of the applied output voltage is controlled by controlling the modulation index

Vv
(m); it can be shown that the amplitude of the output voltage V,, is equal to m% [20].

For a modular multilevel converter, switching signals to each module are developed
using different carrier waveforms. Phase-shifted carrier pulse-width modulation (PSC-
PWM) and phase-disposition (PD) sinusoidal pulse-width modulation (PD-SPWM) for
modular multilevel converter are explained in [20] and [21]. Typically switching
frequencies in 2-15 kHz range are considered adequate for power systems applications.
However, a higher carrier frequency does result in a larger number of switching per cycle

and hence in increased switching losses [22].

2.2.2  Nearest level control (NLC)

NLC is a modulation techniques used to switch the submodules of an MMC at a low
switching frequency. According to the total number of capacitors the nominal value of
each capacitor will be decided and the output voltage will be constructed by a staircase of

steps (of the nominal value) as shown in Figure 2.7.

A

S /
g Reference wave
g
|\
>
I Vcap
Time (5) i

Figure 2.7: The nearest level switching method.

15
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Firstly, the submodule capacitor voltage is calculated by dividing the DC voltage by
the number of capacitors per arm (N). Then the staircase waveform is generated by
comparing the reference wave with each step of the nominal capacitor voltage midpoint
value as shown in (2.2).

For even values of N,

1
NVeap Vret < (n + E)\/cap

1
(n+ 1)‘/cap Vref > [n + E)Vcap

Vout =

where 0<n< (%)

For odd values of N,

where 0<n<[N_1 (2.2)
2

For the odd and even number of submodules per arm, the staircase waveform is different.
However, the final number of levels in the output staircase waveform is always N+1.

The staircase output waveform can be constructed by accommodating any kinds of
changes (amplitude, phase, and frequency) in the reference waveform and it will follow
the reference waveform in steady state and during transients. Also high-frequency
switching as in PWM is not suitable for larger number of submodules; because larger no

of switches cause high switching loss. Due to its low switching frequency and simplicity,

16
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the nearest level control is considered as a suitable switching technique for MMCs with
an adequately large number of submodules [30]. NLC is optimal from the RMS error

standpoint, which is proved in Chapter 6.

2.2.3  Other switching techniques for MMCs

There are direct modulation methods, used in MMC submodule switching. Optimal
PWM (OPWM), selective harmonic elimination, is used to eliminate a selected number
of harmonics with the smallest number of switching. If there are n chops per quarter
cycle, it will allow n degrees of freedom. Therefore, one can use these to eliminate n-1
harmonics while controlling the magnitude of the fundamental. This method, however,
can be difficult to implement on-line due to computational and memory requirements and
not suitable for larger number of submodules [23]-[25].

Another method for switching used in MMCs is space-vector modulation (SVM). It
treats the converter as a single unit that can assume a finite number of states depending
on the arrangement of the switches. According to the proper state combination, the
switches will be turned on. The reference signal that is considered in this scheme is a
rotting vector. This is suitable for lower level converters such as 2-level; as the number of
states is less (8 states). Higher number of modules results in a larger number of states,
and the implementation will become complex. Therefore, it is not a suitable method for

multilevel converters [26]-[29].

17
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2.3  Capacitor voltage balancing

In MMCs, each arm consists of a number of submodules and each submodule consists
of a capacitor to produce an output voltage according to the switching pattern. The
direction of the arm current influences each capacitor by either charging or discharging it.
Therefore, a control algorithm is needed to regulate the voltage across each capacitor to
its nominal level.

Although from the nearest level control or other PWM methods, the number of
capacitors needs to be switched on at a time is known, one does not know which
capacitors are to be switched on. To find that information, one needs to consider which
capacitors to insert depending on the present values of the capacitor voltages and the
direction of the phase current (charging or discharging). A simple sorting algorithm such
as bubble sort can be used to produce a sorted list of present capacitor voltages. Bubble
sort is a simple and effective sorting technique for larger number of data-points and is
hence selected in this research.

This capacitor voltage balancing algorithm instructs that when the arm current is in
the charging direction, the capacitors with the lowest voltages are to be turned on and
when the current is in the discharging direction, the capacitors with the highest voltage
are to be turned on [15], [30].

From the nearest level control, a staircase waveform will be resulted for the
corresponding reference signal. For both the upper and the lower arms, arm current
signals are used with the sorting algorithm to find the number of capacitors and which

capacitors need to be turned on and off.

18
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2.4  Converter control methodologies

In a converter, power flow can be controlled by controlling the modulation index and
the phase angle of the reference voltage signal. Two types of control methods that are

widely used in MMC:s are the direct control and the decoupled control, as explained next.

2.4.1 Direct control

Direct control is the simplest way of controlling the power flow through a converter.
The principle can be explained using the simple network shown in Figure 2.8. The
converter is connected to an AC network through a reactor, which may represent the

leakage reactance of the interfacing converter transformer.

Vconv Vt AC

Converter

P.Q

Figure 2.8: Schematic diagram of a converter connected to an ac network.

The general power flow equations are given in (2.3).

p— Vi Veony Sin(6)

(2.3)

19
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o is the angle between the converter voltage and terminal voltage. Normally, the
phase angle, o, is small. Therefore, the approximations sind ~¢6 and cosd ~1 can be

applied to (2.3) and simplified equations shown in (2.4) are obtained.

P = Vit -Veony -0
X
2
Q — Vt 'Vconv _Vt (2.4)

The reactance X is a constant. The purpose is to control the terminal voltage and real
power. By changing J, the real power (P) is controlled to the desired value and by
controlling the modulation index (m), the reactive power (Q) or terminal voltage (Vi) can

be controlled [22]. The modulation index can be expressed as in (2.5),

V
m :M (2.5)
Vdc/2

The control of real power and terminal ac voltage are done using Proportional

Integral (P1) controllers as shown in Figure 2.9.

Pref4>©—> Pl — 5 Vref4>©—> P > m
PrIeas Vlas

Figure 2.9: Components of direct controller.

The problem with the direct control method is that the change in ¢ affects the terminal
AC voltage. In addition, the change in m affects the regulation of real power. In other

words, changes in the variable will impact the other one causing undesirable interactions.

20
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2.4.2  Decoupled control

To avoid cross-coupling of variables, the decoupled control method is introduced
[31]-[32]. In this method, the parameters in the 3-phase domain (abc) are converted to the

dg0 domain using Park’s transformation as given in (2.6).

cos(d) cos o cos(¢9+2—”j
X 3 3 /x
T2 27 27\
X =3 sin(@) sin(@—?J sin(0+?j Xp
X0 1 1 1 Xe
2 2 2
Xdqo =T - Xabc (2.6)

The measured real power and reactive power can be calculated using 3 phase voltages
and currents as below.

Pm =Viala +Vipip +Vicie
Qm =Vincla +Vicalh +Viabic (2.7)
From Figure 2.8, the following equation (2.8) can be obtained.

di
(VCOHV )abc = (Vt )abc + Lﬁbc (28)

By using the parks transformation, equations (2.7) and (2.8) can be modified as below,
idqo =Tigpe and thqo =TVtgpe
3 3 3

_ o o3
= =§th'd +§thlq +Vigip  and  Qp =5 Vidlg _Evtq'd
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d(T_liqu)
(Vconv )qu = (Vt )qu +LT T at
i 0 10
dqo .
(Veonv)ago = Vt)gqo + Ld—?+ Lo -1 0 0liggo (2.9)
0 00

Considering a balanced 3-phase system, the zero sequence can be neglected. The

decoupled controller for (2.9) is shown in Figure 2.10.

Vconv-d

Vconv-q

Figure 2.10: Block diagram of decoupled control.

The modulation index m and the phase angle ¢ can be found using the equations given

in (2.10),

\/ (Vconv—d )2 + (Vconv—q )2

Vdc

5= tan_l(vcon—"‘dJ (2.10)

conv—q
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By controlling m and o, P, and V; can be controlled [31]-[32]. This control method
consists of four Pl-controllers and they need to be tuned. Therefore, this method is more

complicated compared to the direct method.

2.5  Synchronization

To generate the reference signal for switching the submodules, a suitable
synchronizing technique is required. Normally, the reference angle is measured with
respect to the phase angle of the terminal ac voltage. To measure the phase angle, a
suitable phase-locked loop (PLL) is used. There are several types of PLL architectures
available in literature. The block diagram of a synchronous reference frame PLL [33] is

shown in Figure 2.11.

Va ®o 12 wp
V, 1
t abc to ap Pl 4 .o
transformation S
\
—— — 0.8 w0

Sin e

Cos [

Figure 2.11: Block diagram of phase-locked loop.

Figure 2.11 shows the internal operation of PLL that was used to derive a reference
phase angle (&) of the terminal voltage. Three-phase terminal voltages (Via, Vin, Vic) are
transformed to two phases (Via, Vip) by using abc to off transformation. An error signal is

calculated by using the PLL output angle () and the voltages (Via, Vip) as shown in

23
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Figure 2.11. The error is sent through a Pl-controller and then through a resettable
integrator to produce the angle 8. A fixed value (ax) controls the nominal tracking
frequency of the PLL. If there is a phase error, the error signal is integrated through the
Pl controller and added to the system frequency. The aim of the PLL is to make the error
equal to zero and make the PLL output angle equal to the terminal voltage vector angle.
Therefore, the PLL always tracks the terminal voltage vector’s angle for any phase error

introduced by the external disturbances to the terminal voltage.

2.6  Generating reference signals

The terminal where all the measurements are taken and the voltage needs to be
controlled is called the point of common coupling (PCC). From the direct or decoupled
controlling techniques, the modulation index (m) and the phase angle () can be obtained
with respect to the terminal voltage and real power. In addition, the terminal voltage
angle @ (with respect to the system connected to the terminal point) at the PCC can be
found from the PLL. With the above values, the reference signals are generated for

upper-arm and lower-arm separately as shown in Figure 2.12.

Ve
2
Upper arm
Ve reference
3 Phase 2 signal
terminal
voltages PLL 0 o sin y
Vdc
s 2
Reference & measured m Lower arm
terminal power Direct/ decoupled ref_erence
& RMS voltage 7 control signal

Figure 2.12: Reference signal generation.
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At every instant the m, ¢, and @ will be calculated and given as inputs to the reference
signal; therefore, any system disturbances can be identified and regulated to the desired

value.

2.7  Summary

In this chapter, the MMC topology, submodule types, and their operation were
discussed. Different types of switching techniques used in converters to switch the
modules and the merits and disadvantages of each method were discussed. Nearest Level
control which used in this thesis was explained and a method to perform capacitor
voltage balancing was also presented. The function of a phase-locked loop and its
contribution to the MMC control was explained. Two common VSC control techniques
were explained in detail using block diagrams. Finally the procedure of creating reference

signals for the upper and lower arms of the MMC was explained.

25



Chapter 3

Dynamic Phasors: Mathematical

Preliminaries

Dynamic phasor modeling is used to represent the low frequency transients of a
power system without considering high frequency components. Examination reveals that
the Fourier coefficients obtained from generalized state space averaging are indeed
dynamic phasors [9]. It decomposes voltage and current waveforms into harmonics and
simply represents them in the form of Fourier coefficients [11]. Harmonics are produced
by switching devices such as power electronic converters and nonlinear elements such as
saturated core of a transformer. The magnitude and phase information of the Fourier
coefficients for each harmonic can be represented as real and imaginary components as
well.

Dynamic phasor-based models are useful to study a system’s behaviour with
inclusion of a number of harmonics (typically low-frequency ones). In addition, they

allow the user to decide what level of detail to include in the model. Moreover, the
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behaviour of each harmonic can be studied at steady state and during transients without
simulating the complete harmonic spectrum of the system. Dynamic phasors are used to
model synchronous generators, wind energy systems, and HVDC transmission systems

[10-14].

3.1  Dynamic phasor principles

Generally, dynamic phasors are used to decompose waveforms into harmonics using
Fourier coefficients. In mathematical terms, a Fourier series is a means to represent a
periodic function as the sum of sines and cosines whose frequencies are integer multiple
of the frequency of the original waveform. The Fourier series of a periodic signal over its

period Ty is given in (3.1) and the Fourier coefficients are given in (3.2)

x(z)= Jio(x}k(t)ej“’kf where, 7 €[t —Tg,t] (3.1)
k=-o0
1 L ik
(X )= [x(cp 1% de (32)
Ot—TO

For every value of k, the k™ harmonic coefficient of the function x(t) can be found, which
is the dynamic phasor representation of x(t) for the k™ harmonic. The dynamic phasor of

the derivative of a signal x(t) can be obtained as given in (3.3).

d{x), (t) _ <dx(t)>k ~ jok(x), (1) (3.3)

dt dt

27



Dynamic phasor modeling applications 28

The dynamic phasor of the product of two signals u(t) and v(t) can be obtained by

discrete convolution of the corresponding dynamic phasors as shown in (3.4).

+00

<u(t)v(t)>k = I—Z_:<U(t)>| <V(t)>k_| (3.4)
(x(V))_, =(x),” (3.5)

From (3.5), the conjugate of x(t) can be found. Equations (3.2), (3.3), and (3.4) are often
adequate to model a dynamical system in dynamic phasor domain. Then, (3.1) is used to
convert the phasor-domain equations to time-domain equivalents. The time-domain

model is developed to generate time-domain responses [9]-[15].

3.2  Dynamic phasor modeling applications

Dynamic phasor modeling has been used to model complex systems such as voltage-
sourced converter HYDC (VSC-HVDC) system [10], line-commutated converter HVDC
(LCC-HVDC) system models [11]-[12], electrical machines and wind generators [13]-
[14] , dc-dc converters [34], flexible ac transmission systems (FACTS) devices [35]-[36],
and to study faults and dynamics of power systems [37]-[38].

MMC modeling using dynamic phasors has often been limited to the fundamental and
the second harmonic in existing technical publications [15]-[17]; additionally a
comprehensive validation of the developed models has not been presented in [15]-[16].

For a dynamical system, dynamic phasor equations can be written in two different

ways. One method is directly through the Kirchhoff’s voltage and current laws (KVL and

28
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KCL) of the system and obtaining state equations to which dynamic phasor operators can
be applied. The other way is converting the system to injecting current sources and
conductance as it is done in many EMT simulation programs [39]. Both methods are used
in previous works reported in literature.

In this research, state space analysis method is selected for dynamic phasor modeling
of an MMC as it is simple and straightforward. An MMC model with direct real power-
voltage control with inclusion of arbitrary harmonics is developed using dynamic phasors

in the abc frame and the results are then validated against a fully detailed EMT model.

3.3  Dynamic phasor modeling of a converter

system

This section shows a small example of dynamic phasor modeling of a simple single-
phase fully-controlled rectifier. The circuit diagram of a controlled rectifier is shown in
Figure 3.1. Validation of the DP model is done via comparisons with a detailed EMT of
the converter implemented in the PSCAD/EMTDC electromagnetic transient simulator.
The purpose of this example to demonstrate the modeling method on a switching

converter with moderate complexity before it is applied to a complex MMC system.
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3.3.1  Description of the converter circuit

EA 4

iTl T3 ’ R

% =
=

Figure 3.1: Single-phase fully-controlled rectifier circuit.

M~

The considered fully-controlled rectifier has four thyristors denoted as Ty, T, T3, and
T,4. In the positive half cycle of the source voltage, Vs(t), T; and T, are forward biased and
will receive gate pulses and in the negative half cycle T3 and T, will be forward biased

and will receive gate pulses. (3.6) describes the dynamics of the output loop of the circuit.

dig R LV

(3.6)

0
+_
dt L° L

Dynamic phasor operators are applied to the state equation shown in (3.6). The

resultant dynamic phasor equation is given in (3.7).

o :—ja)k<io>k—t<io>k+ 1 (3.7)

where, U is a switching function and it is a mathematical relationship that connects the

input and output together. For each value of k, the corresponding harmonic model can be
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found. This circuit is a rectifier; therefore, its output only consists of dc (k = 0) and even-
numbered harmonics. For k=0, the dc part of the output current can be found and for k=2,
4, 6.... the real and imaginary parts of each even harmonic component can be found. The
resulting time-domain equations are shown in (3.8).
- . - j2e0 (t-T . —j2a0 (t-T,
i (t) = (io ) +(io ), e @0 0)+<|0>_2e J200(t=To) |
o0
: . . jkap (t-T . — jkeog (t=T,
.0(t):<.0>0+ z<,o>ke1 @0 ( o)+<,0>_ke Jkaxg (t-To)
k=2(even)
io(t)z<i0>0+ Z<i0>kejkwo(t;ro) +<i0>:;e*jkwo(t;ro) (38)
k=2(even)
In the output current, any number of harmonics can be included or one can only
include a small number of constituent harmonic for a low-order model. Extended
frequency dynamic phasor model of the single phase fully controlled rectifier is

developed with the voltage source and RL load.

3.3.2 Model validation

A model of this converter circuit as shown in Figure 3.1 is developed in PSCAD/EMTDC
transient simulator and the results are compared with those generated by the dynamic
phasor model developed in MATLAB. The output current and voltage waveforms are
observed, and for both models the same disturbance is applied by changing the value of
the firing angle. The single phase fully controlled rectifier system parameters are given in

Table 3.1.
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Table 3.1: Test system parameters

Parameter Value

AC source voltage (RMS) 120V
Frequency 50 Hz
Resistance (R) 20 Q
Inductance (L) 0.1H

The thyristor firing angle () is selected as 45°. Then, at 0.5 s the firing angle is

changed to 10°. The steady state and transient responses are shown in Figure 3.2.

= EMT complete model Dynamic phasor

46 047 048 049 05 051 052 053 054
time (s)

046 047 048 049 05 051 052 053 054
time (s)

Figure 3.2: Output current (top) and output voltage (bottom).
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Figure 3.2 shows a slight difference between the EMT model and dynamic phasor
model results. It is because the dynamic phasor model only simulates the lower harmonic
spectrum (only the dc and 2" harmonic components) whereas the EMT program
simulates the complete harmonic spectrum; nonetheless the impact of the change in the
firing angle from 45° to 10° can be clearly observed in the dynamic phasor model as well
as in the EMT results.

Next, the harmonics in the dynamic phasor model are extended up to 20" and the

simulation results are compared as in Figure 3.3.

= EMT complete model Dynamic phasor

046 047 048 049 05 051 052 053 0.54

200+ .

100 -

-100} 1

046 047 048 049 0.5 0.51 052 053 054
time (s)

Figure 3.3: Output current (top) and output voltage (bottom) with inclusion of harmonics.
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The current waveform of the dynamic phasor model is virtually exactly on top of the
results from the PSCAD/EMTDC model. However, in the voltage waveform for a firing
angle of 45°, a slight difference is noticed. It is because at a firing angle of 45°, the
voltage waveform includes a sharp rise (indicative of a large amount of high frequency
components), which requires a larger frequency range than what is considered in the
dynamic phasor model.

Figure 3.4 shows the variation of the even harmonics of the output voltage and
current obtained through dynamic phasor for firing angle change

I 10 degrees I 45 degrees

120 T T T

T T T

100 .

80 T

. 60F i

P P —] —] I 1

0 2 4 6 8 10 12 14 16 18 20
Harmonic number

Figure 3.4: Harmonic spectrum of output current (top) and output voltage (bottom) for firing angle change.
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Figure 3.4 shows that at 45°, harmonic values of the output voltage are higher than at
10°. In the output current only the dc, 2", and 4™ harmonics have considerable value.

If more harmonics are added to the dynamic phasor model, voltage and current
waveforms with much greater conformity to EMT traces can be obtained. However,
compared to the results in Figure 3.2 and Figure 3.3, the accuracy has substantially

improved after the addition of harmonics.

3.4  Summary

This chapter presented an introduction to dynamic phasors and the relationship with
the harmonics of the system. Dynamic phasor modeling advantages were also mentioned.
The basic equations used for dynamic phasor modeling were shown. The dynamic phasor
modeling of complex and successfully validated systems available in literature were
discussed. Finally, the application of dynamic phasor modeling to a single-phase fully-
controlled rectifier was demonstrated; the validated results with EMT by adding some

disturbance were also shown.
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Chapter 4

Dynamic Phasor Modeling of an MMC

In Chapter 3, dynamic phasor preliminaries were discussed. Additionally a simple
converter system was modeled using dynamic phasors to demonstrate how this approach
is used in conjunction with switching functions. This chapter mainly focuses on how to
develop a dynamic phasor model of an MMC system using dynamic phasors.

An MMC connected to an ac source via a converter transformer is considered in
which the MMC acts as an inverter. To develop a dynamic phasor model of this system,
mathematical equations of the MMC circuit are necessary. Therefore, firstly the state
equations for the MMC are determined using basic circuit laws; then by using dynamic

phasor operations, the dynamic phasor equations of MMC are obtained.

4.1  State equations of an MMC

Figure 4.1 shows a schematic diagram of an MMC. By applying KVL to the upper
and lower arms as shown in Figure 4.1 with red and green lines, respectively, state

equations for the two inductor currents can be found. Then by applying KVL to the
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submodule in the upper and lower arms shown in Figure 4.2, two capacitor voltage state

equations can be obtained.

I | N-Sub
Vee 010 modules | |\ "
__ d l C
2 | ¢
I
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| L
I
I
| |
IIIi :
| I
Vdc + | |
2 = | Vdc |
I
r | |
| | N-Sub VI
| modules ¢
— >
idlc‘

Figure 4.1: Circuit diagram of an MMC.

1 U
la

Vclu

Figure 4.2; Half-bridge submodule circuit.
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The equations for the upper and lower arm voltages and currents are shown in (4.1),

where 1 =a, b, ¢ denotes a phase.

4 U u U U A7 iu sl
L= Ve ~ige ~Vel, ~Rij (s + Ly )T_ RS('/l _'ﬂ)_vs_ﬂ“

di diy i
L—A=v) —ril —v! Rl +(Lg + Ly )(/1—1)Jr Rs(ij —iL)+Vs_,1

dt dt
u u:u
dVay—2 _Ml
Mt N

| |-l
dv.,,_ n|
C av—-4 _"A14

dt N
u | N
Vc— I']/1\/av A Vc—ﬂ - n/lvav—/l
u U U U - A0

It is seen that the first two state equations in (4.1) include the derivatives of more than
one state variable, which does not conform to the conventional form of state space
representation. To avoid this, the difference (d) and the sum (s) of the upper-arm (u) and
lower-arm (I) currents and voltages are considered. Finally four state equations for the

inductor currents and submodule capacitator voltages are found as shown in (4.2).

.d -d s,,d
dig _ [ R+2Rs id | ~Mde ~ (”/1" /1+”/1Vav 4)/2 sz
dt L+2L¢ +2Lg L+2L¢ +2Lg

ﬁz_ R is L Vdc_ridc (n/lvav /1+nﬂVav /1)2
gt (L)7? L
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dvd s.d d:s

av-4 _| Mt
dt 2NC,
S S:S d;d
dvy,_, _| iz tniia
dt 2NCp,
id _.d  .d  .d iS _:S S _ :S
Ige =la +ip +i¢ lge =la +ip +ig (4.2)

Here the states are <|leI > : <|;°‘1> , <ng—/1> and <v§v_/1> . All other parameters are known;

the only unknown functions are the switching functions<ng>,<nj> which are used to

switch the submodules according to the reference waveform. Developing switching

functions is discussed in Chapter 5 (Section 5.3).

4.2  Dynamic phasor equations of MMC

The basic dynamic phasor equations shown in (3.2), (3.3), and (3.4) are used to

develop the dynamic phasor equations of MMC system given in (4.3).

Let’ﬂ:R+—2Rs ,a= ; andyz 1 ’then
L+ 2Ly +2L, L+ 2Ly + 2L, NC,,
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otk i S B ,) oo

l=—0 |=—0

For each value of k, the k™ harmonics of the currents and voltages are found. One can

note that ac side quantities only include odd harmonics and the dc side quantities only

include even harmonics. Therefore, for < d >and< av— /1>states harmonic orders of k = 1,

3,5, 7.... and for < >and < v /1> states harmonic orders of k = 0, 2, 4, 6, 8..... are

considered. For k =0, 1, 2 the resulting state equations are shown in (4.4).

()i o, Y £ ) E 6,
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Fork =1,

d V;V—ﬂ, +00 +00
% =20 i), *%{,§®<”3>.<‘3>2_. - 2 (o) {1 >2_,J (@.4)

All non-zero harmonic orders have real and imaginary components; also each
harmonic is present in all three phases. Therefore, the equations shown in (4.4) need to be

separated into real and imaginary parts for phases a, b, and ¢ as shown below.

Let, Xq; = <is>
11 y) 0
X210 = <Vasv—/1 >0

X3, + jXM = Re<|g >1 + J |m<|i1j >1

X5, + jXGﬂ = Re<V£V—l>l + j Im<V§V_/1 >1
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X7, + jXB/I = Re<|3>2 + j Im<|/51>2
Xgy + JX104 = Re<VaSv—z> , " ] |m<V§v—/1>2 (4.5)

This shows that to develop a model for the MMC including up to the 2" harmonic as
shown in (4.4), 30 state variables (and hence 30 state equations) are needed. From the

state equations, a matrix can be constructed in the following form.
X = AX +BU (4.6)

where A and B are constant matrices, U is the input, and X is the state vector. A numerical
integration method is needed to solve (4.6). If more harmonics are added to the dynamic

phasor model, the number of state equations will increase accordingly.

4.3  Solving dynamic phasor equations

4.3.1  Selection of a numerical integration method

There are several integration methods available to solve state equations. Two of these
are the rectangular integration and the trapezoidal integration methods. The trapezoidal
method preserves stability for linear systems and features better accuracy than the
rectangular method [40]. Therefore, the trapezoidal method is chosen for this research. A

brief description of this integration method is given next.
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4.3.2  Trapezoidal method of integration

Consider a state equation as shown in (4.7).

dz_(tt _ Ax(t)+ Bu(t)

N—"

x(t) = x(t — At) + }(Ax(t)+ Bu(t))t (4.7)

t—At

It is desired to numerically solve this equation using a small time-step of Az. The

trapezoidal rule can be applied as shown in (4.8).

2 2

x(t)(l —%j = x(t - At)(l 4 %) N BAt(u(t)+ u(t - At))

2

(t) = x(t - At) + A(x(t)+ X(t - At)jAt . B(u(t)+ u(t —At)jAt

x(t) = (I - %)_1@ + %}x(t — At)+ BAI(I - %j_lu(t)

x(t) = Gx(t — At)+ Hu(t)

-1 -1
where G =(| —%j (I +%j and H = BAt(I —%} (4.8)

The formulation shown in (4.8) is used to solve the state equations of the MMC. If the
number of harmonics included is large, then the number of dynamic phasor equations will
be accordingly large; therefore, the size of the system matrix will be large. By choosing a

suitable time-step the matrix can be solved.
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Typically the time-step should be less than the 1/10 of the period of the highest
frequency in the system response or the smallest time constant in the circuit as a rule of
thumb. However, this is not always known beforehand; therefore, selection of a
simulation time-step is often a matter of trial and error, wherein several values are tried

before a suitable value is obtained [40].

4.4 Summary

In this chapter, obtaining state equations for a MMC circuit by using state space
equations was discussed. Then dynamic phasor equations of MMC using dynamic phasor
preliminaries, for extended harmonics, were derived. As an example for harmonic
number k = 0, 1, 2 DP equations of the MMC were shown. Next constructing the
equations into a matrix was shown. Finally by selecting a suitable numerical integration
method and a time-step, solving the matrix was explained. Dynamic phasor models of

direct controller and PLL are explained in the next chapter.
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Chapter 5

Dynamic Phasor Modeling of the

Converter Control System

Generally, the converters in an HVDC network maintain such variables as the ac
voltage, reactive power, dc voltage, or real power. In this research the terminal real power
and terminal RMS voltage are the two parameters regulated by the MMC control system.
The direct control method is selected to control the MMC due to simplicity and
effectiveness. To control the system, a PLL is used to track the ac voltage at the point of
common coupling. Therefore, a dynamic phasor model of the direct control system and

the PLL are needed to be developed and interfaced with the MMC model.

5.1 Modeling of power and voltage controllers

To control the real power flow and the terminal RMS voltage in the dynamic phasor
model of MMC, the direct control technique is selected and implemented using extended-

frequency dynamic phasors. In this control method, there are only two controllers
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(proportional-integral (PI) controllers are adopted here): one to control the real power by
changing the phase angle (0), and the other to regulate the terminal voltage by adjusting
the modulation index (m) as shown in Figure 5.1. Therefore, the number of state
equations will be fewer than a decoupled controller and as such the tuning of the

controller is also easy.

Pref v Vref y
X y
4@7 0 4@—' "

, K;
Pmeas T E Vmeas T 752

Figure 5.1: Block diagram of the direct controller: (a) real power controller, (b) terminal voltage controller.

As shown in Figure 5.1, the errors between the references and the actual variables of
interest are fed through PI controllers that eventually generate commands for the
converter’s modulation index and phase shift in order to make their errors to approach
zero. The converter’s output voltage phase-shift is relative to a reference sinewave that is
achieved using a phase-locked loop (PLL) unit connected to the point of common
coupling (PCC). The controller inputs are the reference values of the real power and the
RMS terminal voltage; the controller outputs are also (quasi-)dc quantities. As such in

their dynamic phasor model, inclusion of harmonics is not necessary.

5.1.1 Real power controller

From Figure 5.1(a), the state equation for the real power controller can be obtained as

givenin (5.1).
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dx
at = Pref —Pmeas

dx
5=kpza+ki2X (51)

Real power flow comprises of a primarily dc component. Therefore, only one ¢ value
is needed (i.e., no harmonic order model for the PI controller is developed); Py is the

ordered power, and the actual power is determined as follows.
Prmeas =Via-da *+Vip-p +Vic i (5.2)

The dynamic phasor equation of the actual power is given in (5.3).

(SSIED  [STEMIES S USKISNRD S (AN
(sl = 2otV ) Vel + ey ) 52)

Using the terminal voltage and current, the actual power can be found from equation
(5.3). It is assumed that the fundamental terminal voltages and currents are adequate to

find ¢, as products of the other odd harmonics are considerably smaller.
(Pmeas g = (Vta)1{ia) 1 +Mia)_y{ia)y +(Vin)1{ib)_y + Vo) 4 {ib)y + Ve )y (ic) g + Vie)_y i)y

Re(Via ), Re(ia )y + 1Mm(Via ), IM(ia),
{Pmeas)o = 2| +Re(Vip ), Re(ip); + Im(Vip ), 1M ), (5.4)
+ ReVic ), Re(ic), + Im(Vie ), Im(ic);
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The reference power is defined by the user (or an upstream control system), and the
output ¢ can be found using (5.1). The angle ¢ is then used in the fundamental component

of the switching signal to regulate the real power to the ordered value.

5.1.2  Terminal RMS voltage controller model

The state equation of the voltage controller is obtained from the control block

diagram shown in Figure 5.1(b) as follows.

dy
a = Vref _Vmeas

d
m:kpzd—}t/+ki2y (5.5)

The terminal voltage is a staircase waveform obtained by stacking the voltages of an
appropriate number of submodules; due to its quarter-cycle symmetry, it only contains
odd harmonics. The controller input Vpess is the line to line RMS value. General line to
line RMS voltage calculation method for a 3-phase system in time domain is shown in

(5.6).

2 2 2
V, +Vipe” +V,
Vims = \/ tab the tca (5.6)
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The real and imaginary values of the terminal voltage for each harmonic are known,
and the basic RMS equation and the corresponding dynamic phasor equation are given in

(5.6). Note that Vs represents a dc value (magnitude) for each harmonic order k.

0

Z(<Vtab>|<vtab>k—| +(Vioe )y (Vibe )y _y +<Vtca>|<vtca>k—|)
<Vrms>k = | 1=

3

0

2 (<Vtab>| (Vean)_y +Vioc )y Ve )y +{(Veca )y Vica)_ )

<Vrms>0 =|1= 3 (5.7)

For each odd value of I, the magnitude of the I-th harmonic RMS voltage can be
found. Generally, resultant RMS value obtained through the sum of RMS values of the
each harmonics; as shown in (5.7).

The RMS value of Vpess for odd harmonics can be found as follows. Here the

conjugate of the I-th harmonic also needs to be considered.

<Vmeas>| = (5'8)

\/ (Vta ); (Veab )y +(Vioe ) (Vioe )y +(Vica )y (Vica)_y
3

As an example Vpeas for the fundamental component can be found as follows.

<Vtab >1<Vtab >_1 + <thc >1<thc >_1 + <Vtca >1<Vtca >_1

+ (Vtab )_y (Viab )y + Vioe )_y Vioe )y + (Vica) g Veca )y
3

<Vmeas >1 =

) \/ 2(Re<vtab>12 + |m<Vtab>12 + Re(thC>12 + |m<thc>12 ¥ Re{Vtca>12 + |m<Vtca>12)
=

<Vmeas 3
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If the equation is further simplified by considering the a-phase voltage, then

(Vineas )y =2 3Re(Via) 2 + ImVia ) 2) (5.9)

If it is written in a general form for the k™ harmonic magnitude,

(Vimeas ), = \E.z\/(pzema)k)z +(imvia), (5.10)

It can be simply modified as follows, which is the basic form normally used to find the

RMS voltage.

{<Vmeas>k }rms = \/g -{<Vta>k }peak (5-11)

The dynamic phasor form of (5.5) is shown in (5.12). Note that the output modulation

indices for each harmonic are also dc values.
dy
(2, = o)~

(m), = kp2<%>k +kio(y), (5.12)

In (5.12) the only unknown parameter is V¢ to find the modulation indices. To find
the reference values for each harmonic, the nearest level control is used, which is

discussed in the next section.
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5.1.3  Nearest level control and voltage reference

The MMC control system determines the fundamental value of V¢ and from that a
staircase voltage waveform closely resembling a sinewave with such magnitude must be
generated. Nearest level control technique is used to generate the staircase waveform for
the corresponding sine waveform (as explained in section 2.2.2).

The switching instants between levels are called as the nearest level angles. By using
Fourier expansion (see (3.2)) for each value of k, the k™ Fourier coefficient can be

calculated as follows.

1

27 -
o [Voure™ %do

0

Cy =
where Vo is the staircase waveform obtained through NLC. Then,

(Vref >k =2/Cy| (5.13)

Vet Can be converted to line-to-line RMS and given as the reference voltage for each
harmonic in the voltage controller. Using (5.12) for each odd harmonic, the modulation
index value (m) corresponding to each harmonic can be obtained. By using the

modulation index values in the switching signal, the terminal voltage can be regulated.

5.2  Dynamic phasor modeling of PLL

A PLL is a feedback control system that is used to track the phase angle of a given

sinusoidal voltage. A dynamic phasor model of the PLL is developed in [11], [41] and
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has been used for this research. Figure 5.2, shows the block diagram of the phasor model

of aPLL.

k 0.2 o
—p p3
AR 7 1 )
é / s
kis
73 -0.2 o

Figure 5.2: Block diagram of phasor model of PLL.

The state equations for a PLL can be obtained from Figure 5.2, as given in (5.14).

% = LVt —9
dt
do
. Kpa(£Vt —0)+kisz (5.14)

Phase angle of V; is found using the real and imaginary components of terminal
voltage. The output angle & is a dc value; therefore, to obtain the dynamic phasor
equations, k=0 is only considered. Note that the phase angle @ is the voltage angle related

to global reference, which is connected to the terminal point of the converter.

5.3  Switching signal generation

To generate the switching signals for the upper and lower arms, the modulation index
and the phase angle from the direct controller and the PLL angle are required. The
upper-arm and lower-arm switching signals for phase ‘a’ (in time domain) are given in

(5.15).
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gz%-%y ), sin(ket +ko +3)
nh =%+32(m>k sin(kat + k@ + o) (5.15)

k=1

where k is an odd number. For phases ‘b’ and “c’, phase shifts of 120° and 240° need to
be added, respectively. Since the difference and sum of the switching signals are used in
equations (4.2) and (4.3), the sum and difference of the switching signals in equation

(5.15) need to be obtained as follows.

nd =—N > (m), sin(kat +k6 + 5y )
k=1
ng =N (5.16)

As it can be seen from (5.16), the sum of the switching signals is a constant and is
equal to the number of submodules per arm of the MMC. The only time variant part is the
difference of the switching signals. Firstly, the equation shown in (5.16) can be expanded

as follows.

nd =—N {(m)lsin(a)t+9+51)+<m>3 sin(3at +36 + 83)+ (M) sin(5at +50 + 55) + ... }

(5.17)

Using dynamic phasor’s basic equations, the dynamic phasor representation of (5.17)

can be found as given in (5.18).
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< d> :_N<m>kej(k9+5k) jN<_m>kei(k9+5k) (5.18)
k 2j 2

Similarly, the switching signals corresponding to other two phases can be obtained.
For odd values of k, the k™ harmonic of the switching signal can be obtained. As mention
in section 5.1.1 real power is a dc value therefore only one ¢ for the fundamental was

found.

5.4  Summary

In this chapter, developing a dynamic phasor model of the real-power and voltage
controllers in the direct controller method to regulate terminal real power and terminal
RMS voltage was discussed. Then the use of the nearest level control method for finding
voltage references for each harmonics was explained. The application of the dynamic
phasor model of PLL in MMC was mentioned. Finally, it was shown how to find the k™

switching signal from the PLL angle € and direct control outputs ¢ and m.
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Chapter 6

Validation of the Dynamic Phasor

Model of the MMC

Electromagnetic transient (EMT) simulation programs such as PSCAD/EMTDC are
widely used to study fast transients that occur in power systems with embedded power
electronics. Due to their detailed models and accurate solution methods, EMT simulation
results are generally taken to be close representations of the real phenomena, and as such
it is common to use them as benchmarks for validation of other types of models. This
thesis develops a detailed switching model of MMC test system in EMTDC/PSCAD for
use as a benchmark to assess and validate the dynamic phasor models developed in the

previous chapters.

6.1 MMC test system specifications

The simulated circuit’s parameters are given in Table 6.1. The number of levels in the

MMC is intentionally selected to be small (N=5) so that the staircase nature of the output
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voltage is evident in the EMT results for better comparability. The number of submodules
is limited in EMT design of MMC because; the complexity of MMC circuitry and the
presence of a large number of switches pose major computational difficulties for their
EMT simulation. It is often observed that simplifications need to be made in order to
enable EMT simulation of MMC systems within reasonable computing time. As such
average-value modeling has been a practice of choice [42]-[43].

In addition, to minimize the burden on modeling, large submodule capacitors (5000

uF) are selected so that the effect of circulating currents becomes minimal.

Table 6.1: MMC system parameters

Parameter Value
AC system’s rated voltage 290 kv
Short circuit ratio 4.0 £80°
Converter transformer turns ratio 290:290
Converter transformer impedance 0.05 pu on 700 MVA
Power rating 500 MW
Rated dc voltage, internal resistance 500 kv, 0.001Q
Arm inductor 0.001H
Submodule capacitor 5000 pF
Nominal Voltage of Submodule capacitor 100 kV

As mentioned in Chapter 5, the direct controller is developed to control the terminal
real power (P) and RMS voltage (V). The parameters of the Pl controllers used in PV
control and PLL parameters are given in Table 6.2. The values of proportional (k) and

integral gain (k;) are selected based on trial and error.
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Table 6.2: Controller parameters

Gain
Controllers
ko ki
PLL 50 900
Real power controller 0.04 0.25
Terminal voltage controller 0.005 50

6.2 Electromagnetic transient simulation model

The simulated MMC converter consists of three phases and each phase consists of
two arms. Each arm is constructed by cascading 5 half-bridge submodules. The AC side
of the converter is connected to an AC power system through a three-phase converter
transformer. The AC power system is modeled using a voltage source behind a Thevenin
impedance. To control the ac voltage and real power at the point of common coupling
(PCC), the direct control method is utilized. Output signals from the direct controller and
the PLL are combined to produce reference signals for the MMC. Then, the nearest level
control is used to generate the upper and lower arm switching signals from the reference
signals; capacitor voltage balancing is used to switch the submodules in a proper way
according to the direction of corresponding arm currents. The operation of the MMC

circuit used here is explained in the complete block diagram shown in Figure 6.1.
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3-ph_ase| Ve Switching
termina 3-0h 2 . |signals for] MMC
voltages 0 3-phase Nearest Capacitor \CBT &
PLL % —»| sinewave ° level | voltage S AC
generator control balancing
5 network
Terminal rms
voltage and PV control \@cT
real power x 2
\;Prefa Vref

Figure 6.1: Block diagram of the MMC system.

EMT modeling is done using PSCAD/EMTDC’s master library components and user-
defined components. The user-defined components are written using the FORTRAN
programming language to perform the nearest level control and the capacitor voltage
balancing operations.

In EMT simulation technique, circuits are solved using nodal analysis technique that
converts the circuit into current sources and conductance. Then, by applying Kirchhoff’s
current law (KCL) to each node, the nodal equations are written and solved using a
proper numerical integration technique. Typically, the trapezoidal integration method is
used in EMT simulation as it preserves numerical stability for linear systems and allows

use of larger time-steps than Euler’s method [44].

6.3 Comparison of simulation results

The parameters of the extended-frequency dynamic phasor model developed in
MATLAB are selected identical to that of the EMT simulation model. The results from
dynamic phasor model and EMT model are compared at steady state and during

transients by applying identical disturbances to both models. The time-domain simulation
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results provided in the following sections consist of EMT simulation results that are
obtained with a 50-us time-step and dynamic phasor simulation results that are with a

100-ps time-step.

6.3.1 Simulation results at steady state

In Figure 6.2, the dynamic phasor model results and complete EMT model results are
compared. Figures show a progressive addition of odd harmonics to the dynamic phasor

model and how doing so contributes to the improved accuracy of the model.

EMT Dynamic phasor

1st |

3 3.005 3.01 3.015 302 3.025 303

3rd |

terminal voltage (kV)
o

3 3.005 3.01 3.015 3.02 3.025 3.03

3 3.006 3.01 3015 302 3.025 3.03
time (s)
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Figure 6.2: Progressive harmonic addition to the dynamic phasor model and comparison with the EMT.
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From Figure 6.2, the influence of odd harmonics on the reconstructed staircase
voltage waveform can be observed. Further, it can be noticed that the addition of each
odd harmonic improves the voltage waveform as it becomes closer to the EMT result,
which includes all the harmonics. The first few harmonics do not seem to add much to
the accuracy of the results, because the original staircase waveform with the chosen
number of levels does not have much low-frequency contents.

Figure 6.3 shows the harmonic values in a 5-level stair case waveform.
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Figure 6.3: (Top) Harmonic spectrum of the terminal voltage of 5-level converter (bottom) Zoomed version

of the spectrum excluding the fundamental.

From Figure 6.3, it can be noticed that the dominant harmonic after the fundamental,

is the 11™ harmonic. In addition 3", 5™, 9" 13™ and 17" harmonics cannot be completely
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neglected. The presence of the above harmonics is the cause for the staircase shape of the
voltage waveform as shown in Figure 6.2. The dominant harmonic may vary with the use
of different number of submodules.

Figure 6.4 compares the simulated results of phase-a voltage and current from both

models at steady state.

m——— EMT fundamental Dynamic phasor fundamental
300 T T T T T T T T T

200

100

-100

-200

_300 I 1 1 1 1 1 1 1 1
15 1505 151 1515 152 1525 153 1535 154 1545 155

_2 L 1 1 1 1 1 1 1 1
15 1.505 1.51 1515 152 1525 153 1535 154 1545 155
time (s)

Figure 6.4: Comparison of voltage (top) and current (bottom) at steady state fundamental only.

Although the EMT simulation results include all harmonics, the fundamental
components of the waveforms can be extracted using a standard fast Fourier transform
(FFT) block available in PSCAD/EMTDC. The dynamic phasor simulation results in
Figure 6.4 only include the fundamental. It can be observed that results from both models

are well matched.
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To investigate the improvement in model accuracy with the addition of harmonics,
the dynamic phasor model is developed including all odd harmonics up to 17". The
results from dynamic phasor model are compared with the results from the complete

EMT model in Figure 6.5.

m—— EMT complete model Dynamic phasor up to 17th
300 T T T T T T

200
100

v, (kv)

-100
-200

300 1 1 1 1 1 1 1 1 1
15 1505 151 1515 152 1525 153 1535 154 1545 1.55

2 T T T T

_2 | | | | | | | | |
15 1505 151 1515 152 1525 153 1535 154 1545 155
time (s)

Figure 6.5: Comparison of voltage (top) and current (bottom) at steady state with harmonics.

From above simulation results, one can notice that when a larger number of
harmonics are added to the dynamic phasor model, a closer match with the EMT
simulation results can be obtained. However, even with the inclusion of harmonics up to

17th, the dynamic phasor results show a close match with the EMT simulation results.

To further analyze the accuracy of the dynamic phasor model, in the EMT model,

using the FFT block and the addition block, a waveform is constructed by adding odd
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harmonics up to 17" in PSCAD/EMTDC. The simulation results are compared in Figure

6.6.

== EMT up to 17th harmonic Dynamic phasor up to 17th harmonic

300 T T T

1 1 1 1 1 1 1 1 1
1.5 1505 151 1515 152 1525 153 1535 1.54 1545 1.55

2 T T T T

_2 | | | | | | | | |
1.5 1.505 1.51 1.515 152 1525 153 1535 154 1545 155
time (s)

Figure 6.6: Comparison of voltage (top) and current (bottom) at the steady state with inclusion of

harmonics up to 17" in both models.

From Figure 6.6, it is clear that results from both models match well.

6.3.2 Simulation results for a step change in voltage reference

A step decrease from 1 p.u. to 0.75 p.u. is applied to the terminal ac voltage reference
at 2.0 s. The smooth RMS voltage transition obtained through the voltage controller in

dynamic phasor model is shown in Figure 6.7.
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0_? L 1 1 1 1 1 1 1 1
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Figure 6.7: Response to a step change in terminal voltage.

Figure 6.8 shows the comparison of fundamental results from the EMT model and the

dynamic phasor model for the step change in voltage.

e EMT fundamental Dynamic phasor fundamental
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Figure 6.8: Comparison of voltage (top) and current (bottom) fundamental only to a step change in the

voltage reference.
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It can be seen that results from both models closely match at transient (around 2 s)
and in steady state. The EMT’s fundamental component is obtained through an FFT

block; therefore, a small variation can be observed during the transient.

Figure 6.9 shows the comparison of waveforms between the complete EMT model
and the dynamic phasor model with inclusion of the harmonics to the same step change in

the voltage reference.

— EMT complete model Dynamic phasor up to 17th harmonic
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Figure 6.9: Comparison of voltage (top) and current (bottom) with harmonics to a step change in the

voltage reference.

From Figure 6.9, it can be observed that the line current increases to maintain
constant power flow at 500 MW for the terminal voltage reduction from 1 p.u to 0.75 p.u.

Also in the dynamic phasor model the level change from 6 to 4 in voltage waveform can

66



Comparison of simulation results 67

be clearly observed. The harmonic content of the voltage at 1.0 p.u. and 0.75 p.u. are

shown in Figure 6.10.
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Figure 6.10: Harmonic variation for the step change in terminal voltage.
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It can be observed from Figure 6.10 that the dominant harmonic (after fundamental)
changes from 11" to 9™ when the RMS voltage is changed from 1 p.u. to 0.75 p.u. The
reason for the above change is that the number of levels in the output voltage decreased

from 6 to 4 as in Figure 6.9.

6.3.3  Results with a step change in power order

A step change to the real power order from 300 MW to 500 MW is applied to both
models at 2 s and the RMS power variation obtained from the dynamic phasor model is

shown in Figure 6.11.
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Figure 6.11: Response to a step change in terminal real power.
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Figure 6.12 shows the variation in the phase ‘a’ voltage and current (fundamental

component only) waveforms in response to the power order change.
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Figure 6.12: Comparison of voltage (top) and current (bottom) fundamental only to a step change in the

power reference.

It is observed that the dynamic phasor model closely follows the step change
compared to the EMT model. It must be noted that similar to the previous case, the
fundamental component of the EMT solution is obtained using a standard FFT block in
PSCAD/EMTDC from the originally simulated waveform that included all harmonics.

Therefore, a small variation can be observed during the transient.
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Figure 6.13: Comparison of voltage (top) and current (bottom) with harmonics to a step change in the

power reference.

Figure 6.13 shows the phase ‘a’ voltage and current with inclusion of harmonics for a
step change in the power order. It can be observed that the power order change does not
affect the ac voltage in a noticeable way and the change is only observed in the line
current. Therefore, the there is no change in harmonic values since there is no change in

voltage reference.

6.4  Analysis on the accuracy of the model

It is straightforward to note that a dynamic phasor based model can be made more
accurate if a larger number of harmonics are included in the model. This section shows

how doing so affects the accuracy of a simulated waveform. As an example, the dynamic

69



Analysis on the accuracy of the model 70

phasor-based representation of the terminal voltage waveform with an increasing number
of odd harmonic is compared against the actual staircase waveform. The period of the
waveform in steady state is considered to calculate the RMS voltage error as shown in
Figure 6.14. The magnitude difference in RMS voltages from both EMT model and
dynamic phasor model is defined as the error. The RMS error between the voltages is

calculated as below.

EMT Dynam-ic Phasor

300

100

T
1
1
|
200
1
1
1
1

V., (kV)

-100

-200+

1.95 1.955 1.96 1.965 1.97 1.975 1.98
time (s)
Figure 6.14: Comparison between voltage waveforms of EMT and dynamic phasor model

Verror (t) = VEMT (t)_VDP (t) (6- 1)
1
? _[(Verror (t))z

VRMS—error = T (6'2)
’Vfundamental ‘

Table 6.3: RMS voltage error for odd harmonic addition respective to Figure 6.2

Harmonic

Order 1St Srd 5th 7th gth 11th 13“’] 15th 17th

Verror (p-U.) | 0.0991 | 0.0968 | 0.0958 | 0.0977 | 0.0888 | 0.0908 | 0.0778 | 0.0768 | 0.0752

The RMS voltage error is plotted in Figure 6.15 as a function of the number of
harmonic components included.
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Figure 6.15: Comparison of the model error as a function of harmonics included.

It can be observed from Figure 6.15 that inclusion of every odd harmonic (up to 17th as
shown) leads to a reduction in RMS error. It must be noted that in practical MMC
configurations, a much larger number of submodules are normally used. Therefore, the
harmonic contents of the actual voltage waveform will be much reduced compared to the
case considered in this thesis. As such it is expected that for simulations of practical
MMC systems, a much smaller number of harmonics needs to be included to achieve

high levels of accuracy.

6.5 Summary

In this chapter, a brief introduction of EMT modeling and solving techniques were
mentioned. Following that, the MMC model developed in PSCAD/EMTDC tool for
dynamic phasor model validation purpose was discussed. The MMC test system
parameters used for the simulation were also given.

In the results, the contribution from every odd harmonic to the final staircase voltage

waveform was discussed. Furthermore, to test the accuracy of the model, step
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disturbances were applied to the reference voltage and simulation results were compared
and validated. Also the harmonics’ variations for the voltage step change were discussed.
Then, a step change was applied to the power reference and the results obtained from
both models were compared with inclusion of harmonics. Finally, the reduction in error

by adding harmonics was discussed.
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Chapter 7

Contributions, Conclusions, and

Future work

7.1 Contributions and conclusions

The following shows the contributions made in this thesis along with conclusions that
are drawn from each contribution.
1.  An extended-frequency dynamic phasor model of an MMC was developed using
dynamic phasor preliminaries.
I. This model is general and scalable to accommodate any number of
submodules.

Ii.  The harmonics are interrelated to each other. Adding harmonic cause small
changes in harmonics that have been already added to the model.

iii. For each MMC system, depending on the number of levels, the immediate

dominant harmonic after the fundamental is different. For example for a 5-
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level MMC, the 11™ harmonic is dominant and for a 3-level, the 9" harmonic
is dominant, which can be observed by analyzing the Fourier coefficients of the
ac voltage waveform.
2. The dynamic phasor model of the direct control system was developed with the
help of the phasor model of a PLL [11].

I.  The direct control method was utilized to control the active power and terminal
voltage of an MMC that is connected to an ac system.

ii. Real power controller consists of a Pl controller and a phase shift value.
Therefore, only the products of the fundamental values were considered and
the other odd harmonics in current were neglected as they were small in
magnitude.

iii.  Since the harmonics (other than fundamental) in voltage cannot be neglected,
separate PI controllers were developed to control each harmonics in voltage
control of the dynamic phasor model. Each of these PI controllers output
different modulation indices for each odd harmonic to generate switching
signals.

3. The developed dynamic phasor model of the MMC was validated against the
EMT simulation model with fundamental as well as with inclusion of harmonics.

I. It was observed that the fundamental frequency results of the dynamic phasor
model closely matched with the fundamental frequency response of the EMT
simulation model obtained using the discrete Fourier transformation

component available in PSCAD/EMTDC simulation tool.
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5.

In addition, it was shown that by adding more number of harmonics to the
dynamic phasor model, further accuracy was achieved.

It was shown that a dynamic phasor model, even with consideration of an
extended number of harmonics, is executable with a much larger time-step than
what is required in an EMT simulation. Therefore, it can be said that the
dynamic phasor model offers a significant computational advantage.

The error in RMS voltage (magnitude difference between the results from both
models) was observed and showed that the addition of harmonics lesser the

RMS voltage error.

Model validation was done by applying identical disturbances to both dynamic
phasor and EMT models and by comparing the time-domain simulation results

from both models.

The step change in terminal voltage caused expected changes in voltage levels
of the output voltages of the converter and constant real power was achieved.
The step change in real power caused changes in current and not in voltage.

Therefore, a constant voltage was achieved as expected.

The important contributions of this thesis work are published in following

scientific publications.

Journal paper
S. Rajesvaran and S. Filizadeh, "Wide-Band Modeling of Modular
Multilevel Converters Using Extended-Frequency Dynamic Phasors"”, (to be

published) Scientia/lranica, 2016 (20 pages).
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7.2

Conference paper
S. Rajesvaran and S. Filizadeh, "Modeling of Modular Multilevel Converter
using extended-frequency Dynamic Phasors”, in Proc. IEEE PES Annual

General Meeting, Boston, July 2016 (6 pages).

Future work

In this thesis, a small number of submodules was considered because of the
computational limitations associated with the EMT simulation model that was
used for validation. Selecting an MMC with large number of submodules and
validating with average model of an MMC developed in EMT as mentioned in
literature would be a useful extension from a practical viewpoint.

Large-valued submodule capacitors were used to reduce the effect of circulating
currents. However, the presence of circulating current results in converter losses.
Therefore, it would be necessary to include a circulating current suppression
controller in the dynamic phasor model.

The dynamic phasor model was developed in abc frame. However, developing an
MMC model in d-q frame could be useful because the reduction in number of
phases can reduce the number of equations and could be simulated with a larger
time-step.

Although this thesis utilized the direct control for simplicity, the d-q decoupled

control is widely used as the control system for MMCs. Therefore, another future

76



Future work 77

work could be to model the d-g decoupled control with both outer and inner loop
controllers and with the inclusion of harmonics.

5. This thesis validated the dynamic phasor model against the EMT simulation
model on PSCAD/EMTDC. However, it would be interesting to build a small-
scale hardware prototype of the MMC test system and validate the dynamic
phasor model.

6. Developing the dynamic phasor model in an EMT platform and simulation time

analysis with the actual model developed using EMT simulation tool.
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