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Sammanfattning

Utvecklingen mot att utvinna alltmer elektrisk energi fran férnybara kéllor kraver
mer effektiva elektriska transmissionssystem. Det behovs ocksa ett starkare nét,
med hogre styrbarhet och hogre kapacitet, som kan hantera effektfluktuationer pga
obalans mellan generering och last. Hogspénd likstromsoverforing (HVDC) erbjuder
energieffektiv och kostnadseffektiv effektoverféring pa langa avstand. Pa grund av
sina 6verldgsna egenskaper har moduldra multiniva-omvandlare (MMC) accepterats
som den radande tekniken for HVDC med spanningsstyva effektomvandlare (VSC).

For att kunna studera framtida MMC-baserade HVDC-nét &r lampliga simu-
leringsmodeller nédviandiga. Huvudmaélet med denna avhandling ar att ta fram
kompakta simuleringsmodeller for MMC. Dessa kompakta modeller ska kunna ef-
terlikna responsen fér en MMC i alla relevanta fall, och ska kunna anvidndas som
berdkningseffektiva byggblock vid simulering av HVDC-nét. Denna avhandling pre-
senterar tva ekvivalenta simuleringsmodeller for MMC, den kontinuerliga modellen
(CM) och den detaljerade ekvivalenta modellen (DEM). I jamforelse med CM kan
DEM ocksa representera egenskaper av enstaka submoduler i en MMC. Modeller-
na valideras genom inboérdes jamforelse och jamforelse med experimentella resultat
fran en MMC prototyp. Den mest betydelsefulla egenskapen hos modellerna &r re-
presentationen av blockeringsfunktionen for MMC:n, vilket presenterades for forsta
gangen for simuleringsmodeller genom detta arbete. Denna funktion dr mycket vé-
sentlig for att beskriva transienta egenskaper hos MMC:n vid uppstart och felfall.
Avhandlingen underséker &ven MMC:ns egenskaper med redundanta submoduler i
omvandlar-armarna. Tva olika styrmetoder anvinds och jamfors.

De framtagna MMC-modellerna anvéinds for att utveckla punkt-till-punkt- och
multiterminal- HVDC (MTDC). En kompakt modell f6r en hybdrid-HVDC-brytare
tas ocksa fram och anvinds i MTDC-systemet. Darigenom kan ett MMC-baserat
MTDC-system med hybrid-HVDC-brytare beskrivas noggrant. Analysen av fel pa
likstromssidan av MTDC-systemet fastslar att snabba HVDC-brytare dr noédvéan-
diga for att isolera den felbehéftade delen av nétet utan att stoppa effektflodet i
resten av systemet.

Ett generiskt fyrterminal-HVDC-system med CM-modellen utvecklas ocksa. Det
simulerade systemet kan tjdna som ett standard-testsystem for elektromagnetiskt
transienta (EMT) studier vid anvindning av den begrinsade versionen av den kom-
mersiellt tillgdngliga EMT-programvaran. De dynamiska egenskaperna av HVDC-
natet studeras ocksa for olika felfall.






Abstract

The drive towards getting more and more electrical energy from renew-
able sources, requires more efficient electric transmission systems. A stronger
grid, with more controllability and higher capacity, that can handle power
fluctuations due to a mismatch between generation and load is also needed.
High-voltage dc (HVDC) provides efficient and economical power transmission
over very long distances, and will be a key player in shaping-up the future
electric grid. Due to its outstanding features, the modular multilevel con-
verter (MMC) has already been widely accepted as a key converter topology
in voltage-source converter (VSC)-based HVDC transmission systems.

In order to study the feasibility of future MMC-based HVDC grids, ad-
equate simulation models are necessary. The main objective of the thesis
is to propose MMC reduced-order simulation models capable of accurately
replicating the response of an MMC during all relevant operating conditions.
Such models are the basic building blocks in developing efficient simulation
models for HVDC grids. This thesis presents two MMC equivalent simula-
tion models, the continuous model (CM) and the detailed equivalent model
(DEM). Compared to the CM, the DEM is also capable of demonstrating
the individual sumodule behavior of an MMC. These models are validated by
comparing with the detailed MMC model as well as with experimental results
obtained from an MMC prototype in the laboratory. The most significant
feature of the models is the representation of the blocking capability of the
MMC, presented for the first time in the literature for an MMC equivalent
simulation model. This feature is very important in replicating the accurate
transient behavior of an MMC during energization and fault conditions. This
thesis also investigates the performance of the MMC with redundant submod-
ules in the arms. Two different control strategies are used and compared for
integrating redundant submodules.

The proposed MMC models are used in developing point-to-point and mul-
titerminal HVDC (MTDC) systems. A reduced-order model of a hybrid
HVDC breaker is also developed and employed in the MTDC system, making
the test system capable of accurately replicating the behavior of the MMC-
based MTDC system employing hybrid HVDC breakers. The conclusion of
the analysis of dc-side faults in a MTDC system is that fast-acting HVDC
breakers are necessary to isolate only the faulted part in the MTDC system
to ensure the power flow in rest of the system is not interrupted.

A generic four-terminal HVDC grid test system using the CM model is
also developed. The simulated system can serve as a standard HVDC grid
test system. It is well-suited to electromagnetic transient (EMT) studies in a
limited version of commercially available EMT-type software. The dynamic
performance of the HVDC grid is studied under different fault conditions.
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Chapter 1

Introduction

1.1 Background

The rising electricity demand due to industrialization, the mushroom-growth of
large scale renewable energy sources, and a deregulated electricity market imposes
the need for more efficient and lower cost high-voltage transmission systems. A
stronger electric grid, with substantially higher capacity and more controllability,
that can handle massive power fluctuations without losing stability is also needed.
An upgrade of the existing high-voltage ac (HVAC) grids is not possible in densely
populated areas because of public opposition, narrow transmission corridors and
limited availability of right of way (ROW).

AC has been the preferred transmission system for the past hundred years, yet
there are some technical limitations when it comes to HVAC transmission for bulk
power transfer over very long distances and connection of asynchronous grids [1,2].
On the other hand, high-voltage dc (HVDC) not only provides viable solutions to
these limitations but also has economic and environmental benefits [1,2]. HVDC
has now become a matured technology and the preferred choice for bulk power
transmission over very long distances with better controllability and lower losses.
Foreseeing this, HVDC will be a key player in shaping the future grid.

Due to the advancements in voltage-source converter (VSC)-based HVDC tech-
nology, it is generally believed that the future HVDC grid will consist of VSCs [3,4].
The advent of the modular multilevel converter (MMC) gives added advantages to
the VSC family [5-8]. In recent years, the MMC has become the most widely used
converter topology for VSC-based HVDC transmission systems [9]. It is most likely
that the MMC will be the key converter topology for future HVDC grids.

In order to determince how such grids should be designed and to find solutions
to different technical challenges for them, adequate simulation models are neces-
sary. The transient analysis of such grids is not possible without an accurate and
computationally efficient simulation model of the MMC. Hence, the thesis focuses
on the development of MMC equivalent simulation models, which can replicate the
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accurate behavior an MMC during energization, steady state and fault conditions.
It also focuses on efficient modeling of multiterminal HVDC (MTDC) systems and
HVDC grids and transient analysis of such systems under different fault conditions.

1.2 Main contributions of the Research Work

The first major contribution of the thesis is the development of the continuous simu-
lation model (CM), capable of replicating the blocked state of an MMC. This is the
first MMC equivalent simulation model with blocking capability that is presented
in the literature. The model has been validated both by detailed circuit simulations
and experimentally on a 10 kVA MMC prototype.

The CM lacks the capability to replicate MMC behavior on a submodule level.
Therefore, a detailed equivalent model (DEM) capable of representing the MMC
response on submodule level, is also developed. The DEM is also able to replicate
the blocked state of the MMC. The DEM can be used to study the balancing
control of the capacitor voltages in the valve-arm, redundant submodules and even
the transients followed by a faulty submodule in the valve-arm. The DEM has also
been validated both by detailed circuit simulations and experimental results.

In order to ensure the validity of the proposed MMC simulation models for mul-
tiple applications, the objective was to include the study of short-circuit issues in
multiterminal HVDC (MTDC) systems and HVDC grids. An efficient MTDC sys-
tem employing hybrid HVDC breaker has been developed with all details using the
detailed equivalent MMC model. In order to replicate the dynamics of the hybrid
HVDC breaker, a reduced-oder model of it has also been developed. The model
is capable of accurately replicating the dynamics of a hybrid HVDC breaker. This
was the first simplified model of the hybrid HVDC breaker proposed in the liter-
ature. The simulated MTDC and HVDC grid can serve as standard HVDC grid
test systems, providing a realistic test scenario for electromagnetic transient (EMT)
studies.

The open-loop control approach for MMC was proposed in [10]. A negative
sequence current control (NSCC) scheme based on this open-loop approach has
also been presented in the thesis.

Additionally, Publications I and II, are among the first publications predict-
ing the MMC as the key converter topology for future HVDC grids. The MMC
has now been the most widely accepted converter topology for VSC-based HVDC
transmission systems.

1.3 Outline of the Thesis

Chapter 2 discusses the basics of an MMC and describes its internal dynamics
leading to the establishment of an equivalent model of the MMC.
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Chapter 3 describes the modeling approach for the proposed MMC simulation
models. Validation of the proposed models through detailed circuit simulations
and experiments has also been presented. Additionally, the performance of the
MMC with redundant submodules is analysed.

Chapter 4 presents the usability of the proposed MMC models by employing
them in different HVDC system configurations. Short-circuit issues in MTDC sys-
tems and HVDC grids are analysed. The modelling approach for a reduced-order
model of a hybrid HVDC breaker is also presented.

Chapter 5 summarizes the main outcome of this thesis and provides suggestions
for future research.

1.4 List of Appended Publications
The publications originated from this Ph.D. project are:
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(EPE), Birmingham, UK, Aug-Sep. 2011.

Noman Ahmed (NA) planned the paper with Hans-Peter Nee (HPN) and
wrote the manuscript. Dirk Van Hertem (DVH) assisted NA in writing
about Grid Topologies. The Section about DC-side resonance was written by
Lidong Zhang (LZ).

II. N. Ahmed, A. Haider, D. V. Hertem, L. Zhang, S. Norrga, L. Harnefors,
and H.-P. Nee, “HVDC SuperGrids with modular multilevel converters—the
power transmission backbone of the future,” in Proc. 9th International Multi-
Conference on Systems, Signals and Devices (SSD-PES), Chemnitz, Germany,
Mar. 2012.

N A planned the paper together with HPIN and wrote the manuscript. DVH
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resonance was written by LZ.

III. N. Ahmed, L. Angquist, S. Norrga, and H.-P. Nee, “Validation of the con-
tinuous model of the modular multilevel converter with blocking/deblocking
capability,” in Proc. 10th IET International Conference on AC and DC Power
Transmission (ACDC), Birmingham, UK, Dec. 2012.
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Chapter 2

Modular Multilevel Converter
(MMC)

The information presented in this chapter is based on Publication I and VI.

The Modular Multilevel Converter (MMC), first presented in [5], has now become
the most widely used VSC topology for HVDC transmission systems. Compared to
the conventional VSC topologies, the MMC is highly scalable with respect to the
number of levels, as shown in Figure 2.1(a). The basic building block of an MMC
is called a submodule. The number of submodules can be adjusted to obtain the
desired output voltage. Several submodule topologies have been presented in the
literature [9]. Until now, all MMCs for HVDC systems have been designed using
half-bridge or full-bridge submodules.

Half-bridge submodule: It is mainly composed of two insulated-gate bipolar
transistor (IGBT) switches, two anti-parallel diodes and a dc storage capacitor C
as shown in Figure 2.1(b). The output voltage of each submodule can either be
switched to zero or a voltage V.

Full-bridge submodule: It consists of four IGBTs with anti-parallel diodes
and a capacitor as shown in Figure 2.1(c). This topology allows positive, negative
as well as zero voltages.

As shown in Figure 2.1(a), each phase-leg of the MMC consists of an upper and
a lower valve-arm. In each valve-arm, the submodules are cascaded in series. This
gives the freedom to connect as many submodules required, without increasing
the circuit complexity. The addition of the MMC to the VSC family offers added
benefits, such as modular design, output voltage with low harmonic content and no

7
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Submodule

LT,

LT,

(b)

T,

T,J

Valve-Arm

(©

Figure 2.1: (a) Equivalent circuit of a three-phase MMC (b) Half-bridge submodule
(c¢) Full-bridge submodule.

requirement for common de-link capacitor [7,8]. In case of a dc-side fault, the valve-
arm inductor L can limit the feed-in alternating current through the converter. The
valve-arm resistance R, models the resistive losses in the arm. The advantages of
MMC over other existing converter topologies makes it the most suitable candidate
for HVDC grids.

Also, the converter losses for the MMC stations are significantly lower than the
two-level VSC stations. The choice of submodule implementation has a significant
effect on converter losses. In [11], it is shown that the conventional half-bridge with
IGBTs has around 0.5% valve losses of rated power, while full-bridge implemen-
tation approximately gives 70% more losses. Hence, with reference to losses, the
half-bridge implementation for MMCs, is currently the most suitable topology for
HVDC transmission systems.

Each half-bridge submodule in the valve-arm acts as an individual controllable
voltage source with a dc storage capacitor. There are three possible switching states
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for a half-bridge submodule as discussed below:

e ON-State: During normal operation, at any instant, one of the two switches
in the submodule is ON. When the switch T; is ON, the submodule is said
to be inserted and the output voltage of the submodule is the same as the
voltage across the capacitor.

e OFF-State: When the switch 75 is ON, the submodule is said to be bypassed
and the voltage across the submodule is zero.

e Blocked-State: When both 77 and T, are OFF, the submodule becomes
blocked and current is only allowed to pass through the freewheeling diodes.
Hence, in the blocked state, when the valve-arm current is positive the capac-
itor will be inserted (and charged). Alternatively, when the valve-arm current

is negative, the capacitor is bypassed (keeping its voltage).

These switching states are shown in Figure 2.2.

ON-State

OFF-State

Blocked-State

Positive current

Negative current

Figure 2.2: Switching states of a half-bridge submodule.

2.1 MMC Internal Dynamics

To understand the dynamics of an MMC, a continuous state model of an MMC can
be developed. Let C' be the capacitance of each submodule and N be the number
of submodules per valve-arm. The valve-arm capacitance then will be given by

Carm =

¢
=
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The available sum capacitor voltage, v>, due to the valve-arm current,i, is given by

t
N
. ?" idt. (2.2)

(%

to

where n is the insertion index. The insertion index is defined as the instantaneous
ratio between the number of inserted submodules and total number of submodules
in the valve-arm. The voltage inserted by the valve-arm, vq,,,, depends on its
insertion index and is given by

Varm = V2. (2.3)

Considering the direction of the valve-arm currents shown in Figure 2.1(a), the
output phase current, ¢s, and the circulating current, i4;7s, are given by

P — (2.4)

Zdiff = B) . (2.5)

The upper and lower valve-arm currents, in terms of the output phase current and
the circulating current can now be expressed as

) (.

Ly = 5 + taify (2.6)
. Is .
1 = D) + tqiff- (2.7)

The available sum capacitor voltage for the upper and lower valve-arm will be

t

Nny [
v = g /zudt (2.8)
to
N i
S = % iydt. (2.9)

to

where subscripts u, [ represent the upper and lower valve-arm, respectively.

From Figure 2.1(a), the expression for the output phase voltage can be written
as

\% diy,
Vg = ?d — Riy — L—;t — nuvczu (2.10)
V, di
vsz——d—Ril—L i —nwﬁ. (2.11)

2 dt
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Subtracting (2.11) from (2.10) and using the definition for i4; s, we get

didify >

Va—2Rigipp — 2L P NyVsy — nlvg =0. (2.12)

Substituting the expressions of the valve-arm currents from (2.6) and (2.7) in (2.8)
and (2.9), respectively, the dynamics of one phase leg is then given by the following
state-space system:

i ) —R Ny —ny Z ) ﬁ

d |97 B P N N e I O I

a UCU = Tu O 0 UCU + 5 # . (2. 13)
022 Cm 0 0 UE nyis

The interactions between upper and lower valve-arm sum capacitor voltages,
circulating current, direct voltage, output phase current, and insertion indices, as
expressed by (2.13), are graphically represented by the block diagram shown in
Figure 2.3.

E

il + 1 cu
@ diff + Iy E %am_, J' _,_,E —® %R

e A N

Figure 2.3: Block diagram representing the internal dynamics of MMC phase-leg.

Hence, assuming an even voltage distribution among the submodules in the valve-
arm, the state of an MMC can be described in terms of the sum capacitor voltage in
each valve-arm, which is continuously updated depending on the valve-arm current
and the insertion index. Describing the state of the MMC in terms of sum capacitor
voltage greatly reduces its complexity especially if it is modeled for a large number
of submodules. This approach is the building block in developing MMC equivalent
simulation models, as will be discussed in the next chapter.






Chapter 3

Efficient Modeling of MMCs

The contents of this chapter are based on Publications III, VI, VIII and IX.

3.1 MMC Modeling Approaches

Depending on the objective of the study, MMC modeling in EMT simulation pro-
grams can be done with different degrees of detail. For stress investigations in
critical components of the converter during internal or external faults, it is impor-
tant to follow the behavior of each individual submodule, capacitor or even a certain
switch. For such studies, a detailed model of the MMC must be employed, in which
it might even be necessary to represent the parasitic inductances and capacitances
inside the submodules.

In contrast, for studies investigating power-system response under different fault
conditions, whole MMCs may appear as adjustable voltage sources. For such stud-
ies, the MMC model is required to reflect the correct dynamic behavior as seen from
the power system and there is no need for data on the submodule level. Rather, to
reduce the computational effort and simulation time, it is better to have an MMC
simulation model which requires as few state variables as possible.

MMCs for HVDC transmission systems typically include several hundred sub-
modules per valve-arm. This requires thousands of switching components to be
represented if detailed MMC models should be employed. The computational bur-
den for such models will be very high, resulting in unrealistically long simulation
times. To avoid this, continuous or equivalent simulation models are needed. These
models are required to provide a similar dynamic performance, from a system per-
spective, to that of the detailed models. The main objective of the thesis is to
develop reduced-order MMC models, which cannot only accurately describe the
performance of the MMC in an HVDC transmission system, but are also efficient
in terms of computational effort and simulation time.

13
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An accurate MMC model should have the capability to represent the blocked
state of the submodules. Otherwise, it cannot represent the MMC’s behavior under
certain conditions. The CM described below is the first MMC equivalent simulation
model presented in the literature, which is capable of representing the blocked-mode
operation of the MMC.

3.2 Continuous Model (CM)

The CM is based on a simplified representation of the valve-arm of an MMC, as a
branch model. The valve-arm is designed in PSCAD as a user defined component
calling an external subroutine written in FORTRAN. The component consists of
five branches as shown in Figure 3.1. These branches can be described as:

e The resistance-inductance branch N4 N¢, represents the valve-arm induc-
tance and its losses together with the losses in the semiconductor switches
in the arm.

e The parallel-connected diode and switch branches NoNp, represent diode Dy
and switch T respectively.

e The branch NgN¢ represents the bypass diode Dy, defining the current by-
pass path during blocked conditions.

e The branch NgNp, represents an ideal voltage source, defining the submodule
capacitor chain in the arm of an MMC.

The parallel-connected diode and switch branches are used to adapt the model’s
response to the blocking (BLK) command, as will be discussed later. The source
voltage represents the instantaneous voltage inserted by the submodules in the
valve-arm. It is controlled during every simulation time-step At, by calling an
external subroutine for the valve-arm component that assigns a value to the internal
PSCAD variable EBR.

The CM assumes an even voltage distribution among the valve-arm submodules.
This allows the state of the MMC to be described in terms of the sum capacitor
voltage (the sum of capacitor voltages of all the submodules) of each valve-arm,
which is continuously updated based on the valve-arm current and the insertion
index. This assumption also reduces the complexity of the MMC, especially if it
is modeled for a large number of submodules. To develop the continuous branch
model of a valve-arm, let C' be the capacitance of each submodule and N be the
number of submodules per valve-arm. The valve-arm capacitance then be given by

C
Corm = N (3.1)
The insertion index (14 ), defined as the instantaneous ratio between the number
of inserted and the total number of submodules, determines the inserted source
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kD,
Bypass
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N

Figure 3.1: Equivalent branch model of the valve-arm of an MMC.

voltage in the valve-arm. For the CM, the insertion index is assumed to be a
continuous variable, varying from zero, meaning all submodules are bypassed, to
1, meaning all submodules are inserted. The change in the sum capacitor voltage
caused by the branch current passing through a fraction of the submodules is the
same as if the same fraction of the branch current (called the charging current i.p,)
passes through all submodule capacitors. If at any instant, i, is the current in the
branch then the charging current is given by

ich = narmic. (32)

To understand the function of the valve-arm model, the charging current and total
capacitor voltage at consecutive instants in time are assumed to have the values
shown in Table 3.1.

Table 3.1: Parameters for CM Valve-Arm

Time instant \ Charging current \ Sum capacitor voltage

th—1 den(th—1) o2 (te—1)
tr ich(tk) ’Ucz(t;g)
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Depending on the value of the charging current at instant t;_;, the total charge
that has passed through the capacitors during the interval (tx_1 — tg) is

ien(ti) + ich (te—1)
2

Qtp—1 — ty) = At. (3.3)

where At is the integration time-step. Consequently, the sum capacitor voltage of
the arm has increased by Q(tx—1 — tx)/Carm. Hence, the sum capacitor voltage
at instant ¢ is

At
2Carm ’

2 (tk) = 03 (tk—1) + [ien(tk) + icn(tr—1)] (3.4)

Depending on the value of the charging current, the sum capacitor voltage during
the upcoming interval will be estimated as the average value of the sum capacitor
voltage. It is assumed that the current will have the same derivative as during the
past interval. Therefore, the average charging current during the upcoming interval
becomes

den(th) — den(tp—1) _ Bicn (tk) — ich(tk—l).

ich(avg) (tk = teg1) = den(tr) + 5 5 (3.5)
Hence, the estimated charge for the upcoming interval becomes
Sten(tr) — ten(tr—
Qb — i) = Ltenltr) fenltiol oy (36)

2

The average increase in sum capacitor voltage caused by the charge, at the middle
of the interval, is given by Q(tx — trp4+1)At/2C4rm. Thus, the estimated sum
capacitor voltage becomes

[Bich (te) — den(th—1)] At
2 2Carm .

v?(avg) (tk? - t"ﬁ"rl) = U? (tk) + (37)
Thus the estimated value of the source voltage (E.) during the upcoming interval

will be given by

[Bicn(te) — ien(t_1)] At
r(Tk . r(Tk Qcmm]’ (3.8)

EZ(ty = tit1) = Narm 02 (tr) +

The estimated source voltage is required to obtain the branch current current at
the end of the upcoming interval. Depending on the value of 7. the updated value of
the charging current and hence the sum capacitor voltage at the end of the interval
is again updated. The inserted valve-arm voltage can now be obtained as

Varm = narrn/l)cE (tk) (39)
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3.2.1 Blocking capability of the CM

The equivalent models proposed in the literature before the CM and even sometime
after it, lack the capability to represent the blocked state of the MMC [12-17],
without which, the MMC simulation model can no longer describe its dynamic
behavior during energization and fault conditions.

In the blocked state of the MMC, both switches 77 and 75 of the half-bridge
submodule are OFF, and current is only allowed to conduct through free-wheeling
diodes. Hence, the output voltage of the submodule depends upon the direction
of current. When the valve-arm current is positive, the capacitor will be inserted
(and charged) to give the output voltage of the submodule. When the valve-arm
current is negative the capacitor will be bypassed and the output voltage becomes
Z€r0.

" [ (=
I

FC, + +
<« BLK <«—» BLK
T:% D, TYD, |
XD, f 1o
Np N

Bypass 3 ®  Vup | Bypass
Voltage Voltage diode
source C) source C)
NE

Ng

+C,

Figure 3.2: Flow of positive (i,) and negative (i,) current through the valve-arm
model during the blocked state.

To implement the blocked-mode representation of the valve-arm in the CM,
branches NoNp and NgN¢ represent diodes Dy and D5 respectively. A normally-
closed switch T is also placed in the branch NoNp parallel to diode D;. This
allows current to flow through the submodule capacitor chain in both directions
during normal operation. The switch T opens, when the valve-arm is blocked, us-
ing the BLK command. At the blocking instant, the BLK command dictates that
the insertion index becomes 1, resulting in the insertion of all submodules in the
valve-arm. Hence, if blocking occurs at an instant when positive current is flowing
through the valve-arm, it passes through the submodule capacitor chain through
diode D;. Alternatively, if the arm is blocked when negative current is flowing
through the arm it commutates to the diode D5, bypassing the submodule capaci-
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tor chain. The schematic diagram of the implementation of the blocking capability
of the CM is shown in Figure3.2.

3.2.2 Time Delay Block

The detailed MMC simulation model (DM) utilizes a modulator to create switching
pulse patterns. This process causes a time delay. As a consequence, the internal
electromotive force (EMF) becomes slightly phase-shifted compared to the CM, as
shown in Figure 3.3(a). In order to compensate for this effect, a time delay block
has been introduced in the signal path of the CM. Hence, the insertion indices are
time-delayed before they take action in the CM.

For carrier-based, phase disposition pulse-width modulation (PWM)-modulators,
having a triangular carrier with the frequency, f., the sampling time is 1/2f. and the
average delay becomes 1/4f.. For the detailed model, with 36 submodules per valve-
arm and carrier frequency 2 kHz, the resulting average switching frequency is 105 Hz
per switch. This takes into account not only the carrier-reference crossing points,
but also the level changes when using phase-disposition pulse-width modulation.
The corresponding sampling time becomes 250 ps and an average delay of 125 us
could be expected. When insertion indices to the continuous model are delayed by
125 ps, a very good agreement between the converter’s internal EMFs produced by
the two models is observed as shown in Figure 3.3(b). In a similar manner, this
delay time can also be calculated for other carrier frequencies.

@ (b)
400 T T T .3 400 3 3 3 13
Detailed

Detailed
Continuous

300 " Continuous 300

EMF (kV)

-400 . . . . 400 . . . .
0.485 0.49 0.495 0.5 0.505 0.51 0.485 0.49 0.495 0.5 0.505 0.51

time (s) time (s)

Figure 3.3: Comparison of converter internal EMF for the DM and CM (a) without
the time delay block (b)with the time delay block, in the CM.

The CM is capable of accurately replicating the MMC dynamics in HVDC trans-
mission systems. However, it cannot be used to study the individual submodule
behavior during both steady-state and fault conditions. Therefore, the approach
used to develop the CM is extended to simulate a detailed equivalent MMC simu-
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lation model capable of representing the individual submodule behavior within the
valve-arm.

3.3 Detailed Equivalent Model (DEM)

Similar to the CM, shown in Figure 3.1, the detailed equivalent model (DEM) of
a valve-arm is also designed in PSCAD as a user defined component consisting of
five branches. These branches are:

e The resistance-inductance branch N4 Ng, represents the valve-arm induc-
tance and its losses together with the losses in the semiconductor switches
in the arm.

e The parallel-connected diode and switch branches NoNp, represent diode Dy
and switch T respectively.

e The branch NpN¢ represents the bypass diode Dy, defining the current by-
pass path during blocked conditions.

e The branch NgNp, represents an ideal voltage source, defining the submodule
capacitor chain in the arm of an MMC.

The parallel-connected diode and switch branches are used to adapt the model’s
response to the BLK command as already discussed in previous sections. The source
voltage represents the sum of the capacitor voltages of the inserted submodules in
the valve-arm and during the integration time-step At, and is controlled by calling
an external subroutine for the valve-arm component that assigns a value to the
PSCAD internal variable FBR.

Compared to the CM, which utilizes the sum capacitor voltage of the valve-arm,
the DEM utilizes the individual capacitor voltages, which are kept in a vector, and
updated depending on the valve-arm current and the actual switching vector signal
S. In order to calculate the updated capacitor voltage of the nth submodule at the
end of each simulation time-step At, the value of the branch current at the end
of each interval is required. Once that current is obtained, the updated capacitor
voltage can be calculated as described below.

The branch current, capacitor voltage and the switching signal for the n* sub-
module at consecutive time instants are shown in the Table 3.2.

Table 3.2: Parameters for DEM Valve-Arm

Time instant ‘ Current ‘ Voltage ‘ Switching signal (S)

tk—l Z.c(tk—l) Ucn(tk—l) Sn(tk—l)
tk ic(tk) Ven (tk) Sn (tk)
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Suppose that at time ¢ the current i.(tx) is obtained and the updated capac-
itor voltage v.,(tg) can be calculated. If the switching signal S, (tx—1) for the
nt" submodule was 1, then the submodule has been inserted during the interval
(At = t—1 — t). Hence, the charge that has passed through the capacitor of the
submodule is
Zc(tk) + ic(tk:—l)

2
where At is the integration time-step. The voltage of the capacitor has raised by
Qen(tk—1 — tr)/C. Hence, the capacitor voltage at instant ¢y is

Qen(th—1 — ty) = At, (3.10)

) . At
'Ucn(tk) = Ucn(tkfl) + [’Lc(tk) + Zc(tkfl)]ﬁ. (311)
Alternatively, if S, (tx—1) was zero, then the voltage of the submodule capacitor
has not been changed. Hence, v, (tg) = ven (t—1)-

Now, for the upcoming interval (At = t; — tx41), the submodule capacitor
voltage (E.,) is estimated. For the following interval, if S,,(¢;) is equal to 1, the n*"
submodule will again be inserted during the upcoming interval and contributes to
the source voltage. The value of its contribution is estimated as the average voltage
across the capacitor during the interval (At = ¢, — tx11). Also, to estimate this
value, it is assumed that the current will have the same derivative as during the past
interval (At = t;_1 — ti). Therefore, the average current during the upcoming
interval becomes

Zc(tk) - ic(tkfl) o 3Zc(tk) - ic(tkfl) .

ic(avg) (tk — tk+1) = Zc(tk) + B = B (312)
The estimated charge for the upcoming interval becomes
i (ty) — ic(ti—
Qen(ty = ths1) = [3ic(te) — icl(te-1)] At. (3.13)

2

This charge causes an average voltage increase during the interval, given by Q. (tx —
tr+1)At/2C. Thus, the estimated voltage across the capacitor becomes

[Bic(t) — de(te—1)] At
2 2C°

Ecn(tk — tk+1) = ’Ucn(tk) + (314)
Alternatively, if during the upcoming interval, S, (tx) is zero, the submodule will
not be inserted and will not contribute to the source voltage. It is important to
mention that E., is the estimated voltage during any upcoming time-interval, while
Ven, 18 the updated capacitor voltage at the end of the interval. Hence, the estimated
source voltage EBR during the upcoming interval can be obtained as

N
EBR(ty = tig1) = Y SnFen. (3.15)
n=1
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The estimated voltage is required to obtain the branch current at the end of the
upcoming interval. Based on that current, the capacitor voltage is again updated
at the end of the interval using (3.11).

The inserted valve-arm voltage can then be obtained as

N
varm(tk) == Z Sn(tk)vcn(tk)v (316)

and the sum capacitor voltage of the valve-arm is given by

N
vcz(tk) = Zvcn(tk)~ (317)

Describing the arm in such a way makes it possible to model it for any number
of submodules in the valve-arm. For the DEM, the number of submodules per
valve-arm, and the valve-arm capacitance, inductance and resistance are given as
input parameters to the developed PSCAD component, hence they can be updated
accordingly.

Voltage (kV)

Figure 3.4: Individual capacitor voltages of a valve-arm.

The DEM includes the impact of individual capacitor voltages of each submodule
in the valve-arm as shown in Figure 3.4. This allows to measure the maximum sub-
module voltage during fault conditions. Also, it can be used to study the balancing
control of the capacitor voltages in the valve-arm. In addition, the operation with
redundant submodules can also be studied. The model can replicate the transients
that occur when a faulty submodule is short-circuited in the valve-arm. Similarly
to the CM, the DEM is also capable of representing the blocked state of an MMC.

3.4 Validation of CM and DEM

For equivalent MMC simulation models, it is very important to provide accurate re-
sponses during both steady state and transient conditions. Both the CM and DEM
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are validated by comparing them with a 37-level component based DM. The DM in-
cludes the detailed representation of IGBTs and diodes by using these components
from the PSCAD master library. The comparison is performed in a simple study
case where a 1000 MVA converter is fed from a stiff dc link and provides power to
an ac-network as shown in Figure 3.5. The ac network has a 380-kV rms line-to-line
voltage, and is connected to the converter through a YnD transformer, with delta
connection on the converter side. The network has a short-circuit strength of 10000
MVA at the point of common coupling (PCC). The ac network is modeled using
an ac source behind a lumped impedance.

The DM and DEM utilize phase disposition PWM with a 5-kHz carrier frequency.
The pole-to-ground dc-link voltage is £320 kV. The test circuit is outlined in Figure
3.5. The DM and DEM include a modulator that creates the pulse pattern using the
insertion indices as references, while the CM directly utilizes the insertion indices
after passing them through the time delay block.

The insertion indices are generated utilizing an open-loop approach using the
estimation of stored energies. The term "open-loop" is used in the context that the
control system does not measure the total capacitor voltage in the arm; instead
these voltages are estimated using the desired alternating voltage and measured
output currents. A detailed description of open-loop control can be found in [10].
In [18], it is also found that the open-loop control provides fast arm voltage response
and dynamic performance. It is also found to be less complicated to implement than
other control methods proposed for the MMC.

PIR
pCC Breaker Fault1
AC Network ]
T
»—@—w—l~—@—( o) )%—w— {:} =
Main AC
PIR
380 kv Breaker YnD
MMC

Fault 2

Figure 3.5: Simulation test circuit for validation of proposed models.

3.4.1 MMC Energization

To validate that both proposed models are capable of simulating MMC behavior
under all conditions, the energization procedure of the MMC is studied. The MMC
is initially kept in the blocked state. During the energization, high inrush current
is drawn from the ac network. To limit the inrush currents through the diodes
of the MMC, a pre-insertion resistance (PIR) is used in series with the main ac



3.4. VALIDATION OF CM AND DEM 23

breaker. Figure 3.6 shows the simulation results for the energization of the MMC.
It can be observed from the figure that within 50 ms of the start-up, the total
capacitor voltage of the arm builds up from zero to 85% of the dc-link voltage.
The PIR is then bypassed and the MMC is de-blocked. Comparison of output
phase current, valve-arm voltage, valve-arm current and sum capacitor voltage of a
valve-arm shows the excellent agreement of both proposed models with the detailed
MMC model. This reveals that the proposed models are capable of simulating the
energization response of the MMC.
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Figure 3.6: Simulation results of DM, CM and DEM during energization of the
MMC.
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3.4.2 Single Phase-to-Ground Fault (Fault 1)

For a more detailed analysis of both DEM and CM, the dynamic behavior of the
MMC is investigated during an unbalanced fault. For this purpose a single phase-
to-ground fault is applied at the valve-side of the converter transformer at t=0.20 s.
A comparison of all the MMC models’ output phase voltage, output phase current,
dc-side current and valve-arm sum capacitor voltage is shown in Figure 3.7. Very
good agreement of the CM and DEM with the DM can be observed for this case
as well, validating the dynamic performance of both proposed models.
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Figure 3.7: Simulation results of DM, CM and DEM for a single phase-to-ground
at the valve-side of the converter transformer.
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3.4.3 DC-Side Pole-to-Ground Fault (Fault 2)

For an MMC simulation model it is very important to give an accurate dynamic
response during a dc-side fault. Hence, to observe the performance of the proposed
models, a permanent pole-to-ground fault is applied at the negative pole of the
MMC at ¢t = 0.50 s. As soon as the valve-arm current of the MMC reaches the
threshold of 2 kA the MMC is blocked. The main ac breaker is ordered to open
after fault detection with a mechanical opening time of 30 ms. The upper valve-
arm current, circulating current, dc-side current and the sum capacitor voltages for
both the upper and lower valve-arms of all the models are compared. Simulation
results are shown in Figure 3.8. It can be observed from the figure that both the
CM and DEM equivalent MMC models show excellent agreement with the DM.
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Figure 3.8: Simulation results of DM, CM and DEM for a pole-to-ground fault at
the negative pole of the MMC.
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3.5 Experimental Verification

The proposed CM and DEM are finally validated experimentally using a three-
phase, 10 kVA MMC prototype in the laboratory. The prototype has 5 submodules
per valve-arm, each having 100 V rated submodule capacitor voltage. The ac-side
of the prototype is connected to an inductive load of 28 mH per valve-arm, using
six inductors of 4.67 mH each in series.

The controller is implemented in a processing unit managing control algorithms,
analog measurements, and a user interface. Modulation indices are processed di-
rectly for each arm, by implementing the modulators in a field programmable gate
array (FPGA). The relative measurements of the capacitor voltages for different
submodules in a valve-arm are performed in the respective modulator containing
sorting and selection mechanisms [10]. Direct modulation control [19] is used to ob-
tain the insertion indices for the prototype. The parameters for the MMC prototype
used for experimental verification are also used for the CM and DEM.

Figure 3.9 shows a comparison of the valve-arm currents, upper valve-arm voltage
and the circulating current for phase A, obtained from the MMC prototype with the
proposed MMC models, when the converter is blocked at t = 0.40 s. Figure 3.9(a)
shows that at the instant when the converter was blocked, positive current was
flowing through the upper valve-arm (blue), whereas the lower valve-arm current
(green) was negative. Therefore, at the blocking instant, the upper valve-arm
voltage goes to maximum, as all capacitors of the valve-arm become inserted, as
shown in Figure 3.9(b). Circulating currents from the prototype and both the DEM
and CM are compared in Figure 3.9(c). The zoomed-in-view of the upper valve-
arm voltage in Figure 3.9(d) confirms that the proposed models are in very close
agreement with the experimental results during the blocked mode.

3.6 Computational Speed of CM and DEM

The user-defined component developed to model the valve-arm for the CM and
DEM consists of four nodes only (Figure 3.1). Consequently, to develop an MMC
model, only twenty-four nodes are utilized in an EMT simulation programme, irre-
spective of the number of submodules per valve-arm. Hence, utilizing these models,
for simulating large HVDC transmission systems, greatly reduces the computational
burden and increases the simulation speed significantly. This also permits the sim-
ulation of multi-terminal HVDC systems in simulation programs with a limited
permitted number of nodes like educational versions of EMT simulation programs.

The simulation speed of CM and DEM are compared for the test circuit shown
in Figure3.5 . The test system is simulated using PSCAD 4.6.0 on a computer with
a 2.70-GHz Intel Core i7-4800MQ processor and 16-GB RAM. The computational
times for different MMC-levels obtained for a 1-s simulation run, a solution time-
step of 10 us, and channel plot-step size of 10 us are shown in Table 3.3.
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Figure 3.9: Comparison of experimental and simulation results.

It is clear from the table, that the CM is more efficeint for developing MM C-based
HVDC grids as its computational speed is independent of the number of submodules
per valve-arm. However, if the study requires investigations on submodule-level
then the DEM can also be used. The DEM requires slightly higher computational
time as the length of the switching vector signal and capacitor voltages vector
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Table 3.3: Computational Times of the CM and DEM for Different MMC Levels

MMC Levels | CM CPU Time (s) | DEM CPU Time (s)

16 5.9 6.2
31 5.9 7.3
61 5.9 8.6
101 5.9 11.0
201 5.9 16.3
401 5.9 26.8

increases with the number of submodules per valve-arm.

3.7 Modeling with Redundant Submodules

In the MMC, submodule failures can occur for various reasons [20]. Fault-tolerant
operation of the MMC requires that, in case of a submodule failure, the converter
continues its operation without disturbing its performance. To accomplish this,
additional submodules called redundant submodules, are integrated into the valve-
arms of the MMC [21,22]. This results in an increase in the number of submodules
in the valve-arm. When a submodule fails, the faulty submodule is short-circuited
and the converter continues its operation, without any interruption.

The equivalent circuit of the MMC with redundant submodules is shown in Fig-
ure 3.10. The valve-arm of the MMC thus comprises a total number of submodules
N+Ng, where Ng represents the number of redundant submodules. At any instant,
if Np is the number of faulty submodules in the valve-arm, the total number of
active submodules in the valve-arm can be obtained as N+ Ngr-Np, where N varies
from zero to Ng. The valve-arm capacitance can now be given as

C

C(er = X AT A
N+ Ng — Ng

(3.18)

Hence, with redundant submodules in the valve-arm, the valve-arm capacitance
decreases. It also varies with the number of faulty submodules. The performance
of the MMC with redundant submodules in the valve-arm is studied using two
different control methods as discussed below.

3.7.1 Constant Valve-arm Sum Capacitor Voltage (Method 1)

In this method the average sum capacitor voltage (sum of the capacitor voltages
of the healthy submodules) across the valve-arm is kept constant. This value is se-
lected to be equal to the dc-link voltage. Hence, the individual submodule capacitor
voltage is given by
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Figure 3.10: Equivalent circuit diagram of a three-phase MMC with redundant
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This indicates that the individual submodule capacitor voltages are lower than
the reference case. However, submodule capacitor voltages increase with the num-
ber of faulty submodules in the valve-arm as the sum capacitor voltage in the valve-
arm remains constant. This control strategy produces an (/N+Ng-Ng)]+1-level
valve-arm voltage, which implies a higher number of levels than the MMC con-
figuration without redundant submodules. Moreover, the number of levels in the
valve-arm voltage also varies with the number of faulty submodules. The average
energy stored in each valve-arm of the converter will be:

(3.19)

Ve

LP
N+ N — Np
This energy is lower than the energy stored in the valve-arm of the MMC without
redundant submodules. However, this energy will increase with the number of
faulty submodules.

1
Earm = Q(N + Nr — Np)C| : (3.20)
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The insertion index for each valve-arm is given by

InsertionIndex = Uzrzm, (3.21)

C
and sent to the modulator which calculates the number of inserted submodules
as the fraction of N+Ng-Np that are instantly available. The individuals among
the N+Ngr-Nr submodules, that will be inserted, are determined by the selection
mechanism based on the instantaneous value of the capacitor voltages and direction

of the valve-arm current as discussed in [19].

Considering the above, the operation of the MMC during each time-step for this
method can be summarized as:

e The sum of the voltages of the healthy capacitors in each valve-arm remains
unchanged.

e The actual number of healthy submodules N+Ng-Np is detected.

e The open-loop control system in each valve-arm will be given a reference for
the total energy of the healthy capacitors which changes depending on the
number because the resulting valve-arm capacitance will change accordingly.

e The open-loop control for each valve-arm calculates the desired insertion in-
dex.

e The modulator for each valve-arm obtains the desired insertion index as well
as the information of the number of healthy submodules.

e The modulator for each valve-arm accordingly inserts ngyy, times N+Ngr-Np
submodules using a suitable sorting algorithm.

3.7.2 Constant Individual Submodule Capacitor Voltages (Method 2)

In this method the individual submodule capacitor voltages v. in the valve-arm are
kept constant [22] at the value:

Va
N )
where V; is the de-link voltage. The average sum capacitor voltage (sum of the
capacitor voltages of the healthy submodules) across the valve-arm is thus given by

(3.22)

Ve =

v
v> = (N + N — NF)Wd. (3.23)

Clearly, the average sum capacitor voltage is greater than the dc-link voltage.
However, it decreases with the number of faulty submodules in the valve-arm. The

average energy stored in each valve-arm of the MMC in this case will be:
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Eorm = }(N + Ng — NF)C(E)Q. (3.24)
2 N

It is obvious that the stored energy in the valve-arm is increased, compared to the
case with only N submodules in the valve-arm. However, this energy decreases with
the increase in the number of faulty submodules in the valve-arm. The generation
of the insertion indices and the selection mechanism of submodules in the valve-
arm work in the same manner as in the case of the constant sum capacitor voltage
scheme. Method 2 generates a lower insertion index. Hence, among the N+Ngr-Np
submodules in the valve-arm, the submodules are selected in such a way to generate
an N-+1-level arm voltage. Thus, the number of levels in the valve-arm voltage
remains constant irrespective of the number of redundant and faulty submodules
in the valve-arm. Also, all submodules in the valve-arm are treated equally with

reference to the balancing control of the capacitor voltage.

The operation of the MMC during each simulation time-step for this method can
be summarized as:

e The reference voltage for each submodule remains unchanged.
e The actual number of healthy submodules N+Ng-Np is detected.

e Depending on the number of healthy submodules in the valve-arm, the sum
voltage of the healthy submodule capacitors changes as v> = (N+Ng—Ng)v,.

e The open-loop control system in each valve-arm will be given a reference
for the total energy of the healthy capacitors which changes depending on
the number of submodules because the resulting valve-arm capacitance will
change accordingly.

e The open-loop control for each valve-arm calculates the desired insertion in-
dex.

e The modulator for each valve-arm obtains the desired insertion index as well
as the information about the number of healthy submodules.

e The modulator for each valve-arm accordingly inserts ngyy, times N+Ng-Np
submodules using a suitable sorting algorithm.

3.7.3 Comparison of Method 1 and Method 2

Publication IX compares both control methods using the DEM when a submodule
is bypassed in a valve-arm. The transients following a submodule failure event are
observed in particular.

The Constant Sum Capacitor voltage method
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e has no impact on the valve-arm voltage following the bypass event of a sub-
module. Transients in the valve-arm current are unavoidable as the capacitors
of healthy submodules must be charged to a higher value. However, the tran-
sient is well-damped and cannot be used as a criterion to choose one method
over the other.

e creates more voltage levels, and therefore has less filtering requirements in
normal operation (Np < Ng).

e results in a lower individual submodule capacitor voltage (Nrp < Ng), which
improves the reliability and expected lifetime of power semiconductor devices
as well as submodule capacitors.

Constant Individual Submodule Capacitor Voltage method

e has no impact on the valve-arm voltage and current following the bypass event
of a submodule.

e could work with a given reference value, without any need for information
about the state of the other submodules.



Chapter 4

MMC-Based HVDC Transmission
and Multiterminal HVDC Systems

In this chapter, the contents of Publications III, V, VII and VIII are linked
together and presented briefly. Details can be found in the aforementioned publi-
cations.

In order to observe the usability of the CM and DEM, the models were employed
in different HVDC transmission system configurations. The objective is to study
general short-circuit issues in HVDC systems and to observe the response of the
MMC during transient conditions.
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S f DC link a( )y D
— 1 — £
L] n, n, [P
0, (2
M MNP Open-loop Open-loop je——PN——PN———|
controller controller
meas meas meas
Q | P Vi o ot o[ P Q ref
Qm [ jref Vg P Active I Isq Reactive Q
Reactive | "sq [ o\rrent |30 |DC voltage power Current power
copn(:\r'ﬁlrer controller controller controller contro.ller controller
. i pmeas |s da i
[ Liabe
HPLL PLL

Figure 4.1: Point-to-point HVDC transmission system.
The point-to-point HVDC transmission system shown in Figure 4.1 is developed

33



CHAPTER 4. MMC-BASED HVDC TRANSMISSION AND
34 MULTITERMINAL HVDC SYSTEMS

for Publication IV, using the CM. The details of the simulated system can be
found in the same publication.

4.1 MMC-Based HVDC Control System Architecture

Figure 4.1 also shows the control scheme implemented at both converter stations.
The control system for each MMC consists of slower outer controllers and a fast
inner current controller. The outer controllers provide the reference currents in
the dg-reference frame for the inner controller, while the inner control provides
voltage references for the open-loop controller in the dg-reference frame. The outer
controllers for MMC 1 control the direct voltage of the system as well as the reactive
power to given references, while the outer controllers of MMC 2 are set to control
active and reactive power. The overall control scheme is shown in Figure 4.2.
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Figure 4.2: Block diagram of the overall control scheme for an HVDC transmission
system.

4.2 Negative Sequence Current Control (NSCC) Scheme

During ac-side asymmetrical faults, negative sequence current may flow through the
converter, making the line currents very large and unbalanced. This can also affect
the capacitor voltages, and may generate second order harmonics in the dc-side
voltage and current, and power oscillations are observed. Therefore, it is necessary
to control this negative sequence current during unbalanced grid conditions. Grid
code requirements for HVDC systems also include negative sequence current control
during asymmetrical faults. Hence, an NSCC scheme, based on open-loop control
[10], is also developed.

Details of the proposed NSCC scheme and its application in a point-to-point
HVDC systems is analysed in Publication IV.



4.3. MODELING OF THE HYBRID HVDC CIRCUIT BREAKER 35

4.3 Modeling of the Hybrid HVDC Circuit Breaker

A reduced-order model of the hybrid HVDC breaker proposed in [23], is also de-
veloped in this thesis. A detailed simulation model of the hybrid HVDC breaker
requires representation of several hundreds of switching elements, resulting in high
computational burden and simulation time. Whereas, the reduced-order model
is developed using a single-phase breaker component and a metal oxide varistor
(MOV) type surge arrester available from the PSCAD master library.

s N
—1 ~~n — 1
o UFD L LCS
Current limiting
reactor
Residual dc T Main dc breaker
breaker
MOV
A J

Figure 4.3: Simplified model of hybrid HVDC breaker.

As shown in Figure 4.3, the model consists of a main dc breaker and a load
commutation switch (LCS) in series with an ultra-fast disconnector (UFD), all
represented by the single-phase breaker component. During normal operation the
current flows through the LCS and the UFD, while there is no current passing
through the main dc breaker. This significantly reduces the hybrid HVDC breaker
losses during normal operation. Figure 4.4(a) shows that prior to the fault, the dc-
link current is passing through the LCS. When a fault on the dc-side is detected,
the LCS is opened, causing the line current to commutate to the main dc breaker.
The opening of the UFD, which takes approximately 2 ms, isolates the LCS from
the main dc link. The main breaker thus interrupts the current, with the UFD in
open position. The opening of the main breaker forces the fault current to flow
through the MOV. The MOV then dissipates the fault energy and reduces the fault
current to zero by establishing a counter voltage.

Finally, the residual dc breaker opens and isolates the faulty line from the HVDC
grid, protecting the MOV from thermal overload. The current limiting reactor is
used to make the fault current derivative smaller, giving more time for the protec-
tion system to operate. L, represents the parasitic inductance of the circuit layout.
Figure 4.4(b) and (c), show the zoomed-in-view of current commutation from LSC
to main dc breaker and from main dc breaker to MOV, respectively. Hence, the
simplified model is fully capable of replicating the dynamic behavior of the hybrid
HVDC breaker.



CHAPTER 4. MMC-BASED HVDC TRANSMISSION AND
36 MULTITERMINAL HVDC SYSTEMS

Current (kA)

2 2.001 2.002 2.003 2.004 2.005 2.006
t(s)

(b) (c)

4

~ 3 ~ 4}

3 S

= 2r =

e S 2

5 1 5

o O

0 0
2.0008 2.001 2.0012 2.003 2.0032 2.0034
time (s) time (s)

Figure 4.4: (a) Dynamic behavior of the HVDC hybrid breaker currents during
a dc-side fault. (b) Zoomed-in-view of current commutation from LCS to main

dc breaker. (c) Zoomed-in-view of current commutation from main dc breaker to
MOV.

4.4 Multi-terminal HVDC Systems

Currently, the development of a number of multiterminal HVDC (MTDC) systems
is in progress and with the rapid growth in renewable energy sources, more MTDC
systems are expected in the future. In Publication VIII, a generic three-terminal
symmetrical monopole MTDC test system is developed using the DEM, as shown
in Figure 4.5.

The test system is useful in analysing short-circuit issues in MTDC systems. The
ac-networks are modeled as Thevenin’s equivalent voltage sources behind lumped
impedances, and are connected to respective MMCs through Wye-Delta transform-
ers. MMC 1 and MMC 2 are acting as rectifiers, while MMC 3 is acting as an
inverter. The developed MTDC system is simulated considering all the necessary
details of an HVDC system required to perform the transient analysis, like surge
arresters, smoothing reactors, pole capacitors etc. The dc-links are modeled using

the frequency-dependent (phase) cable moldel, which is the most accurate cable
model in PSCAD [24].

The DEM is used in the test system, making it is possible to observe individual
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Figure 4.5: MMC-based multiterminal test system.

submodule voltage stresses during transient conditions, which is a very important
factor in deciding the number of submodules for a particular HVDC transmission
system. The fault clearing in case of a dc-side fault should be done in a few
milliseconds, due to the rapid rise of current. Also, it is necessary to disconnect only
the faulty part of the MTDC system, keeping the remaining system operational.
This cannot be achieved with the conventional protection method used for point-
to-point HVDC systems, which utilizes ac-side breakers to clear the fault, as they
require long clearing times. For a reliable MTDC system, the half-bridge MMC
topology requires fast acting dc breakers such that the prospective fault current
does not cause any damage to the components involved. Hence, the developed
MTDC system employs hybrid HVDC breakers. The overall control scheme for the
system is shown in Figure 4.2.

4.5 DC-side Faults in MTDC Systems

Although dc-side faults are rare in cable-based HVDC systems, they are typically
permanent. Handling of dc-side faults is one of the key protection challenges for
MMC-based MTDC systems [25].

The occurrence of a dc-side short-circuit in an MTDC system immediately causes
the entire dc system to discharge into the fault. The only limit to the steady-state
fault current is the resistance of the dc lines, which should be as low as possible,
as it influences the losses and the rating of the line. Moreover, the MTDC system
employing MMCs with half-bridge submodules, continues to feed the fault current
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from the ac-side through free-wheeling diodes, even if the converter is blocked.
Hence, fast interruption of fault currents is essential to meet the requirements of a
reliable MTDC system. In order to fulfil this, MMCs with half-bridge configuration
require dc breakers, which must be significantly faster so that the prospective fault
current does not cause any damage to the components involved, especially IGBTs
or diodes of the MMCs [26]. The use of fast dc breaker also makes it possible
to isolate the faulty link in an MTDC system without interrupting power flow in
other dc links. In the near future it is expected that half-bridge MMC-based MTDC
systems will employ fast-acting dc breakers [27]. Hence, in Publication VIII the
MTDC system is developed employing hybrid HVDC breakers.

Using the MTDC test system, permanent faults in dc cables and in close proxim-
ity of the converter are analysed. The analysis established the need for fast acting
dc breakers in MTDC systems, especially if only the faulty part needs to be discon-
nected. Although, the publication focuses on the dc-side faults, the test system is
fully capable of simulating the ac-side faults as well. Hence, the developed test sys-
tem is capable of accurately simulating the faults in an MTDC system and to study
the response of the MMC and hybrid HVDC breakers during transient conditions,
with high computational speed.

4.6 HVDC Grids

In Publication V and Publication VII, generic four-terminal HVDC grid test
systems are developed as shown in Figure 4.6. Since the publications are focused
on the EMT analysis of the HVDC systems, the HVDC grids are developed using
the CM. However, the test systems can also be developed using the DEM if the
study requires submodule level investigation of the MMC.
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P.Q P.Q,

pccL L —— DC Busl DC Link12 DC Bus2 =3 pcc2
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Figure 4.6: HVDC grid test system.

The grids are simulated in the PSCAD educational version, which has a limit of
200 nodes. Due to the limited access of PSCAD professional version in academia,
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the proposed MMC models made it possible to simulate and study HVDC-grids on
a desktop computer.

Using the HVDC grids test systems, both ac and dc-side fault conditions are
investigated. In Publication VII, a simple protection system based on travelling
waves has also been presented. Hence, the simulated system can serve as an stan-
dard HVDC grid test system, providing a realistic test scenario for electromagnetic
transient studies.






Chapter 5

Conclusions and Future Work

5.1 Conclusions

The dynamic or transient analysis of an HVDC system essentially requires MMC
simulation models capable of representing both the blocked and deblocked states of
an MMC. This thesis has presented two reduced-order models of an MMC, namely
the CM and the DM. Both models are capable of accounting for the blocked state
of the converter. Hence, they cannot only depict the accurate transient response
of an MMC but can also be used to study the protective measures that should be
taken for the MMC during fault conditions. The models were verified by performing
several comparisons with the detailed simulation model as well as with the experi-
mental results from the converter prototype. A good agreement of both the models
with the detailed model as well as the experimental results enables the conclusion
to be drawn that the proposed models are fully capable of accurately simulating
the behavior of the MMC. This is true for the HVDC transmission systems during
energization, steady state, and under all types of fault conditions. Also the perfor-
mance of the MMC with redundant submodules was also investigated by comparing
two different control strategies for integrating submodules.

The proposed models require only a low number of nodes per arm. This allowed
the simulation of a MTDC system and HVDC grids in the PSCAD educational ver-
sion with a limited permitted number of nodes. The reduced-order model developed
for the hybrid HVDC breaker was employed in the MTDC system. Thus, the devel-
oped test system is capable of replicating the transient behavior of the MMC-based
MTDC system employing hybrid HVDC breakers with high computational speed.
The developed HVDC grid test system is also well suited to transient analysis and
protection studies under fault conditions with extremely high computational speed.
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5.2 Future Work

Based on the approach presented in this thesis, simulation models for other MMC
topologies can be developed. This will help in analysing future HVDC grids, which
might include different MMC topologies. Using the same approach, MMC real-
time simulation models can be developed. This not only provides the additional
benefit of studying its real-time performance, but is also useful in developing large
dc networks for stability or hardware-in-the-loop (HIL) studies.

In this thesis, only symmetrical monopole HVDC systems were developed. There
are a number of asymmetric bipole HVDC systems currently in execution phase and
the proposed MMC models can be used to develop such systems too. Additionally,
MTDC systems and HVDC grids having both symmetrical monopoles and asym-
metric bipoles should be developed and studied,comprised of future dc grid will
surely have both. One more aspect of interest is the investigation of new protection
algorithms for such systems.

Lightning performance of MMC-based HVDC systems is also a topic which needs
more attention as until now very little research has been done in this area. Lightning
analysis of MM C-based HVDC systems with overhead lines is especially, important
in deciding the dc-side insulation levels of the system.



List of Symbols

N: Number of submodules per valve-arm

Ng: Number of redundant submodules per valve-arm
Np: Number of faulty submodules per valve-arm

C: Submodule capacitance

L: Valve-arm inductance

R: Valve-arm resistance

Corm: Valve-arm capacitance

Va: Pole-to-pole dc-link voltage

v Sum capacitor voltage for upper valve-arm
v Sum capacitor voltage for lower valve-arm
Vet Individual submodule capacitor voltage

Narm: Insertion index

Ty : Insertion index for upper valve-arm
n;: Insertion index for lower valve-arm
is: Output current
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List of Acronyms

CM: Continuous model

DEM: Detailed equivalent model
DM: Detailed model

EMF: Electromotive force

EMT: Electromagnetic transient
FPGA  Field programmable gate array
HIL: Hardware-in-the-loop

HVAC: High-voltage ac

HVDC: High-voltage dc

IGBT: Insulated-gate bipolar transistor
LCS: Load commutation switch
MMC: Modular multilevel converter
MOV: Metal oxide varistor

MTDC: Multiterminal HVDC system

NSCC:  Negative sequence current control
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Pulse-width modulation
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Ultra-fast disconnector
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