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ABSTRACT

Conventional high voltage test sources, i.e., transformers (cascaded and resonant), impulse
generators, and rectifier circuits generate 50 Hz/60 Hz sinusoidal, lightning and switching
impulses, and DC respectively. For arbitrary wave shapes, function generator and HV amplifier
setup are available up to 50 kV and few kHz signal bandwidths. Superimposed signals
(impulses or transients on a sinusoidal or DC) are generated from a careful design of
superposition of two voltage sources. The demand of these unconventional test sources is
increasing as new electric stresses are introduced in the current electrical power network due to
the rise of power electronics. This motivates the search for a novel high voltage test source
which can generate arbitrary wave shapes with larger signal bandwidth at higher voltage level.
Modular multilevel converter (MMC) topology is a promising solution for high power
applications because of its high efficiency, modular structure, and reduced filter requirement.
Hence, the idea of a MMC-based high voltage test source is proposed for arbitrary wave shape
generation. Such a converter-based test source can also be adapted as a mobile test system for
site acceptance and diagnostic testing and opens an entire new high voltage research area.

This master’s thesis demonstrates the proof of concept of a MMC-based high voltage test source
using a mathematical and simulation model. The first step is to identify critical differences
between existing MMC applications versus high voltage testing applications. Based on this
analysis, control methodology and converter parameter design are adapted for high voltage
testing application. Since a power electronic converter generates an output signal with
harmonics, a filter is required to obtain a smooth signal that can be applied to the test objects.
The quality of the generated signal is measured in terms of the peak value and the slope of the
output voltage. Also, the protection system and DC source requirements are investigated briefly
for a comprehensive picture of the MMC-based high voltage test system. The thesis
demonstrates the feasibility of the MMC-based high voltage test source with a proof of principle
on paper and with simulations. Recommendations are given for the next steps to realize a high
voltage test source for arbitrary wave shape generation.

MMC converter station for HYDC application [37]
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1. INTRODUCTION

1.1 Background and motivation

High voltage (HV) testing is a well-established field of electrical engineering, with many
proven technologies. Many structural changes in the electrical power network are creating new
electrical stresses, leading to different test requirements. Also, HV research demands for
unconventional test sources to discover new findings. Hence there is always a room for
innovation to work on the limitations of current technologies. This section sketches the current
scenario of HV test sources with their limitations, discusses current developments in the power
electronics, and chooses a promising converter topology for developing a novel HV test source.

1.1.1 Current scenario of high voltage test source

Testing HV equipment electrically, mechanically, and thermally is of utmost importance for
both prototypes and commercial products. Table 1-1 shows type of tests conducted on HV
equipment, with their characteristics and purpose.

Table 1-1: Types of tests conducted on HV equipment

Type of testing Characteristics Purpose
High voltage testing | High voltage and low | To determine insulation properties such as
(Dielectric testing) | current dielectric strength, dielectric losses, partial

discharge (PD) and space charge

Nominal power Nominal voltage and | To evaluate the performance (efficiency,
testing nominal current thermal behavior, etc.) of HV equipment

when deployed in the field

High power testing | High voltage and | To inspect switchgear interruption capability

short circuit current | and to analyze thermal and mechanical

stresses due to short circuit current

For high voltage testing, various test sources such as transformers (resonant and cascaded),
impulse generators, rectifier, and multiplier bridge circuits are available to generate 50 Hz/60
Hz sinusoidal, switching and lightning impulse, and DC respectively. These conventional HV
test sources can generate a wide range of output voltage in different wave shapes, from low
voltage to ultra-high voltage and traditionally spark gaps are used as fast switching devices.

Apart from these conventional signals, arbitrary wave shapes can be generated from a
combination of a function generator and a HV amplifier which are shown in figure 1-1. The
function generator can be programed for a specific wave shape. The output of such a function
generator is in the range of 10 V and it is amplified to a desired high voltage level by a HV
amplifier. These HV amplifiers are available up to 50 kV, 12 mA current rating and a signal
bandwidth of 1.4 kHz [1]. To conduct testing with arbitrary wave shapes at higher voltage level
with larger signal bandwidth, a new test source is required. This will facilitate research in partial
discharge (PD) measurement [2] [3] and space charge measurement [4].



Figure 1-1: (a) Advanced function generator (b) Old function generator (c) HV amplifier setup [1]

It is common to design a customized small-scale test source to generate desired superimposed
wave shapes in the range of a few kV [5] [6]. It requires careful design of superposition of two
HV sources without one influencing the other one. Designing a new test environment every
time for conducting research with superimposed signals is a cumbersome task. Novel ideas
should be explored to have a single test source which can generate superimposed wave shapes.

All mentioned conventional test sources are bulky and designed for indoor testing (lab based).
For site acceptance tests and failure investigations of bulky HV equipment e.g. power
transformers, mobile test sources are developed. One of such a mobile test system [7] is capable
to generate variable frequency from 40 Hz to 200 Hz up to 700 kV voltage rating. This mobile
test system contains a converter, transformer and HV filter. The required input supply to the
converter can be made available by the local grid or a diesel generator. Arbitrary wave shape
generation on a mobile test system can open new test procedures for bulky HV equipment.

From this analysis, it can be concluded that the new HV test source should have the following
characteristics:

v" Generation of arbitrary wave shapes with higher signal bandwidth than few kHz,

v" Scalable to higher voltage levels

v Usable as a mobile test system
With significant growth of power semiconductor device industry in the past, many
semiconductor-devices-based equipment e.g. HV amplifiers are manufactured for high voltage
testing application. Hence innovative ideas for the required test source are explored in power
electronics domain in the following section.

1.1.2 Current scenario of high voltage power electronic converters

2-level voltage source converters (VSCs) are very common for AC to DC and DC to AC
conversion at low power and low voltage rating. With the continued increase of power and
voltage levels, multilevel topologies like diode clamped and flying capacitor topologies have
been developed for medium voltage range (<10kV) [8]. To achieve the conversion at the higher
voltage level (>10kV), cascaded multilevel topologies are getting developed such as cascaded
half-bridge topology. In 2003, Prof. Dr. Rainer Marquardt has developed another cascaded
multilevel topology, named as modular multilevel converter (MMC) for transferring power at
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high voltage range [9]. Due to its scalability, high efficiency, and reduced filter requirement
compared to line commutated converter [10], MMC is proving to be a promising solution for
high power application e.g. HVDC and high voltage drives.

The 2-level and 3-level converters are available for low voltage and medium voltage
respectively. Also, the output of a 2-level and 3-level converter is a pulse width modulated
(PWM) signal and filter design to extract smooth arbitrary wave shapes from the PWM signal
is very difficult. For sinusoidal output signal, various low pass filter designs are developed [11].
But, it is not possible to directly use the same filter design for non-sinusoidal wave shapes. With
higher number of levels in the output signal, it can reduce the filter requirement and make it
possible to generate arbitrary wave shape at high voltage range. Hence it is decided to explore
one of the most promising multilevel topology i.e. MMC.

Figure 1-2 presents the single leg structure of MMC, where it has an upper and lower arm
stacked with several series-connected submodules (N). The output current (i) is the result of
the difference between the upper arm current (i,,) and lower arm current (i;). Beside the output
current of the MMC, a circulating current (i.) is present in the converter, which circulates
between the leg and the DC link. However, the circulating current has no direct impact on the
output current. Figure 1-2 shows the positive direction of i, i;, i and i..

1
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]_':‘I D2
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Half bridge
Sub module

Ve =5

sM
I —

Figure 1-2: Single leg of MMC topology

In an ideal condition, a total of N out of 2N submodules are always inserted from the converter
leg. A submodule consists of a capacitance which can be either inserted or bypassed by
switching semiconductor devices T1 and T2. The difference in the number of submodules
inserted from upper and lower arm generates output voltage (v,). For example, if all
submodules are inserted from the lower arm and all submodules are bypassed from the upper
arm, it generates V. output voltage. All possible output voltage levels with N = 6 are shown



in table 1-2, where N,, & N, are the number of submodules inserted from upper and lower arm

respectively.
Table 1-2: States of the converter with N=6

Nu Nl Va
6 0 V.
5 1 _ 2Vdc

3
4 2 _Vac
3
3 3 0
2 4 Yac
3
1 5 ZVdc
3
0 6 Vae

Ideally, average voltage magnitude across each submodule capacitance is 2.V,;./N since the
total DC link voltage (2V,,) is divided into N submodule capacitance at every instant. MMC is
a voltage source converter which maintains a constant output voltage. But the output current is
dictated by the load impedance and it is supplied by the arm current. When arm current flows
through these submodule capacitances, it deviates the capacitor voltage from the average value
This introduces an imbalance between the DC link and total sum of capacitor voltage in the leg,
resulting in a circulating current. This is a natural cause of circulating current, but some
modulation techniques insert N + 1 or N — 1 submodules which can introduce significantly
large circulating current (value comparable to output current). Large circulating current can
introduce large submodule capacitor voltage ripple. Both quantities are coupled hence both
should be controlled for proper operation of the converter.

1.1.3 Summary

From all mentioned HV converter topologies, MMC is chosen for further investigations to
address limitations in current HV test sources. Three main motivations behind a MMC-based
test source are discussed in subsection 1.1.1 and figure 1-3 summarizes them. The figure 1-3
also mentions that the conventional AC, impulse, and DC generators consumes space and time
to change the test setup.
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Figure 1-3: Overview of HV test sources



1.2 Bird’s eye view

It is not very easy to develop a HV test source. Hence the process is divided into the following
steps. First, the idea should be proven on paper with a mathematical model and simulation
results. Then, the on-paper design of the control methodology should be tested on a small-scale
prototype of 400 V and a low number of submodules. A small-scale model of MMC is
implemented by many universities to understand the behavior of the converter without investing
a lot of money and space [12]. The same idea can be borrowed to verify the proposed control
methodology for the test source. As a next step, the small-scale prototype should be extended
to e.g. 10 kV voltage level. When this idea is proven on both small-scale and medium-scale
prototype, the test source can be realized at a much higher voltage level e.g. 150 kV. When all
steps are successfully implemented, this test source can open a new possibility of conducting
tests at equipment location instead of all the equipment getting transported to the testing facility.
The mobile testing will be possible only if the power electronic test generator is compact and
light enough to fit in a transport vehicle. Figure 1-4 summarizes the step in a block diagram.

Proof of -
concept on Small scale Msectgllém Test source Mobile test
paper and prototype - rototvoe — realization source
with 400 V e -150 kV

simulations

Figure 1-4: Bird’s eye view of MMC-based test source

1.3 Research objective

This thesis is a first step towards investigating the technical viability of an MMC-based HV test
source. Hence it aims to demonstrate the proof of concept using a mathematical model and
simulation results. Figure 1-5 shows the proposed MMC-based test environment. MMC needs
a DC source as the input, and the control system generates the gate pulses to obtain the desired
output signal. A filter is important to remove the switching harmonics from the converter output
signal. The filter implementation is important for small-scale prototype since it will have limited
number of submodules.

. Desired signal Desired signal
DC MMC Test with harmonics | Filter »> Test

Supply Generator Object

T

Generating gate
pulses & Control

Figure 1-5: MMC based test environment



At the end of this master’s thesis, the following research goals are achieved with a mathematical
model and simulation results of the test source:

e To identify key differences in the design and control methodology of MMC used for
power application and high voltage testing application

e To adapt the control methodology of the MMC for the high voltage testing application
based on the identified key differences

e To develop the mathematical model to design the converter parameters, i.e. submodule
capacitance, arm inductance and arm resistance for optimal operation of the test source

e Todesign asuitable filter to remove the unwanted harmonics from the converter output

e To study the protection system and DC source requirement for the MMC-based high
voltage test source.

These research goals are defined for a small-scale prototype with 400 V voltage rating. Most
HV equipment (transformers, reactors, cables, and bushings) behave as a capacitor when their
insulation is tested with HV voltage. That is why the test object is modeled as a capacitance
(Ci0aa) In the range of 0.5 to 50 nF. Table 1-3 describes signals expected to be generated by the
test source. The list looks similar to the type of signal generated from a traditional function
generator. Periodic signal can be programmed for variable frequency from 0.1 Hz to 1000 Hz.
With 0.1 Hz sinusoidal, HV equipment with very high capacitance are tested so that input
current requirement is reduced. Whereas, the upper limit on the frequency (1000 Hz) is chosen
based on the switching transients in the power system. These switching transients are
standardized in IEC 60060-1 document by a switching impulse wave shape which has 250 ps
rise time & 2500 ps fall time. The rise time explains the upper limit on the frequency for the
periodic signals.
Table 1-3: List of arbitrary waveshapes expected to be generated by the test source

Periodic and bipolar wave shapes Non-periodic and single polarity wave
shapes
Sinusoidal (0.1-1000 Hz) Square pulses (Periodic with duty ratio)
Square uniform (variable duty ratio & 0.1 Hz- | Switching impulse (250 ps rise time &
1000 Hz) 2500 ps fall time)

Triangular - symmetric and unsymmetrical
(variable duty ratio & 0.1 Hz-1000 Hz)
Trapezoidal (Variable rise in voltage & 0.1 Hz -
1000 Hz)

The above-described test environment is developed based on following assumptions:

e Losses are calculated for the designed system to check whether the design is feasible or
not, but the system performance is not optimized to obtain more efficient system. It is
not considered as a primary concern.

e The converter model is developed and simulated considering ideal semiconductor
devices.

e The steady-state behavior of the converter is studied assuming the submodule
capacitances are charged to their average value.



1.4 Outline of thesis report

An overview of each chapter is described in this section:

Chapter 2 discloses key differences between power applications and high voltage testing
application of MMC in terms of their philosophies, overall structures, submodule topologies,
control systems, converter design, mathematical modelling and measuring the quality of the
converter output signal.

Chapter 3 discusses the control system of the converter in detail. The performance of
modulation techniques is compared, and an open loop control system is designed for the high
voltage testing application. An optimal number of submodules are chosen for the small-scale
prototype design.

Chapter 4 derives the mathematical model of MMC with discontinuous output current pulses.
The model focuses on deriving submodule capacitor voltage ripple. Based on this mathematical
analysis of MMC, converter parameters, i.e. arm inductance, submodule capacitance, and arm
resistance are designed. Current and voltage rating of the semiconductor devices requirements
are studied based on the converter operation.

Chapter 5 analyzes the frequency spectrum of the converter output signal and design a suitable
low pass filter topology to obtain a smooth output signal. This filter will act like a load in
combination with the test object for the converter, and hence its effects on the converter
operation are studied analytically and with simulations.

Chapter 6 discusses the fault characteristics of the MMC-based test source and how to protect
the system when a fault occurs. Next, alternative DC source arrangement is proposed in place
of ideal DC sources for higher voltage level, and its requirements are briefly discussed.

Chapter 7 is the last chapter of this thesis report. It concludes the work of this master’s thesis
with recommendations for future work with a PhD proposal to DNV GL.



2. KEY DIFFERENCES BETWEEN POWER APPLICATION
AND HIGH VOLTAGE TESTING APPLICATION

This chapter discloses key differences between power applications and high voltage testing
application of MMC in terms of their philosophies, overall structures, submodule topologies,
control systems, converter design, mathematical modelling and measuring the quality of the
converter output signal

2.1 Philosophy

The MMC based test generator is designed for non-power application where arbitrary wave
shapes are generated at high voltage, with rather small current magnitude. Due to small
magnitude of the output current, power transfer between converter and load is trivial compared
to power application of MMC. Conventional HV test sources like impulse generators do not
have closed-loop control for both, output current and voltage since it generates very fast signals.
Hence the output current control loop in existing MMC technology, which controls real and
reactive power transfer, is not required for the test generator. Without the output current control
loop, the output current is determined by the test source output voltage and the impedance of
the TO. In case the TO is capacitive, this output current is there to charge or discharge the load
capacitance and vanishes to nearly zero once the charging or discharging process is over. This
pulse, shaped output (discontinuous) current causes discontinuous power transfer between the
load (TO) and converter.

Discontinuous power transfer with small magnitude is the biggest difference between existing
MMC application and the adaption for testing application. With little power transfer, losses and
efficiency of the converter are not of primary concern in the test source design.

2.2 Overall circuit structure

MMC was introduced as a three-phase AC to DC and DC to AC converter topology where each
leg represents one phase of the AC side. To generate non-sinusoidal single-phase wave shapes
across the test object with small current magnitude, a single leg of the MMC will be sufficient.
Since the converter control is implemented per phase, it would not be a completely different
control structure for a single leg MMC compared to conventional three leg structure of MMC.
But, DC link requirements for the single leg test generator and conventional three legs MMC
are different. In case of power applications of a MMC, it is possible to remove bulky DC link
capacitances by controlling the circulating current to a constant value [8]. The circulating
current has an even order harmonic component with the highest magnitude for the second-order
harmonic [13]. That is why various circulating current control loop are studied in the technical
literature to maintain the DC link voltage [14].

In case of the MMC based test source, the discontinuous output current pulses must be provided
by the DC source without excessively varying the DC link voltage. Though the DC link
provides these current pulses, the magnitude of these pulses is small. Hence the variation in the
DC link voltage will be very small, and hence the DC link is modeled as an ideal DC source in
this thesis.



2.3 Submodule topology

In power applications of MMC, submodule topology is chosen based on the DC short circuit
characteristics. It is important that the submodule topology has DC fault handling ability since
DC circuit breakers are not yet accepted in the market for high voltage application. DC fault
handling ability of the submodule makes sure that the DC fault current is limited or controlled
to a threshold value.

The half-bridge topology is simplest choice with respect to losses and cost. Full bridge topology
is a better choice with respect to dc fault handling ability at the cost of doubling the number of
semiconductor devices and with that increasing cost and losses. Other fault tolerant topologies
have been proposed [8], which represents intermediate solutions between the half bridge and
full bridge solution.

Complex fault tolerant topologies are not considered for the high voltage testing application,
because it is assumed the test object cannot supply fault current. A protection switch will be
installed to disconnect the DC supply in case of a DC link fault. The half bridge topology has
three different states, as shown in figure 2-1. When switch T1 is on, the submodule capacitor is
inserted, and when the switch T2 is on, the submodule capacitor is bypassed. The behavior of
these two switches is complimentary. When both switches are off, the submodule is blocked,
and this state is used for protection of semiconductor devices in case of a fault condition outside
the submodule.

+ o — +

A Tl'l Diil A 1 A :
-/ | =
Cs Cs Cs
]_'j‘l D2
B | B B
(a) (b) (©
Figure 2-1: Half bridge topology (a) Submodule inserted (b) Submodule bypassed (c) Submodule
blocked

The off-state of the submodule is used in case of DC side fault without a DC circuit breaker
implementation. The DC side fault is detected and isolated by the AC side circuit breaker, hence
the fault current flows through the converter. The IGBTSs are protected from the fault current
by turning them off, and a thyristor switch is inserted to conduct the fault current, in parallel to
switch T2. A thyristor switch has better current conducting capability than a IGBT. The
thyristor switch is shown in figure 2-1. For high voltage testing application, it will not be
necessary to install such a switch since the test object cannot provide fault current.

For power applications of MMC, continuous operation is of utmost importance. Hence, when
a submodule experiences a failure in its capacitance or any switch, the submodule is short-
circuited, and another redundant submodule is added to maintain the total number of
submodules using a bypass switch. The bypass switch is parallel to the thyristor switch and it
is shown in figure 2-2. The decision about the use of redundant submodule for high voltage
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testing application can be done based on trade-off between the need for continuous operation

and space and cost it adds.
T 1-” E;Dl
Thyristor 1
Cs
s TZ'I [::}Dz

Figure 2-2: In built protection within a submodule

2.4 Control scheme

Figure 3 gives an overview of the control system used for MMC in power applications [8]. It
involves many interleaved closed loops. Higher-level control involves time synchronization
with the DC side and the AC side grid with open loop control of active and reactive power. A
phase-locked loop (PLL) synchronizes the converter control system with the AC bus voltage
vector. DC bus voltage is maintained by active power control, whereas reactive power decides
the output reference current. The next level of control calculates the output voltage reference
based on the output current reference and feedback of output current control using a
proportional resonant (PR) controller [8]. Depending upon the modulation technique chosen,
arm balancing and submodule capacitor voltage balancing are implemented.

Without power transfer and without output current control, the control system for the test
generator simplifies significantly and the overview is shown in figure 2-3. Detailed discussion
about the control system and design choices made is provided in chapter 3.

Cap
voltage
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Total Total
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control controller %
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Figure 2-3: Overview of the control system (a) Power application (b) High voltage test application

2.5 Converter parameter design

Submodule capacitance, arm inductance, and arm resistance are three important converter
parameters and the converter response to switching submodules is dictated by these parameters.

In power applications, the arm inductance value is chosen based on two criteria. The first one
is to reduce the second order harmonic in the arm current to reduce losses in the semiconductor
devices [15]. This is not applicable for high voltage testing application because the output
current or arm current is not sinusoidal. The second criterion is to design the inductor value
which restricts the rate of change of current based on the semiconductor devices limit [16]. The
second criterion can be used for choosing the arm inductance for high voltage testing

application. If a is the Z—i limit of the semiconductor devices, then the inductor value can be

designed based on the worst-case scenario of DC link has fault. In this situation, KVVL across
the test generator leg will yield equation 2.1. Substituting % = % = «a in equation 2.2, the
inductor value can be calculated as shown in equation 2.2

diy, di,
rTITS

Vac (22)

2.1)

L — 2V =0

The submodule capacitor should be designed to have a minimum voltage fluctuation. The
fluctuation is proportional to the value of the capacitance. On the other hand, the capacitance
should not be too big, otherwise, it would add an unnecessary extra cost to the system. To
maintain the capacitor voltage ripple within a fixed band, the minimum requirement for the
capacitance value is calculated as follows for power applications [17].

AEmax

Csmin = 2.N. 2.3
smin dec(k‘rznax _ kéc) ( )
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Where, k.., = upper limit for the submodule capacitor voltage
k4. = compensating factor for the time average of the stored energy in the submodules
AE,,,.,.= maximum amount of excess energy that can be stored in each arm

In power applications of MMC, amount of energy stored in each arm can be varied by varying
the k,-value. Hence the average submodule capacitor voltage (V,,,) and instantaneous

capacitor voltage (v ,) can be expressed as follow:

2Vdc i ZVdC

Vavg = kac N V1 < Kmax N (2.4)

For steady-state operation, k. can be chosen as 1. AE,,,, can be calculated from equation 2.5
and its derivation can be found in [17].

S (2.5)

AE = —|4sin(2 t—q@)— in( 2 t—
maz max(24ﬂmreqfreq[ SIN(2Tfreqt — @) — Myeq SIN(2Tfreqt — @)

— 2m2,, sin(2mfreqt) cos((p)])

Where, m,..,= modulation index of reference signal

freq = frequency of reference signal

¢ = Phase difference between output current and output voltage
S = Apparent power rating of the converter

Equation 2.5 contains sinusoidal terms which are there because of sinusoidal voltage and
current expressions. Hence this approach of submodule capacitance cannot be used for high
voltage testing application directly since the output current is not sinusoidal in that case. A new
approach must be explored to design the submodule capacitance for high voltage testing
application.

For power application, the efficiency of MMC is very important and, hence arm resistance is
chosen to be as small as possible. For high voltage testing, this arm resistance value is chosen
to obtain the desired response from the equivalent RLC circuit. If Req, Leqand Ceqare equivalent
impedances of the mathematical model of the MMC for HV testing application, then a critically
damped system gives the fastest response. Hence equation 2.6 shows the criteria for a critically
damped circuit for series RLC circuit with Req, Leqand Ceq parameters,

8L 2.6
Req = sqrt< eq) 26
Ceq

2.6 Mathematical modeling

The circuit behavior of MMC, with so many submodule capacitances, is complex. The
following section derives dynamic equations and simplifies them by introducing linear
transformations, averaging principle and insertion indices. At the end of this section, the
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capacitor voltage ripple calculations are performed with an assumption that the output current
is sinusoidal with a phase difference as per connected load. Hence this analysis does not help
for high voltage testing application directly, but it has been used partially later in chapter 4 to
derive the mathematical model of the test source.

2.6.1 Dynamic equations of MMC

If Kirchhof’s Voltage Law (KVL) is applied in the upper and lower arm, dynamic equations of
the MMC can be obtained (Refer to figure 2-4). Equation 2.9 can be obtained by adding
equation 2.7 and 2.8, whereas equation 2.10 can be obtained by subtracting equation 2.7 from
equation 2.8.

Vde ==

-

Vde ==

Figure 2-4: Schematic of single leg of MMC

Vae = Vu — Ravly — La.il_i;_ b =0 (2.7)
2Vge — vy — v — Rg. (i +1p) — L. (C;—l;‘ + %) =0 (2.9)
v = vy + Ra. (i) — iy) + La. (% _ %) 25,20 (2.10)

Equations (2.9) and (2.10) are coupled equations with four variables v, v;, i,and i;. Linear
transformation described in [8] can be used to simplify the coupled differential equations.
s =1, —1i ot

lc 5
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v, — 1 vty (2.11)
2 Ve =75

Vs =

i is output current and v, can be understood as inner electromotive force (emf). i, represents
circulating current and this current is driven by the circulating voltage (v.). After substituting
the linear transformation 2.11 into equation 2.9 and 2.10, decoupled differential equations can
be obtained:

_ di, (2.12)

Vdc — VU, _Ra-lc - La.d—t =0
di 2.13
—2.Vs—Rgig— Ly ——2.1,=0 213)

a-E

Equation 2.12 has circulating current as a state variable and equation 2.13 has output current as
a state variable. After rearranging equation 2.12 and 2.13, equations 2.14 and 2.15 are obtained

di . (2.14)
La.d—: =Vage — V. —Rg.i¢
2°'dt < 2% e

2.6.2 Averaging principle

To represent the switching behaviour of the converter, the concept of insertion indices is
introduced. n}, and n! are insertion indices and their value can be either 1 or 0, where 1
represents the submodule is inserted and O represents the submodule is bypassed. Instantaneous
upper and lower arm voltage can be represented by

N
— i i
vu,l - nu,l' vu,l

i=1

(2.16)

It is a good approximation to assume instantaneous submodule capacitor voltage to ”czu,z /N [8].

Here, Uczu,z represents sum of all submodule capacitor voltages and ideally this value should be

equal to DC link voltage. But, when the arm current flows through submodule capacitance, it
introduces a submodule capacitor ripple around 2V,./N for each inserted submodule. If this

constant value (chu,z/N ) is substituted in expression 2.16, it simplifies the equation as follows:

r N 2.17
v — vcu,l Z Tli ( )

u,l N ' u,l

=1
Uyt = nu,lvczu,l (2.18)
1< (2.19)
Nyl N . Ny,
=1
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Here, n,,; is a new term representing the average number of submodules inserted in upper and
lower arm. Different switched states of converters are expressed using a continuous expression
2.19. It is called the averaging principle.

2.6.3 Submodule capacitor dynamics

Apart from circulating current and output current, 2N more state variables will be present for
each submodule capacitance voltage (v ,). It is possible to reduce 2N + 2 differential equation
into 4 by extending the averaging principle for submodule capacitor voltage and mathematical
steps are explained below. The basic physics behind capacitance governs equation 2.20 and the
effect is summed for all submodules in the upper and lower arm as shown in equation 2.21. If
equation 2.18 is substituted into equation 2.21, it simplifies the analysis from 2N differential
equations into 2 differential equations. If the inverse linear transformation is derived from
equation 2.11 and substituted in equation 2.21, the dynamic behaviour of the submodule
capacitance can be derived.

Cs d’;ctu.l =nl iy fori=12,..,N. (2.20)
N . N N
Cz%= Znili 1 =1 lz:nil
s uwl wu L
=% = = (2.21)
>
&dvcu,l -n i
N dt wh Tt (2.22)
Edv}u =n (i—s+i )
N dt “\2 ¢ (2.23)
Cdeg—n ( is+i>
Codvel _ (_Ls
v 2 (2.24)

2.6.4 Selection of insertion indices

The expression of insertion index can be derived using equation 2.18 and linear transformation
equation 2.11. Equation 2.27 can be used to derive an expression for insertion indices and their
values are calculated based on reference values of v; & vg. Equation 2.28 is showing general

selection of values for reference voltages of v; & vg, and Uczu-

_ —nuvczu + nlvczl _ nuvczl‘; + nlvczl (2.25)
Vg > Ve = — 5
Ve —V v, + v
n, = ¢ 5 S n, = c 5 S (226)
v v

cl
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v — v 2R (2.27)

n; =
vZ, v
n = Vdc - 17; n = Vdc + va* (2-28)
u 2V, ! 2V,

2.6.5 Sum-capacitor-voltage ripple (Avg, )

The averaging principle can be extended for calculating sum-capacitor-voltage ripple (Avczu,l).
The optimal value of submodule capacitance can be chosen using this expression as well.
Equation 2.23, 2.24 and 2.28 can be combined to obtain equation 2.29. Equation 2.30 can be
written by multiplying both sides by v> ,. The right-hand side of equation 2.31 can be written

cu,l*”
in terms of arm energies (W, = Cs(vczu)z/ZN) and it is replaced in equation 2.32. Calculation of
the voltage ripple becomes easier by introducing the variable energy per leg energy (W) and
imbalance energy (W,). Equations 2.33 represents the result of addition and subtraction of two
equations.

C, dv2, v (is _ ) Cs dv> v+ vs*( is +_ ) (2.29)
Ndt ~ pr \2 ¢ Nde 2 2 e

C dv> [ C dv> i (2.30)

VA= w(pre) gl (-5 i)
2 2

Cod(vE) (s Cod(vi) (s (2:31)
N dt ( Vs) 2+lc N dt = (ve +v5) 2+ c

aw, . fis aw, . iy 2.32

Moo Megen(be) O

AWy AW, (2.33)

= 2V70i, — Vgl = v i — 2051,

dt dt
Further simplification of equation 2.33 is done by substituting vy = V;cos(w;t) for the
reference output voltage, i; = I;cos(w,t — @) for the output current with inductive load, v; =
V4, and i, = P/6Vy,, for circulating current. From here, it can be concluded that it is not
possible to adapt this proof for high voltage testing application since it is not possible to
represent the output current with a continuous expression. Hence a different approach should
be used to understand the discrete behaviour of MMC and it is done in chapter 4.

2.7 Analysis of the output voltage

Generally, the converter output is a switching waveform which contains higher order harmonics
in addition to the fundamental frequency. The quality of such a waveform can be determined
by means of Fourier analysis, when the signal is sinusoidal. The detail about Fourier analysis
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can be found in this reference [18], but the most important factor is total harmonic distortion
(THD). The mathematical expression of THD is as follows:

Lais (2.34)

% THD = 100 X —

s1

Here 14 is the amount of distortion in the waveform. I, is fundamental harmonic of the

waveform, and % THD expresses the amount of distortion in the output signal. It is not possible

to use this criterion for non-sinusoidal signals since the frequency spectrum contains many

frequencies unlike pure sinusoidal waveforms. Chapter 3 discusses the time domain criterion

for calculating the optimal number of submodules for both sinusoidal and non-sinusoidal wave

shapes. The quality of HV test signals is measured in terms of its steepness and maximum
voltage level rather than the harmonic performance.

2.8 Summary

The key difference lies in their philosophies. For conventional MMC, it is “sinusoidal and
continuous output current with closed loop control to transfer power”. For HV testing
application, it is “pulse shaped and discontinuous output current with open loop control to
generate arbitrary wave shapes across HV TO with low output current”. This makes the
overall structure of the MMC single phase with half bridge submodule topology. Design choices
regarding control systems and converter parameters becomes more complicated and addressed
separately in the following chapters.

Table 2-1: Summary of key differences between power application and high voltage testing application
Power High voltage testing

Philosophy To achieve power conversion | To generate arbitrary wave
from AC to DC and DC to AC at | shapes at high voltage
high voltage
Overall circuit | 3 legs 1leg
structure
Submodule Depending on the circuit | Half bridge topology can be a
topology requirements, DC fault-tolerant | satisfactory choice
topology can be preferable over
half bridge topology
Control scheme Interleaved and closed loop | Open loop control
control
Arm resistance Stray component Not a stray component.
A new design criterion must be
proposed
Arm inductance ¢ Reduce circulating current e Itisnot applicable

e Limit the steep rise in

current (di/dt)

e The same criteria can be
used

Submodule
capacitance

Design criterion based on the
power rating of the converter

A new design criterion must be
developed
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Mathematical
model

The model is developed based on
continuous operation of the
converter with sinusoidal output
current

A new model must be developed
for discontinuous operation of
the converter with pulsed shape
output current

Analysis of output
voltage

The quality of the generated
voltage signals is measured in
terms of THD

Steepness and peak magnitude
determines the quality of the
generated non-sinusoidal voltage
signals
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3. CONTROL SYSTEM OF THE TEST SOURCE

The control system of an MMC is complex with many control loops interleaved as discussed in the last
chapter. This chapter aims to compare the performance of modulation techniques and proves that it is
possible to have an open loop control system for high voltage testing application. An optimal number of
submodules is chosen for the small-scale prototype design.

3.1 Review of modulation techniques

MMC is introduced as alternative for many multilevel and cascaded topologies for medium and
high voltage power applications. Modulation techniques for these existing topologies have been
adapted for MMC and its classification is shown in figure 3-1.

Modulation
techniques

High switching

Low switching

frequency frequency
[ ] |
Carrier based Selective
modulation Sg\a}\(;ﬁﬂv[ez(:{(])r | | harmonic
technige elimination
(SHE) [22]
Level shifted

— carriers (LSC) Nearest level

control (NLC)

19
[19] 23]

Phase shifted
carriers (PSC)
[20]

Figure 3-1: Classification of modulation technique

The modulation techniques are broadly classified based on the switching frequency obtained in
the output signal. High switching modulation techniques generate PWM signal with switching
frequency in the range of kHz, whereas low switching modulation techniques generate a stair
case signal with switching frequency comparable to the fundamental frequency (50 Hz).

Modulation techniques with high switching frequency involves the classical approach of using
carrier signals or using space vectors. In the carrier-based modulation, every submodule in the
MMC has a separate carrier and gate pulses are generated by comparing it with a reference
signal. Carriers for different submodules can be either level shifted in amplitude or phase shifted
in the time domain as shown figure 3-2. Lower submodules are used more than higher
submodules in case of level shifted carrier (LSC) modulation, whereas phase shifted carrier
(PSC) modulation divides the use of submodules evenly by itself. That is why PSC is chosen
for implementing high frequency switching modulation over LSC.
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Figure 3-2: Carrier signals for (a) LSC (b) PSC [24]

In space vector modulation (SVM), duty cycles of switches to synthesize a desired output
voltage on average are calculated without the use of a carrier waveform. For two level
converters, the reference signal can be constructed using 8 possible states of switches, as shown
in figure 3-3. 8 possible states are present since there are 6 switches (2 per each phase) and their
behavior is complementary. Figure 3-3 displays a space vector (Us) which is constructed by the
time average of adjacent vectors U (110) and Ug(100). For two level SVM, the implementation
effort is significantly reduced since there are no carrier waveforms. For multilevel SVM, the
simple hexagon structure is replaced by multiple concentrated hexagon structure as shown in
figure 3-3(b). With such a complex structure for multilevel converter, the implementation effort
does not reduce. For this reason, this modulation technique is not investigated further in this
thesis.
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; B vilis, 7
U,(011) U,(100) || 4 N P
_n=24  n=6;12 n=3,9 nz=21
% k" SN ns02 N 7«
n=18 n=7:13 n=8;14 )’p:jO
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Figure 3-3: SVM for (a) 2 level converter [25] (b) 3 level converter [26]

Modulation techniques with low switching frequency don’t use carrier signals, but gate pulses
are preprogramed to obtain the desired signal. Low switching modulation techniques include
selective harmonic elimination (SHE) and nearest level control (NLC). In SHE, gate pulses are
generated to obtain the desired harmonic performance and hence it is suitable for power
applications of MMC with sinusoidal wave shape. That is why only NLC can be chosen from
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low switching frequency modulation technique for high voltage testing application. Many
researchers have worked on comparing the performance of these modulation techniques for the
optimal converter operation. The focus in this thesis is to prove that the MMC can generate
non-sinusoidal signals across a high voltage test object. Hence two modulation techniques are
chosen and further investigated, one from the high frequency switching techniques (PSC) and
one from the low frequency switching techniques (NLC). Each modulation technique is studied
in detail in the following section.

3.2 Phase Shifted Carrier (PSC)

In PSC, each submodule is assigned with a carrier signal and they are phase shifted by 2n/N
for the submodules in an arm. Upper arm and lower arm can use the same carrier signals, or
they can be phase shifted by = or m/N. It is analytically proven that optimal harmonic
performance can be obtained with /N phase difference in case N is even and 0 phase
difference in case N is odd [27]. With the mentioned phase difference, 2N + 1 levels can be
obtained from N submodules and hence it has better harmonic performance. PSC modulation
for N = 3 is simulated for both phase difference and the results are shown in figure 3-4.

2N +1PSC N +1PSC

N=3, Upper Arm Carrier Signal N=3, Upper Arm Carrier Signal
T T T T T T T T T T T T T T

s,
uA,
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Referencs Signal ||

Voltage [p.u]
Vaoltage [p.u]
=

| | | | | | | | | | | | | | | I I |
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23
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[1] 0.002 0.004 0.006 0.008 0.01 0012 0.014 0.016 0018 0.02 [1] 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time |s] Time [s]

(©) ()
Figure 3-4: 2N+1 PSC (a) Carrier signals for upper arm (b) Carrier signals for lower arm (c) Output
voltage; N+1 PSC (d) Carrier signals for upper arm (e) Carrier signals for lower arm (f) Output
voltage

In figure 3-4, two reference signals are used with same magnitude, but phase shifted by 7. With
the half bridge submodule topology, it is possible to generate gate pulses using only one
reference signal [28], by taking advantage of the complimentary behavior of switches. The
output waveform is generated by adding the gate pulses generated and hence it is shown in
terms of number of submodules. For a modulation index of 0.9, the output waveform has 7 and
4 levels for 2N + 1 PSC and N + 1 PSC respectively.

The information about the required phase differences for odd and even number of submodules
is tabulated in table 3-1.

Table 3-1: Carrier signal details for PSC

2N+1 PSC N+1 PSC
N is Odd Same carrier signals for Carrier signals are phase
upper and lower arm shifted by /N for upper
and lower arm
N is even Carrier signals are phase Same carrier signals for
shifted by /N for upper upper and lower arm
and lower arm

3.3 Nearest level control (NLC)

Nearest level control calculates how many sub modules should be inserted to generate the
required voltage waveform. The calculation of insertion indices is shown in equation 2.23 and
the same equation is used with an added operation of rounding. The number of submodules to
be inserted must be an integer and hence the rounding operation is important.

N(Vae =V, (3.1)
N, = round(%)
c
N(Vye +V, (3.2)
N, = round(w
dc

After implementing this mathematical expression in MATLAB-Simulink, the desired
waveform can be generated as shown in figure 3-5.
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Figure 3-5: Working principle of NLC
3.4 MATLAB-Simulink implementation

The gate pulses generated by the mentioned modulation techniques are directly applied to the
converter modules’ switches for realizing the converter behavior under open loop control. From
the mentioned range of test objects in the introduction, 50 nF capacitance is used in the
simulation as the extreme case. Converter parameters (Cs, Lo, R, & F;) are not optimized since
the focus is to study the modulation techniques. Converter parameters used for these simulations
are shown in table 3-2. Details about the Simulink implementation can be found in Appendix
A.

The converter behavior is studied using output current, circulating current and submodule
capacitor voltages. With direct modulation, the first submodules from both arms get inserted
most and hence only capacitor voltage waveforms of only those submodules are shown. For all
mentioned waveforms in the introduction, the converter behavior is studied for 50 Hz sinusoidal
(normal case) and switching impulse (extreme case).

Table 3-2: Converter parameters

Parameter name Parameter
value
Number of submodules (N) 3
Submodule capacitance (C) 10 uF
Arm inductance (L,) 10 uH
Arm resistance (R,) 100 Q
Switching frequency (F;) 498 Hz
Load capacitance (C,) 50 nF

341 2N+1PSC

As expected, the output voltage waveform of sinusoidal signal (bipolar) in figure 3-6 has 2N+1

voltage levels. For the case of a switching impulse (unipolar), the number of levels is an integer

number calculated using (%) An additional N number of levels are produced because the

converter consists of additional states apart the ones which are mentioned while introducing the
converter. As discussed in the introduction to the converter, total number of inserted
submodules in the upper and lower arm is constant. In case of 2N+1 PSC modulation technique,
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the number of inserted submodules can be N, N+1 or N-1. In these situations, the imbalance
between the DC link and converter leg creates a large circulating current resulting in a large
capacitor voltage ripple. Both these conditions can be observed from figure 3-6 for both signal
waveforms. This is the reason why conventional PSC modulation is implemented with a closed
loop control to maintain circulating current and average submodule capacitor voltage [29]. The
idea is to modify the reference voltage signal to maintain these two quantities for each
submodule. Hence multiple reference voltage signals are required for each submodule in the
converter.

Since the output current is not controlled, current is discontinuous, and it is pulse shaped. These
current pulses charge/discharge the load capacitance when the output voltage changes a level.
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Figure 3-6: 2N+1 PSC with N=3 for 50 Hz sinusoidal (a) output current and circulating current
response (b) capacitor dynamics, and for Switching impulse (c) output current and circulating current
response (d) capacitor dynamics

3.4.2 N+1PSC

In case of N+1 PSC, total number of submodules in the upper and lower arm are maintained at
N and hence it can be observed from figure 3-7 that the circulating current magnitude is very
small (in mA). With small circulating current, the submodule capacitor voltage ripple is small.
But, the submodule capacitor voltage waveforms are drifting away from the average value over
the period of time. Hence this type of modulation technique should be implemented with
accurate sorting or submodule selection process [30] cycles.
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Figure 3-7: N+1 PSC with N=3 for 50 Hz sinusoidal (a) output current and circulating current
response (b) capacitor dynamics, and for Switching impulse (c) output current and circulating current
response (d) capacitor dynamics

343 NLC

The effect of low frequency modulation technique is clearly seen with the stair case output
voltage waveform in figure 3-8. Here, the switching frequency depends upon the modulation
index (mreq) and the number of submodules. A pulse shaped output current is present only when
there is a level change in the output voltage. Within this modulation technique, the nature of
the circulating current is like the output current with a slower response and small magnitude.
The submodule capacitor voltage ripple is small, and not drifting away from the average value.

When mreq changes to a smaller value, not all submodules from an arm will get inserted. It
means that some submodules from an arm will be always inserted if the sorting algorithm is not
implemented. This case is studied with mq=0.65 and it can be seen from figure 3-9 that the
submodule capacitor voltage is deviating away from the average value. When the output signal
is generated by the converter for a longer time, these voltage magnitudes will keep deviating
which is not desirable. Hence usually NLC is implemented with a sorting algorithm and that
includes conventional sorting [9], tolerance band sorting [31], and predictive sorting [32].
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3.5 Comparison of NLC and PSC

From the above observations, the performance of these modulation techniques based on the
following points as shown in table 3-3.

Table 3-3: Comparison of modulation techniques

2N+1 PSC N+1 PSC NLC
No of_reference Multiple One or two Two
signal
L N isodd — N N is odd — 2N :
No of carrier signals N is even — 2N N is even — N Not applicable
Addltlonal' Yes No No
controller required
Circulating current Yes Very low Very low
present
Impl i .
mplementation Highas N T Moderate Low
effort
Filter requirement High High Comparatively low

The implementation complexity decision is based on the computational efforts to generate gate
pulses. The computational efforts increase with the of submodules due to comparison operation
getting performed for every submodule. In case of 2N+1 PSC modulation technique, a closed
loop control methodology implemented per submodule with the feedback of submodule
capacitor voltage and circulating current increases computational efforts even further. Whereas,
implementing NLC with predictive sorting will make the physical implementation much easier
for large value of N. This is important since the HV test source is envisioned to generate voltage
wave shapes in the range of kVV and MV which requires large number of N.

Secondly, the filter requirement to obtain a smooth output signal should be studied. PSC
generates a PWM output signal, whereas NLC generates a stair case output signal. These higher
order harmonics from the converter output must be removed using an appropriate design of a
filter. With PSC modulation technique, these carrier harmonics shift to N. F; frequency [8]. This
makes the filter realization easier for sinusoidal signals since they contain only one frequency.
For other non-sinusoidal signals, it could be hard to filter the higher order switching harmonics.
The stair case signal of NLC with large number of submodules will have small step in the output
signal which will make the output signal closer to the desired reference signal. Considering
these two facts, NLC is chosen as a modulation technique to generate arbitrary wave shapes
from a MMC.

3.6 Choice of number of submodules

For power applications of MMC, number of submodules is chosen based on the DC link voltage
and available blocking capability of switches. State of the art IGBTs used in HVDC application
can block 4.5 kV, even though 6.5 kV devices are available. With a higher number of
submodules, the output voltage waveform is closer to desirable wave shape. Figure 3-10 shows
converter output signal with N=100. The output signal is following the reference signal closely
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since the voltage step is very small with N=100. But large value of N might increase the cost
and size of the converter.

50 Hz sinusoidal signal with N=100 Switching Impulse with N=100
400 : ! ! . 400 ! | ! '

200 -

Voltage [\
[=]
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=200

400

| | | 1 1 1 1 =
0 0.005 0.01 0015 0.02 0 0.002 0.004 0.006 0.008 0.0

Time [s] Time [s]
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Figure 3-10: Converter output signal with N=100 (a) 50 Hz sinusoidal (b) Switching impulse

For the small-scale prototype (400 V), the choice of N is not constrained with the available
blocking capability of switches. Hence the choice of N is decided based on a trade-off between
circuit complexity and significant cost combined with filter requirement to obtain a smooth
wave shape for testing. Harmonic performance of the converter output signal is decided based
on the THD value for sinusoidal signal. Since it is not possible to use THD for non-sinusoidal
signal, the optimal value of N is found by performing error analysis on output signal and
reference signal in time domain. When the output signal is subtracted from the reference signal,
it gives an error signal. Area under the absolute of error signal can be used to quantify how well
the output signal is following the reference signal. Even number of submodules are preferred
since it generates odd number of levels (N+1) in the output signal. Odd number of levels in the
output signal are better for the harmonic performance since zero voltage level is inserted

3.6.1 Error analysis

To perform error analysis on the output signal in time domain, the following steps should be
followed:

1. The error signal (error = v,.r — vs) is calculated by subtracting the reference signal
from output signal. All these three signals are shown in figure 3-11 for sinusoidal signal.

2. The area (A..or) COvered under the absolute of this error signal (abs(error)) will
quantify the error for the generated output signal.

3. To make the error quantity independent of time, the area under curve is divided by the
time duration of the signal (ts;gnq:). This helps to compare signals with different time
durations.

4. The percentage error with respect to DC link voltage is calculated from the error
quantity calculated in step 3. Final expression of the error analysis is follows:

) OtSig"“l abs(error).dt 1 (3.3)

E = x 100

tsignal . 2 Vdc
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Figure 3-11: Error Analysis

3.6.2 Results of error analysis

The error expression (3.3) is used here to find the optimal value of N among the following even
values of N, for sinusoidal and switching impulse.

Table 3-4: 50 Hz sinusoidal signal with myeq = 0.9, freq=50, V4 = 400V

% Error with respect to _ _ _ _ _
DC link voltage N=6 N=12 | N=18 | N=24 | N=30

NLC 9.4345 | 4208 | 2526 | 2.158 | 1.75

Table 3-5: Switching impulse with myeq = 0.9, V4.=400V
% Error with respect
to DC link voltage

NLC 8.029 4604 | 3.072 | 2.249 | 1.782

It is obvious that percentage error value (% E) is reducing with more number of sub modules.
It can be observed from table 3-4 and 3-5 that the drop-in percentage error is getting decreases
after N=18 and this is true for both sinusoidal signals and switching impulses. To find more
precisely the tipping point, a more detailed graph of percentage error values along with its slope
is plotted in the figure 3-12. For sinusoidal signal, the slope of error value goes to zero at N=20,
whereas it takes N=50 to reach zero for the switching impulse.

N=6 N=12 | N=18 | N=24 | N=30

Assuming 3 % error value is acceptable and remaining error can be filtered later, N=14 and
N=16 is the optimal value of N for sinusoidal and switching impulse.
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Figure 3-12: Error analysis (a) 50 Hz sinusoidal signal (c) Switching impulse, Analysis of slope of
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Considering the history of digital signal processing and how it started with 5-bit digitization, a
multiple of 2 i.e. N=16 is chosen for the prototype design.

3.7 NLC + Sorting algorithm implementation

With the decision of modulation techniques and number of submodules is completed, the
control system of the test source is implemented in the MATLAB-Simulink. Though NLC is
chosen as a modulation technique, a discussion regarding the choice of sorting algorithm for
the testing application is provided here.

Out of three mentioned sorting algorithms, conventional sorting and tolerance band sorting
require capacitor voltage measurements from each submodule. The conventional sorting
algorithm uses the submodule capacitor voltage and output current direction to decide which
submodules are to be inserted at a given moment. When the output current is positive,
submodules with lowest capacitor voltage will be inserted and vice versa. The algorithm is
shown in figure 3-13. Since the submodules are sorted at each sampling instant, the algorithm
is not efficient in terms of switching losses of the converter. But the algorithm has the big
advantage of simple computational implementation.
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Figure 3-13: Flowchart of NLC with conventional sorting algorithm

In the tolerance band sorting algorithm, the switching losses are reduced by putting a tolerance

band of & on the capacitor voltage. Submodules are bypassed only if their capacitor voltages
b)
exceed this tolerance band <% + 6). It means that the submodule will not get bypassed until

it exceeds the tolerance band in either direction. The detailed steps in this algorithm is shown
in figure 3-14.

Both sorting algorithms requires measurements of all submodule capacitor voltages. In contrast,
predictive sorting algorithm controls the converter in such a way that the stored charge in the
submodule capacitors is evenly distributed among all the submodules. The detailed
mathematical analysis can be found in [32]. Though the predictive sorting algorithm does not
need submodule capacitor voltage, it requires output current direction to decide whether it is
charging period or discharging period.

A new modulation method has been proposed in [33] which does not require any feedback from
the converter for balancing the submodule capacitor voltages. A fixed pulse pattern is chosen
in such a way that the stored energy in each submodule constant. The proposed scheme changes
the sequence of submodules getting inserted after every cycle. Suppose, the N submodule is
inserted last in the first cycle, then N™ submodule will be inserted first in the second cycle.
Subsequently in each cycle, the insertion of N submodule is moved to the next position.
Basically, the ranking of the submodules is changed in each cycle to obtain a constant capacitor
voltage.
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Figure 3-14: Flowchart of NLW with tolerance band sorting algorithm

The fixed pattern for N cycles is shown in the matrix expression (P) in 3.4. This pattern uses
the least used submodules most in the next cycle. After implementing this algorithm to sort the
submodules, for N=16 submodules with mrq=0.4, a constant capacitor voltage waveform is
shown in figure 3-15 compared to the waveform obtained without sorting. For periodic
waveform, the sequence is changed after every cycle. When a non-periodic waveform e.g.
switching impulse is generated from the test source, the sequence should be changed after every
impulse fired.

UA, UA, UA; - UAy
UAy UA, UA, - UAy_,
P = UAN_1 UAN UA1 UAN—Z
™ b (34)
UAZ UA3 UA4_ e UAl
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Figure 3-15: Submodule capacitor voltage SU1 and SL1 (a) without sorting (b) with sorting

The MATLAB-Simulink implementation of NLC plus sorting is discussed in Appendix A 3.
One of the important consideration is the sampling frequency during sorting. It should be
decided based on the switching frequency (N and freq). The sampling frequency should be higher
than the switching frequency not to lose any information (Nyquist criteria in signal processing).

3.8 Summary

The MMC can generate arbitrary wave shapes by substituting the desired signal as a reference
and modulation technique controls switches accordingly. The performance of MMC with three
different direct modulation techniques are compared based on implementation effort and filter
requirement. Nearest level control (NLC) satisfies both criteria with added advantage of
scalability of test source to higher voltage levels. With this modulation technique, the number
of submodules is optimized to 16 for a small-scale prototype implementation (few 100 V).
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4. PARAMETER DESIGN OF THE TEST SOURCE

With the control scheme and number of submodules determined, this chapter aims to derive the
mathematical model of MMC with discontinuous current pulses. The model focuses on deriving
submodule capacitor voltage ripple. Based on this mathematical analysis of MMC, converter
parameters i.e. arm inductance, submodule capacitance, and arm resistance are designed.
Current and voltage ratings of the semiconductor devices are studied based on the converter
operation.

4.1 Mathematical modeling

Equation 2.14, 2.15, 2.23 and 2.24 describe the dynamic behavior of the converter. Equations
2.12 and 2.13 decouples the output current and circulating current response of the converter.
Both these current values affect submodule capacitor voltages and therefore a detailed
discussion about the submodule capacitor dynamics is given in the following section.

4.1.1 Output current response

The output current response is governed by equation 2.12. Equation 2.12 is rewritten with a
division factor of 2 in equation 4.1. From equation 4.1, the equivalent circuit of the output
current response can be drawn as shown in figure 4-1.

Ry, . Lo di (4.1)
—Vs —7‘1.15 —7a.d—ts—va =0
L./2 R,/2
— v AN ———— Va
Cloﬂd
is

Figure 4-1: Equivalent circuit of the output current response

The inner emf v, is built by inserting submodules from both arm and figure 4-2 shows the graph
of v, for a sinusoidal signal. It can be observed that the signal is a stair case signal. It means
that the output current response can be studied by assuming v, a step input. Since the converter
operation is discontinuous, step response of the output current is important. Hence, the step
response of the output current is analysed below.
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Considering ideal switches, submodules are inserted or bypassed instantly in both arms. Hence,
when the switch receives the gate pulse, the action of insertion or bypassing is executed
instantly. The unbalanced voltage in the arm, due to this action, comes across the arm
inductance. In case of insertion of submodule capacitance, arm inductance experiences negative
voltage which leads to negative arm current. Opposite phenomenon occurs in the other arm,

where positive voltage is built up due to bypassing a submodule capacitance and positive arm
current is generated.

Equation 4.1 can be transformed into equation 4.2 by substituting the inner emf (v, = _vczu,l/N)

and output voltage (v, = [isdt/Ciaq) for a positive level change in the output voltage.
Equation 4.2 can be differentiated with respect to time to obtain second order differential
equation in terms of output current.

) : 4.2)
2vcu,l . dls 2 . (
N —Ra.lS—La.E—Cload.Jlsdt—o
L, dZi JRadis i o (4.3)

2°dtz T 2°dt  Craa

The homogenous solution of this second order differential equation can have three types of
solution i.e. overdamped case, critically damped case and underdamped case. The last case will
introduce oscillations in the output voltage which will be hard to filter to generate a smooth
waveform for testing. The overdamped system will reduce the response time of the converter
hence the arm resistance should be chosen to obtain critically damped system response.
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Figure 4-3: Output voltage of the converter (a) Overdamped system (b) Underdamped system

The general solution of second order differential equation 4.3 is known, and it is shown in

equation 4.4.

ls(t) = Aleslt + Azeszt

where s; & s, are two roots and mathematically represented as following

Rq

1T T oL,

Rq

+j(

Rq

2

2

R, )2 2 %
f— S [ J—
2La Cload- La 2

2L,

|

2L,

)

Cload- La

(4.4)

If two roots of the equation are equal, then the system response is critically damped. To get the
critically damped response, the values of the circuit parameters are chosen to obey the condition

in equation 4.5.
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(Ra )2 2 (4.5)
2La Cload- La

8L,

Cload

a

From the output current response, it is possible to calculate the output voltage from the basic
expression of capacitance. Constants A;, A, & C;,+ can be calculated from the initial conditions.

A A
_1651t +_2652t + Clnt (4'6)

load LS1 S>

v, (t) = .fAleslt + A,eS2tdt =

load

4.1.2 Effect of output current on submodule capacitor

The output component of upper arm (i, s(t)) and lower arm current (i;;(t)) have a magnitude
of half of the output current, with opposite signs. For a positive change in level with positive
voltage magnitude, the expression will be as follows:

i.(t A A 4.7

ius(t) = S; ) = %eslt + 72652t ( )
i.(t A A 4.8

ils(t) = - S;) =—71851t—72652t ( )

This shows that the effect on upper and lower arm submodule capacitance will be equal and
opposite in magnitude. Considering this, the following mathematical expression is derived for
upper arm current and the same magnitude with opposite sign will be assumed for lower arm
submodules.

The initial conditions for the output current component of upper arm current are shown in
equation 4.9. First initial condition is obvious since current is present only when there is
switching, otherwise it is zero. The second initial condition comes from the arm inductance
dynamics (L,di,/dt) since average submodule capacitor voltage vczu,l/N is experienced by the
arm inductance as explained above. Using these two initial conditions, it is possible to derive
expressions for 4; & A,.

Z (4.9)
: L Ve 1
W@ =05 S0 ==k
2k -2k 4.1
A = : ; Ay = —A, = - (4.10)
Sl - SZ Sl - SZ

The arm current flows through the inserted submodule capacitances. The capacitor voltage
expression for the i" submodule can be derived from the arm current expression.

i 1t i (4.11)
vus(t) = C_J lus dt + Uu(O)
sJ0
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1 (¢ . (4.12)

vi(t) = 5T Ajesit + A,es2t dt + v} (0)
Cs J,
: Ay A, 1 (4.13)
A — i Slt = Szt - I
vus(8) = 3 CS[ et ] 2.C, ] +7.(0)

For critically damped condition, s; & s, are two equal negative values. When t is larger than
s, & s, (steady state), then the first term in equation 4.13 becomes zero. A change in capacitor
voltage (Av},) due to the arm current is calculated below:

vis(8) = v (0) = —;165 [+ ‘j—zz] (4.14)
. . 1k (4.15)
L () = vi(0) = — == — =
Vus (t) Vu (0) . s 52 S, 2 51 s, 4Cs a Cload
. . . e (4.16)
Avys = vys(8) — v,(0) = ZNC Cload

From equation 4.16, it can be concluded that the capacitor voltage variation directly depends
upon the DC link voltage and load capacitance and inversely depends upon a number of
submodules and submodule capacitance. Every inserted submodule experiences this voltage
variation when there is a level change in the converter output. The typical response of the system
can tell that arm current or output current rise will be dictated by R, /2L, and a drop of this
current or rise of submodule capacitor voltage rise is dictated by R, C;yqq/2.

4.1.3 Circulating current response

When the submodule capacitor voltage starts deviating from the average value, then the DC
voltage source starts supplying the necessary energy to balance this variation. This balancing
action is carried out without affecting the connected load. Equation 2.13 can be adapted by
substituting circulating voltage as v, = N [i.dt /2C,. The circulating voltage expression is
derived by considering there are a total of N submodules inserted from the upper and lower
arms. Hence the voltage which drives the circulating current can be calculated by integrating
circulating current divided by equivalent capacitance.

2V,

Figure 4-4: Equivalent circuit of circulating current
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1 ..
Nc_sflcdt ] dlc

2V, — — - R,.i. — La.d—t =0 (4.17)
2L dziC+2R dic+ i =0
agez T “laTgy T e T (4.18)

Equation 4.17 is differentiated to obtain a second order differential equation in terms of
circulating current. The general solution of the system is a double exponential function as
shown in equation 4.19.

lc(t) = Blerlt + Bzerzt

where r; & 7, are two roots and can be mathematically represented as follows: (4.19)

R, R, \? N R, R, \? N
T‘1=— + ( )_ &T‘2=——— ( )—
2L, 2L, 2C,. L, 2L, 2L, 2C,. L,
Calculation of constants B; & B, is done based on initial conditions which are shown in
equation 4.20. When all inserted submodule voltages are balanced, then the circulating current
is zero, which is considered as initial condition. The initial voltage that the arm inductor hence

experiences is the unbalance between DC link and total submodule capacitor voltage. The
magnitude depends upon number of submodules inserted from the upper (N,,) and lower arm

(Ny).

(Ny = NVl (4.20)

i.(0)=0& diC(O) =
A= at > L, z

4.1.4 Effect of circulating current on submodule capacitor

As mentioned in the introduction of 4.1.3, the circulating current tries to balance the difference
in DC link voltage and submodule capacitor voltage. Each inserted submodule will experience
a voltage variation to balance the difference and it is calculated using the following
mathematical expressions.

i 1 ; (4.22)
v (t) = C_f i. dt + v)(0)
sJ0
i L rat ; (4.23)
vic(t) = = | Bie™‘ + Bye™" dt +v;(0)
s Y0
- 1B B 1[B, B ,
v’l.llc(t) == _1€r1t + —Zeth] _ = + -2 + ‘U&(O) (4.24)
Cslry 7 A,

The steady state value of the i** submodule capacitor voltage can be calculated by ignoring the
first term in equation 4.24, as explained in the output current case.
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vhe(®) = vi(0) = — 2|2 +2 (4.26)

Cslry T2
. . 1 ky (1 1] ky 1 ky 1 (4.27)
i t) — lO = ——, [___ —_2 - 2z
‘ch( ) Vu( ) Cs rn—_rilrn n Cs ", Cs N
2C,. L,
i = pi i 2(Ny, = NDAvly 2Ny = NDvE,, (4.28)
AUHC - qu(t) - Uu(O) - N - 4NZCS load

The main difference between the general solution shown in 4.4 and 4.19 is the capacitance
value. The load capacitance is present in the output current analysis whereas equivalent
submodule capacitance is present in the circulating current analysis. The submodule
capacitance is always larger than the load capacitance hence the circulating current response
will be always slower compared to the output current response. If the circulating current
response is slower than the fundamental sampling frequency for the given number of
submodules, then the circulating current cannot charge the disbalanced voltage introduced due
to arm current or output current. Hence the time constant for the rise/fall in capacitor voltage is
dictated by 2C,R,/N. If this time constant is less, incomplete charging or discharging of
submodule capacitor voltage will drift the capacitor voltage more away from average value of
the submodule capacitor voltage.

4.1.5 Summary of the mathematical modeling

The above mathematical analysis is done for the positive level change in the output voltage
with positive magnitude. The converter behavior to this change is summarized in a flow chart
as shown in figure 4-5. The magnitudes of lower arm current and voltage deviations are
expressed in terms of upper arm current and voltage deviations (Av., & Avt, ).

To generate positive voltage magnitude, lower arm submodules are inserted and hence the
number of submodules inserted from the lower arm will be higher than those from the upper
arm, resulting in a circulating voltage less than the DC link voltage. Hence it generates positive
circulating current which aims to balance the voltage deviation introduced due to voltage
variation (N,, — N))Av.. The higher the difference (N, — N,), the larger is the magnitude of
the circulating current. It should be noted that the circulating current will not entirely balance
the capacitor voltages of the lower arm to an average value unless N, = 0. When N, — N; =
2 which is the minimum value, it will not be able to restore the capacitor voltage to an average
value. But it will diverge the submodule capacitor voltage from average value after each cycle.
When all submodules are used i.e. when max(N, — N;) is N, then the divergence from the
average will be very small. Similar analysis can be extended for other three cases of the
converter operation. Case 2 represents the negative level change for positive voltage magnitude,
case 3 is negative level change for negative voltage magnitude and case 4 is positive level
change for negative voltage magnitude. The flowchart for these cases can be found in appendix
B.
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4.2 Converter parameter design

Based on the mathematical analysis, the submodule capacitor and arm resistance value can be
chosen. Arm inductance is designed based on current rise limitation put by switching devices
in the converter.

4.2.1 Arm inductance

As discussed in chapter 2, the arm inductance can be obtained from equation 2.2 (L, = V,./@).
a is chosen as 20 kA/s, keeping the reference of MMC in the Electrical Sustainable Lab, TU
Delft [18]. Therefore, L, will be 20 mH for ;. = 400 V. At higher voltage level, the switches
are available with o as high as 2 kA/us at 4.5 kV blocking voltage capability.

4.2.2 Submodule capacitance

The mathematical analysis predicts the capacitor voltage ripple which helps to design the
submodule capacitance value. Modulation index is assumed to be maximum as worst-case
scenario. Because when all submodule is inserted, one submodule will be inserted for the
longest time and experience larger capacitor voltage ripple. That maximum ripple calculation
will be addition of variation introduced due to output current and circulating current. Effect of
circulating current will become significant as the amplitude of the output signal increased. Also,
if the switching frequency of the stair case signal is higher than the time constant of the
circulating current response, then the effect of circulating current should be neglected. Since
variable frequency signals are generated from the converter, worst case scenario of slowest
signal of 0.1 Hz frequency signal is considered and hence the circulating current effect must be
considered.

When the bipolar signal is generated, upper arm generates negative polarity and lower arm
generates positive polarity. During positive polarity of the signal, upper arm experiences
voltage variation (Av;,) due to effect of circulating current (Av}.r4) and output current
(Avr,) both. During negative polarity, circulating current tries to restore the upper arm
inserted submodule to average value. Hence the submodule capacitor voltage (Av.;,)
experiences capacitor voltage variation (—Av! ;) only because of output current with an
opposite sign. It is because of opposite direction of output current. Before writing mathematical
equations, figure 4-6 describes the terminologies used for ripple calculations.

i _ i i
AvuTl - AvusTl + AchTl

. N+1 . 2AvL, (4.30)
Av)r, = round (T) Avis +[2 4+ 44 +N].
. . N+1 . 4.31
Av)r, = —Av),pq = —Tound (T) Avkg (4.31)
Avir = Avygry + Avgr, (4.32)
Avi,

. N+1 .
Av)r = 2.round (T) Avli, + (N +2) >
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N+ 1) N +2] v, (4.33)

Avi, = [Z.round( > 2 12ne; load
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Figure 4-6 Submodule capacitor voltage ripple calculation

To keep the total voltage variation within 10% for N = 16 and chu,z = 2Vp. = 800V, the
submodule capacitance value is calculated from equation 4.32 with C;,,q = 50 nF as worst-

case scenario.

C, = 5.25uF

4.2.3 Arm resistance

With the given value of arm inductance and submodule capacitance, the arm resistance value
should be chosen in such a way that we obtain oscillation free output voltage waveform. The
arm resistance value will be calculated from equation 4.4 and it is as follows

R, = 1788810

4.3 Simulation results with the designed parameters

The designed converter parameters are implemented in Simulink and simulation results are
discussed in this section. Output current response and circulating current response are same for
all waveforms and their analysis is shown together at once. Capacitor voltage variations and
loss calculations are studied differently for 50 Hz sinusoidal and switching impulse.

4.3.1 Output current response

The pulsed shape output current with a level change in the output voltage is shown in figure 4-
7. As discussed, rise in the output current is dictated by ratio of arm resistance and arm
inductance (2L, /R, = 25 us). The fall in the pulse shaped output current is dictated by the arm
resistance and load capacitance value (R,C;,.q = 80 us). The output voltage level change
occurs at the same slope of output current falling. The peak of the output current depends upon
DC voltage source, number of submodules and arm resistance. Figure 4-7 shows how opposite
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magnitude upper arm current and lower arm current forms the output current. The output current
pulses are shown for 50 Hz sinusoidal signal is shown in figure 4-7 (c).
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Figure 4-7: (a) Output Voltage (b) Output current and arm current (c) Output current pulses for a
cycle of 50 Hz sinusoidal
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4.3.2 Circulating current response

The slow response of the circulating current is evident in figure 4-8. The circulating current
does not go to zero before the next level change in the output voltage. It is because of higher
submodule capacitance value compared to the load capacitance. The magnitude of circulating
current is increasing around the peak of sinusoidal waveform. Since the difference in the
number of submodules inserted from the upper and lower arm increases, larger circulating
current is required to compensate the voltage variation near the peak of sinusoidal signal.

Circulating
cumrent

Current [A]

2 | | | | | | | | | .

0 0002 0004 OO0 0008 0O 0012 004 006 0018 002
Time [s]

Figure 4-8: Circulating current for a cycle of 50 Hz sinusoidal
4.3.3 Submodule capacitor voltage variation

The capacitor voltage of one submodule from each arm is shown in figure 4-9. It can be
observed that the magnitude of capacitor voltage ripple is within the allowed value (5 V). Also,
the behavior of capacitor voltages in SU1 and SL1 is complementary. During the positive
polarity of sinusoidal signal, the output current and circulating current adds together to increase
the capacitor voltage of upper arm. In the lower arm submodule, the effect of two types of
current is opposite keeping the voltage variation small. The role of upper arm and lower arm
submodules are reversed when the polarity is changed.
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Figure 4-9: Submodule capacitor voltage for 50 Hz sinusoidal
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For the switching impulse, the capacitor voltage variation is shown in figure 4-10. The graph
shows that the capacitor voltage comes back to the value which is nearer to the average value.
Since the impulse must be generated repeatedly, it is important to consider the magnitude of
the capacitor voltage before generating the impulse for many times. It must be included in the
starting algorithm of the test source.
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Figure 4-10: Submodule capacitor voltage for switching impulse
4.3.4 Losses calculations

With this high resistance value in the circuit, losses can become very high. Hence the
instantaneous power dissipated in the resistor is calculated from the simulated waveform and it
is shown in figure 4-11. It is seen that the instantaneous power dissipated is less than 1W. From
the power dissipation curve, the energy lost can be calculated by integrating the waveform with
respect to time. The energy lost in the resistance for one 50 Hz sinusoidal cycle comes out to
be 0.0011 J. If this test signal is generated for 24 hours, the energy dissipation increases up to
95 J. For switching impulse, the energy dissipation is calculated in the range of mJ. The energy
dissipation is not large; hence the resistor will not require special design for 400 V prototype.
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Figure 4-11: Power dissipated in the arm resistor (a) 50 Hz sinusoidal signal (b) Switching impulse

4.4 Semiconductor device rating

A half-bridge submodule has two complementary switches. The limited di/dt requirement on
these switches is discussed above for arm inductance design. But, the current rating and

blocking voltage capability are not discussed and hence they are addressed here.

The mathematical model derived in the previous section can give maximum current that will
flow through these switches. To get the maximum current values from equations 4.5 and 4.10,
first they should be differentiated with respect to time, and equated to zero to obtain a time
instant at which maximum current is flowing. The derived time instants (t,max and temax) are
substituted in the output current and circulating current expressions, as shown in equation 4.33.
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1 A5, 1 Bysy (4.34)
fomax = Sy, — 84 In (_ A252> femax = T, —1 In (_ stz)

Ismax — Alesltomax + Azesztomax ]Cmax = Blerltcmax + Bzerztcmax (435)

Constant, By and B> must be calculated by substituting N,, — N; = N as the extreme case. From
equation 4.33, the current rating can be calculated as shown in equation 4.34.

I 4.36
Irating = % + Iemax ( )

In power applications of MMC, the semiconductor devices need to block the submodule
capacitance voltage which is made up of average voltage plus the ripple. Figure 4-12 shows one
of the converter state with 1 submodule inserted from upper arm and 2 submodules inserted
from lower. When the submodule is inserted, then the lower semiconductor devices (T2 and
D2) must block the submodule capacitor voltage. Similarly, upper semiconductor devices (T1
and D1) must block the submodule capacitor voltage when the submodule is bypassed. For
better realization of blocking voltage, figure 4-12 is added. These are the requirements on these
devices for steady state operation. Their requirement during fault and other abnormal condition
must be verified to make a final decision.
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Figure 4-12: Semiconductor device capability (a) Upper arm (b) Lower arm

Table 4-1: Semiconductor device rating

T1,D1, T2, D2 Value
Blocking voltage ) _ 55V
=+ Avip
N
Current rating Leating 0.03 A
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The value of the current and blocking voltage rating are calculated for 400 V. With the low
current magnitude, cooling requirement on the semiconductor devices reduce greatly.

4.5 Summary and extrapolation to higher voltage level

Since the output current is discontinuous and pulse shaped, the mathematical model analyzes
each state of the converter separately. The mathematical analysis delivers an expression
(Equation 4.33) which calculates the value of submodule capacitance to keep the capacitor
voltage ripple within 10 %. Arm inductance value is calculated based on di/dt requirement
imposed by semiconductor devices in the converter (Equation 2.2). Arm resistance is chosen
to obtain critically damped system response (Equation 4.5). Current and voltage rating for the
semiconductor devices are determined with the designed converter parameters.

The simulation results are shown for 400 V prototype. The extrapolation of the prototype design
is explained here.

e Athigher voltage levels, the number of submodules can be designed by the peak voltage
to be produced and the IGBTSs blocking capability. IGBTSs are available for 1.2 kV, 3.3
kV, 4.5kV, and 6.5 kV. Hence for 200 kV source, number of submodules can be chosen
as 100, each submodule capacitance having average voltage of 4 kV.

= The submodule capacitance value is directly proportional to the number of submodules
and test object capacitance. For a 200 kV test source with 100 submodules and 1uF load
capacitance, the submodule capacitance will come around 150 uF.

= Arm inductance depends upon IGBT di/dt rating and they are available as high as 2
kA/lus for 4.5 kV. For a 200 KV test source, the arm inductance is in the 100 #H range.

= Based on arm inductance and submodule capacitance, arm resistance can be calculated
as 26 2. The value is on lower range because of the lower inductance value. This will
increase the current peaks and hence increasing the losses significantly (peaks till MW).
= One solution: Use overdamped system instead of critically damped
= Second solution: Use higher value of arm inductance in mH than puH so that arm
resistance for critically damped system is higher

52



5. FILTER DESIGN

For the small-scale prototype, it is important to remove the switching harmonics from the
staircase output signal of the converter. Hence this chapter analyzes the frequency spectrum of
the converter output signal and designs a suitable low pass filter to obtain a smooth output
signal. This filter will act as a load for the converter and hence its effects on the converter
operation are studied analytically and with simulations.

5.1 Frequency spectrum of output signal

The MMC based test source is designed to generate different periodic and non-periodic wave
shapes using NLC control methodology. Out of all the wave shapes mentioned in the objective,
square waveform and pulses do not require any filter since the staircase signal from the
converter constructs them exactly with a maximum magnitude error of one submodule voltage
(6.25 % with N=16). To implement a filter for the remaining signals, the frequency spectrums
of these signals are analyzed to decide the cut-off frequency. These signals are generated from
the 16-level converter with a modulation index of 0.9. For periodic signals, the frequency
spectrum of the 50 Hz signal is analyzed out of all frequencies. Because the frequency
spectrums of the periodic signal with different time periods (T=1/Fs) look the same, but with a
different frequency range. It can be observed in figure 5-1 that the frequency range is between
0-10 Hz for the 0.1 Hz sinusoidal signal and the frequency range is between 0-100 kHz for the
1000 Hz sinusoidal signal. For two different frequency ranges, the frequency spectrum looks
the same.
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Figure 5-1: Frequency spectrum of converter output signal (a) 0.1 Hz Sinusoidal (b) 1000 Hz
Sinusoidal
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From this analysis, it can be concluded that it is sufficient to analyze one frequency out of the
desired frequency range for all periodic signals. Henceforth, the converter output signal is
shown along with the frequency spectrum of 50 Hz periodic signals.

5.1.1 Sinusoidal signal

The frequency spectrum of a pure sinusoidal has a spike at the fundamental frequency with
other frequency components zero. But, sinusoidal with a staircase waveform will have
harmonics present and they are shown in figure 5-2. Apart from the fundamental frequency,
other frequencies must be filtered. Hence, the cut-off frequency for the filter is chosen as close
as possible from the frequency spectrum i.e. 100 Hz for 50 Hz signal. The expression of the
cut-off frequency can be generalized for any fundamental frequency (freq) as 2freq.
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Figure 5-2: Sinusoidal (a) converter output signal (b) frequency spectrum of the converter output
signal
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5.1.2 Triangular signal with 50 % duty cycle

Figure 5-3 shows the frequency spectrum of a uniform triangular signal and converter output
signal. It can be observed that the triangular signal contains different frequencies and their
magnitudes are significant till 1000 Hz. The effect of the switching frequency in the converter
output signal can be observed as spikes at 1400 Hz, 2800 Hz, etc. Hence the cut-off frequency
for a uniform triangular signal can be chosen between 800-1000 Hz (16-20feg).
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Figure 5-3: Triangular signal with 50 % duty cycle (a) converter output signal (b) frequency spectrum
of the reference signal (c) frequency spectrum of the converter output signal
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5.1.3 Triangular signal with 10 % duty cycle

The frequency spectrum of the asymmetric triangular signal has a larger frequency spectrum,
spread up to 1700 Hz. Hence the cut-off frequency should be increased to 1500-1700 Hz (30freq
— 34freq) Which is higher compared to the uniform triangular signal. Larger cut-off frequency
might not filter the low switching harmonic present in the falling edge of the triangular signal.
In the frequency transform, the magnitude of 1300 Hz -1600 Hz harmonics are higher compared
to the original signal. Hence the filter design is problematic for signals with two different slopes.
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Figure 5-4: Triangular signal with 10 % duty cycle (a) converter output signal (b) frequency spectrum
of the reference signal (c) frequency spectrum of the converter output signal
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5.1.4 Trapezoidal signal with 0.001 s rise time

For the trapezoidal signal, the analysis is similar to the uniform triangular signal. The cut-off
frequency can be chosen around 1000 Hz -1500 Hz (20freq-30 freq) Which can be understood
from figure 5-5.
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Figure 5-5 Trapezoidal signal with 0.001s rise time (a) converter output signal (b) frequency spectrum
of the reference signal (c) frequency spectrum of the converter output signal
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5.1.5 Switching impulse

For the switching impulse, the analysis is similar to the asymmetric triangular signal since it
has two different slopes for rising and falling. But, the frequency spectrum of the switching
impulse is wider than the asymmetric triangular signal. Hence the cut-off frequency should have
a higher value such as 5000 Hz or more. Larger cut-off frequency will allow higher frequencies
which are important for the initial voltage rise.

Switching impulse is a non-periodic signal and frequency spectrum of the signal is drawn
assuming the signal is periodic after 0.01 s. Also, it should be noted that the magnitude of the
frequency spectrum is shown with respect to the DC component of the signal in figure 5-6.
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Figure 5-6: Switching impulse (a) converter output signal (b) frequency spectrum of the reference
signal (c) frequency spectrum of the converter output signal
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From this analysis, it can be concluded that the frequency spectrum analysis is very specific to
the generated converter output signal. Hence any variation in the converter output signal
(modulation index, duty ration, rise time, etc.), this analysis should be repeated, and filter
parameters should be designed accordingly.

5.2 Filter topology and filter parameter design

Low pass filter design is very common with the increase in the use of power electronic
converters getting installed in the field. Possible topologies of the low pass filter implemented
for a DC-DC converter are shown in figure 5-7. Use of resistor in the filter is not a most efficient
choice for power transfer application since the filter resistance is a lossy component. Hence the
use of other components i.e. inductor and capacitor need to be explored. But these components
can introduce resonance phenomenon in the system making it unstable. Hence figure 5-7
contains LC topologies with different damper circuits. Criteria for comparing their performance
is time domain response, frequency domain response of the output signal, and power loss
through the damper circuit. Frequency domain analysis is done by deriving a mathematical
expression of the transfer function. Filter parameters are optimized depending upon the time
domain response of the filter. The detailed mathematical analysis is conducted in [35].

1 A-T
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—-—:IT
1 I

* * e

(c) LC + series R damper (d) LC + parallel R damper

I3 -

(e) LC + parallel RC damper (f) 2 stages LC

£ 1 J S
(9) 2 stages LC + parallel RC damper after (h) 2 stages of LC + parallel RC damper

1% stage after 2" stage
Figure 5-7: Low pass filter topologies for DC-DC converter
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For 2-level converters, LCL filter implemented with a damper circuit [36] is a conventional
choice. This topology is suitable for the inductive load and must be implemented carefully to
avoid unnecessary resonance phenomenon which might affect the stability of the system.

.Ir.] .Iir.':- L| L‘_Tl
I{. l C ﬂ
O ——Ra Shumt {50
RZ S T 33 e
(@) LCL + series R damper (b) LCL + shunt RLC damper

Figure 5-8: Low pass filter topologies for grid connected 2-level converter

For the MMC based HV test source, main objective is not to transfer power, but it is to apply
arbitrary high voltage wave shapes across test objects. Hence the simplest topology of RC
circuit (figure 5-7 (a)) is examined first.

5.2.1 Investigation of RC filter topology

Figure 5-9 shows the schematic of the RC filter with the converter output shown as a variable
voltage source. Generally, the filter response is studied in frequency domain. Here, the time
domain analysis is chosen since the quality of the filtered signal needs to be measured in terms
of peaks and slope of the signal.

Figure 5-9: Schematic of RC filter

In time domain analysis, the filter response can be determined by convoluting the converter
output signal (filter input) and transfer function of the filter. It is shown in the expression:

v, = conv(vg, h) (5.1)

The transfer function of RC filter (h) is shown in equation 5.2

-1 (5.2)

h RO u(t)

Ry Cy

1
2mRygCy
filter with f, = 100 Hz is designed with R = 1.6 kf2 and C; = 1 uF. Figure 5-10 shows the
converter output signal, transfer function and the filter output signal

The cut-off frequency of the RC filter is given by f, = . For 50 Hz sinusoidal signal, a
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Figure 5-10: 50 Hz sinusoidal (a) Converter output signal with N=16 and m=0.9 (b) Transfer
function (c) Filtered signal

For switching impulse, the cut-off frequency has higher magnitude, f. = 5000 Hz. The RC
filter can be realized for the given cut-off frequency with R, = 20 2 and C; = 1 uF. Figure 5-
11 shows that the switching harmonics from the initial rise are removed, but the switching
harmonics from the falling slope cannot be removed without affecting the initial rise. For high
voltage testing, the initial slope plays the significant role in determining the dielectric strength

of the insulation. Hence the lower switching harmonics in the falling slope are not considered
a problem assuming the problem will be vanished with higher submodules for higher voltage
level.
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Figure 5-11: 50 Hz sinusoidal (a) Converter output signal with N=16 and m,=0.9 (b) Transfer
function (c) Filtered signal

From the above two implementations, it can be concluded that the RC filter can be used to
obtain smooth output signals. The next challenge in the filter design is the realization of filter
components for such a vast range of wave shapes. Since the filter is designed for various signals,
extreme cases are analyzed.

Table 5-1: Cut-off frequency for extreme

Cut-off frequency Cs Ry
0.1 Hz Sinusoidal (2freq) 0.2 Hz 1 uF 796 kQ
Switching impulse 5 kHz 0.1 uF 318 Q
1000 Hz asymmetric triangular 30 kHz 0.1 uF 53Q
signal (30freq— 34freq)

From the table 5-1, it can be deduced that the slow signal requires very high resistance value.
This value can be reduced by increasing the cut-off frequency till 1 Hz for 0.1 Hz sinusoidal.
Second challenge is how these components affect the converter operation.

5.3 Effect of filter on converter operation

From the mathematical model, it can be understood that the effect of filter will be seen only on
the output current response and not on the circulating current. The series resistance Reiiter Will
get added in the output current circuit, as shown in figure 5-12. Addition of an extra resistance
in the circuit will reduce current’s peak in the circuit and giving a faster output current response.

Ln.fz Rn-"’lz Rf

load

Figure 5-12: Output current response with filter implemented
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Since the load conditions are changed, it is important to find optimal values of converter
parameters for the given load conditions. Expression 4.33 determines the submodule
capacitance value for the given load conditions. With the filter capacitance of 1 pF, the
submodule capacitance value is recalculated to keep the voltage ripple within the bound. The
value is calculated as follows:

16+1> 16 +2 800

X x 1.5107°
2 2 2% 16 X C, > 10

5= [Z.round(

) %
Aviy =10% of <4 =57

Cl,oad = Cf + Cload = 1-05 ‘LLF

C, = 131.25 uF
The arm resistance value will change, and it can be calculated as it is done in chapter 4.

R, =390 0

The arm resistance also plays a role in the filtering. The arm resistance gets added up in the
filter resistance and changes the cut-off frequency. In case of 1000 Hz asymmetric triangular
R, = 390 will change the cut-off frequency from 30 kHz to lesser value as 5 kHz. In such a
case, the lesser value of the filter capacitance should be chosen.

5.4 Filter output signal

5.4.1 50 Hz sinusoidal signal (Rf= 1.6 kQ and Criier = 1 pF)

Figure 5-13 shows the filter output result for 50 Hz sinusoidal signal. The quality of the filtered
signal is verified with the THD value. While calculating this THD, the last two cycles of
sinusoidal signal (0.02 s-0.06 s) is chosen. It is found that the THD value is reduced to 0.77 %
(filtered signal) from 5.18 % (converter output signal). Since a resistance is added in series, a
small drop in voltage magnitude is observed from 335 V to 310 V (7.5 %). The voltage drop is
present because of the high filter resistance.
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Figure 5-13: Filter output for 50 Hz sinusoidal
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It is important to monitor the energy getting lost in the filter resistors. Hence the power absorbed
by three resistors are shown in figure 5-14 and the energy lost values are as follows:

Energy loss through the upper arm resistance (400 Q) =0.03 J
Energy loss through the lower arm resistance (400 Q) =0.03 J
Energy loss through the upper arm resistance (1.6 k) =0.1J
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Figure 5-14: Power dissipation — 50 Hz sinusoidal signal

5.4.2 0.1 Hz triangular signal with 50 % duty cycle (Rf= 318 kQ and Cr =1 pF)

Figure 5-15 shows the filter output for symmetric triangular signal with 0.1 Hz frequency. The
peak magnitude of reference signal is 360 V and that of filtered signal is 330 V. The percentage
error in the voltage magnitude is 8.3 %. The reason behind this voltage drop is the filter
resistance again. Though the higher value of the filter resistance reduces the peak output current,
it introduces the error in the voltage magnitude thereby reducing the efficiency of the test source
with respect to the peak voltage. The slope of reference signal is 144 V/s and the slope of the
filtered signal is 140.3 V/s. The percentage error in the slope is 2.6 %.
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Figure 5-15: Filter output for 0.1 Hz symmetric triangular signal
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The power dissipated in the converter to generate the given signal is shown in figure 5-16 and
the energy lost for three cycles of the triangular signal is shown below. It should be observed
that the larger value of filter resistance reduces energy consumption drastically.

Energy loss through the upper arm resistance (400 ) =0.35 mJ
Energy loss through the lower arm resistance (400 Q) =0.28 mJ
Energy loss through the upper arm resistance (318 kQ2) =0.25 mJ
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Figure 5-16: Power dissipation — 0.1 Hz symmetric triangular signal

5.4.3 1000 Hz triangular signal with 10 % duty cycle (Rfr= 530 Q and Ct = 10 nF)

This is one of the extreme cases for the filter implementation. The values calculated in table 5-
1 has the filter resistance less than the arm resistance. Hence the value of filter capacitance is
reduced to nF and the filter resistance is calculated for the reduced filter capacitance. The peak
magnitude of the reference signal is 335 V and that of the filtered signal is 300 V. The
percentage error in the voltage magnitude is 10.44 %. Apart from the filter resistance, one more
reason for the voltage drop is that the load capacitance could not charge fully when the next
submodule switching occurs. This drop is added leading to higher percentage error in the
voltage magnitude.

The slope of the reference signal is 4.3 MV/s and the slope of the filtered signal is 3 MV/s. The
percentage error in the slope is 30.23 %. In high voltage testing to generate a fast signal with
the desired slope, it is common to use the reference slope higher than the desired one. Hence
the obtained output voltage signal will not have high percentage error in the slope. Also, a
significant delay in the output signal is seen. The reason behind this is the sampling frequency
of the sorting algorithm implemented. The sample frequency used here is in kHz frequency
range which is comparable to the fundamental frequency in this case.
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Figure 5-17: Filter output for 1000 Hz asymmetric triangular signal

The power dissipated in the converter to generate the given signal is shown in figure 5-18 and

the energy lost for three cycles of the triangular signal is shown below:

Energy loss through the upper arm resistance (400 Q) =2.9 mJ
Energy loss through the lower arm resistance (400 Q) =2.9 mJ
Energy loss through the upper arm resistance (530 Q) =11.6 mJ
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Figure 5-18: Power dissipation — 1000 Hz non-symmetric signal

5.4.4 Trapezoidal signal with 0.001s rise time — 50 Hz (Rr= 160 Q and Cs =1 pF)

In figure 5-19, the filtered output signal is shown with the reference signal. The magnitude of
the reference signal is 360 V and that of the filtered signal is 345 V. The percentage error in the
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voltage magnitude is 4.1028%. The slope of the reference signal is 0.36 MV/s and slope of the
filtered signal is 0.24 MV/s. The percentage error in the slope is 31 %. The similar trick of the
use of reference signal with a higher slope can be used here too.
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Figure 5-19: Filter output for 50 Hz trapezoidal signal

The power dissipation happening in the arm resistances and the filter resistance is shown in
figure 5-20 and the energy lost for one cycle of the trapezoidal signal is shown below:

Energy loss through the upper arm resistance (400 Q) = 0.0384 J
Energy loss through the lower arm resistance (400 Q) =0.0396 J
Energy loss through the upper arm resistance (160 Q) = 0.1506 J
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Figure 5-20: Power dissipation — 50 Hz trapezoidal signal
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5.45 Switching impulse (Rfiiter =200  and Criteer = 0.1 pF)

Figure 5-21 shows the switching impulse generated from the converter and filter setup. IEC
60061 standardized the switching impulse with following tolerances. These parameters are
calculated for the filtered output signal as per standard and it can be observed that the generated
signal is well within the standard.

Table 5-2: Comparison between Standard and obtained switching impulse

Tolerance for standard

Obtained switching impulse

switching impulse

Voltage magnitude 3% 2.58 %
Time to peak 20 % 12.28 %
Time to half value 60 % 26.53 %
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Figure 5-21: (a) Filter output (b) Tolerance calculation for standard Sl (c) Tolerance calculation for

The power dissipation in both arm resistances and filter resistance is shown in figure. Energy

obtained SlI

lost in them is also calculated by integrating these waveforms:
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Energy loss through the upper arm resistance (400 Q) = 0.0021 J
Energy loss through the lower arm resistance (400 Q) = 0.0021 J
Energy loss through the upper arm resistance (200 Q) = 0.0085 J
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Figure 5-22: Power dissipation — switching impulse signal
5.5 Summary

A simple RC low filter topology is chosen to remove the unwanted harmonics from the
converter output signal with 16 submodules. For the small-scale prototype, this topology is an
acceptable choice with respect to the power loss in the system. The percentage error in the peak
voltage depends upon the type of signal (filter resistance, fundamental frequency, switching
frequency etc.). For arbitrary wave shapes from 0.1 Hz to 1000 Hz frequency, the filter
parameters are chosen as per cut-off frequency requirement. The filter resistance ranges from
100 Q and 800 k€ with three different filter capacitances (0.01 pF or 0.1 pF or 1 pF).

When the small-scale prototype is extended to higher voltage level, number of submodules will
increase. The voltage step with high number of submodules reduces, making the generated
output voltage resemble to the desired signal. The remaining small voltage step will be removed
by the arm inductance and resistance. Hence filter design will not be necessary at higher voltage
level.
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6. PROTECTION SYSTEM AND DC SIDE SOURCE
REQUIREMENT

This chapter discusses the fault characteristics of the MMC-based test source and how to
protect the system when a fault occurs. Next, an alternative DC source arrangement is proposed
instead of ideal DC sources for higher voltage levels, and its requirements are briefly discussed.

6.1 Protection system design

This section discusses types of faults that can occur in the test setup, their characteristics and
how to protect the system from all these faults. Generally, there are four types of fault
experienced by MMC used for power applications and those are mentioned below [8]:

e AC network faults at point of common coupling
e AC faults inside the converter station
e DC faults, e.g. pole-to-pole or pole-to-ground faults;

e Converter internal faults, e.g. submodule faults, modulation and control faults, phase-
reactor fault

For the HV test source, the two types of AC side faults are not relevant since it is not a grid
connected system. The following types of faults are considered for a single phase MMC-based
test source and they are shown in figure 6-1:

e Breakdown of the test object
e Converter internal faults
e DC source fault

Ve

Q”
,

Figure 6-1: Different types of faults in MMC based HV test source
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Often HV tests are destructive. It means that the test object breaks down when the HV test
signal is applied. It is important that the protection system detects this breakdown and switches
off the supply instantly. The converter response to this type fault is discussed in the next
subsection. Converter internal faults include submodule semiconductor failure, submodule
capacitor failure, arm inductance and resistance failure, and control signals and communication
system failures. Since practical implementation of the semiconductor devices and control
system is not discussed in this thesis, failures in semiconductor devices, control signals and
communication system are not analyzed in the next sub section. Since HV test source is a load
connected system, a DC fault can occur only if the DC source is short circuited.

6.1.1 Breakdown of the test object

When the test object breaks down, the equivalent circuit of the test source will reduce to arm
inductance, arm resistance and filter resistance. Figure 6-2 shows the equivalent circuit. Since
the test object is modeled as a pure capacitance, it can be observed that the filter capacitance is
short circuited. In real test object, small resistance and inductance will be present and filter
capacitance will not get shorted. In simulation results, a small fault resistance (Ry4u.) iS
programmed while implementing the fault.

— ANy MM

‘ i 1
Cf__ g Rfﬂu!r

Figure 6-2: Equivalent circuit when there is breakdown in test object

When the test object breaks down, a large current (v,/Rsq..) Will flow through the broken test
object. This current will discharge the filter capacitance very fast (time constant = Ry, C;). The
converter will operate as if there is only resistive load (r,). Highest value of the fault current
drawn from the converter will be when v, is maximum and Ry is minimum. From the test cases
in the 5™ chapter, the 50 Hz trapezoidal with 0.001 s rise time had the smallest R; as 160 Q.
For 400 V prototype, the fault current magnitude is calculated in equation 6.2:

v, 400 V (6.1)

s@fault = R, PR, 200 + 160 12
2
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Is@fault = 0552 A (6-2)
> .

From equation 4.33 and 4.34, the peak of upper arm current or lower arm current can be
calculated as 0.24 A. The fault current drawn from the converter is comparable to the steady
state current magnitude since the system resistance is high. It can be observed in the simulation
results shown in figure 6-3. The red arrow in the figure indicates when the fault occurs.

Iu@fault =

For other wave shapes, the fault current magnitudes will be even lower since the filter resistance
is higher. A more realistic case for the fault current calculation is with the converter at high
voltage and without the filter resistance. In this situation, the fault current drawn from the
converter will be in kA. Hence a similar fault current analysis should be conducted for the high
voltage prototype. But, preliminary analysis with 400 V simulation model suggests that the
slope (dv/dt) of the test signal can be monitored to operate the protection.
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200 -Ir' | ‘,I- | . . M 1
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|I | ] At Upper arm cument
400 | { I S . Y Lowar arm cument
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Offset=0 Time [s] Offset=0 Time [s]
(a) (b)

Figure 6-3: TO failure (a) Converter output signal (b) Current signals

6.1.2 Converter internal fault

Failures in converter components i.e. submodule capacitance, arm inductance, and arm

resistance are discussed. The impact of these failures on the converter operation is investigated
below:

e Submodule capacitance failure: The breakdown of SL1 capacitor is simulated in the
Simulink model. The effect of the submodule capacitor failure is visible as voltage drop in
the output signal. This phenomenon can be compared to the submodule bypassing and it

will be reflected in arm currents and output current as pointed out in figure 6-4 (b) with a
red arrow.

e Arm inductance failure: Figure 6-5 shows the effect of upper arm inductance failure on
the converter operation. The effect of arm inductance failure is visible only if there is
switching of submodules. Upper arm currents are falling instantly which will destroy the
semiconductor device since they are not designed for this high value of di/dt. It introduces
circulating current spikes abnormally in the system as shown in figure 6-5 (d).
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Arm resistance failure: Arm resistance failure will create the unbalance between upper
and lower arm current which is evident in figure 6-6 (b). Large upper arm current will reduce
the capacitor voltage which is responsible for the small dip in the output voltage signal.

From the above analysis, it can be understood that these failures do not increase the arm currents
very much. Hence the current magnitude cannot be used for operating protection. In case of
arm inductance failure, protection can be designed based on the di/dt threshold on the input
current. For submodule capacitance and arm resistance failure detection, submodule capacitor
voltages need to be monitored since both these failures introduce a large variation in the

submodule capacitor voltage.
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Figure 6-4: Submodule capacitor failure (a) Converter output signal (b) Current signals (c)
Submodule capacitor voltage
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Figure 6-6: Arm resistance failure (a) Converter output signal (b) Current signals (c) Submodule
capacitor voltage

6.1.3 DC source fault

When a DC side fault occurs, the input source of the converter is short circuited. Since the
connected load is passive, the load side of the converter will not contribute in the fault current.
But, the submodule capacitances will discharge and add to the fault current. The DC side short

circuit is simulated in the Simulink model by substituting the zero DC source voltage. The arm
current behavior is shown in figure 6-7.
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Figure 6-7: DC side short circuit () Arm current and output current (b) Capacitor voltage

In the case of the DC side short, the peak arm current becomes 5 times higher than the steady
state peak value of arm current at the start. The magnitude of the arm current decreases since
the stored energy in the submodule capacitances decreases. The DC source will have a self-

protection for such a condition, but the drop-in capacitor voltage can detect the DC side short
circuit.
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6.1.4 Summary of the protection system

From the above discussion, it is important to monitor the following converter quantities to
prevent the damage from any fault:

e dv/dt of the output voltage - Test object breakdown

e di/dt of the input current = Arm inductance fault

e Submodule capacitor voltages - Arm resistance and submodule capacitance fault

If any of these quantities exceed from the safety threshold, the input supply to the converter
should be stopped by a controlled switch. For high voltage testing application, identifying the
test object breakdown is most important since it is the most frequent phenomenon. The
operation of the controlled switch is designed for only periodic signal which are generated
continuously for many hours. For switching impulse, it will not be possible to operate the
controlled switch because of the short duration of the impulse. Even the classical impulse
generator is protected only if the current drawn from the AC source is above the threshold by
cutting off the input AC supply.

The threshold value of di/dt (input current) and the submodule capacitor voltage is fixed since
the converter component are designed for 20 kA/s of di/dt and 50+5 V of capacitor voltage
ripple. The threshold value of dv/dt (output voltage) will depend upon the amplitude and
frequency of the signal. When a signal with 400 V magnitude and 1000 Hz frequency is
generated, signal dv/dt is 400 kV/s which can be used as threshold value. Hence the threshold
value of dv/dt should be set differently according to the magnitude and frequency. Figure 6-8
shows the overview of the protection system.

A
DC Protection |
Source system

e =

di/dt

Figure 6-8: Overview of the protection system
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6.2 DC side source requirement

The DC side source is assumed to be an ideal DC one till now. At higher voltage level, ideal
DC source is not the most suitable option. Hence, a diode rectifier and DC link capacitance
setup is proposed for lab testing, as shown in figure 6-9. It is important to study the behavior of
the converter with DC link capacitances to understand what magnitude of capacitances to be
used.

——Cdc

3 Phase AC N
supply

—Cdc

Figure 6-9: DC source realization

The DC link capacitances maintain the submodule capacitance voltage and provide/absorb the
output current. Though the magnitude of power transfer is small, its direction depends upon the
output current direction. When the load capacitance is charging up (positive slope of the output
voltage), the positive output current needs to be provided by the DC link capacitance and power
transfer occurs from the converter to load. When the load capacitance is getting discharged
(negative slope of the output voltage), the output current direction is negative, and the power
transfer occurs from the load to the converter. Table 6-1 summarizes the above description and
figure 6-10 shows the current direction (blue) and power transfer direction (red).

Table 6-1: Direction of power transfer

Magnitude of output | Slope of the output | Output current Power transfer
voltage voltage direction direction
Positive Positive Positive Converter to load
Positive Negative Negative Load to Converter
Negative Negative Negative Load to Converter
Negative Positive Positive Converter to load
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Figure 6-10: Power transfer direction and output current direction

The effect of DC link capacitance is studied by substituting the ideal DC source with 0.01 F
DC link capacitance at 400 V. Simulation results of 50 Hz sinusoidal signal are shown in figure
6-11. As expected, the charging and discharging of the DC link capacitor depends upon the
output current direction. At the end of 1% cycle of 50 Hz sinusoidal, the DC link capacitance
experiences a voltage drop of 0.0025 %. This voltage drop continues linearly for more cycles
as shown in figure 6.11 and its slope depends upon the system resistance. If the system
resistance (arm resistance + filter resistance) is higher, the rate of change of the voltage is fast.
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Figure 6-11: DC side capacitance voltage variation for 1 cycle
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Figure 6-12: DC side capacitance voltage variation for 10 s duration

The 0.0025 % drop in the capacitor voltage suggests that the diode rectifier setup will not have
large power requirement. Hence the droplet charging concept can be used. Though figure 6-11
shows a significant drop after 10 s, it is because of large filter resistance value for sinusoidal
(1.5 kQ). This voltage drop depends upon the system parameter and should be studied in detail
to optimize the DC source requirement. The DC source is a major problem to tackle in
realization of this test source, especially for developing a mobile test source.

6.3 Summary

The protection is designed for the test source from TO breakdown, internal faults, and DC
source fault. The protection operates when the threshold is crossed by di/dt of the input current,
dv/dt of the output voltage, and submodule capacitor voltages. Ideal DC sources are replaced

with DC link capacitances to study the feasibility of diode rectifier setup. The brief discussion
needs further investigations.
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7. CONCLUSIONS AND RECOMMENDATIONS

This is the last chapter of this thesis report. It concludes the work of this master’s thesis with
recommendations for future work with a PhD proposal to DNV GL.

7.1 Conclusions

The main objective of this master’s thesis is successfully achieved by proving the feasibility of
a MMC-based high voltage test source for arbitrary wave shape generation, using the
mathematical modeling and simulation results.

The control methodology and converter parameter design of existing MMC applications are
adapted for high voltage testing application. A low pass filter is designed to obtain a smooth
output signal with 16 submodules (small-scale prototype). The study of the new type of test
source is completed by having a brief discussion regarding its protection system and DC side
source requirement. The following conclusions can be drawn from this master’s thesis work:

e The mathematical model and simulation results developed in this master’s thesis
demonstrate that the MMC can be used for generating arbitrary wave shapes with
different magnitude and frequency at 400 V.

o The simulation results demonstrate the open loop control of the MMC
o Thearm resistance can give an additional degree of freedom to obtain the desired
system response.

e The preliminary analysis using literature (for the control methodology) and
mathematical model (for the converter parameters) proves the scalability of the test
source to higher voltage levels.

e For higher voltage levels, the number of submodules increases which eliminates the
need of filter. An increased number of submodules will reduce the voltage step
generated and the output voltage more resembled the desired signal. The remaining
smaller voltage step can be removed by the arm inductance and arm resistance.

e The MMC-based test source can provide high flexibility in generating complex signals
such as superimposed signals, bipolar impulses etc. It can eliminate the need for tedious
design of a test setup for the superposition of two voltage sources.

e With the careful design of the DC source, it is possible to develop this MMC-based test
source as a mobile test generator for onsite testing with the capability of arbitrary wave

shape generation.

e It opens an entire new high voltage research area and can be revolutionary for the high
voltage testing domain.
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7.2 Recommendations

The following recommendations are made for further improvements:

This master’s thesis demonstrates the steady state behavior of the converter. A safe start
up and shut down procedure should be prepared. Startup procedure will include
charging submodule capacitances to an average value. Standard procedures adapted
from existing MMC applications can be used directly for this application.

The entire converter analysis is based on ideal semiconductor devices. Though the
switching and conducting losses in these semiconductor devices will not be significant
in this application unlike power application, it is important to consider the turning-on
and turning-off time of these devices. It might impose a limitation on the maximum
frequency to be generated from the converter. Hence, the mathematical model and
simulation results should be validated on a small-scale prototype with real
semiconductor devices.

For scaling up to higher voltage, preliminary analysis indicates that losses in the arm
resistance will become significant. Hence it might require a special design for the higher
voltage level.

For a mobile test source, a detailed study on the DC source design needs to be conducted
so that the entire test system can fit on a truck.

This master thesis shows the potential of an MMC-based HV source for testing
components and subsystems in an electronic rich future power system. As this development
opens an entire new research area a PhD is proposed to DNVGL to further develop an EHV
test source. It will include

o Business case
o Specification of the requirements (voltage, bandwidth, mobility, accuracy etc.)
o Design of the test source

o Building a first prototype

The performance of this new HV test source will be compared with the existing test sources by
conducting dielectric tests across different HV test objects. Also, the PhD will cover the new
possibilities for testing and how to develop the DNVGL laboratory facilities to be fit for the
power electronic dominated grid of the future
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Appendix A: MATLAB-Simulink implementation

A 1 -PSC Implementation

As explained in chapter 3.2, gate pulses are generated by comparing reference signal with
carrier signal and its Simulink implementation is shown in figure A 1.1. Carrier signals can be
generated manually by feeding the phase shifts in the triangular signal Simulink block as shown
in figure A 1.2,

Vref
; S » double

zate pulses

W ual

uA_1

VW ; 2 p{double b————
Gate pulses

ua_z A2

Mﬂ ; 2 p|double b——————
Gate pulses

UA_3 UA3

Figure A 1.1: PSC implementation in Simulink

Block Parameters: UA_3
Repeating table (mask) (link)

Output a repeating sequence of numbers specified in a
table of time-value pairs. Values of time should be
moneotonically increasing.

Parameters

Time values:

|[0 Ts/12 Ts/124Ts/2 Ts] IE

Output values:
[-2/3-11-2/3] IE

Figure A 1.2: Simulink implementation of triangular carrier signal

It is possible to avoid generating manually so many triangular signals using a in-built Simulink
block of PSC generation for multilevel converter. The main limitation faced in this block
representation was that the block generates gate pulses for upper arm and lower arm without
any phase shift. Simulink does not allow to have two PSC blocks with different phase difference
in the carrier signal. To generate 2N+1 PSC for even numbers and N+1 PSC for odd numbers,
it was necessary to introduce phase shift between upper arm and lower arm. Hence the manual
approach was followed, but figure shows the Simulink block for gate pulses generation.
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Block Parameters: PWM Generator (Multilevel) >
PWM Generator (Multilevel) (mask) (link)

Generate pulses for PWM-controlled modular multilevel
converter.

For half-bridge converter, carriers are phase-shifted by 360

?atzﬂpulses degrees/number of bridges. For full-bridge converter,
—Di. dules | CAMTiers are phase-shifted by 180 degrees/number of
Vref SHDIHOGWES 1 pridges.
i1 ar arm
———— | Uraf Pl—»
Parameters
PWM Generator Brid :
(Multilevel) idge type
© Half-bridge O Full-bridge

Mumber of bridges: |1IZII | :

Carriers frequency (Hz): |F5 | :

Sample time (s): |D | :

] Show carriers outport

Figure A 1.3: In-built Simulink block for PSC implementation

A 2 — NLC Implementation without sorting

Equation 3.1 and 3.2 can be converted into a Simulink block implementation as shown in figure
A21.
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Figure A 2.1: NLC implementation without sorting in Simulink
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Gate pulses can be generated from insertion indices by implementing following MATLAB
code.

function y = fcn(ul, u2)

%$ul = No of submodules to be inserted
$u2 = Total number of submodules in MMC
i=0;

pwm=zeros (uz2) ;
for i=1:u2
if i<=ul
pwm (1) =1;
else
pwm(i)=0;
end
end
y=[pwm(1l) pwm(2) pwm(3) pwm(4) pwm(5) pwm(6) pwm(7) pwm(8) pwm(9) pwm(10)
pwm(ll) pwm(1l2) pwm(13) pwm(1l4) pwm(1l5) pwm(16)];

A 3 — NLC implementation with sorting algorithm

As discussed in chapter 3.7, a novel sorting algorithm which does not use any feedback from
the converter is implemented as shown in figure A 3.1. To implement a sorting algorithm, it is
important that the insertion indices are sampled so that the switching frequency can be kept
independent to the simulation time step.

Vref O
R
I m

: " ) —
1/2vdc M MNo_LiA Rate Transition1 #

w3 focn

Vo \ o | Sorting_Algorithm_UA

Gate pulses

Constant Constant2
[
e > !
_ m [
Repeating Rate Transition2
Sequence

Stair

Figure A 3.1: NLC implementation with sorting algorithm in Simulink

The MATLAB code for the sorting algorithm is shown below:

function y = fcn(ul, u2, u3)

%$ul = No of submodules to be inserted

$u2 = Total number of submodules in MMC

$u3 = number of row input

i=0;

A= [122345%6 7891011 12 13 14 15 16;
161 23456 789 10 11 12 13 14 15;

151612 345678 910 11 12 13 14;
14 1516 1 2 3 456 78 9 10 11 12 13;
13 14 1516 1 2 3 456 78 910 11 12;
12 13 14 1516 1 2 3 45 6 7 8 9 10 11;
11 12 13 14 15161 2 3 45 6 7 8 9 10;
10 11 12 13 14 1516 1 2 3 45 6 7 8 9;
9 10 11 12 13 14 1516 1 2 3 45 6 7 8

’
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10 11 12 13 14 15 16 1 2 3
10 11 12 13 14 15 16 1 2
10 11 12 13 14 15 16 1
9 10 11 12 13 14 15 16
8 9 10 11 12 13 14 15 16

78 9 10 11 12 13 14 15 16
6 78 9 10 11 12 13 14 15 1

PN W
PN W O

6
5
4
3
2
1
6

N W 01 oy J 0
w s 01 oy 3 0 O
S 01 oy 1 00 O
U1 oy 4 O WO

pwm=zeros (uz2) ;
row = u3;

for i=1:u2

if i<=ul

pwm (A (row, 1i))=1;
else

pwm (A (row,1i))=0;
end

end
y=[pwm(l) pwm(2) pwm(3) pwm(4) pwm(5) pwm(6) pwm(7) pwm(8) pwm(9) pwm(1l0)
pwm(ll) pwm(l2) pwm(1l3) pwm(l4) pwm(l5) pwm(l6)];

A 4 — Switches Implementation

The performance of modulation techniques is studied by implementing the converter topology
in Simulink. The schematic is shown in figure A 4.1 and the submodule implementation is
shown in figure A 4.2. The schematic is shown for N=3 and the model is easily extended for
more number of submodules by adding submodules on top of each other.

Simulation settings include continuous solver since behavior of the converter is studied using
this model. Within continuous solver, ode45 gives most stable and accurate solution.
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Figure A 4.1: Schematic of MMC for high voltage testing application
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Appendix B: Summary of mathematical modeling
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Figure B 1: Sequence of operation for case 2 (Negative level change for positive magnitude)
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Figure B 2: Sequence of operation for case 3 (Negative level change for negative magnitude)
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