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ABSTRACT

Submodule overcurrent caused by DC pole-to-pole faultin modular multilevel converter HVDC (MMC-HVDC) system is one of
the important research objects about its electrical characteristics. In this paper, the fault mechanism before and after the
converter blocked was analyzed respectively and the circuit model for the analysis of submodule overcurrent was explored.
The analytic equation for overcurrent calculation was deduced and a detailed analysis was also performed. The changes of
submodule overcurrent stress with different circuit parameters were obtained and the key issues were also summed up. The
results indicate that the submodule overcurrent is the AC system three-phase short-circuit current superposed the discharging
current before the converter blocked, and the submodule overcurrent is the AC system three-phase short-circuit current
superposed the valve reactor freewheeling current after the converter blocked. From the computation and simulation results, it
is concluded that the analytical method is feasible and its calculation results are comparatively precise.

KEYWORDS: HVDC circuit breakers (CBs), HVDC interrupters, HVDC transmission, HVDC converters, power transmission,

switchgear

L. INTRODUCTION

The electrical power grid is one of the most important
engineering achievements of the 20th century. The
conversion of primary energy to electrical energy allows,
through the electrical grid infrastructure, to connect power
sources with electrical load devices over long distances. The
availability of electrical energy is essential for virtually all
aspects of daily life, including the supply of water, heating,
food, medical care, transport and economic infrastructure.
Stability and reliability of the electrical power grid is
therefore critical for the well-being of human society. The
power grid in today’s form has its origins more than a
century ago. During the 1890s the rivalry between two
approaches to the transmission of electrical energy,
alternating current (AC) and direct current (DC), became
known as the War of the Currents [1]. Three phase AC
transmission prevailed and has ever since dominated the
development of the electrical power grid throughout the
world until today. A decisive factor was the convertibility of
AC power to high voltage levels using transformers. This
greatly reduced the transmission losses compared to DC
power, which could at that time not be directly converted to
high voltage levels [2]. The development of point-to-point
high voltage direct current (HVDC) connections continued,
following the basic structure of a pair of AC-DC-converters
located at two buses in a surrounding AC grid with a DC link
in between. The first commercial HVDC link was installed in
1954 between the Swedish coast and the island of Gotland
[3], with converter switches based on mercury arc valves.
HVDC gained increased interest from the 1970s onwards,
when semiconductor technology became available for the
development of new efficient converter systems. Today’s
HVDC links can be grouped into two categories, according to
the converter technology used. Line-commutated converter
HVDC use thyristors to perform converter switches,
providing one degree of freedom to select the injections at
the AC terminals. Voltage-source converter HVDC (VSCHVDC)
use insulated-gate bipolar transistors to perform converter
switches, providing two degrees of freedom to select the

injections at the AC terminals [4]. The comparison of AC and
DC technology as transmission solution with a given power
rating includes economic and operational aspects [4]. From
an economic perspective, HVDC connections require a larger
investment for the converter systems at the end points of the
DC link. However, since the power is transmitted as DC
current, no reactive power losses occur in the transmission
link. In comparison, AC connections have a smaller
investment for the end point connection, but require
additional reactive power compensation and cable material,
increasing the cost per kilometer. The economic break-even
between AC and DC connections occurs at roughly 100 to 200
kilometer, depending on the power rating, the voltage level,
the HVDC technology, the location of the connection and the
general energy price level [5]. As aresult, HVDC connections
were often selected as solution for long transmission
distances [6], the connection of offshore windfarms [7],
islands [8], or coastal links across seas [9]. From an
operational perspective, HVDC links have the ability to
connect otherwise disconnected asynchronous AC grids. This
increases the flexibility to support either AC grid using bi-
directional external infeed from the HVDC link [10]. An
operational difficulty is the behavior of HVDC links during
faults. Unlike AC currents, DC currents have no natural zero
crossing and must be forced to zero during the opening of a
connection [11]. Further criteria for the selection of AC or DC
technology concern social and environmental aspects, such as
the requirement to put new transmission links underground.
The ongoing development towards a hybrid power grid with
both AC and DC components aims at exploiting the
advantages of both technologies in order to maximize the
efficiency, reliability and flexibility of the future energy
infrastructure [12]. A feature of HVDC technology that is little
exploited in today’s grid operation is its potential as dynamic
control device to improve the power system performance
during transients. A VSC-HVDC link can independently
control the active and reactive power injected into the
surrounding AC grid. This increased flexibility is already used
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by the network planner quasi-statically to optimize power
flows between generation and load centers of the AC network
[13]. However, the response time of HVDC converters to
changes in the injection references is sufficiently fast to also
support the network during critical system transients due to
faults, the loss of power system components, inter-area
oscillations, or variable injections of renewable energy
sources. Dynamic grid controllability becomes more
important as the power system operates closer to its security
margins and is particularly valuable during stress scenarios.
It is typically ensured by control actions at the power grid’s
synchronous generators through droop controller, automatic
voltage regulators (AVR) and power system stabilizers (PSS)
[14]. In addition, flexible AC transmission system (FACTS)
devices provide adjustable reactive power compensation at
selected buses in the AC grid [7]. The potential dynamic grid
controllability from HVDC connections relies on temporary
adjustments of the converter injections into the AC grid.
HVDC can provide both local and global dynamic power
system support since they directly affect the power flow
between remote areas [11, 12, and 13]. This thesis focuses on
HVDC links as power system control devices in the presence
of transient phenomena in the surrounding power network.
Specifically, it addresses three key aspects of the dynamic
operation of HVDC links:
» What are the constraints for the dynamic operation of
HVDC links in AC networks?
» How should HVDC links be operated to best support the
power system during transients?
» Where should HVDC links be located in a given AC
network for best dynamical support?

The context and contributions related to each of these
questions are summarized in the following section.
Throughout the thesis, unless stated otherwise, the term
“HVDC” refers to the voltage source converter type (VSC-
HVDC).

The topologies of two converters in the VSC-HVDC system
have been studied in [17-21]. The two-level bridge is the
simplest circuit configuration and there are several
commissioned projects that use this topology [15, 16]. Recent
practices have extended the principle to multilevel
converters by the use of capacitors and diodes to increase the
number of levels. The voltages can be clamped for different
levels such as a three-level neutral point clamped voltage
source converter [14, 18, 22] and a three-level flying
capacitor voltage source converter [19, 21]. These multilevel
converters provide improved waveform quality and reduced
power losses. In [23] itis stated that the typical losses of the
two-level and three-level VSC, operating at 1 pu power, are
larger than 3% and between 1% — 2%, respectively. However,
due to the increased complexity in converter design with
multilevel converters the two-level converter technology is
still the most commonly used. To fully exploit the capabilities
of the VSC-HVDC proper control algorithms are needed. In a
number of papers, such as [18, 22, 24, 25], different control
systems of the VSC-HVDC have been analyzed. In [18] an
inner current control loop for the use together with a carrier
based PWM is presented. The inner current control loop is
designed for a digital control implementation and for a dead-
beat control of the converter current when the converter is
connected to a very strong AC network. A grid-connected VSC
using a discrete vector current controller is investigated in
[24]. The influences of an incorrect controller tuning and grid
voltage harmonics on current frequency responses at an

operating point are also addressed. Moreover, some specific
aspects of the VSC-HVDC are also studied in the literature. For
instance, an analytical model of the power control terminal of
a VSC-HVDC system is also analyzed and presented in [26-
28]. The contribution of VSC-HVDC to short circuit currents is
investigated in [29]. The inter-area decoupling and local area
damping by the VSC-HVDC are studied in [30]. There are also
some further possibilities for the improvement of VSC-HVDC.
In [31] a static synchronous series compensation (SSSC) is
embedded in the VSC-HVDC station to improve the dynamic
characteristics of the VSC-HVDC link. One of the attractive
applications of the VSC-HVDC is that it can be used to connect
a wind farm to an AC grid to solve some potential problems
such as voltage flicker [32]. In [33] a technical and
economical analysis is presented to evaluate the benefits and
drawbacks of grid connected offshore wind farms through a
DClink. In [34] the behavior of a VSC-HVDC system is studied,
when feeding a weak AC network with power produced from
an offshore wind farm (WF) of induction generators. The
VSC-HVDC connecting a wind farm to an AC system has also
been implemented in some commissioned projects [15, 35,
36]. Two commercial VSC-HVDC transmission systems
projects, Gotland are feeding onshore wind power to the AC
system. These projects have shown that VSC-HVDC is capable
of handling wind power and reacting rapidly enough to
counteract voltage variations in an excellent way. In February
2005 the world’s first offshore VSC-HVDC transmission was
successfully commissioned [36]. Overall, the theoretical
investigations and experiences confirm that the VSC-HVDCis
a promising concept for connecting large wind farms to AC
systems. A multiterminal VSC-HVDC can be an attractive
alternative to the conventional AC system. The possible
implementation of a multiterminal HVDC system and various
aspects related to the multiterminal HVDC system have been
studied [37-42]. The reliability of a hybrid multiterminal
HVDC sub-transmission system is evaluated in [38]. The
ability of the multiterminal VSC-HVDC system to improve
power quality and how to deal with DC overvoltages during
loss of a converter in the multiterminal VSC-HVDC system is
investigated in [43] and [40]. The protection of multiterminal
VSC-HVDCs against DC faults is also studied in [44]. In the
literature there are some other applications of the VSC-HVDC
technology. In [45] a study of SSTI (subsynchronous torsional
interaction) related to VSC-HVDC is presented. One DC
prototype system has been simulated to investigate the
opportunities and challenges in industrial systems [46].

IL MODELLING AND CONTROL STRATEGY OF THE
VSC-HVDC

The main circuit of a three-phase AC-DC voltage source

converter is shown in Figure 1.

i
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Fig. 1: Circuit diagram of a three-phase VSC
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The three-phase mathematical model for a VSC similar to the
one presented above was presented in [23] and [24]. If a
balanced three-phase system with neutral connection is
assumed and neglecting the resistance r of the switches [24],
the voltage source converter can be modeled by using
equations (4.1) - (4.2):

V. 3
cd e = 3 d, ~ipe
dt k=1 (1)
i 18
Ld £ +Ri, =g~V (dk==>"d,
dt 3n:1 (2)
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k - represents the index for the three-phase;

dk - represents the duty cycle;

ex - represents the phase voltage;

ix - represents the phase current;

vpc - represents the DC-link voltage;

ipc - represents the DC current;

r - represents the resistance of the switch;

L - represents the inductance of the phase reactor;
R - represents the resistance of the phase reactor.

VVVYVYVYVYY

Thus, using equations (1) and (2), the block diagram of a
three-phase VSC can be obtained:

T |
oy X
| .
+ "'::-E-:" f:_j.- 1
i | i i i "'-.
= = % - | ol %L e i i, PP
e Bl Y L —
1 - | a
iy ; ( —"i I —
L 1 1
X =
i o | ! Li 303
gl [ m=u
’ |
X o

Fig. 2: The block diagram of a three-phase VSC

Based on the three-phase mathematical model of the voltage
source converter, the converter's model in the dq
synchronous reference frame can be derived. The model of
the VSC in the dq reference frame will be implemented in
Simulink and used for further study-cases analysis. In order

e J—

to achieve the mathematical model of the VSC in the 44
synchronous reference frame, the orientation of the dq
system, in the complex plane, in respect to the three-phase
system, is considered as presented in Figure 3.
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Fig. 3: Orientation of the dqand three phase systems in the

complex plane

DQ transformation is the transformation of coordinates from
the three-phase stationary coordinate system to the d-q
rotating coordinate system. This transformation is made in
two steps:

» A transformation from the three-phase stationary
coordinate system to the two-phase, a-f stationary
coordinate system and

» A transformation from the a-f stationary coordinate
system to the d-q rotating coordinate system.

Clark and Inverse-Clark transformations are used to convert
the variables (e.g. phase values of voltages and currents) into
stationary o-3 reference frame and vice-versa. Similarly,
Park and Inverse-Park transformations convert the values
from stationary o-f reference frame to synchronously
rotating d-q reference frame and vice versa.. The reference
frames and transformations are shown in Fig 3.

The stationary a-axis is chosen to be aligned with stationary
three phase a-axis for simplified analysis. The d-q reference
frame is rotating at synchronous speed w with respect to the
stationary frame a-f3, and at any instant, the position of d-
axis with respect to a-axis is given by 6=wt.
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Fig. 4 - Control Stages and respective reference frames
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II1. FILTER MODEL
The electrical circuit of a three-phase C filter which is to be
modeled in this section is shown in Figure 5.
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Fig. 5: Circuit diagram of a C filter

The three-phase mathematical model for a C filter similar to
the one presented above is discussed in detail in [25]. If the
resistance rf of the capacitor is neglected, the filter can be
modeled by using equations (3), (4):

C, e _ =g

low = Tpcek ~ (4)

here,
k - represents the index for the three-phase;
ek - represents the phase voltage;
ix - represents the current across filter capacitance;
ip cck - represents the phase current at PCC;
i« - represents the current flowing in the capacitor;
Ct - represents the filter’s capacitor;
It - represents the internal resistance of the capacitor.
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GRID MODEL

Usually, a grid model can be developed by using the
Thevenin equivalent circuit [26]. The equivalent circuit per
phase for the grid model is presented in Figure 4.6, where by
an (R-L) equivalent impedance the distribution lines are
emulated.
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Fig. 6: Thevenin equivalent circuit
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B. CONTROL SYSTEM

With classic HVDC the reactive power cannot be controlled
independently of the active power. With VSC-HVDC there is
an additional degree of freedom. As described in previous
chapter, the VSC-HVDC can control the active and reactive
power independently. The reactive power can be controlled
separately in each converter by the required AC voltage or
set manually. The active power flow can be controlled by the
DC voltage, the variation of frequency at the AC side or set
manually. This means that the active power flow, the
reactive power flow, the AC voltage, the DC voltage and the
frequency can be controlled when using VSC-HVDC. The
control system of the VSC-HVDC is a cascade control system,
it typically consists of a faster vector controller.
Furthermore, the vector controller is completed by
additional controllers which supply the references for the
vector controller. Thus, the vector controller will be the
inner loop and additional controllers will be the outer loop.
In this thesis the additional controllers will be referred to as
the outer controllers. The outer controllers include the DC
voltage controller, the AC voltage controller, the active
power controller, the reactive power controller or the
frequency controller. For example, as shown in Fig.7, either
side of the link can choose between AC voltage controller
and reactive power controller. Each of these controllers
generates a reference value for the vector controller.
Obviously not all controllers can be used at the same time.
The choice of different kinds of controllers will depend on
the application and may require advanced power system
studies. For example, the VSC-HVDC can control frequency
and AC voltage if the load is a passive system, the VSC-HVDC
can control AC voltage and active power flow if the load is an
established AC system. However, since the active power flow
into the DC link must be balanced, the DC voltage controller
isnecessary in order to achieve active power balance. Active
power out from the DC link must equal the active power into
the DC link minus the losses in the DC link. Any difference
would result in a rapid change of the DC voltage. The other
converter can set any active power value within the limits
for the system. In this chapter the vector controller and
various outer controllers will be described in detail
Simulation results will be presented in the next chapter.
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Fig. 7 Overall control structure of the VSC-HVDC
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C. VECTOR CONTROLLER

The vector controller is based on the basic relationship of
the circuit shown in Fig. 8 and can be implemented in the dqg-
coordinate system. In order to have a detailed overview of
the vector controller, its derivation is presented in this
section.
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Fig. 8 The inverter station of the VSC-HVDC

From the circuit shown in Fig. 2, the voltage over the
transformer, the current through the AC filter and the
voltage over the phase reactor can be obtained in the three
phase system:

d. ,
U0 - e =L BT O+ RO

; (5)
590 -1 =, S
t (6)
() - = L, 0+ RIE

D. DCVOLTAGE CONTROLLER

The instantaneous active power P49 and reactive power
Q¢{d9) together with the power P transmitted on the DC
side of the VSC are expressed as:

25-km cable 1

P (1) =ui 17 () + Ui (1)

(8)
diq) (t) — UEQ) .iéd) (t) _ u(fd)i\EQ) (t) )
P () =uye (t)ipe(t) (10)

E. ACTIVE POWER CONTROLLER
A simple method to control the active power is an open-loop
controller. The reactive current reference is obtained from
(9) as:

P*

i(q) —_f
v q
u
' (11)
Where Pr* is the desired (reference) active power. If an
accurate control of the active power is needed, a
combination of a feedback loop and an open loop can be
used:
P k
(@ — ' f 1, Pf *
i —u—q"‘(kp,pf +T)(Pf P)
! (12)
Where k;pr and ki pr are the proportional and integral gains

of the active power controller.

Iv. SIMULATION RESULTS

The system considered in this thesis is given in Fig.8. The
HVDC system consists of two VSCs connected via a dc link.
The control of sending end converter (SEC) is done by using
dc-voltage control and reactive power control whereas the
control of receiving end converter (REC) is done by active
and reactive power control.
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Fig.8 - Test System under consideration:- MATLAB/Simulink

The test system specifications are given in Table 5.1.
Table 5.1 Parameters specifications of test system

Grid voltage 50 kV
Nominal power 200 MW

Nominal frequency 50 Hz
Sampling time 50 msec
DC link voltage 3000V

Switching devices IGBT

Sending end converter (SEC)

Grid voltage and grid current are first converted in to per
unit values. DC link voltage which is set at 3000 V is also an
input to the SC control system. Vp¢ controller calculates the
Vpc reference voltage for maintaining the DC link voltage
constant and gives signal as I4- reference. Grid voltage and
grid current are converted in to d-q axis frame by using abc-

dq transformation. The signals from grid current produces id
and iq whereas DC link voltage gives Idr. For producing Iqr,
grid voltage signal is utilized. The Vd and Vq voltage is
compared with actual value of DC link voltage and the error
signal is taken as to produce pulses for VSC.

The first study case aims to investigate the steady-state

behavior of the VSC-based HVDC transmission system. As

discussed in the previous chapter, the outer controllers

which are implemented depend on the application. Thus, in

this study case the following control loops are considered:

» The offshore converter (which emulates the WPP)
controls the active power and the reactive power;

» The onshore converter (which emulates the AC grid)
controls the DC voltage and the reactive power.

Before starting the analysis of the behavior of the developed

VSC-based HVDC transmission system (plant and control) a
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convention of signs should be imposed. Therefore, in all the
upcoming results, for both the onshore and offshore
terminals the sign "-" indicates that the respective terminal
is sending power, while the sign "+" indicates that the

respective terminal is receiving power.

In order to analyze the behavior of the developed system,
changes in the active and reactive power flow are produced
at the onshore terminal and a change of the reference value
of the DC voltage is also considered order to improve the
performance of the outer DC voltage controller two methods
were tested: decreasing of the control response and adding a
reference pre-filter. The first method offered good results
with a simple implementation and it was finally used.

The d and q components of the measured off shore and
onshore currents are plotted in Figure 5.5 and Figure 5.6,

respectively. From these plots it can be noticed that the
measured signals are tracking well the reference signals; the
overshoot caused by the transients have an acceptable value,
while the measured signals are settling fast after the
transient ends.

Due to the fact thatid determines the active power, it can be
observed that its reference is changing proportionally with
the reference of the active power (see Figure 9). On the other
hand, because iq is directly related with the reactive power,
its reference is changing according to the changes in the
reactive power flow.

Moreover, because the d and q components of the current
are cross-coupled each change in the waveform of a
component will cause a small transient in the waveform of
other component.
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Fig 9 larerand Iq current variations
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Fig. 11 Three phase grid voltage and grid current

Fig 11 shows the three phase grid voltage and grid current waveform. From the figures it can be seen that as the three phase
current is varied at time interval 1 second, the Idref current is also varied accordingly. Which further helps in maintaining Id
current following the Idref current. As a result there is no variation in the three phase voltage waveform. The pu rms value of

the grid voltage is shown in Fig. 12.
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Fig. 12 pu rms value of the grid voltage

Fig 13 shows the voltages for the SEC to the HVDC line. The sum of these two voltages i.e Positive-Neutral and N-Negative
is total DC link voltage. This voltage decides the stability of the system. Fig 5.10 shows the resultant DC link voltage of the
SEC. Moreover, through this study case the independent control of reactive power at each terminal was verified. The DC
voltage controller had shown a good behavior, regulating the DC-link voltage to its reference value, whatever changes in

the active power ow were considered
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Fig. 13 Positive-Neutral and Neutral-Negative terminal voltage of SEC

(=

[ gir—.

Fig. 5.10 DC link voltage of SEC

The measured active power at both terminals and the power delivered by the grid are plotted. As it can be observed, the value
of the measured active power at the sending end terminal is varied at time interval 1 second. The simulated VSC-HVDC system

no losses have been considered.

V. CONCLUSIONS

The main topic of this project was to investigate and to
analyze the behavior of the VSC- based HVDC transmission
system. The current project was structured into six chapters
which will be briefly presented in the followings.

The first chapter represents an introduction to the project.
This chapter contains a short background, the problem
formulation and also the objectives of this project are stated
in this section.

The second chapter could be seen as an overview of the
literature review of the previous works conducted by
various researchers.

The third chapter of the project dealt with the modeling of a
simple VSC-based HVDC transmission systems. Here, the
mathematical models of the main components (VSC, filter
and grid) were presented. Since the control was
implemented in the dq synchronous reference frame, the
model of the VSC and _lter were also developed in the same
reference frame.

The next chapter was focused on the design of the control
system of the VSC-based HVDC transmission system. In the
beginning, an overview of the applicable control loops was
realized. As it was shown, all the control strategies have at
their bottom level a fast inner current control loop. The
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slower outer control loops can regulate various parameters,
such as: DC voltage, AC voltage, active power, reactive power
and/or frequency. Depending on the application and on the
imposed requirements, one or more of this control loops can
be used to control the converter.

The fifth chapter was dedicated to the analysis of the steady-
state behavior of the VSC-HVDC system.
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