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ABSTRACT
HVDC System Stability Study using PSCAD/EMTDC
High voltage direct current (HVDC) system used for bulk power transfer
over longer distance offers numerous advantages compared to high voltage alternating
current (HVAC) transmission system, such as inter-connect networks operating at
different frequencies, comparatively low line losses because of constant current and
absence of reactance. Power converters are needed (AC-to-DC-to-AC) to embed DC
links into power transmission systems. Among the power converters, the modular
multilevel converter (MMC) based on voltage-source converters (VSCs) is emerging
as a potential candidate for HVDC transmission systems. It offers several advantages,
such as the absence of large power supplies at each module, lower harmonics, less
switching losses, modular structure, and scalable output voltage. However, for a large
DC-network (HVDC system), MMC requires large number of sub-modules (SMs)
and switches, which makes its modeling very challenging and computationally
intensive

using

electromagnetic

transient

(EMT)

type

programs

like

PSCAD/EMTDC. Average Value Model (AVM) offers a better option to model
MMCs by combining SMs to make an arm equivalent circuit. Each arm of an MMC
can be modeled as a controllable voltage source due to cascaded connection of
identical SMs, which in turn results in scalable output voltage for MMC. Circulating
current and voltage fluctuations of SMs capacitors are important issues to consider
during the operation and stability of MMCs. Circulating currents contribute to power
loss in MMCs as root mean square (RMS) value of the arm current increases.
Circulating current also increases the amplitude of voltage fluctuations of SMs
capacitors, DC side current oscillations that affects the stability of MMC.
The traditional method for inserting SMs in each arm is based on direct
modulation, which utilizes two reference waveforms for controlling arm voltages in
MMC. It does not compensate the arm voltage oscillations, and generates circulating
current in each leg of a three-phase MMC systems. Existing circulating current
control methods can be divided in two groups: (1) elimination of higher order
harmonics reduces the RMS value of arm currents at expense of increase in capacitor
voltage ripple; and (2) injecting higher order harmonics in circulating currents, which

x

reduces the capacitor voltage ripple at expense of increase in the RMS value of the
arm current.
In this research work, a new method is proposed and simulated to minimize
capacitor energy variations by injecting even order harmonics to the upper and lower
arm currents based on direct modulation method. This injection will restrict excessive
negative currents in each arm of the MMC, leading to the presence of DC current
components, which results in the reduction of circulating currents and RMS values of
the arm current inside each leg of 3-phase MMC. Furthermore, with this technique
voltage fluctuations of SMs capacitors and oscillations in DC link current also reduce.
A two terminal symmetrical monopole MMC-HVDC test system based on time
variant AVM model is designed and simulated in PSCAD/EMTDC to validate the
effectiveness of proposed method.
This symmetrical monopole MMC-HVDC system use vector current control that
needs grid voltage for synchronization and to accurately extract phase angle and
frequency at the point of common coupling (PCC) for the control system.
Conventionally Phase-locked loop (PLL) is implemented to synchronize MMC output
voltage to grid voltage while estimating, grid voltage phase angle and frequency in
order to generate voltage and current references for the grid side converter control
system. However, presence of the DC-offset at input voltage of a PLL results in
fundamental frequency oscillations, that introduces phase angle error leading to
instability of the MMC-HVDC system as the current references tracked by controllers
with erroneous values. Therefore, a 3-phase double integration method (DIM) is
proposed and implemented for grid synchronization of a 3-phase MMC in HVDC
system, that removes DC offset at input voltage and enables a smooth start during
normal start-up of a grid or after disturbance improves the stability of HVDC system.
Finally, this research work also highlights the challenges and issues related to
the integration of electric power produced by wind energy into the AC Grid. It is
concluded that HVDC system provides better option for the possible future expansion
of existing AC transmission lines in order to integrate electrical power generated by
wind energy sources.
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Chapter 1
Introduction
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1.1 Introduction
First electric power line was constructed with direct Current (DC) as the first
electric generator invented by Thomas A. Edison in New York City in 1882 was DC.
However, AC (alternating Current) took advantage away from DC due to availability
of transformers, which could easily step up and step down the voltage levels and
invention of induction motors for industrial use. Since AC-to-DC conversion
technology was not available till 1950s therefore AC became entrenched for the
domestic, commercial and industrial applications. However, with the invention of
thyristor valves by General Electric in 1950’s, and the development of power
electronics later, HVDC (high-voltage direct current) transmission again became
technically attractive. Due to the skin affect, AC resistance of an electric power line is
higher than its direct current resistance, resulting in more loss in AC transmission
lines. The frequency and the intermediate reactive components of AC transmission
system are major concerns for its stability. DC transmission system has no stability
and reactance problems as frequency is zero and current is constant [1].
The HVDC transmission is environment friendly as electric and magnetic fields
associated with HVDC conductors produce less environmental affects. Since it offers
steady state current and its magnetic field is static, thus DC is not induced in nearby
objects. The strength of DC magnetic field is almost similar to Earth's natural static
magnetic field [2].
Initial cost of installing HVDC link is more than HVAC transmission due to
investment on Power converters stations. However, due to reduced losses, HVDC
offers cost effective economic solution after "break-even” distance compared to
HVAC as shown in Fig. 1.1. This distance is between 500-600 km for overhead
transmission line.

Figure 1.1 Break-Even distances HVDC and HVAC [3]
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A comparison between HVAC and HVDC overhead lines is presented in Table 1.1
below [3]:
Table 1.1 HVAC and HVDC Comparison [3]
Characteristics

HVAC

HVDC

Power Losses

HVAC system has

High voltage DC transmission line

significant losses with

has lower losses compared with an

distance.

AC circuit for the same amount of
power
terminals

transferred.
and

Converter

substations

have

power losses.
Investment cost

HVAC

land

acquisition HVDC land acquisition costs are

costs are higher as more lower as two conductors are used to
conductors

are

used

to transmit power. The operating and

transmit power.

maintenance expenditure are low in
an HVDC system.

Asynchronous

HVAC systems cannot be

HVDC is the only option to establish

connection

used to connect

a link between two regions working

asynchronous ties.

on different frequencies using backto–back converters.

Environment

The visual impact and right

Right of Way Management (ROW)

of way management (ROW) expenses for the High voltage DC
of HVAC systems is high.

overhead system is less than the AC
line of a system. Converter stations
have issues such as:

noise level,

electromagnetic compatibility and
use of a ground / sea return circuit of
electric current in a monopolar mode
of operation.
Fault performance

In HVAC, when a fault In HVDC systems, the current value
occurs, a circuit breaker is does not change, DC arc is more
used to interrupt the current difficult to extinguish than AC arc in
3

and extinguishes the arc, DC line short-circuit faults. As there
which is formed during the is no natural current zero crossing
closing and

opening of point in DC systems.

contacts.
Short-circuit currents HVAC transmission line High voltage DC transmission does
contributes

towards

the not contribute towards the short-

short-circuiting fault current circuiting
in

the

fault

current

in

the

interconnected interconnected AC/DC system.

AC/DC system.
Power converters are needed (AC-DC-AC) to convert AC into DC links which will
become part of power transmission systems. The power conversion process is
completed using power semiconductor devices (switches) such as power diodes,
Insulated-Gate bipolar transistors (IGBT’s) and Silicon Controlled rectifiers (SCR’s)
[4].
An HVDC system shown in Fig.1.2 consists of three major components 1) Power
converter (rectifier) to convert AC-to-DC 2) Transmission line 3) Power converter
(Inverter) to convert DC into AC [5].

Figure 1.2 HVDC System [5]
HVDC transmission using Line Commutated Current Sourced Converters (LCCHVDC) technology was first implemented 50 years ago. This technology used SCRs
as switching devices. LCC-HVDC had two big disadvantages a) Inverter and rectifier
absorb reactive power from Grid b) harmonics-filtering requirement is more in LCCHVDC systems because of low switching frequency [6].
Two-level voltage-source converters (VSCs) based HVDC transmission using
Insulated Gate Bipolar Transistors (IGBT) was developed later and had the advent of
self-commutation, i.e. the switches turn on and off were controllable. To increase the
power rating of two levels VSC technology, more series connected devices (IGBT’s)
4

are needed as stacks, which make control system mechanism more complex and
difficult. Due to higher switching frequency, switching losses are more in high
voltage and power applications. Another approach to achieve a higher power rating in
VSC is to implement it as a multilevel (three levels) topology. However, multilevel
three level VSCs have inherent problems of lesser number of levels, which places
restrictions on their voltage levels, making these converters unsuitable for HVDC
systems [7-8].
Modular Multilevel converter (MMC) is considered as a favorable multi-level
topology compared to two levels and three levels-VSC. It employs number of
controllable sub-modules (SMs) cascaded in series to obtain the desired AC and DC
side output voltage [9].Each SM has a capacitor, working as a voltage source to
produce DC side voltage by the addition of all SMs capacitors in upper and lower arm
of an MMC converter, whereas difference between SMs capacitors in upper and lower
converter arms synthesizes an AC side voltage. MMC is working as a VSC linked
with an AC grid system through a reactance. The active and reactive power between
MMC and AC grid can be managed by controlling current flow while adapting
voltage and phase relationship of VSC proportionate to the AC grid voltage [10].
MMC offers, several advantages, such as absence of large power supplies at each
module, lower harmonics, less switching losses and modular structure making it a
suitable candidate for the HVDC transmission systems [11]. However, the working
principle of MMC is based on the physical insertion/bypassing of its SMs in a discrete
pattern making its control mechanism and over all structure complex [12]. A
comparison between different types of power converters is given in Table 1.2 [13].
Table 1. 2 Types of Power Converters [13]
Attributes

Classical

VSC-HVDC

MMC-HVDC

SCRs valve,

Transistor valve

Sub-modules

Grid

(IGBT), self

commutation

commutation

HVDC
Convertor Technology

(IGBT), self
commutation

Reactive power demand

Yes

No

No

Independent control of

No

Yes

Yes

active and Reactive power
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Multi-terminal

Complex

Simple

Medium

Simple

Medium

Complex

configurations
Control System

MMC has a complex structure and due to interaction between line and arm current
the behavior and operation of this converter is difficult to analyze during steady state
and under dynamic conditions. Therefore, electromagnetic transient programs,
(EMTP) like Power System Computer Aided Design (PSCAD) and Electromagnetic
Transient Direct Current (EMTDC) are normally used to simulate and study the
dynamics of MMC and its multiple control system functioning.
However, MMC introduces a big challenge for modeling in EMT simulation
programs due to excessive number of switches and SMs. To model a switch behavior,
total number of nodes in a network representing an admittance matrix must be retriangulized during each switching operation in EMT type solver [14]. Detailed
models (DMs) are considered to be the most accurate ones in which thousands of
semiconductor switches are accurately modeled to study the dynamics of MMC-based
HVDC systems but computational burden becomes very high. Therefore,
implementing detailed model seems unrealistic in EMT type computer simulation
program due to computational complexity. To study MMC based HVDC systems, the
average value models (AVMs) are believed to be more computer efficient than
detailed MMC models. The continuous or average model of MMC based on
equivalent branch model of an arm comprising of resistance, inductance and a voltage
source developed in [15], is comparatively efficient.
Furthermore, the control system objectives of MMC-HVDC system are as: a)
MMC converter output voltage and current control when working as a rectifier or
Inverter mode b) minimizing circulating current and capacitor voltage fluctuations. To
achieve these control system objectives a modulation scheme is used that provides
insertion indices (number of inserted SMs) for all the arms of MMC converter. The
conventional method for inserting SMs in each arm of MMC is based on direct
modulation, which utilizes two reference waveforms for controlling arm voltages in
MMC. It does not compensate oscillations in arm voltages and produces circulating
current in each leg of a 3-phase MMC [16]. The closed loop and open loop
modulation methods are used to compensate arm voltage oscillations in MMC based
6

on the measurement and estimation of SM capacitor voltages .Circulating current is a
major issue linked with the stability of MMC converter. Due to circulating current,
converter power loss increases as arm current RMS value increases. With the increase
in circulating current, amplitude of capacitor voltage fluctuations and oscillations in
DC link current increases causing instabilities in HVDC system [17].
The traditional approach of controlling the MMC-HVDC system consists of
AC-side current control system and a separate circulating current suppression
controller (CCSC) which regulates the unbalanced voltages in each leg of a 3-phase
MMC converter. It also introduces oscillations in DC side current involving an HVDC
system [18]. Existing circulating current control techniques can be divided in two
groups; a) elimination of higher order harmonics which in turn increase SMs capacitor
voltage ripples but reduces RMS Value of arm currents b) Injecting higher order
harmonics in circulating current reduces the capacitor voltage ripple but increases
RMS value of arm current subject to the condition that the output current phase and
amplitude is known so that the harmonic could be injected in an appropriate ratio of
these values. This will in turn reduce RMS value of current. However, it will further
complicate the process leading to computational burden on system [19].Therefore,
unlike closed loop and open loop modulation methods, the method proposed in this
research work does not need measurements and estimation of SM capacitor voltages
to compensate arm voltage oscillations in a direct modulation method.
Moreover, grid voltage synchronization is considered as an important aspect
for the stability of grid side Power converters (GSPC) involving HVDC systems. The
vector current control method (outer loop power and inner current control) is normally
used for GSPC, which converts three phase measured grid currents into two-phase d-q
current components. These d-q current components generate reference signals for
Proportional-Integral (PI) controllers in synchronously rotating reference frame
(SRF).The output of current controllers is given to a modulator to produce gate pulses
for IGBTs switches in order to control output current and voltage of an MMC. The
control system developed in SRF needs accurate knowledge of grid voltage phase
angle and frequency, which is extracted at a point of common coupling (PCC)[20]
.Conventionally Phase-locked loop (PLL) is implemented in synchronizing MMC to
grid voltage and to accurately determine grid voltage phase angle and frequency in
order to generate reference currents to achieve control system objectives. Phase angle
7

tracking in PLL is sensitive to unbalanced grid conditions such as; presence of DCoffset, frequency deviations and harmonics as phase angle is estimated by integrating
grid frequency, which introduces errors in implementing control system objectives
and affects the stability of PI controllers. PLL consists of three major components a) a
phase detector b) a low pass filter c) voltage controlled oscillator (VCO) .The
objective of PLL is to estimate grid voltage phase angle and frequency fast and
accurately however, during unbalanced grid conditions, PLL performance during grid
synchronization deteriorates [21].
The traditional method of eliminating Circulating current using CCSC leads to
oscillations in DC side current of an MMC-HVDC system as internal stored energy of
SMs is not regulated. However, a separate control loop is needed to balance energy
stored inside MMC that helps in regulating DC side current oscillations using a
control loop at the expense of more burden on the system.
Furthermore, during grid voltage synchronization technique using PLL, DCoffset generated at input voltage of a PLL and frequency deviations can affect the
stability of control system design for an MMC based HVDC system as current
controllers get erroneous values.

1.2 List of Contributions
This research work presents a new method to reduce circulating current,
capacitor voltage fluctuations, RMS value of arm current and DC side current
oscillations leading to improve the stability of two-terminal symmetrical monopole
MMC based HVDC system. To control input and output currents of MMC, arm
currents need to be controlled by controlling arm voltages. In existing direct
modulation technique, upper and lower arm voltages in each phase are controlled by
generating two sinusoidal reference voltage waveforms with the help of a control
system without measuring the capacitor voltages. Due to sinusoidal arm voltages,
sinusoidal arm currents inside MMC causes variations in SMs capacitor energy
leading to capacitor voltage fluctuations or arm voltage oscillations causing instability
or oscillations in DC link current of HVDC system.
In this research work, a new method is proposed for reducing circulating current.
In this method 2nd and 4th harmonics are injected to upper and lower arm currents that
restricts excessive negative currents in each arm of MMC. However, it results in DC
current component which leads to less capacitor energy variations and reduction in
8

circulating current as well as reduction in oscillations in DC side current. The
proposed method also ensures less capacitor voltage fluctuations. Unlike closed loop
and open loop modulation, the proposed method does not need measurements and
estimation of SM capacitor voltages to compensate arm voltage oscillations in a direct
modulation method .A point-to-point MMC based HVDC test system using non-linear
AVM model is developed in PSCAD/EMTDC software using vector current control
method to validate the proposed method.
Grid voltage synchronization is also addressed in this research work. A new grid
voltage synchronization method for a 3-phase MMC converter using 3-phase double
integration method is also proposed in this research work. It involves point-to-point
MMC HVDC system in which presence of DC-offset at input voltage of SRF-PLL
results in erroneous values for the current controllers tuned for tracking grid current
reference values. It affects the stability and performance while controlling voltage and
current at the desired values. This method also enables a good start during normal
startup of grid or after disturbance to further improve the stability of HVDC system.
Furthermore, this research work also emphasizes the benefits and needs of HVDC
systems involving different types of power converters for the future expansion of
existing AC transmission lines by integrating wind electrical power.

1.3 List of Publications
1. Kamran Hafeez, , Shahid A. Khan , Alex Van den Bossche , Qadeer UL
Hasan,'' Circulating Current Reduction in MMC-HVDC System Using
Average Model''. Appl. Sci. 2019, 9, 1383. (IF=2.2)
2. Kamran Hafeez and Shahid A. Khan, "High voltage direct current (HVDC)
transmission: Future expectation for Pakistan," in CSEE Journal of Power and
Energy Systems, vol. 5, no. 1, pp. 82-86, March 2019.(IF=2.6)
3. Kamran Hafeez , Shahid A.Khan , Alex Van den Bossche,''3-Phase Double
Integration; Grid Synchronization MMC Converter ''International journal of
Emerging Electric power systems. (Under review).
4. Kamran Hafeez, , Shahid A. Khan , Alex Van den Bossche , Qadeer UL
Hasan,'' Capacitor voltage ripple Reduction in MMC based HVDC System''
Electrical Engineering . (Under review).
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5. Kamran Hafeez , Shahid A.Khan , Alex Van den Bossche , "Stability
Analysis of MMC-HVDC System using direct modulation Approach '' CSEE
Journal of Power and Energy Systems. (Under review).
6. Kamran Hafeez , Shahid A.Khan , Alex Van den Bossche , " To Minimize
Capacitor Energy variations in MMC using direct Modulation Method ''
Electric power components and systems .(Under review).

1.4 Thesis organization
The structure of this thesis as follows.


A brief description of MMC HVDC system and MMC power converter are
presented in chapter 1. It includes comparison of HVDC and HVAC
systems. Comparison of different types of power converters, modeling of
MMC in EMT type software’s, issues related to MMCs stability and
operation, Grid voltage synchronization aspects of MMC.



Circulating current generation in MMC, its suppression and control is
briefly explained in chapter 2. Voltage based grid synchronization issues
and solutions are also presented.



In chapter 3, the internal dynamics of MMC, EMT modeling approaches is
discussed in detail. The mathematical non-linear average model of MMC is
developed and implemented in EMT type program like PSCAD.



Chapter 4 presents a point-to-point MMC-HVDC system design for
implementation in PSCAD simulation program. Major Components of
HVDC systems are also explained. Types of modulation methods and
comparison with the proposed new method are also highlighted.
Furthermore, analytical and simulation results developed in PSCAD for
circulating current and capacitor voltage fluctuation reduction in MMCHVDC system and comparison with the traditional methods are presented.



In chapter 5, a new method for Grid voltage synchronization MMC –
HVDC system is proposed .A 3-phase double integration method (DIM) is
designed and simulated using PSCAD which removes DC-Offset at input of
SRF-PLL that also enables smooth start-up during grid synchronization of
MMC after a small disturbance.



In chapter 6, an overview about existing infrastructure of AC transmission
system ,current HVDC projects and a road map for the future development
10

of HVDC in Pakistan with respect to wind energy integration and its
benefits are highlighted.


Chapter 7, concludes this research work and highlights future research work
needed in this field of technology.

11

Chapter 2
Literature Review
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The important tasks for the operation of MMC are to control its output voltage and
current while keeping balance between SM capacitor voltages and the control of
circulating current. Circulating current is generated in each leg of 3-phase MMC due
to voltage imbalance among the 3-phase units. The circulating current does not affect
the AC side voltage or current but can increase the RMS value of arm currents and
voltage fluctuations of SMs capacitors if not fully controlled or minimized. It can
influence the stability of MMC by increasing its overall ratings, power losses in
converter and produce oscillations in the DC side current.
This chapter presents a comprehensive review pertaining to circulating
current and its reduction and minimization strategies used in MMC. Analytical
equations reported in subsequent section show interdependency of SMs capacitor
voltage fluctuations and circulating current. By reducing capacitor energy variations,
circulating current can be reduced in 3-phase MMC. Two approaches available in
literature to minimize circulating current are also discussed; i.e. use of different types
of controllers to minimize circulating current ; to minimize the capacitor voltage
ripple by maintaining circulating current at the cost of increasing RMS value of arm
currents. A brief review about the importance of grid voltage synchronization of 3phase MMC is also presented. Due to DC offset and grid frequency deviations
stability of HVDC system is also affected as PLL , which is used to synchronize
MMC to grid voltage feed erroneous values to the current controllers used in the
control system .

2.1 Circulating Current in 3-Phase MMC
The direct modulation (insertion of SMs in each arm) is based on the
sinusoidal Pulse Width Modulation (PWM) signal generation. It assumes average
capacitor voltage for all the SMs in each arm of a 3-phase MMC. However, due to
current flow, capacitor voltage and its energy changes as evident from equation (2.1):
_

Where

_

(2.1)

=

is the average capacitor voltage,

is DC voltage and

represents

number of SMs in each arm. The circulating current is generated in the direct
modulation approach, since DC voltage is constant irrespective of the cyclic
variations in capacitor voltages. Circulating current is a loop current which flows
among the three phase units of a 3-phase MMC and does not contribute to the AC side
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voltages and currents [22].It increases the RMS value of arm currents and power loss
as well as change capacitor voltages. The AC component (circulating current) of the
differential current (average between upper and lower arm currents) is important in
reducing SM capacitor voltage ripple while its DC component maintains the required
SM capacitor energy [23]. Therefore, the differential current

of MMC consists

of AC and DC component as expressed in equation (2.2):
=
Where

+

_

(2.2)

_

represents the circulating current and

_

_

is the DC component of

the differential current.
From equation (1), the individual capacitor voltage
∑
_

Where

∑

=

_

can be expressed as:

( )

(2.3)

( ) is the sum of capacitor voltages. Therefore, to reduce capacitor voltage

oscillations, the term

∑

( ) needs to be minimized. Less capacitor energy variations

will lead to reduction in sum of capacitor voltages oscillations(

∑

( )) and also

reduction in circulating current as expressed in equation below;
∑

Where

∑

∑

( )=

( )

( ) is the sum of energy stored in each arm and

(2.4)
is the arm

capacitance.
Traditionally, compensated modulation technique i.e. calculation of insertion
index (insertion of SMs in each arm) is used to eliminate the circulating
current(

_

) .It considers the SMs capacitor voltage ripple estimation that will

compensate arm voltage oscillations based on the measurement of amplitude and
phase of the output current. This method assumes that the circulating current voltage
which drives circulating current is kept constant, which means

is a pure DC

as evident from equation (2) [24].There are two issues with compensated modulation
technique 1) arm capacitor voltages are measured using closed loop approach
involving communication and measurement delays 2) arm capacitor voltages are
estimated based on circuit parameters using open loop approach. As circulating
current can influence the stability of MMC by increasing its overall ratings and power
losses that can lead to increase in oscillations in DC link current. Eliminating AC
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component (higher order harmonics) of differential current will increase SM capacitor
voltage ripple using circulating current suppression controllers (CCSC).Injecting
higher order current harmonics inside circulating current will reduce capacitor voltage
fluctuations and minimized cell capacitance but RMS value of arm current increases
[25-26]. The details about CCSCs and harmonics current injections inside circulating
current are further elaborated in the following sections;

2.2 Circulating Current Suppression Controller in 3-Phase MMC
The Grid-side AC current and circulating current is controlled separately by
using proportional resonant (PR) or proportional (P) gain controllers, which
ultimately minimize SM capacitor voltage fluctuations as the

currents consists

of only DC component, which leads to a steady state power transfer as proposed in
[27].However implementing two separate controllers increases burden on the system.
The double-carrier phase disposition pulse width modulation (PWM) technique is
discussed in reference [28], which separates the AC component of the
high pass filter and

using a

reference is provided to a proportional integral (PI)

controller to allow a DC component of

in order to minimize power losses at the

cost of capacitor voltage ripple. A plug-in repetitive controller was implemented in
[29], which also eliminated AC component of

completely, however a PI

controller and repetitive controller are connected in parallel which complicates the
control system design. To regulate AC side currents and eliminate circulating currents
from arm currents, two separate controllers are normally adopted in MMC-HVDC
systems; however, three separate current controllers are proposed in [30]: a) a PI
controller to regulate DC current component of arm current b) Vector Proportional
integral (VPI) controller to control fundamental frequency of arm current c) VPI to
eliminate AC component of differential current, which needs controllers specific
adjustments.
The

is controlled by adjusting unbalanced arm voltages in ref [31], by

using a separate CCSC which eliminates the AC component of

. Unlike [31],

which set the inner differential current equal to zero (controller reference is zero) in
order to reduce capacitor voltage oscillations, a differential current controller is
proposed in [32] and [33] that uses a separate leg energy controller to calculate its
reference in order to manage upper and lower arm capacitor energies in each phase of
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3-phase MMC to reduce capacitor voltage oscillations. However, it involves several
control loops to perform this task. Now details about harmonic current injection inside
circulating current of 3-phase MMC is given in the following section.

2.3 Harmonic Injection inside Circulating Current in 3-Phase MMC
When current harmonics are injected inside circulating currents, AC component
of the

current helps to reduce the capacitor voltage ripple amplitudes, which

minimizes the cell capacitance, but RMS values of arm currents increases. Amplitude
of harmonics currents are calculated based on the information of phase and amplitude
of the output current .However an optimization process is involved in calculating
harmonic currents amplitude with respect to RMS value of arm current to minimize
capacitor voltage ripple amplitudes based on approximations and assumptions [34].
In [35] SM capacitor voltage ripple is minimized by adding higher order
harmonics in the circulating current at the cost of increase in RMS value of arm
currents .A reduced capacitor voltage ripple is achieved by injecting 2 nd harmonic
inside circulating current based on the information of MMC output current which
involves signal measurement delays [36].Circulating current references are calculated
based on the information of energy and power in the arm by injecting DC and 2nd
harmonic in differential current to minimize capacitor voltage ripple amplitudes as
explained in [37] .However,

a closed loop differential current controller is also

needed to perform this task thus increasing the burden on the system. Eliminating
higher order harmonics from the differential current reduces the RMS value of the
arm currents; whereas including higher order harmonics reduces the SM capacitor
voltage ripple but increases RMS value of arm currents [38].
It is reported that oscillations or instability in DC link current occurs while
implementing conventional CCSC for eliminating circulating current in MMC [39].
Whereas, in [40] harmonic instability due to circulating current is assessed using
Eigen value analysis. However, due to interactions between arm currents and
circulating current in MMC traditional methods of stability analysis, linearization,
Eigen value analysis and state space modeling cannot be applied directly to MMC
[41].
Direct modulation method determines the number of SMs inserted in each
arm of MMC out of N available SMs to achieve control system objectives. Circulating
current is generated in direct modulation approach, as cyclic variations in capacitor
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voltages are not considered. Due to circulating current amplitude of SM capacitor
voltage fluctuates as well as power loss in MMC increases .Therefore, circulating
current control is an important task in stable operation of MMC. Circulating current
elimination using different types of controllers and capacitor voltage ripples reduction
by injecting harmonics in circulating currents that lead to increase in RMS arm
currents is explored. It is observed that existing methods of circulating current control
/reduction lead to other issues such as capacitor voltage fluctuations, RMS current
increase, and DC link current oscillations. Therefore it is required to present another
method for control/minimizing circulating current.

2.4 Grid Synchronization 3-Phase MMC
Grid voltage synchronization is an important stability aspect in grid side power
converters (GSPC) while integrating renewable energy sources, active filters and
HVDC systems [42].GSPC control system can be implemented in α-β stationary
reference frame, that needs accurate estimation of grid frequency using a PLL to
calculate current references for inner current controllers that provide PWM signals to
IGBT switches by controlling its output voltage and current. Whereas GSPC control
system implemented in SRF d-q, 3-phase current and voltages are measured and
converted into two-phase d-q current components for inner current controllers to
provide gating signals to IGBT switches [43].While implementing SRF d-q frame
,grid voltage phase angle and frequency must be accurately extracted at the point of
common coupling (PCC) using PLL system [44].There are many grid voltage
synchronization methods ,which can be classified as open loop ; zero crossing
detection (ZCD) [45], artificial intelligence(AI) [46] and closed loop; adaptive PLL
[47],second order generalized integrator (SOGI-PLL) [48],synchronous reference
frame phase-locked loop (SRF-PLL) [49]. All grid synchronization techniques have a
common issue of DC-offset that is generated at input voltage of a PLL, which can
affect the stability of control system as current references generated by PLL involve
DC components in GSPC. DC-offset is generated due to unbalanced grid conditions
[50], sampling errors in converting Analogue-to-Digital signals [51], and injection of
DC component [52]. Several solutions have been proposed in literature to overcome
DC-offset problems in PLL methods. In [53] a band pass filter is implemented which
blocks DC –offset, however it introduces a phase shift at the input of PLL during
frequency deviations. In [54] the fundamental components extracted by PLL are
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subtracted from the input values of PLL to remove DC-offset component, however
accurate estimation of DC component is needed. SOGI-PLL is proposed in [55] to
remove DC- offset from input voltage in a single phase system not focusing 3-phase
systems. A decoupled double synchronous reference frame (DDSRF-PLL) is adopted
successfully in [56] in grid synchronization during unbalanced grid conditions but the
problems of DC-off set is not solved.
PLL can influence the stability of VSC-HVDC system during weak grid
conditions as reported in [57]. Active power transfer from converter to grid depends
on the accurate knowledge of phase angle of a PLL, Therefore key issues of PLL on
the stability of an HVDC system can be summarized as:


Due to change in phase angle of a PLL, grid synchronization process is
delayed which affects the stability of an HVDC system.



PLL aim is to synchronize with grid frequency. When frequency deviates, a
PLL response is slow in tracking a new value of grid frequency.



After small disturbance, PLL can lose synchronism with the grid voltage,
disturbing the performance of controllers to track current references accurately
affecting the stability of an HVDC system.
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Chapter 3
EMT Modeling Modular Multilevel Converter
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Electromagnetic transient programs (EMTP) such as Power System Computer Aided
Design (PSCAD) / Electromagnetic Transient Direct current (EMTDC) is normally
used to study the dynamics of MMC based HVDC system. MMC introduces a big
challenge for modeling in electromagnetic transient (EMT) simulation programs due
to the presence of large number of SMs in MMC. In this chapter structure and internal
dynamics and operation of 3- phase MMC are presented. Complete details about
different types of EMT models representing MMC are discussed which provides a
reference in selecting suitable EMT based MMC model for HVDC system. Finally, a
complete mathematical average model of MMC is developed which will be used to
implement a point- to- point MMC-HVDC system in PSCAD reported in subsequent
chapter of this research work.

3.1 MMC Structure and Internal Dynamics
Figure 3.1(a) shows the circuit diagram of a three-phase MMC (double-star
configuration). The sub-modules (SMs) or cells are shown in a half-bridge circuit
configuration. Each cell is made of a capacitor and two Insulated-gate bipolar
transistors (IGBTs) switches (T1, T2) connected in series. The cell output
voltage (

) is equal to the capacitor voltage (T1 is in on state) or zero (T2 is in off

state) and is regulated by the controller as given in Table 3.1. The switching states of
the cells are controlled so that at any instant, cells out of 2n cells are on (
=

upper arm and

−

in the

in the lower arm) in each phase. Each arm made of

series connected cells with an inductor

in series, which is used to limit the

fault current. Each leg comprises two arms, which can be represented as a controllable
voltage source, i.e.,
phase

and

.The converter terminal voltage at the AC side in

can be expressed as follows:
( )

As

+

= 1 and

in discrete steps from

,

−
2

=

{0,1 … } based on Equation(1),

/2 to−

/2 with a step size of

(3.1)

( )

will change

. By using the

capacitor voltage balancing technique, the voltage of each cell is perfectly regulated
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at

. This converter will generate an ideal ( + 1) level sinusoidal waveform for

the AC side system correspond to the DC side mid-point as shown in Figure 3.1 (b)
[58-59].

(a)

(b)
Figure 3.1 3-Phase MMC: (a) circuit diagram ;(b) AC side voltage.
Table 3.1 Switching States
Switching

T1

Upper diode

T2

Lower diode VSM Capacitor

States SMs

Arm
current

On

-

On

-

-

VC

Charging

> 0

On

On

-

-

-

VC

Discharging

< 0
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Off

-

-

On

-

0

VC

> 0

Off

-

-

-

On

0

VC

< 0

The converter voltage (

) in phase

,

(

,

can be described as follows:

( )) = ∑

(3.2)

Where
=

1, if
0, if

cell is inserted
cell is by passed.

The switching signal ( ) finds the converter arm voltage based on

,

for the

corresponding upper and lower arms. The dynamics of converter control include the
grid side current ( ), output converter voltage at the AC side ( ), DC side
current(

) , and internal circulating current (

) [60]. Using Kirchhoff’s voltage

law in converter phase- , the following expressions are derived:

2
−

−

2

+

( )

−

( )

=

+

(3.3)
(3.4)

=

Adding Equations (3.3) and (3.4), the dynamics of the converter output current at
AC side is given as:

2
( )

Where e =
side voltage,
+

,

( )

=

−

is the inner generated voltage in phase

are the upper and lower arm currents, and

(3.5)

,

is the grid
( =

+

/2) is the equivalent inductance of the transformer and converter arm. The

AC side current in phase- can be expressed as:
=
The differential current

−

(3.6)

of the converter can be defined as the current flowing

through each leg of the converter:
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=

( )

−

2

( )

(3.7)

2

Where
+
2

=

(3.8)

The differential current from Equation (3.8) consists of two current components:
=
Where

3

is the DC current and

(3.9)

+

represents circulating current. The voltage

to control the circulating current can be derived as:
( )

=V −

( )

(3.10)

2

The upper and lower currents in each arm are equal to half of the phase current , one
third of DC current
branch currents and

, and the circulating current

and

are the

is the loop current.
=

=−
The currents ( ) and (

.Where

+

2

+

+

3

(3.11)

+

(3.12)

) are controlled through voltages

converter SMs are inserted according to references (

,

( )

and

, whereas

) during each time step.

3.2 EMT Modeling MMC
To model MMC converters EMT-type solvers are mostly utilized, which
approximates the behavior of lumped elements using trapezoidal rule as numerical
integration method [61].These classical modeling techniques represent Power
semiconductor switches as:


Fully detailed representation of IGBTs (Insulated Gate Bipolar Transistor)
switches using differential equations.



Nonlinear characteristics of IGBTs switches
23



IGBTs switches as Bi-value resistors

Complete details about different modeling approaches are given in Table.3.2. Fig 3.2
shows types of MMC models based on IGBT switch representation [62].
Table 3.2 Types of MMC Models

Type of model
(Cigre*)

IGBT Switch
Representation

Solver

Type 1

Differential equations

Nodal admittance

Capacitor voltage
balancing &
Circulating
Current control
method
yes

Non linear IGBT

Nodal admittance

yes

Two value resistors

Nodal admittance

yes

Two value resistors

Algebraic

yes

(Full Physics model)
Type 2
(Full detailed
model)
Type 3
(detailed model)
Type 4
(detailed equivalent

equations

model)
Type 5&6

IGBT switch

controlled voltage

(Phasor model)

approximation

and current

no

sources
* The Council on Large Electric Systems

Type-1 (Full physics) model is a detailed one and its behavior is almost similar to the
actual converter as shown in Fig 3.2 (a) .The IGBT switch is represented as
differential equation. To Model a large DC system using MMCs with this modeling
approach seems un-realistic due to large number of SMs.
Type-2 (Full detailed model) model represents IGBTs, as an ideal switch with two
non-linear diodes as shown in Fig. 3.2 (b).Compare to type-1 model; this modeling
approach is simple as IGBT is represented with an ideal switch. Still it is not suitable
to model a large DC system based on MMCs, as its computational time is very long
due to presence of non-linear characteristics of diodes.
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Type-3 (detailed model) model is simplification of type-2 model in which IGBT is
) resistances as depicted in Fig. 3.2

implemented as two values (

(c).Values of resistance directly related to the direction of arm current and gating
signals. This modeling approach has faster computation than type-2 model but not
suitable to model a large DC system based on MMCs, as its computational time is still
very long due to presence of more number of electrical nodes in a system.
Type-4 (detailed equivalent model) model is based on converting all SMs in each
arm of MMC into Thevenin or Norton, equivalent circuit that drastically reduces the
size of admittance matrix with less electrical nodes to solve. It improves the
computational speed as shown in Fig. 3.2 (d).However, due to discrete in nature, this
model is not suitable for analytical modeling of MMC.

(a)

(b)

(c)

(d)
Figure 3.2 Types of MMC Models based on IGBT switch Representation (a) Type-1
(b)Type-2 (c)Type-3 (d) Type-4.
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Type-5 and Type-6 models reported in [62], do not represent IGBTs switch. Instead
MMC, AC side is described as a current source while DC side is described, as a
controlled voltage source .Implementing type-5 model, a modulation technique is
needed whereas for type-6 model modulation technique is not required. These models
are more suitable for electro-mechanical simulation programs involving power flow
studies.
The classical models (type-1, type-2, type-3) in time domain simulation using nodal
admittance method, are computational inefficient for MMC converter technology due
to presence of large number of SMs or switches which also increase number of
electrical nodes in a circuit. As size of Admittance matrix depends on number of
nodes in a circuit therefore computational complexity increases when admittance
matrix is inverted each time during switch operates. Type-4 is computer efficient but
discrete in nature not suitable for analytical modeling. An average model developed in
reference [63] has reduced computational complexity and has an additional benefit of
capturing circulating current phenomena, which will be discussed in subsequent
chapter. Furthermore, it can also be used as a bench mark circuit as reported in [64].

3.3 Average Model of MMC
The circuit model of MMC shown in Figure 3.1(a) can be developed by
considering SMs internal dynamics as an arm equivalent as shown in Figure 3.3.
Then, the converter arms can be modeled as variable capacitors, with their values
determined by the insertion index (t) i.e

and

(number of inserted SMs in upper

and lower arm), which turns into a continuous interval between 0 and 1 .Where

(t)

=0 all SMs bypassed and (t) =1 all SMs are inserted. The capacitor voltages in each
arm can be considered as controlled voltage sources.

Figure 3.3 Average Model of MMC [65]
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By considering

∑

( ) as the sum of capacitor voltages in one arm, the voltage

inserted by the arm, , is given by:
= ( )
Where

∑

( )

(3.13)

denotes number of the arms. Due to the series connection of inserted

capacitors ( ) inside an arm and the flow of the charging current ( ), the change in
the capacitor voltage in that arm expressed as:
∑

()

=

()

(3.14)

Using Equation (3.14), the dynamics of capacitor voltages in the upper and lower
arms can be written as [65]:
∑

()

∑

Where

=

(3.15)

=

(3.16)

( )

is the capacitance in each arm. The upper and lower arm currents as per

Equations (3.11) and (3.12) can be derived as:
∑

=
∑

=
In Figure 3.1(a), by inserting resistance
voltage in phase

()

(3.17)

()

(3.18)

(arm converter resistance), the output

can be shown as:
( )

=

( )

=−

2

−

2

−
+

+

−
+

∑

( )

∑

( )

(3.19)
(3.20)

Subtracting Equation (3.20) from (3.19) and using Equations (3.8),(3.15), (3.16),
(3.17) and (3.18) gives the average model of one leg of an MMC in state space form
in equation (3.21):
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(3.21)

This average time varying model will assume an even voltage distribution among
the SMs in three legs of an MMC while the switching pattern is neglected. The i
V

∑

,

∑

and V represents the state variables. This model also shows the interdependency

of the output current, DC bus voltage, capacitor voltages and circulating current on
each other .This model will be used to develop a point- to- point MMC based HVDC
system in next chapter.
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Chapter 4
Circulating Current Reduction in MMC HVDC System
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HVDC system based on VSC utilizes IGBTs technology for converting AC-to DC
and vice versa. IGBTs current can be switched on and off independently of AC grid
voltage that adjusts the phase angle and amplitude of converter enabling independent
control of active and reactive power involving in HVDC system. MMC is a type of
multilevel VSC, based on cascaded connection of SMs in a circuit configuration more
suitable for high voltage transmission due to its scalable output voltage .The addition
of SMs will add more levels in the generated output voltage of MMC .A complete
point-to-point symmetrical monopole MMC-HVDC system is designed in PSCAD
based on average time varying model as discussed in chapter-3 of this thesis. To make
a 3-phase MMC three upper arms and three lower arms are connected with each phase
of an AC system.
The control system objectives in MMC-HVDC system are to control its
active and reactive power, output current and circulating current. Power angle control
and vector current control are two important control methods for an HVDC system
available in literature. However, drawback in power angle- control is that, it cannot
limit the converter current. Therefore, vector current control (cascaded loop) control
system is implemented in this research work for MMC-HVDC system. It consists of
two loops; outer loop to regulate power and inner loop to regulate current of MMC. In
vector current control approach, 3-phase grid voltages and line currents are
transformed into 2-phase rotating d-q synchronous reference revolving at grid
frequency. The d-q current components correspond to the control of active and
reactive power independently in HVDC system .PLL is used in vector current control
to synchronize MMC to grid voltage by estimating its phase angle and frequency.
Modulation methods are needed to determine the number of SMs inserted in
upper and lower arm of MMC to achieve these control system objectives. Various
types of modulation methods are discussed in this chapter .The direct modulation is
the simplest modulation approach in which circulating current is not controlled
inside 3-phase MMC due to cyclic variations of SMs capacitor energy leading to
capacitor voltage fluctuations. In past different approaches were adopted to minimize
capacitor voltage fluctuations. Harmonics were injected inside circulating current that
reduce voltage fluctuations but led to increase RMS value of arm currents causing
excessive power loss. In another approach differential current controller were used to
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control capacitor voltage fluctuations, which increased hardware burden on system as
well as additional controller specific adjustments.
A new method is proposed based on adding harmonics in upper and lower arm
currents that produces less capacitor energy variations compared to direct modulation
in SMs .Analytical and simulations results are presented in this chapter to validate the
proposed method. Furthermore, simulation results also show the effect of circulating
current reduction on capacitor voltage fluctuations of SMs and reduction in DC link
current oscillations implemented on MMC-HVDC system.

4.1 Introduction to MMC-HVDC System
A two terminal symmetrical monopole MMC-HVDC system is shown in Figure
4.1. This system includes two MMCs working as a rectifier and Inverter connected at
each side of an AC system through a three-phase converter transformer. A master–
slave approach is used, in which one power converter regulates the voltage (DC) and
the other converter regulates the power (active), whereas reactive power can be
regulated independently at both sides of the AC side terminals. Each MMC station
operate as controllable voltage source, which generates an AC voltage of desired
magnitude and phase allowing reactive and active power transfer between two AC
systems.

P1 ,Q1
AC
System

P2 ,Q2
HVDC Line

420/380kV
Vg (abc)
Vc (abc)
T1

L

Iabc
R

MMC 1

+
Vdc
_

MMC 2

R

Figure 4.1 MMC-HVDC System.

31

AC
380/420kV
System
Vc (abc)
Vg (abc)

Iabc
L

T2

The DC-transmission line consists of cable or overhead type of conductors based on
symmetrical monopole configuration connecting MMC stations by two conductors
putting less DC stresses on 3-phase transformers.

4.2 Main Components of MMC-HVDC System
The main components of MMC-HVDC system are explained below:

4.2.1 3-Phase Converter Transformer
Each MMC station is linked to AC system through a transformer in order to provide
rated voltage to MMC converter stations. Furthermore, it also provides galvanic
separation between MMC converter and AC system. The converter transformer rating
depends on AC side power and voltage ratio. The transformer leakage reactance will
allows MMC output voltage to shift its phase and amplitude to control active and
reactive power with respect to the AC system at PCC.

4.2.2 Phase Reactor
Phase reactor consists of ( =

+

) ; equivalent transformer and arm reactance.

The major function of phase reactor is to control active and reactive power flow
between MMC converter station and AC system by controlling the magnitude and
phase while adjusting current through it. It also acts as a filter to remove harmonics
generated from converter station. Since MMC has large number of SMs that result in
good quality AC waveform, Therefore, filtration requirement is less which also
reduces the size of phase reactor.

4.2.3 Sub-module Capacitance and Arm Inductor selection
Each SM inside MMC has a capacitor, which acts as a energy storage device .As
arm current flows through a capacitor, voltage fluctuations occurs which can affect
the stability of MMC. Therefore, SMs capacitance is a tradeoff between voltage ripple
of capacitor and capacitor size. Traditionally 30-40 kJ/MVA stored energy
corresponds to a cell capacitance that gives a maximum ripple of 10% (MVA is the
converter power rating).
Arm inductor

is a type of air core reactor linked in series with SMs in

each arm of 3-phase MMC. It can be used to suppress circulating current, however
due to low frequency of circulating current large inductance is needed, which results
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in large arm inductor .Therefore to reduce arm inductor size; it is normally designed
to limit the DC fault current inside MMC whereas circulating current is controlled
with other methods. Copper loss of the arm inductor can be reflected as

as

explained in section 3.1 [66].

4.2.4 DC Transmission Line
Two MMC-HVDC stations are connected using a DC- link. Each DC line is
developed using a cascaded Π-model, with resistance
(per pole) and two capacitors

/2

(per pole), inductance

/2 , having half of capacitance between

two poles as shown in Fig 4.2. Normally length of DC line is in 100’s of kilometers.
To calculate parameters for a complete DC line, total resistance, capacitance and
inductance are calculated for the whole length of DC line including the number of
cascaded Π sections.

\
Figure 4.2 П Model of DC Line (per pole)

4.3 MMC Control System
A vector current control is applied to the MMC-HVDC in this research work; the
outer (power controller) and inner (current controllers) are identical to VSC (voltage
source converter) traditional two-level configurations [67]. However, unlike the VSC
two-level configuration, the circulating current is generated inside the MMC due to
inner voltage differences among the phase units without influencing AC side voltages
and currents [68].The active and reactive powers are selected as control objectives
similar to the VSC two-level configuration. Furthermore, the DC line is modeled
using cascaded π-sections as developed in [69].The MMC-HVDC control system
comprises the following components:


System level control (DC voltage /active and reactive power control);



Lower level control (circulating current control);



Capacitor voltage balancing control.
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The system level control can be implemented using vector current control strategy,
which consists of a cascaded loop structure, i.e., an outer control loop (power/voltage)
and an inner control loop (current) as shown in Fig 4.3 .The outer loop feeds the
current references

∗ and

∗ for the current controllers, that produces two

reference voltages

and

. After transformation into 3-phase quantities, it

provides modulation signals to PWM block. The current controller introduces
decoupled control of reactive and active powers by controlling its q-axis and d-axis
∗ and

current components i.e.
currents into two-phase

−

∗ . PLL converters 3-phase AC voltages and

components as DC quantities are suitable for feeding

to PI controllers inside current control [70].

Figure 4.3 MMC Vector Current Control System
The circuit model of MMC explained in section 3.1 is connected to a symmetrical
three-phase balanced grid with a frequency of

. Its voltage and current equations

are as:
V ( ) (t) = √2

(

)

(4.1)

V

( ) (t)

= √2 sin

−

2π
3

(4.2)

V

( ) ( t)

= √2 V sin ω t +

2π
3

(4.3)

= √2 I sin(ω t − )

(4.4)

I

( ) ( t)
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I

( ) (t)

= √2 I sin ω t −

2π
−
3

(4.5)

I

( ) (t)

= √2 I sin ω t +

2π
−
3

(4.6)

Each arm voltage can be regulated to get the required current. The output of each arm
is half of the phase current.
( )=−
( )=−

( )(

)−

( )(

)

(4.7)

( )(

)+

( )(

)

(4.8)

The expression for the DC side current in the upper and lower arms in 3- leg is:

3

=

( / )(

)=

( / )(

)=

( / )(

(4.9)

)

Three-phase AC current signals are transformed into DC signals, which are more
appropriate for a PI control system design. The d-q current components in a rotating
reference frame are based on the Park transformation as implemented in Equation (35)
[71] (details are given in Appendix A).The desired d-q current quantities can be
determined by the current magnitudes and phases in a three-phase system.
⎡sin(ω t)
i ( t)
2⎢
(
)
i t = ⎢cos(ω t)
3⎢
i ( t)
⎢ 1
⎣ 2

2π
3
2π
cos ω t −
3
1
2

sin ω t −

2π
3
2π
cos ω t +
3
1
2
sin ω t +

⎤
⎥ i ( ) ( t)
⎥ . i ( ) ( t)
⎥
i (t)
⎥ ()
⎦

(4.10)

By taking the derivative of Equations (4.7) to (4.8) and (4.10), the equations in the d-q
reference frame for the inner current dynamics are given as:
( )−

=−

( )−

( )

(4.11)

( )+

=−

( )−

( )

(4.12)
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According to Equations (36) and (37), direct and quadrature, current axes of terms
and

are coupled. Decoupling of these terms can be achieved by using

control inputs

and

as shown in Figure 4.4 a. The

and

signals are

converted back to voltage references to generate insertion indices for controlling arm
voltages in each leg of MMC. The outer controllers compare reference values, active
power, DC voltage, reactive power (P ∗ , V ∗dc, Q∗ ), and measured values (P, V ,, Q)
using PI controllers, as shown in Figure 4.4.b
Current Controller
Vg(a) Vg(b) Vg(c)

Vd
iud*

PLL

abc

Ig(c)

+
PI

iuq*

-

Vud

Vd
+ +
1/sL
ωOL

ωOL

ωOL
-

PI
+

iud

+

+

ωOL

iuq

Ig(b)
dq0

+

iud

ωo(t)
Ig(a)

Plant

- +
Vq

1/sL

Vuq +

iuq

+
Vq

(a)

(b)
Figure 4.4 (a) Inner current control (b) Outer loop power and voltage.
The PI compensators of current controllers are tuned based on the open loop approach
[72].The decoupled system is represented as a first order transfer function:
=

1+ T

(4.13)

The PI compensator can be shown as:
=

.

1+
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(4.14)

Where

= and

=

The open loop transfer functions of the current control loop can be shown as:
1+

=
The time constant
system, i.e.,

=

(4.15)

1+

is selected as equal to the dominant time constant of the entire
= , to achieve a phase margin of 60° in order to meet the stability

criteria. The proportional gain of the controller is chosen as

= L/τ. (

=5

)

The independent control of active and reactive power based on vector current control
can be expressed as:
=

3
2

=−

+

3
2

(4.16)

+

(4.17)

The q-axis component of voltage is set to zero, since phase locked loop (PLL) is
synchronized to the grid voltage, as shown below [73-74].
=

3
2

=−

(4.18)

3
2

(4.19)

The circulating current is generated due to a mismatch between the output voltage of
phase arms and the DC voltage of MMC. The current is a negative-sequence (a-c-b)
with its rotational frequency twice of fundamental frequency. Due to the circulating
current, arm RMS current increases, which results in higher power losses [75]. The
expression for inner differential current given in Equation (3.8) can be extended to
three phases:
=
=
=

3
3

3

+

sin (2

+

(4.20)

)

+

sin [2(

−

2π
)+
3

)]

(4.21)

+

sin [2(

+

2π
)+
3

)]

(4.22)
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Where

is the double frequency circulating current and

is the phase angle.As

evident from Equations (4.20) to (4.22), the DC current (component) is needed to
keep the SM capacitor energy at the required level. However, higher order harmonics
may be needed inside the circulating current to reduce the ripple effect of the SM
capacitor.
The capacitor voltage balancing controller enables the energy variation in each submodule to be shared equally by each converter arm. The voltage of the SM should be
kept approximately equal to its theoretical value

/ (n is number of SMs in each

arm), otherwise capacitor voltages will be unbalanced, and the AC output voltage will
be difficult to control.

4.4 MMC Modulation Methods
The purpose of modulation scheme is to provide insertion indices for all arms
of MMC converter, to achieve control system objectives. The insertion indices

and

determines the number of SMs inserted in each arm out of N number of SMs,
having a continuous interval between [0, 1] as shown in phase leg of MMC in Fig
4.5.The inserted voltages can be varied between 0 and

∑

. MMC generated voltage

must be close enough to desired reference output voltage. Different types of MMC
modulation methods are shown in Fig 4.6 [76].These can be distinguished based on
number of reference signals as a) single reference signal waveform modulation b) two
reference signal waveform modulation

iup
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SM

i

Vdc
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SM

i
vc
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ilow

Figure 4.5 One Leg of MMC
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C

Figure 4.6 MMC Modulation Methods
The details about different types of Modulation methods are discussed in subsequent
sections.

4.4.1 Multi-carrier PWM Modulation
Multi carriers PWM are a type of single reference modulation method. In this
modulation method, multiple carrier waveforms per SM are generated in each arm of
MMC against a single reference waveform to produce the desired output voltage.
Multi-carrier waveforms can be classified as; a) level shifted b) phase shifted .The
phase disposition (PD), alternate phase disposition (APOD) and phase opposition
disposition (POD) waveforms are types of level shifted PWM modulation in which
multiple carriers waveforms are displace with respect to zero axis of a reference
signal. In Phase shifted (PS-PWM), multicarrier carriers waveforms are phase shifted
with respect to a single reference signal waveform to produces the desired switching
states of converter .
Fig 4.7 (a) shows a PD modulation, one reference signal is compared against
multicarrier waveforms that corresponds to number of SMs, level shifted but with
same phase to generate the desired output voltage level of a converter. Fig 4.7 (b)
shows an APOD modulation, one reference signal is compared against a multicarrier
waveforms displaced 180° amongst each other . Fig 4.7 (c) shows a POD modulation,
one reference signal is compared against multicarrier waveforms distributed as
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positive carriers and negative carriers waveforms shifted 180° with respect to each
other. Whereas Fig 4.7 (d) shows Phase shifted PWM (PS-PWM), multiple carrier
waveforms compared against a reference signal equally phase shifted depending on
number of SMs to produce the desired output voltage of converter.
As reported in literature PD, APOD and POD modulation methods produce,
unequal capacitor voltage ripples and large circulating current inside MMC. PS-PWM
method produces less harmonics due to cancellation of harmonics as multi-carrier
waveforms are shifted symmetrically according to number of SMs inside MMC;
however, it needs a separate controller to balance the capacitor voltages.

(a)

(b)

(c)

(d)
Figure 4.7 Multi-carrier PWM Methods (a) PD (b) APOD (c)POD (d) PS-PWM
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4.4.2 Direct and Indirect Modulation
Two reference signals are generated for upper and lower arm to insert SMs to
control arm voltages and output voltage in direct modulation method. Similarly
indirect modulation, two reference signals are generated for upper and lower arms;
however, using indirect modulation capacitor voltages are measured in closed loop
method involving communication and measurement delays. Whereas in open loop
indirect modulation method capacitor voltages are not measured but estimated based
on accurate measurement of output current and DC link voltage, that is its main
drawback.

4.5 Direct Modulation and Proposed method
In this research work direct modulation based on sinusoidal PWM generation is
implemented with the vector current control method, it regulates inner-generated
voltage

as given in Equation (3.5).It assumes an average capacitor voltage for all

the SMs, whereas in reality capacitor voltage and energy changes due to current flow.
In direct modulation, arm voltages are controlled by two complementary voltage
references generated for upper and lower arms:
V
V
The term

[

=

/
/

=

_

_

=

V
[1 − mcos(ω t)] −
2

(4.23)

V
[1 + mcos(ω t)] −
2

(4.24)

] ( I is half of the phase current) represents the modulation

index (amplitude), and ω is angular frequencyof the output voltage. If

is the

number of utilized SMs in each arm, then voltage output has n+1 levels [77].Since the
duty ratio of the SMs in each arm is equal to its insertion index, voltage and capacitor
currents are directly proportional to each arm insertion index. Since

∑

( ) = V , the

circulating current is generated as per equations (4.20) to (4.22). The circulating
current is not controlled in the direct modulation approach as it uses the average SM
capacitor voltage in each arm of MMC.
AC side current is controlled according to the active and reactive power references
based on Equations (4.16) and (4.17).However reference [78] uses two separate PR
controllers for controlling the AC side current and arm current of a converter during
unbalanced voltage conditions. Whereas in this research work circulating current is
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reduced by the addition of 2nd and 4th harmonics in each arm current of an MMC,
which reduces arm voltage oscillations due to reduction in excessive negative currents
in a period. The waveform is shifted 120°and 240° for the other two legs. As upper
and lower arm voltages have a constant DC voltage component due to flat bottom
current in each leg of MMC during part of a period. Therefore, capacitor energy
variations also reduces, thus flow of circulating current decreases in each leg of a
three-phase MMC.
By adding 2nd and 4th harmonics in equations (4.23) and (4.24), the voltage
references for the proposed method using vector current control can be expressed as:
V

V

_

=

=

V
[1 − mcos(ω t)] −
2
+ )
V
[1 + mcos (ω t)] −
2
+

2

sin(4

+

+

+

2

2

sin(2

+

)+

sin(2

+

)

2

sin (4

(4.25)

(4.26)

)

By using equations (3.11), (3.12), (4.25), and (4.26) i

and i1l are derived. Process of

derivation is shown in (Appendix B).
i

= 1.5 cos (ω t)
+

20
−0.5
0.5 −20
. cos (2ω t) +
. cos (4ω t) + ( 1 +
+
)
64
64
64
64

(4.27)

i = 1.5 −cos (ω . t)
+

−20
0.5
−0.5 20
. cos (2ω t) +
. cos (4ω t) + ( −1 +
+
)
64
64
64
64

(4.28)

Less capacitor energy variations are observed during the 120° degree part in a period
compared to the sinusoidal arm current generated in the traditional direct modulation
method, as DC current is constant with the proposed method for a brief period. The
converter output current in phase

using equations (4.27) and (4.28):

i =i

− i (t − )
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(4.29)

A flow chart to describe proposed direct modulation method is depicted in Figure 4.8.
It consists of following steps.
1) System level control system is design to compare reference values of active,
reactive power and DC voltage with measured values between MMC and AC
system based on available system data.
2) Average model of MMC is developed.
3) Calculation of reference voltages to control arm voltages and output voltage
of MMC that also produce circulating current inside MMC.
4) Addition of 2nd and 4th harmonics in upper and lower arm currents and
derivations of equation coefficients.
5) Calculation of upper and lower arm currents.
6) Generation of MMC output current in phase a

Figure 4.8 Flowchart of Proposed direct modulation

4.6 Analytical and Simulation Results
Referred to Figure 4.1, a point-to-point MMC-HVDC System is simulated in
PSCAD/EMTDC based on average MMC model .A reference DC bus voltage of 640
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kV with a power of 1000 MVA from terminal

(MMC 2) to terminal

(MMC 1)

considered. Both MMCs operate at 0.96 power factor and generate 40 MVAr to meet
the required reactive power demand at the AC side of the HVDC system based on
system design parameters. The real and reactive current components

and

adjusts the real and reactive power demand of the HVDC system using vector current
control method.
Figure 4.9 shows simulation results of the MMC-HVDC system. Figure 4.9 a–d
shows the real powers (P1,P2),reactive powers (Q1,Q2), the DC bus voltage maintained
at 640 kV, and the current in the HVDC line using direct and proposed direct
modulation techniques.
The system level control (active and reactive power) of MMC-HVDC at terminal
(MMC 2) and

(MMC 1) based on Equations (4.18) and (4.19) is shown in

Figures 4.9 a, 4.9 b. At 0.08 s, the active power around both terminals is controlled to
maintain their reference values (P=960MW).The AC side reactive power is controlled
at 40MVAr at 0.1s.From t= 0 to t=0.05s, there is a small over-shoot in AC reactive
power, but it quickly reaches a stable value at around 0.08s that shows controllers are
working according to the reference values of active and reactive power in HVDC
system designed.
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0 .0 0 0 .0 4 0 .0 8 0 .1 2 0 .1 6 0 .2 0 0 .2 4 0 .2 8 0 .3 2 0 .3 6 0 .4 0
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Figure 4.9 Results of (a) P1, P2 at T1and T2; (b) Q1, Q2at T1and T2; (c) DC bus
voltage at T1and T2; (d) current in the DC line direct modulation (e)
current in the DC line proposed method.
At the rectifier side terminals
and , DC voltage is controlled at the reference
value of 640 kV. Due to changes in active power reference at t =0 s to t= 0.08s, small
transients are generated in DC voltages, which finally reaches the reference value at
0.08 s due to the DC voltage controller as shown in Figure 4.9 c. The current in the
upper and lower DC line in direct modulation and proposed method is shown in
Figure 4.9 d and 4.9 e. Due to uncontrolled stored energy inside MMC in direct
modulation, there are large oscillations in DC line current from t =0 to t=0.16s as
shown in Figure 4.9 d. In proposed method , there are small oscillations in DC
current, which finally reaches steady state at the reference value of around 1.5kA at
0.14s, as capacitor energy regulation leads to reduction in circulating current
improves the stability of HVDC system by decreasing its response time as shown in
Figure 4.9 e.
Figures 4.10 a, 4.10 b show the three-phase line-to-line voltage and the threephase current, representing the AC system connected to the MMC-HVDC system.
The MMC grid side three-phase line-to-line output voltage and output current
waveforms are shown in Figures 4.10 c, 4.10 d. The direct modulation and proposed
direct modulation methods are tested on the MMC-HVDC system .The simulation
results agree with system design parameters reported in table 4.2
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(a)

(b)

(c)

(d)
Figure 4.10 Results of (a) grid side voltage (peak line-to-line);(b) grid side
current;(c) converter AC (peak line-to-line) side voltage; and (d)
converter AC side current.
Figures 4.11a, 4.11 b show the voltage reference signals used to generate firing
signals for SMs in each leg of MMC. The direct modulation and proposed method are
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implemented by vector current control method based on Equations (4.23), (4.24),
(4.25), and (4.26).The upper and lower arm current waveforms using direct
modulation and the proposed direct modulation can be observed in Figure 4.11 c–f.
These simulation results are based on the analytical Equations, derived in (3.11),
(3.12), (3.17), (3.18), (4.27) and (4.28). Due to the flow of the circulating current, the
upper and lower arm current peak values are distorted during the direct modulation
approach.
The distortions in the peak values of the arm currents in the proposed direct
modulation method are absent due to reduction in the circulating current without
affecting the input and output current waveforms of the converter as shown in fig 4.11
(e-f). The Grid side output current waveform of the converter in phase

is shown in

Figure 4.11 g, the addition of even order harmonics does not influence the AC side
output current of the converter as desired.

(a)

(b)
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(c)

(d)

(e)
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(f)

(g)
Figure 4.11 .Results of (a) reference signal-direct modulation ;(b) reference
signal-proposed direct modulation ;(c) upper arm current-direct
modulation; (d) lower arm current-direct modulation ;(e) upper
arm current-proposed direct modulation ;(f) lower arm currentproposed direct modulation; and (g) AC side current in phase .
Figures 4.12 a, 4.12 b show the three-phase arm voltages for the direct modulation
and proposed direct modulation methods. Due to the presence of the DC component at
the top and bottom of arm voltages, there is a reduction in capacitor energy variations.
Since DC voltage is constant in Figure 4.12 b, in a part of a period that reduces arm
voltage oscillations in each leg of a three-phase MMC. The peak arm voltages (640
kV) in the proposed modulation method are lowered and flatter compared to peak arm
voltages in the direct modulation method, which results in less oscillation as shown in
Fig 4.12 b.
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(a)

(b)
Figure 4.12 . Results of (a) arm voltages-direct modulation and (b) arm voltagesproposed direct modulation
As per Equation (3.8), Figures 4.13 a, 4.13 b shows the

current in one leg. In

Figure 4.13 a, circulating current is observed on account of direct modulation method.
In Figure 4.13 b circulating current of very low value is observed due to reduction in
arm voltage oscillations by constant DC voltage based on proposed direct modulation
as anticipated

(a)
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(b)
Figure 4.13. Results of (a) circulating current-direct modulation and (b)
circulating current-proposed direct modulation method
A change in capacitor energy

( ) over

half a period using the traditional direct

modulation method and the proposed method can be calculated using Equation (4.30).
( )

=

( ).

( )

(4.30)

.

a) Direct modulation
+
( ) =
−
( ) =
b) Proposed method
+ .
( ) =
−
( ) =
Where

( )

(2. . ) + .

is the leg current and

( )

(4. . ) +

is the leg voltage. Less capacitor energy is

witnessed during the proposed method compare to the direct modulation method for
the same input and output power as shown in Figures 4.14a, 4.14b. The data used to
plot these figures is obtained from the simulation results and table 4.1.
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(a)

(b)
Figure 4.14 .Results of (a) change in capacitor energy-direct modulation and
(b) change in capacitor energy-proposed method.
Analytical and simulation results of direct modulation and proposed method are
compared in Table 4.1. In proposed modulation, method RMS arm current is reduced
compared to the direct modulation method, which is an important factor for power
loss minimization in a three-phase MMC. The circulating current amplitude is also
minimized due to the proposed method. Reduction in circulating current is beneficial
to reduce power loss; However reduction in circulating current has impact on
capacitor voltage fluctuations as described in subsequent section.
Table 4.1 Comparison of analytical and simulation results
Quantity

Upper Arm
Current
Lower Arm

Symbol

Direct Modulation
RMS
Amplitude
Current

Proposed Method
Amplitude
RMS
Current

1.5kA

0.75kA

1.5kA

0.65kA

1.5kA

0.75kA

1.5kA

0.65kA
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Current
Output Current in
Phase
Differential
Current

1.5 kA

-

1.5 kA

-

1 kA

-

0.2kA

-

The HVDC system parameters are given in Table 4. 2.
Table 4.2 HVDC System Parameters
Apparent Power ( )

1000MVA

Active power ( )

960MW

Grid side AC voltage

420 kV

Converter side AC voltage

380kV

DC side voltage

±320 kV

DC side current

1.5kA

Transformer connection

Y/∆

Arm capacitor

28 µF

Arm inductance (continuous)

76 mH

Transformer inductance

15mH

Arm resistance

0.8 Ω

DC Line (two conductors)

400 km

Ac side Power Factor (

)

Angular frequency

0.96
314

d/s

4.7 Circulating current Effect on Capacitor Voltage Fluctuations
Using equations (3.11) and (3.12) upper and lower arm current in 3-phase MMC can
be expressed as:
= +i
(4.31)
i
+i
2
current can be controlled by regulating differential voltage in each arm:
i

=−

V

=L

+ Ri
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(4.32)

(4.33)

Circulating current is directly linked with the SM capacitor voltage ripples inside each
leg of 3-phase MMC. Due to Circulating current capacitor voltage fluctuations
increases. The capacitor energies stored in upper and lower arms in phase a are given
in equations as:
=V

.i

=V

(4.34)

.i

(4.35)

Putting equations (3.3), (3.4) and (4.31), (4.32), (4.33) in equations (4.34) and (4.35),
total capacitor energy can be derived as:
(

)

=

.i

− 2. V

.i

− i . Vc

(4.36)

Equation (4.36) implies reduction in circulating current, which is very important for
capacitor voltage fluctuations in MMC converter [79]. Circulating current reduction,
using proposed method reduces capacitor voltage fluctuations. Simulation results

Capacitor Voltages (kV)

shown in Figure 4.15 are in agreement with the proposed method.
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Figure 4.15 Results of (a) capacitor voltage fluctuations direct modulation
and (b) capacitor voltage fluctuations proposed method.
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Figure 4.15 (a) shows the amplitude of capacitor voltage fluctuations where as
reduced capacitor voltage fluctuations almost 30% are witnessed in 4.15 (b).
Capacitor voltages are constant around 640 kV reference value due to constant DC
voltages in a period due to proposed method.
In this chapter a two terminal VSC-HVDC, system is designed based on
MMC technology in PSCAD simulation program. MMC is considered as a suitable
technology for HVDC transmission systems due to its numerous advantages as
discussed in chapter.1. Whereas circulating current is an important issue related to the
performance and stability of MMCs. Due to circulating currents, power loss in a
converter increases as root mean square (RMS) values of the arm current increases
and can further leads to instability in DC line current in HVDC system. Different
modulation methods are discussed specially focusing on direct modulation on account
of the good performance reported in literature. However, it does not compensate for
the arm voltage oscillations, and generates circulating current in each leg of a threephase MMC. A new method is proposed to reduce circulating current by adding 2nd
and 4th harmonics in the upper and lower arm currents of an MMC. The proposed
method is tested on symmetrical monopole (point-to-point) MMC-HVDC system
using vector current control strategy. Analytical and simulation results confirmed the
validity of the proposed method towards minimization of capacitor energy variations
circulating current and DC current oscillations. A 3-phase double integration method
for grid synchronization MMC based HVDC system is presented in the next chapter.
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Chapter 5
Grid Synchronization 3-Phase MMC
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As explained earlier, to design a control system for HVDC system, grid connected
converters can be controlled in α-β stationary reference frame or synchronously
rotating d-q reference frame. Both reference frames uses PR or PI current controllers
to provide gating signals to SMs by controlling MMC output voltage or current.
However, traditionally a PLL is needed to synchronize MMC to grid voltage and
estimate its phase angle and frequency at the point of PCC in order to generate current
references for the PI or PR current controllers. DC-offset at input voltage of a PLL
results in erroneous values for the said controllers and affects the stability of HVDC
system as tracking ability of controllers are disturbed. In this chapter, a new 3-phase
double integration method is presented for MMC-HVDC and implemented in PSCAD
to solve this issue. A two terminal symmetrical monopole MMC-HVDC system
shown in Figure 4.1 can be further divided in to grid side power converter (GSPC)
connected at the point of common coupling (PCC) to each side of an AC system as
shown Fig 5.1 (a).Simulation results show the effectiveness of proposed method.
Furthermore, the proposed method is also helpful in good start-up of Grid after small
disturbance improving the stability of HVDC system.

5.1 Synchronous Reference Frame Phase Locked Loop (SRF-PLL)
SRF-PLL is the most widely used grid voltage synchronization method due to
its simple structure and good dynamic response as shown in Fig .5.1 (a) .The
controller can be implemented using PI or PR based on selecting suitable frame of
reference [80].

(a)

58

(b)

Fig.5.1. (a) Grid Side Power Converter (PLL) (b) Basic structure
3-phase grid voltages are transformed using SRF-PLL as shown in Fig.5.1 (b) into
rotating frame by applying Park’s transformation [81].The

-axis and

-axis

components are represented in Equation (5.1) under balanced grid conditions
V
V

=

cosθ
sin θ
− sin θ − cos θ

Vcosθ′
Vsinθ′

=

V cos (θ′ − θ)
V sin (θ′ − θ)

(5.1)

WhereV, θ′ is the amplitude and phase of input voltage signal; θ is output of PLL; V
and V are -axis and -axis components. Phase angle is extracted by taking integral
of grid frequency ω. The
voltage signal and

-axis provides information about amplitude of input

-axis corresponds to phase angle information .Phase angle

tracking in SRF-PLL is sensitive to unbalanced grid conditions such as; presence of
DC-offset signal, frequency deviations and harmonics [82].Single phase Inverter grid
synchronization using double integrals is proposed in [83] based on analog circuit. 3phase grid tied solar- PV Inverter using double integration is implement in [84],
which considers steady state conditions only. As SRF-PLL cannot estimate accurately
phase angle and frequency of grid voltage due to the presence of DC-offset at its
input, therefore a new method is proposed to synchronize MMC to Grid voltage,
which also solve this issue of DC-offset.

5.2 3-Phase Double Integration Method (DIM) MMC converter
The 3-phase DIM method is implemented for grid synchronization in a 3phase MMC converter to remove DC-offset and enables a good start during normal
startup of grid or after disturbance. It generates, 3-phase reference currents using lineto-line or phase voltage of grid without measuring phase angle or frequency as
expressed in equation (5.2) [85]
(5.2)

=∬

Where

is the current references; and

is the grid phase voltage. The block

diagram of DIM based on equation (5.2) is shown in Fig.5.2.
integral and

is the output of first

is the output of second integral , which matches with the input voltage
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signal as desired. Two PI controllers are used in a feedback path to remove DC-offset
and drift phenomena of each integrals as desired.

Fig 5.2 Block diagram DIM
The digital implementation of 3-phase DIM according to block diagram in Figure 5.2
is implemented using PSCAD as shown in Figure 5.3 (a). Double integrators inverts
phase voltage signal to 180° in order to synchronize with grid voltages. 3- Phase grid
voltages are inputs to DIM model as given in equation 5.3-5.5 ;
V

(t) = √2

(

)

V

(t) = √2

V

(t) = √2 V sin ω t +

Where the RMS value of phase voltage,
shows the grid frequency.

(a)
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sin

−

= √2

(5.3)
π

(5.4)
(5.5)

is the peak voltage and

(b)
Fig.5.3 3-Phase Grid Synchronization using DIM (a) 3 phase DIM (b) Closed loop
system in frequency domain

DIM model is implemented in frequency domain as shown in Figure 5.3 (b). The
closed loop transfer functions as given by;
=

(

=

)

(5.6)

2

Where

( ) = 1/ and

( ) = (1/ + 1) ∗ (

+

/ ) represents the forward and

feedback path of the closed loop system. Input sinusoidal signal can be expressed as;
( )=

sin (

)

(5.7)

and ω is the amplitude and frequency of input signal. The output of double

Where

integral can be derived as;
( )=
Where

,

and

sin(

+ )

(5.8)

are the amplitude, frequency and phase angle of output signal.

The frequency response characteristics of double integrals can be obtained using Bode
plots as shown in Fig.5.4 . The output voltage signal synchronize to the grid voltages
after multiplying gain of k=-1 as double integrals output introduces a phase shift of 180°.
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Fig.5.4 Frequency Response characteristics Double Integrals

Implementing a pure integrator will produce DC offset and integration constant or
drift phenomena in the output signal [86].However using a high pass filter to remove
integrator, DC offset will introduce phase errors [87].Therefore a proportional integral
(PI) based compensator (1/s+1) designed in feedback path to reject DC offset at each
integrator. Due to linear lagging feedback, a leading phase shift is introduced, which
increases if the feedback gain is increased. However, putting a dead zone after low
pass filter (1/s+1) will correct this whenever needed as shown in Fig.5.5 .In a
conventional SRF-PLL, the loop gain must be high at synchronization and slow
during steady state operation. This process is difficult to implement subject to phase
shifts or large voltage sags. DIM recovers naturally from transients, as nonlinear
feedback always remains active.

62

Fig.5.5 Removal of Integration Constant

5.3 Simulation Results 3-Phase MMC Grid Connected
A non-linear model of 3-phase MMC as discussed in section-3.3 is developed
here using PSCAD. The 3-phase MMC working as an Inverter is connected to AC
grid (

) through an AC filter ( ,

), a 3-phase transformer( / ) as shown in

Fig.5.6. The DC grid is modeled as a current source( ) in MMC-HVDC system.

Fig. 5.6 3-Phase MMC Grid connected
A direct modulation scheme using pulse width modulation (PWM) method is
implemented to calculate insertion indices (number of SMs inserted) in each arm of a
3-phase MMC converter, in order to achieve control system objectives. Total
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capacitor voltage is equally distributed among the SMs in upper and lower arms and
inserted arm voltage is

=

∑

, where

represent insertion indices and

∑

shows total capacitor voltage in each arm [88]. The circulating current is eliminated
using a separate controller; further details are available in [89].The reference signal
consists of only fundamental frequency component which gives sinusoidal output
voltage and current on the AC side of MMC converter as expressed in equation (5.95.10);
=

(5.9)

=

(5.10)

Where

and

are the peak values of AC side MMC converter voltage and

current.

is the fundamental frequency in rad/sec.

Figure.5.7 (a-e), shows the simulation results of 3-phase DIM implemented in grid
synchronization of MMC Inverter for 50 Hz Grid frequency. Fig.5.7 (a) shows the 3phase balanced AC grid voltages on the primary side of transformer

. Fig.5.7 (b)

shows the 3-phase MMC inverter output voltage on the secondary side of
transformer

. Fig.5.7 (c) represents 3-phase voltages as input to 3-phase DIM

model based on equations (3-5). Whereas Fig.5.7 (d) shows the output voltage of 3phase DIM but due to integrator, output clamping, a residual DC is present during
start of Grid synchronization. In Fig.5.7 (e) due to PI controller feedback, DC–offset
is eliminated on each integrator and at t=0.05s 3-phase output voltage of DIM is
synchronized to grid voltage. After introducing a small disturbance at t=0s- to- t=1s,
3-phase DIM restarts at t=1s and achieve grid synchronization at t=1.05s as shown in
Fig.5.7 (f) which prove the effectives of DIM method in case of start-up of grid at
50Hz Grid frequency.

(a)
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(b)

(c)

(d)

(e)

(f)
Figure 5.7 3-phase DIM results (50 Hz) (a) Grid Voltage (b) Converter side AC
voltage (c) Input voltage DIM (D) (d) out voltage DIM residual DC (e)
Out voltage DIM residual DC removal (f)restarting of 3-phase DIM
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Figure.5.8 (a-e), shows the simulation results of 3-phase DIM implemented in grid
synchronization of MMC Inverter for 45 Hz Grid frequency. Fig.5.8 (a) shows the 3phase balanced AC grid voltages on the primary side of transformer

. Fig.5.8 (b)

shows the 3-phase MMC inverter AC output voltage on the secondary side of
transformer

. Fig.5.8 (c) represents 3-phase voltages as input to 3-phase DIM

model based on equations (64-66). Whereas Fig.5.8 (d) shows the output voltage of 3phase DIM, but due to integrator clamping a residual DC is present during start of
synchronization again. In Fig. 5.8 (e) due to PI controller feedback, DC–offset is
eliminated on each integrator and at t=0.05s 3-phase output voltage of DIM is
synchronized to Grid voltage. After introducing a small disturbance at t=0s-to-t=1s,
3-phase DIM restarts at t=1s and achieve grid synchronization at t=1.05s as shown in
Fig.5.8 (f) which confirm the effectiveness of DIM method in case of start-up of grid
at 45 Hz Grid frequency.

(a)

(b)

(c)
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(d)

(e)

(f)
Figure 5.8 3-phase DIM results (45 Hz) (a) Grid Voltage (b) Converter side AC
voltage (c)Input voltage DIM (d)Out voltage DIM residual DC (e) Out
voltage DIM residual DC removal (f)restarting of 3-phase DIM
The Grid voltage is added with a 10% DC offset (DC component) based on equation
(5.7) to test the DC offset rejection capability of the proposed DIM method.
( )=
Where

+

sin(

)

(5.11)

is the DC offset. Figure.5.9 (a) shows the simulation results of 3-phase

DIM with a 10% DC offset.

Figure 5.9. 3-phase DIM (10%DC offset at 50 Hz)
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FFT analysis is performed and Fig 5.10 (a-b) shows its simulation results .A 10 %
DC offset in Grid voltage sinusoidal signal is reduced to almost 0.1 % with the
proposed 3-pahse DIM method.

(a)

(b)
Figure 5. 10. FFT analysis (a) 10% DC offset Grid voltage (b) Reduction in DC
offset using 3-phase DIM
It is evident from the analytical and simulation results that three phase Grid voltage
and output voltage of MMC are synchronized using proposed DIM system. It
enables a good start during normal start-up of Grid or after small disturbance. The
DC-offset or integrating constants are eliminated using a non linear feedback as
evident from the simulation results. The 3-phase MMC-HVDC parameters are
mentioned in Table 5.1.
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Parameters

Table 5 .1 3-Phase MMC Parameters
Symbol

Value

Grid side AC voltage

(

)

420 kV

Converter side AC voltage

(

)

380kV

Transformer connection

/

Y/∆

Arm capacitor

28 µF

Arm inductance

76 mH

Filter inductance

15mH

Filter resistance

0.8 Ω
ω

Angular frequency

314 rad/s

Grid voltage synchronization is important aspect in MMC- HVDC systems.
Conventionally Synchronous reference frame Phase-locked loop (SRF-PLL) is used
to synchronize MMC to Grid voltage and generates reference currents for the
controllers in Grid side converter based on the estimation of Grid voltage and
frequency. However, the presence of DC-offset at input voltage of a PLL, results in
fundamental frequency oscillations, which introduces phase angle error. In this
chapter, a new method of Grid synchronization for a 3-phase MMC converter using a
3-phase DIM is proposed. Digital circuit of 3-phase DIM was designed, and simulated
using PSCAD simulation program.
Simulations results showed the effectiveness of a 3-phase double integration
method in Grid synchronization of a 3-phase MMC converter .Furthermore a linear
lagging feedback, circuit is developed, including a dead zone, which eliminated DC
offset at each integrator. Results had also confirmed the ability of 3-phase DIM to
synchronize, during start-up and restart of Grid incase of small disturbance improving
the stability of HVDC system. In next chapter, an overview of future development of
HVDC system in Pakistan is presented.
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Chapter 6
Future Development of HVDC Systems in Pakistan
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In this chapter, existing AC transmission systems and under constructed HVDC
projects in Pakistan is discussed. MMC based HVDC link can be considered a good
option for the future development of HVDC in Pakistan. This chapter will also
provide a road map for integrating wind energy power to existing AC Grid using
HVDC links as a future development to mitigate electricity shortfall. It also discusses
the issues and problems associated with integrating wind power into AC Grid.

6.1 Introduction
Energy has been one of the most important sources for the continuous
development of human civilization. Global energy consumption has increased
tremendously after the start and growth of the industrial revolution around two
centuries ago. Nowadays, per-capita energy usage is a major parameter for a nation’s
growth and prosperity. The United States of America accounts for the highest living
standard with only 5 percent of the world population; however, it consumes 25
percent of the total global energy [90].Pakistan strongly depends on fossil fuels and
conventional energy sources for the production of electricity. As per the energy mix
of Pakistan, reported in [91] oil, coal and gas shares are almost 86.6% whereas
12.71% is supplied by hydro generation. In order to meet energy demands, huge
quantities of oil are imported each year, which places an extra burden on the economy
of Pakistan. Due to fluctuations in oil prices in the international market and the poor
state of the economy, oil imports are gradually falling each year, which results in a
mismatch between demand and supply of electricity generation as evident from Fig
6.1 [92].
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Fig.6.1 .Peak electrical energy demand vs.supply projections for Pakistan
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The following issues are also responsible for less generation of electrical power [93]:


Aging of existing power transmission and distribution networks and their
capacity.



Power generation is mostly centralized and is more dependent on the
availability of fossil fuels.



The power system network is longitudinal with respect to regional location.
Hydro generation is only available in the northern part of the country whereas
thermal generation is concentrated in the southern part, located away from big
load centers.



Hydro generation is usually affected by the availability of water during
summer and winter seasons.



Presence of fewer shares of renewable energies in the overall energy mix of
Pakistan.

In order to overcome the energy shortage, exploration of alternate energy resources
such as renewable energy is necessary. Pakistan is blessed with all types of alternate
energy sources, including wind and solar, offering great potential for generating
electricity and bridging the gap between supply and demand [94-95]
Electric Power Production, using wind energy around the world, has a total
installed capacity (both offshore and onshore) of 122 GW. It is the swift growing
renewable energy source and many European countries are getting nearly 10% of their
total energy demand from wind energy. Pakistan has good prospect for producing
electricity from wind in different regions and along the coastline of the Sindh
province. The country's first Renewable energy policy was announced in 2006, which
set short-term and long-term plans that include generation of 9,700MW of electricity
from renewable energy resources by the year 2030 [96]. However, only 10 MW of
wind energy has been installed so far at different locations in the country. There is
great wind potential at the Gharo–Keti Bandar corridor, which is 60 km long, located
along the coast belt of the Sindh province [97]. According to the Pakistan
Metrological Department (PMD), after analyzing the wind data at 20 different sites in
the coast belt, the favorable area for wind power generation is 9,700 km² with
estimated wind power potential of 43,000 MW [98].
Electric power transfer capability is restricted by different constraints such as
thermal loading of conductors, and voltage and transient instabilities emerging in a
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power system [99]. Power Grids around the world are continuously changing due to
the rapid interconnection of large wind farms into transmission systems. Wind energy
sources located at far off areas and the variable nature of wind are two major
challenges faced in its integration into a national grid [100].

6.2 Existing AC Systems in Pakistan
The power transmission system of Pakistan consists of 40 grid stations and the
total length of high voltage AC lines is 12, 436 km; out of which 5,077 km is of 500
KV Transmission lines. It is estimated that almost one third of the population has no
connection to the electricity grid due to the remote locations of the settled areas and
the scale of the country. The country’s total installed capacity (hydro+ thermal) is
around 16,000 MW. Details about the main hydro and thermal units are included in
Table 6.1 Big Hydro plants are located in the northern areas of Pakistan, while
thermal plants are in the south as evident from the power plant map shown in Fig.6.2
[101].
Table 6.1 Hydro/ Thermal Units
Name of
Power Station

Province

Type of
Power
station

Capacity(MW)

Tarbela

KPK

Reservoir

3700

Mangala

AJK

Reservoir

1200

Ghazi Barotha

Punjab

Canal

1450

Muzaffargarh

Punjab

Thermal

1300

Guddu

Punjab

Thermal

1600

Jamshoro

Sindh

Thermal

800

The majority of electricity consumers are located in the middle of the country, where
wind energy potential is minimal. In the Southern region, wind energy potential is
available for future electricity production.
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Fig. 6.2 Major Power Plants

6.3 Future Development of HVDC in Pakistan
Pakistan needs to add around 3,000-4,000 MW electricity per annum according
to the demand as reported. To increase capacity and efficiency, the transmission
system needs to be upgraded [102].The idea to initiate the usage of HVDC technology
in Pakistan comes from the proposed CASA-1000 (Central Asia-South Asia
electricity transmission and trade)project which will interconnect Tajikistan,
Afghanistan and Pakistan through the bipolar 500 kV HVDC link. It consists of a
500 kV, 750 km bipolar HVDC interconnection link with conversion capability of
1,300 MW at Sangtuda (Tajikistan), a 300 MW at Kabul (Afghanistan) and a 1,300
MW at Peshawar (Pakistan) [103]. Another 600 kV HVDC line is under construction
between Matiari (Sindh) and NankanaSahib (Punjab), which will transmit up to 4,000
MW of power produced by the Thar coal power plants. The existing AC grid located
nearby has limited transfer capacity. More HVDC stations will be required to transmit
power produced from wind energy sources as predicted in Fig. 6.3 [104].
The purpose of installing current HVDC links in Pakistan is to transfer electric
power between two distant regions. However, for future development, a HVDC
system has great potential for integrating wind energy sources, asynchronous
connections and system stability improvement.
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Fig.6.3 HVDC Grid Map of Pakistan
Geographical locations and infrastructure limitations are two major constraints for the
transmission of wind power to the load centers. If a shore is located nearby in any
country, then offshore wind energy farms will provide a good choice to generate
power [105]. Normally the existing transmission system capacity is designed for the
conventional fossil fuels and thermal based generation systems and to interconnect
large wind energy systems from one region to another and the existing setup may
have capacity limitations [106].
An HVDC system has proved to be more attractive for large offshore wind
farms positioned away from the main grid. Specifically, VSC-HVDC is a favorable
technology for interconnecting big offshore wind energy farms to the terrestrial AC
grids due to its benefits over traditional HVDC based line-commutated converters. It
can easily control power flow direction without altering the polarity of the DC voltage
[107]. Furthermore, VSC technology can operate with weaker AC grids, no reactive
power demand at the converter stations and reduced harmonics. However, it is more
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suitable for medium voltage applications due to limitations in power and voltage
ratings of the VSC [108].The interconnection of offshore wind farms to a common
AC bus system, point-to-point HVDC transmission link causes difficulties in
controlling each wind energy farm independently. Multi terminal (MT-HVDC)
Systems can overcome this problem. The VSC-based MT-HVDC technology for
connecting doubly fed induction generator based offshore wind farms has shown
better performance in the power oscillations damping and transient stability during
fault conditions [109].The interconnection of wind power (on shore and offshore)
generated along the coastline of Pakistan to the national grid, combined with HVDC
transmission technology, will be the right choice in the near future. VSC –HVDC’s
main role will be to interconnect offshore wind energy farms to the electricity grid. A
possible layout scheme of offshore wind energy farms linked to a major grid is shown
in Fig. 6.4 [110].

Fig.6.4 Offshore wind farms linked to the major grid
The under constructed HVDC projects in Pakistan are based on LCC technology.
This technology needs reactive power demand, harmonics reduction and does not
inherit black start capability as compared to MMC [111] .Therefore MMC based
HVDC system can be considered as a good option for the future development of
HVDC in Pakistan. In order to get a stable MMC-HVDC system this dissertation has
thoroughly discussed and proposed different solutions in previous chapters.
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Chapter 7
Conclusion and Future Work
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The main goal of this research work was to establish a Point- to- Point MMC-HVDC
system in EMT/PSCAD simulation software based on suitable modeling approach in
PSCAD and improve stability aspects of MMC converter. Modular Multilevel
(MMC) power converters was selected for HVDC system technology as it offers
several advantages compare to other types of Power converters already mentioned in
this research work. However, for an HVDC system, MMCs need excessive numbers
of sub-modules (SMs) or switches, which give rise to difficulty in modeling, MMCs
using EMT type simulation program as computational complexity increases.
Average Value Model (AVM) offers an alternate solution to model MMCs by
grouping cells as an arm equivalent circuit compare to other models. Circulating
current, capacitor voltage fluctuation and reduction in oscillations in DC link current
are important issues linked with the stability of MMCs in HVDC systems. Circulating
current give rise to a converter power loss with the increases in RMS values of the
arm currents.
A new method for reducing circulating current is proposed based on direct
modulation in this research work, which adds 2 nd and 4th harmonics in the upper and
lower arm currents of an MMC. Energy variations in capacitor are less with the
proposed method as evident from the analytical and simulation results using a vector
current control strategy in PSCAD/EMTDC simulation program.
In future, the proposed method will be tested on Multi-terminal HVDC systems
to check its performance analyzing the simulation and analytical results. The
performance of the proposed method will also be compared using other MMC models
available in literature.
Furthermore, a new method 3-phase DIM is implemented for the Grid voltage
synchronization and improving stability of MMC-HVDC system in a Vector current
control system. A linear lagging feedback, circuit is developed; including a dead zone,
which eliminated DC, offset at input of PLL and enable a good start during normal
start-up of Gird of after disturbance.
In future 3-phase DIM will be compared with deferent types of PLL to further
validate its performance in Grid-connected applications.
Moreover, this paper highlights the need of HVDC technology and the benefits of
HVDC systems for the future expansion of existing AC transmission lines in Pakistan
in chapter 6. The current HVDC links in Pakistan are based on LCC technology.
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However, for future development a stable MMC-HVDC link can be considered as a
good option for integrating wind energy sources. More studies will be done to
evaluate the performance by integrating wind energy sources in AC Grid of Pakistan
using MMC- HVDC links.
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APPENDEX -A
Using Clarke transformation 3-phase XYZ signals (current or voltages) are
transformed in to two quantity ( α- β ) orthogonal system in stationary–reference
frame as shown in equation .1 ;
⎡1
Iα
⎢
Iβ = 0
⎢
Iγ
⎢
⎣

−

−
−

Since 3-phase system is balanced i
given in equation (2) :
Iα
Iβ =

1

⎤ i
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⎥
⎥ i ( )
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−

( )

+ i

+i

( )

= 0 .The simplied form is

i( )
i( )
i( )

−

0

( )

(1)

−

(2)

Using Park transformation ( α- β ) signals are transformed into dq0 signals as given
in equation (3); Wheras q-axis will lead d-axis by 90° as shown in Figure .1. The
reference phase angle ( ) is needed for this transformation using a PLL.
i
i
i

+ sin θ −
⎡sinθ
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= ⎢ cos θ + cos θ −
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π
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π
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⎦

Fig.1 (α- β ) stationary and (d-q ) rotating reference frame
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(3)

APPENDEX -B
The expression in Equations (4.27) and (4.28) are derived as:
= 1/
T (period) =0.02
=2
=
Due to direct modulation, arm current is a sinusoidal waveform:
=
(
Where
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(2

)+
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(2)

is a constant adapted to become zero in the middle.

By taking the 2nd and 4 th (1st, 3 rd, and 5 th derivatives are zero) derivatives of Equation
(2):
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(The following co-efficient are derived from Equations (3) and (4):
[ = 1.5 ,

=

20
,
64

=

−0.5
,
64

= 0]

The results of upper and lower arm currents based on analytical formulation using
Equations (4.27) and (4.28) is displayed in Figures (a) and (b),which shows the
reduction in the negative half current by adding even order harmonics. Due to the
presence of the DC current component, the arm voltage oscillations were also
reduced. There are less capacitor energy variations, as DC voltage is constant during
part of a period, which reduces the circulating current. The peak value of arm currents
also reduces, as negative arm current is more flat at the bottom. The DC current
component in each arm will be the result of the DC input and output voltage. More
input voltage less DC current based on Equation (4.29) is shown in Figure (c), which
is almost similar to a sinusoidal arm current generation.
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(a)

Upper arm current—proposed Method

(b) Lower arm current—proposed Method

(c) Leg current—proposed method.
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