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Abstract

The modular multilevel converter (MMC) technology has been a subject of increasing
importance for high voltage direct current (HVDC) systems due to its technical
advantages in terms of scalability, performance and efficiency. There are already several
MMC-HVDC projects in construction and operation worldwide. Offline and real-time
simulations of MMC-HVDC systems prior to project construction are important for both
power system operators and electrical equipment suppliers. In electromagnetic-transients
(EMT) simulations, significant simulation challenges are brought by MMC-HVDC
systems since a large number of sub-modules (SMs) in each MMC have to be simulated
individually. Therefore, a detailed investigation on MMC-HVDC modelling methods is

of great theoretical and engineering values.

In this thesis, the half-bridge (HB) MMC offline (PSCAD) and real-time (RSCAD)
models with adjustable number of SMs per arm with generic and customized control
functions are developed using different MMC modelling methods, namely, detailed
switching, switching function, Thevenin equivalent and averaged models. The developed
models are validated against benchmark models from PSCAD software libraries for
accuracy during steady-steady operation, and AC and DC short circuit faults. Simulation
efficiencies of different HB-MMC models are compared for offline PSCAD simulation.
The comprehensive comparison of the offline simulation waveforms proves that the
averaged and switching function HB-MMC models produce largely identical results as
those from the Thevenin equivalent MMC model in the PSCAD MMC library, but with

much greater simulation efficiency.

In this thesis, interoperability of different MMC topologies, namely, the HB, full-bridge
(FB) and hybrid MMCs are assessed quantitatively. Based on the aforementioned
modelling methods, FB and hybrid MMC simulation models are developed and validated.
Offline and real-time three-terminal DC grid models closely resembling the Caithness-
Morey-Shetland HVDC system are developed to investigate DC grid power flow control
during steady-state and AC faults. Interoperability of different MMC topologies in the
DC grid is assessed quantitatively using offline PSCAD and real-time RSCAD

simulations.



Furthermore, a frequency-domain small-signal impedance measurement tool in RSCAD
Is presented to extract the impedances of MMC and connected AC networks for stability
assessment. The scenario of a simplified GB AC network connected to an MMC is
provided in RSCAD for real-time simulation use. Focusing on grid-connected converter
system, the effect of AC cables and MMC time-domain modelling methods on their
Impedance are investigated. Through impedance measurement and comparison, it has
been found that the different time-domain modelling methods of MMC have no
significant effect on the impedance of the MMC. Since most frequency-domain analysis
for MMC is based on the averaged model, this conclusion provides a theoretical basis for
the frequency-domain MMC modelling research.
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Chapter 1 Introduction

1.1 Introduction of HVDC system

The first commercial electrical power generator was a direct current (DC) generator, and
consequently, the first power transmission system was constructed using DC [1][2].
Although DC had been developed and applied firstly, alternating current (AC) replaced
DC for greater uses driven by the emergence of transformers and induction motors in the
1880s and 1890s [1][2]. Transformers make it very convenient to change the voltage level
for transmission and distribution of electrical power. Induction motors are rigid and
robust but work only with AC system. It is for these reasons that AC become the universal
power transmission system [3][4]. However, for some long-distance transmissions, due
to the economic, technical and environmental advantages, high voltage DC (HVDC) can

be more advantageous than the AC counterpart [5][6].

Generally, in an HVDC system, power is obtained from an AC network, converted to DC
in a converter station, transmitted to the receiving point via overhead lines or DC cables,
and then is injected into the receiving AC network through another converter station as

schematically shown in Fig. 1.1.

—_— . . S 1+
HVDC
Rst, Ls1 Rro, L11 | er transmission converter] RT2 LT< z : Rs2, Ls2 :
(: :)—‘:'—( ( ) —=— 1 line 2
AC AC
system 1 system 2
—T . . S

Fig. 1.1 A typical structure for the 2-terminal HVYDC transmission

In the HVDC system, the power flow can be controlled accurately and quickly given a
set power level and direction. There are many reasons to choose HVDC over HVAC for
a particular project, and the considerations involved are also complex. Here are some

common reasons for choosing HVDC [3]-[6]:



e Highly efficient long-distance power transmission

e  Provision of fully controlled power flow in either direction
e Limited short-circuit currents

e Asynchronous interconnections capability

e Lower environmental impact

The first commercial HVDC transmission project in the world (a 20MW, 100kV
submarine DC cable transmission project from mainland Sweden to Gotland) was put into
operation in 1954 [7], marking the birth of the first generation of DC transmission
technology based on mercury arc valves. In the early 1970s, thyristors began to be used
in HVDC power transmission systems and soon replaced mercury arc valves, marking
the birth of the second generation of HVDC power transmission technology using line
commutated converters (LCC). In 1990, voltage source converters (VSC) based HVDC
transmission technology was proposed by researchers at McGill University in Canada
[8][9]. Since the 1990s, VSC using high-frequency semiconductor switches with fast gate
turn-off capabilities and pulse width modulation (PWM) technology have been used in
HVDC transmission, marking the birth of the third generation of HVDC transmission
technology [8][9].

The use of VSC as opposed to an LCC offers the following advantages [10]:

e Reactive power compensation is not required by VSC. In addition, VSC can
dynamically compensate the reactive power to the AC system.

¢ Independent control of both active and reactive power.

e VSC offers the possibility to supply passive networks, overcoming the
fundamental drawback of LCC as it can only connect to active networks.

e The VSC output voltage has a lower harmonic content. This feature of VSC
further reduces the filtering requirements.

e Avoidance of commutation failures due to disturbances in the connected AC
network.

e VSC converter station has a smaller footprint than that is required by LCC

converter station.



Given that VSC has many advantages and broader application prospects than LCC, most
of the HVDC projects currently under construction or being planned are VSC-HVDC

schemes. Therefore, this thesis is also focused on VSC-HVDC systems.

1.2 Different converter topologies in VSC-HVDC

The development of power-electronic and controllable devices in power systems,
especially the improvements in the voltage and current ratings of fully controlled power-
electronic devices, is expending the applications of VSC-HVDC systems. There are three
main VSC structures used in the existing VSC-HVDC projects, namely, two-level

converters, three-level converters and modular multi-level converters (MMC).

1.2.1 Two-level VSC
The two-level converter has the simplest structure. It has six arms, each of which consists
of a switch (IGBT switches are used in this thesis as they are the most used technology)

and an antiparallel diode, as shown in Fig. 1.2 (a). With reference to the DC neutral point,
the two-level converter phase output has two voltage levels, i.e., +% and —%. By

applying PWM techniques, the output two-level voltage resembles a sine wave
fundamental with significant harmonics around the switching frequency and multiple of

it, as shown in Fig. 1.2 (b).

A number of VSC-HVDC transmission projects developed by ABB in the 1990s used the
2-level topologies, e.g. the Halsjch HVDC project, the first test transmission with a
3MW +10kV link between H&lsj& and Grangesberg, begin to operate in March 1997,
the Gotland HVDC project, the first test commercial transmission, started trial operation
in 1999 [10][7]. The typical switching frequency used was 1950Hz [10][7].
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Fig. 1.2 Two-level VSC: basic structure and single phase output voltage

1.2.2  Three-level VSC
Fig. 1.3 (a) shows the basic structure of a 3-level diode clamped VSC [11]. Each phase

of the 3-level VSC can generate three voltage levels with reference to the DC neutral
point, i.e., + % 0and — % The 3-level VSC can produce better quality output voltage

waveforms compared to that from 2-level with reduced harmonic contents, as shown in
Fig. 1.3 (b). The Eagle Pass 36 MW back-to-back VSC-HVDC Project developed by ABB



used such a 3-level configuration, and harmonic elimination PWM technique was used

with switching frequency of 1260 Hz [12][13][14].
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Fig. 1.3 Three-level VSC: basic structure and output voltage

1.2.3 Modular multi-level converters (MMC)
VSC-HVDC systems using the Modular Multilevel Converter (MMC) technology was

developed in 2003 [15][16] and was first used in the Trans Bay Cable Project (TBC) in
the U.S. in 2010 [17]. MMC contains large numbers of submodules (SMs) in each
converter arm, as shown in Fig. 1.4. The typical structure of an SM is also shown in Fig.
1.4. By changing the state of the IGBTs in the SM, the SM can generate an output voltage
of with 0 or v.gy. This enables the MMC to generate a sinusoidal voltage from a DC



source as shown in Fig. 1.5 by switching in or out of the SMs in each arm to control the

voltage of the phase.
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Fig. 1.5 Schematic diagram of staircase modulation of MMC

Compared with traditional 2- and 3-level VSCs, MMC offers significant advantages:



e Modular realization of its power circuit makes scalability to different power and
voltage levels simpler by changing the number of SMs per arms [15][16].

e MMC with a large number of SMs generates a sinusoidal output voltage with very
low harmonics [16]-[20].

e Because the SMs are switched sequentially, the operating frequency of each
semiconductor switch and the voltage step to be switched are reduced so that the
switching loss of MMC is very low, accounting for around 30% of the total
semiconductor power loss, compared to about 70% for two-level VSCs [21-28].

e The use of distributed SM capacitors instead of concentrated DC link capacitors
as in conventional two-level VSCs prevents the SM capacitors from discharging
during DC faults [29]. Thus, the fault current from MMC during pole-to-pole DC
short circuits is much smaller than the transient discharge current of the
concentrated DC link capacitors from the two-level VSC. This is beneficial in

easing the design requirement for DC circuit breakers [29][30].
1.3 Different SM topologies of MMC

According to the converter topology used in the SMs, there are 3 main MMC

configurations.

In Fig. 1.6 (a), the typical structure of a half-bridge (HB) SM is shown. The output voltage
of an HBSM vyg,, equals to the capacitor voltage v.g) When inserted (S: is ON) and
approximately equals to zero when bypassed (Sz is ON). The switching states of the SMs
are determined by the control system. When MMC was first proposed, it is HBSM that
was used [15][16]. In this thesis, HB-MMC is used to describe MMC with all SMs using
HB topology.

The full-bridge (FB) SM as shown in Fig. 1.6 (b) was introduced in [31]. As shown, the
output voltage of FBSM has three states: vy, = vegy When positively inserted; vsy = 0
when bypassed; vsy, = —vgy When negatively inserted. The advantage when compared
to HB-MMC is that MMC with FBSM has DC fault blocking capability and greater
controllability [32]. However, since the number of semiconductor devices of an FBSM is
twice that of an HBSM, the devices cost and power losses of FB-MMC are higher
compared to HB-MMC [32].
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Fig. 1.6 MMC SM topologies: (a) HBSM, (b) FBSM

By combing FB and HB SMs in each arm, as shown in Fig. 1.7, hybrid MMC was
introduced in [33]. As shown, each arm has n SMs, comprising f FBSMs and (n — f)
HBSMs. Due to the inclusion of FBSMs (when the number of FBSMs is sufficient), the
hybrid MMC can block DC faults while in the same time it has lower losses and capital
costs than FB-MMC[34]-[35].

All the three MMC topologies will be studied in this thesis, and detailed descriptions will

be provided in the later chapters.

IL SMu | | Si4 J_S3-|
N } — Vesm

‘I

‘I_ SMr } Vsm| So4 -|-S4'|
==

H—Sl\/lf+1 }

STy

|

\l_ SMn }4\ Si4

VSM] SZ 4

Fig. 1.7 Diagram of an arm of the hybrid MMC



1.4 MMC efficient modelling

1.4.1 MMC modelling challenges

From the above discussions, it is clear that the significant performance improvements and
high reliability and availability of the MMC are achieved at the expense of increased
complexity of the power circuit and control due to the required large numbers of SMs.
Although the use of distributed SM in modular multilevel converter has facilitated the
scalability of the converter, it has resulted in the converter with many complex dynamics.
There are already several MMC projects in construction and operation worldwide.
Simulating MMC prior to project construction is important for both power system
operators and electrical equipment suppliers. However, a large number of SM capacitors
and switching devices in each MMC present significant simulation challenges,
computationally and memory-wise. The challenges of MMC simulation mainly comes

from the following two aspects:

e Large numbers of nodes: Due to the large numbers of SMs in each MMC, the
electrical node number is very high, which results in large admittance matrix of
the converter, and inversing the large-scale matrix is hugely time-consuming
during time-domain simulation [36][37][38].

e Internal dynamics of SMs: Switches are switched on and off at high frequency, so
the charge and discharge state of each capacitor almost changes at each short

simulation step.

1.4.2 MMC efficient modelling methods
Accurate and computational efficient MMC models are therefore required. Many

different types of MMC models have been developed in several publications.

1.4.2.1 Full physical-based model

The full physical-based model with semiconductor physics models employed can
accurately account for converter losses and approximate the switching devices’ non-linear
characteristics [39]. However, based on the current conventional computing power, it is

more suitable for circuit simulation study considering a limited number of SMs rather



than power system simulation study as it can take a very long time to simulate even a

single converter [40].

1.4.2.2 Detailed switching model

In the detailed switching model, the IGBT switches with anti-parallel diodes are modelled
using an ideal controlled switch and two non-ideal diodes as shown in Fig. 1.8. The diodes
are modelled as nonlinear resistances using the classical diode function with nonlinear
characteristics from manufacturer data sheets or real measurements. By simplifying
switching elements, the detailed switching model gains higher efficiency compared with
the full physical-based model. However, the full detail model is still not competent for
the simulation of systems with many MMCs or large DC grid as the simulation efficiency
is still not high enough. This model can be used to verify the accuracy of the further

simplified models or to analyse the abnormal operation of SMs [40].
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Fig. 1.8 IGBT model in MMC detailed switching model

1.4.2.3 Thevenin equivalent model

The Thevenin equivalent model proposed in [37] uses two-state resistance
(Rony and Rypr) to represent the IGBTs’ switching states and uses Electromagnetic
Transient Program (EMTP) theory[41] to calculate the dynamics of the SM capacitance
so that a whole arm can be represented by a Thevenin equivalent circuit. The goal of this
model is to perform Thevenin equivalent of each SM, so as to algebraically superimpose

all the SMs in one arm. There are three modelling steps in the Thevenin equivalent model.

The first step is the simplification of switching elements. Based on the detailed switching
model, switch elements shown in Fig. 1.9(a) are further simplified. When the IGBT is on,

the resistance value of the switching group is equal to Ry, Whereas when the switch
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group is off, the resistance value is equal to Ryrr [42]. Since the parallel connection of
an IGBT and a diode acts as a bidirectional switch and only one device is conducting at
a given instance, the pair is considered as a single two-state resistance [37]. In [43],
different voltages across the IGBT and diode are considered in order to obtain a more
accurate value of resistance. However, this does increase the simulation burden while the
gain on improved accuracy is limited [40]. The off-state resistance Ry Is typically set
to a very higher value, such as 1 x e®Q compared with the typical value 1 x e=2(Q of the
on-state resistance R,y [44]. Fig. 1.9 (b) shows the SM model after simplification of the
switch elements, where R, and R, represent the equivalent resistances of upper and lower
switching group S; and S, in the SM respectively. The switching state of each IGBT is
determined by the MMC control system which will be discussed in Chapter 2.

Simplification-1:

switch elements
S -||:, é; R
::CSM% 1 Com
Vsm S, 4@ vsu| R
(a) (b)
R1 § Rith
Vih
Vsm R2 —_ Vsm —
Simplification-3:
Thevenin equivalent
() (d)

Fig. 1.9 Thevenin equivalent modelling of MMC SM: (a) electrical circuit, (b) switch
elements represented by resistances, (c) capacitor represented by equivalent resistance
and voltage source, (d) Thevenin equivalent circuit
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The second step is to model the capacitors. In addition to implementing the simplification
of switching devices, the dynamics of the capacitors need to be discretized for use in the
Thevenin's equivalent model. The trapezoidal integration method is most commonly used
by Electromagnetic Transient Program (EMTP) to solve the system’s different equations
[40][37]. This method was first applied to MMC in [37] so that the capacitor can be
represented as an equivalent voltage source in series with an impedance [38] as shown in
Fig. 1.9 (c). In Fig. 1.9, Thevenin equivalent resistance R, and equivalent capacitor
voltage source v, which are both time variant are used to mimic the behaviour of
capacitor Cgy. Rc and vg.,. In the simulation, the arm current is introduced into the
calculation to update and iterate the SM equivalent capacitor voltage v.., at each

simulation time step. The calculation process will be shown in detail in Chapter 3.

The third step is applying Thevenin's theorem to the circuit shown in Fig. 1.9 (c) to obtain

the Thevenin equivalent circuit of the SM as shown in Fig. 1.9 (d).

As each SM in the arm is simplified into the Thevenin equivalent circuit shown in Fig.
1.9 (d), combining the capacitor voltage information and the switching state of each SM,
SMs connected in series in the arm can be represented by an equivalent voltage source in
series with an equivalent resistance as shown in Fig. 1.10. Specific calculation details will

be given in Chapter 3.

'—Ili SM:
SM:
[SM % Rarm
3
i
i_ - ——_ Varm
SMn
J |
(a) (b)

Fig. 1.10 Thevenin equivalent modelling of MMC arm: (a) n SMs in one arm, (b)

equivalent circuit of n SMs
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In Thevenin equivalent model, each arm is represented by Thevenin equivalent circuit, so
that not only the number of electrical nodes is significantly reduced, but also the number
of nodes is no longer related to the number of SMs. In [40] and [43], the accuracy of this
model has been verified. Variants of the Thevenin equivalent model have also been
proposed in [45][46].

1.4.2.4 Switching function model

In the Thevenin equivalent model, the modelling step-3 in which the Thevenin's theorem
is applied requires the simulation platform to perform Thevenin equivalent operations for
each SM. Although Thevenin's equivalent operation has low mathematical complexity,
the amount of this operation increases with the number of SMs, and when the number of
SMs is large, it can still lead to significant calculation requirement. Switching function
model uses switching-function-based simplification instead of Thevenin's theorem to
achieve higher efficiency.

In practice, the off-resistance R,pr Of the IGBT is significantly larger than the on-
resistance R,y., Thus, the off-state of IGBT can be considered as an open circuit (Rprr =

oo) with negligible impact on model accuracy [47].

Using the same simplification of switch elements and capacitor as described in Section
1.4.2.3, the SM circuit as shown in Fig. 1.11 is obtained. When the SM is inserted, SM

equivalent resistance Rsr equals to IGBT on-state resistance R,y plus capacitor
equivalent resistance R; and the SM equivalent voltage vsr equals to capacitor
equivalent voltage v.,; when the SM is bypassed, Rss = Roy and vge = 0. So that the

calculation of Thevenin equivalent circuit required in the Thevenin equivalent model is

avoided, yielding higher computation efficiency.
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Fig. 1.11 SM equivalent circuit in the switching function model

1.4.2.5 Averaged model

The generalized averaging method uses simplified functions and controlled sources in
order to replicate the average response of the converters [50]. The averaged model has
been successfully developed and widely used for modelling wind turbine [51], 3-level
VSC [52] and many other areas of power systems [53]. This method was introduced to
MMC-HVDC system in [54], and validation against detailed switching models was
introduced in [55].

Averaged model maintains the dynamic and steady-state characteristics of the MMC but
neglects the individual difference of each SM by assuming that the capacitor voltages are
totally balanced among the SMs [55][56][57]. Since IGBTSs and diodes are not explicitly
modelled and differences of SMs are ignored, dynamics of SM capacitors in one arm are
represented by one equivalent capacitor as shown in Fig. 1.12 (c). The controlled current
source in Fig. 1.12 (c) is determined by the arm current and the proportion of inserted
SMs in the n SMs. According to the voltage of the equivalent capacitor v 4,,, and the
proportion of inserted SMs in arm, v, Of the equivalent voltage source in Fig. 1.12 (b)

is obtained. Details will be discussed in Chapter 3.

This model reduces the number of MMC nodes and greatly simplifies the internal
dynamics of the SMs, and thus achieves higher efficiency than the other models. However,

14



the cost is that the differences between the SMs are ignored, which makes it not suitable

for SM level study.

[|_ SM:
SM Varm Vcarm
!l; SMz 6’} — C <T>
Lrsw,
] —
(a) (b) (©)

Fig. 1.12 Averaged MMC arm model: (a) n SMs in one arm, (b) averaged model of n

SMs, (c) circuit represent energy dynamics of n SMs

1.5 Real-time digital simulation of MMC

1.5.1 Background

Simulation is an important and necessary step in the development, design and testing of
power generation and transmission system. There is a variety of analogue and digital
simulation tools available, and different simulation tools are used at various stages of the
system development process [40]. The necessity of simulating the electromagnetic
transient phenomena in the power system is that such simulation can study the stress on

the device and its influence on the power system under abnormal operating conditions.

The traditional analogue transient research method is to utilize the simulator composed
of scaled-down power system components connected in a similar way of the real system.
Another method is based on the mathematical representation of the system and its
dynamics. This kind of digital electromagnetic transients simulation was first described
by H. Dommel in 1969 [58]. While unlike the analogue simulators which operate in real-
time, most digital simulation platforms operate in non-real-time and the simulation speed
depends on the complexity of the model and the computing power that the simulation

platform can schedule.
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1.5.2 Real-time simulation of MMC

1.5.2.1 Real-time simulation

A digital real-time simulator needs to solve the model equations for one time-step within
the same time in the real-world clock [59]. Because of the characteristics of real-time
simulation, this kind of simulation can be full digital simulation or hardware in the loop
(HIL) simulation. In [60], a digital simulation platform based on a workstation was
introduced to realize the real-time digital simulation of a small-scale power system. The
HIL simulation refers to the situation that parts of the system are replaced by actual
physical components, which means that physical devices and control platforms, such as
power system protection and control devices or power electronics devices, can be
connected to the simulated system in a closed-loop. The interaction between the network
and protection, control, and power devices during system transients can then be studied
in detail. Since the HIL test can be widely used for the development and testing of devices
without connecting the device to a real system, this provides real-time simulation with a
unique advantage over offline simulations [61]. Because of the broad application prospect
of real-time simulation, more complicated calculation methods and more powerful
processors have been gradually introduced into this field to realize the real-time digital
simulation of large-scale power systems [62].

1.5.2.2 Real-time digital simulator (RTDS)

In this thesis, real-time digital simulator (RTDS) developed by RTDS Technologies is
used as shown in Fig. 1.13 [62]. RTDS is a combination of real-time operation, flexible
I/0, graphical user interface and an extensive library of accurate power system component
models allowing engineers to validate the performance of power system devices and de-

risk deployment[63].

On the user workstation side, the software RSCAD is used to interact with the simulator
to complete tasks such as graphical programming, compilation, code transfer, and data
reception. In RSCAD, models built by users using graphical programming are compiled
and sent to the simulator. In the simulation device, PB5 and GPC processors are used to
perform real-time calculations on the codes downloaded from RSCAD. During the real-
time simulation process, the simulator can send the calculation results to RSCAD in real-

time for users to read and observe. The physical connections between devices under test
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and the simulator are detected and reflected in RSCAD. The RTDS simulator can also
connect to physical devices, e.g., protective relays, automation controllers, power
electronic controls and power hardware, through analogue & digital 1/0 or ethernet-based
I/0 to form HIL test platform.

User’s workstation Ethernet link RTDS simulator o
. 7~ g Analogue &Digital I/O |

: Ethernet-based 1/0 | @
| S

e

|

|

—_ e — — —_ e — — —_

i, 8,

Fig. 1.13 Diagram of RTDS

1.5.2.3 Simulation of MMC in real-time

In order to realize the simulation of MMC on the real-time simulation platform, many
methods have been proposed [62]-[68]. The common point of these methods is that the
internal dynamics of the SMs and SM capacitor voltage balancing control are processed
using the Field Programmable Gate Array (FPGA) devices. FPGA devices are more and
more used due to the capacity to execute algorithm in parallel. The real-time simulation
platform and FPGA form a HIL heterogeneous computing structure to complete the

simulation. However, this method has some limitations, such as:

e Increased costs
e Separate coding and modelling on the FPGA and real-time simulation system

limits the usability of the whole system

Due to the above reasons, commercial real-time simulation platforms, such as RTDS,
have introduced expansion cards integrated with FPGA to implement MMC simulation
specifically [67][68]. However, such expansion cards with built-in MMC models lack
user-defined flexibility to some extent. In fact, on the RTDS simulation platform, the
FPGA based SM-level MMC models lack user-definability, as the averaged model that

can be run is provided as “black-box’” models with predefined inputs and outputs and with
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no access to the internal converter structure and system control by the users. The restricted
access to critical internal converter and control system variables that describe system
dynamics may hinder understanding of potential issues that may arise at converter and
system levels. Therefore, to aid future network development, and identify potential
problems and solutions, it is essential that accurate and high-fidelity converter models are
available for system studies.

1.6 Small-signal stability assessment of grid-connected MMC systems

It is expected that in the next ten years, HVDC transmission links and converter-
interfaced renewable sources will proliferate in the GB network, for example, the
Norway-England HVDC link, the Seagreen offshore wind farm, the Dogger Bank wind
farm and other projects [69]. The large-scale adoption of power electronic converters
paves the way towards modern power grids with high flexibility, sustainability and
improved efficiency. However, it will significantly change the characteristics of the GB
grid and posing new challenges to the stability of the power system. Compared to
traditional synchronous generators where dynamics are dictated by the characteristics of
the machines, converter dynamics are mainly established by the converter control
structure and gains. Power converters are commonly equipped with multiple control, and
grid synchronisation loops for regulating the current and power exchanged with the AC
grid [70]. The wide timescale control dynamics of converters can result in a coupled effect
with both electromechanical dynamics of electrical generators and electromagnetic
transients of power networks and can lead to oscillations across a wide frequency range.

1.6.1 Small-signal stability assessment

In 1976, Middlebrook first presented the criterion that an electrical system is stable if the
Nyquist contour of the product of the source impedance and load admittance remains
within the unit circle [71]. Since then, impedance-based stability analysis has been used
for the power system, and a number of stability criteria have been proposed that include
magnitude and phase of the impedance [72][73]. Recent studies have presented that a
grid-connected converter system can be considered as a multiple-input-multiple-output
(MIMO) system and related identification techniques and stability assessment methods
can be used in this study [74][75]. The impedance-based stability criterion of grid-
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connected inverters was proposed in [74]. If the ratio between the grid impedance and the
converter impedance satisfies the Nyquist stability criterion, the system will remain stable.
In order to ensure stability analysis based on this technology, the potential problem is

how to obtain accurate system and converter impedances.

1.6.2 Impedance acquisition
There are two main ways to obtain impedances, one is to build a small-signal frequency-
domain model of the system to be studied, and the other is the measuring method. The

two approaches have different advantages and are suitable for various application fields.

Many small-signal MMC models have been proposed [76]-[81]. Based on the averaged
MMC model without considering the dynamics of the individual SMs in each arm,
converter-level internal dynamics and controllers are modelled in detail. From the
detailed mathematical model, when applying small-signal stability analysis using
impedances calculated from the analytical models, the effects of different control
strategies and different controller parameters on system stability can be studied. However,
this method is only valid for those power system devices or components whose internal
structure is known. Therefore, it is not possible to obtain the impedance of ‘black box’ or
the devices whose manufacturer keeps the internal structure confidential [82].

Impedance can be measured if adequate time-domain system model is available, and the
method is much easier than establishing small-signal models. Thus, extraction of
impedance has become more and more important in many applications [72][82][83][84].
Methods of extracting impedance by injecting perturbation signals have been widely used
for both AC and DC systems [85]-[94]. For the AC system, the injection techniques are
usually applied in DQ-frame [87][88][82][83]. Disturbance signals at different
frequencies are injected into the system, and the corresponding frequency response can
be measured for impedance calculation. In addition, other types of injection signals are
proposed for online grid impedance identification, including the impulse signal,
maximum-length binary sequence (MLBS) signals [75][90], PWM signals [92]-[94], and

SO on.
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1.6.3 Impedance-based stability assessment of grid-connected MMC systems

Small-signal impedance measurement and impedance-based stability analysis of grid-
connected converter systems have been discussed in several publications. However, in
[75][76][95], AC grid is modelled as a 3-phase ideal voltage source in series with an RL
branch, whereas in [75][76][82][83][91], the connection cable is either modelled as a
simple inductance or being ignored. References [76]-[81] focus on MMC impedance-
based stability assessment use averaged MMC model directly without considering the
influence of using the simplified models on the impedance. These simplifications ignore
many details, which can significantly impact on the impedance characteristics and

impedance measurement.

1.7 Research scope and contributions

1.7.1 Research scope

The main purpose of this research work is to develop and validate detailed and accurate
offline and real-time RTDS models of MMC and DC grids. Such models deliver a useful
platform for a variety of offline and real-time studies to be carried out with good accuracy
for real-time implementation without relying on external FPGAs. Impedance
measurement of typical AC grid and MMC are also carried out for stability studies.

The main objectives and scopes of this research are as follow:

e To develop detailed SM-level MMC models that can facilitate testing of MMC
control and protection solutions in offline and real-time, offer the users the means
to use as a strong basis for explorations of multi-vendor schemes. Different
modelling methods are applied and compared.

e Toexamine the suitability of the developed offline and real-time converter models
for a detailed assessment of interoperability of MMCs with different topologies in
a meshed DC grid.

e To investigate the impedance measurement from the developed time-domain
MMC models and typical AC network for assessing the stability of grid-connected

converter systems.
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1.7.2 Thesis contributions
The main contributions of the thesis can be summarised as follows:

e Detailed submodule (SM) level half-bridge (HB), full-bridge (FB) and hybrid
MMC models with adjustable number of SMs per arm and generic and customized
control functions are developed and validated against benchmark models from
PSCAD software libraries. The developed MMC models can facilitate testing of
MMC control and protection solutions in offline and real-time, offer the users the
means to use as a strong basis for explorations of multi-vendor schemes.

e Offline and real-time three-terminal DC grid models closely resembling the
Caithness-Morey-Shetland HVDC system are developed to investigate DC grid
power flow control during steady-state and AC faults. Interoperability of different
MMC topologies ina DC grid is assessed quantitatively using offline PSCAD and
real-time RSCAD simulations.

e Development of a RSCAD frequency measurement tool to extract impedances of
an MMC and connected AC network for stability assessment. The scenario of GB
AC network connected to an MMC is given in RSCAD for RTDS based real-time
simulation use. Focusing on the grid-connected converter system, how the AC
cable and MMC time-domain models that affect the impedance has been explored.

1.8 Organisation of the thesis
This thesis is organised as follows:
Chapter 2 Principles and control of MMC system

The basic principles of MMC systems, including the structure and mathematical model,

and the control strategy is presented.

Chapter 3 MMC efficient modelling for electromagnetic transients (EMT) digital

simulation

The main modelling methods for simulation of the MMC, namely, detailed switching,
switching function, Thevenin equivalent and averaged models are discussed. Focusing on
HB-MMC, the aforementioned modelling methods are applied in offline PSCAD and

real-time simulator RTDS. Detailed quantitative comparison of HB-MMC modelling

21



methods are presented offline and real-time considering a normal steady-steady operation,
AC and DC short circuit fault. Simulation efficiencies of different HB-MMC models are

compared using the offline simulation times.
Chapter 4 Interoperability of different VSC topologies in HVYDC grids

The main modelling methods for simulation of the MMC, namely, detailed switching,
switching function, Thevenin equivalent and averaged models are developed and
validated for FB- MMC and hybrid MMC consisting of 50% FB SMs and 50% HB. The
suitability of the developed offline and real-time averaged converter models for the
detailed assessment of interoperability of different converters in a meshed DC grid is
examined. Interoperability of an HB-MMC, FB-MMC and hybrid MMC are assessed
quantitatively using offline PSCAD and real-time RSCAD simulations.

Chapter 5 Extraction of small-signal impedance for stability assessment

In this chapter, an impedance measurement tool in RSCAD is presented to extract the
impedances of MMC and connected AC network. A simplified GB AC network is
modelled based on real power flow data and is applied in the test system. The impact of
AC cables on the AC grid impedance and the influence of MMC modelling methods on
the MMC impedance are studied. The method of impedance extraction in time-domain

and the impedance-based stability analysis is also shown.
Chapter 5 General conclusions and future work

This chapter draws the conclusions from work presented in the previous chapters and

present future work for further investigation in the related subject area.
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Chapter 2 Principles and control of MMC system

In this chapter, the basic principles of MMC systems, including the basic structure and
mathematical model of MMC and the control strategy is presented. All the discussions in
this chapter are based on the half-bridge MMC. Compared with full-bridge MMC and
hybrid MMC, half-bridge MMC needs the least total number of power electronic devices
and has the lowest cost under the same capacity [32][34]. These advantages obtained by
half-bridge MMC are at the expense of DC fault blocking capability [32][34]. The
characteristics of full-bridge and hybrid structures, as well as trade-offs among different

topologies, will be discussed in detail in Chapter 4.

2.1 Half-bridge modular multilevel converter

2.1.1 MMC circuit configuration

A typical power circuit for the three-phase MMC is shown in Fig. 2.1 , and the O point

represents the zero potential reference point, i.e., DC middle point. The converter has six

bridge arms, each of which is composed of an arm inductor and N numbers of SMs, and

the upper and lower bridge arms in the same phase form a phase unit. The total blocking
N

voltage of the half-bridge SM capacitors in each MMC arm is V,, = ZVC’ i 2V » Where
j=1

N is the number of half-bridge SMs per arm, V¢ ; is the capacitor voltage of the i SM,.

Fig. 2.1 also shows the structure of a single half-bridge SM, where vg,, is the output

voltage of the SM.
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Fig. 2.1 A typical power circuit for the three-phase MMC

2.1.2  MMC mathematical model
From Fig. 2.1, the sum of SMs output voltages of the upper and lower arms of phase ‘A’

can be expressed as:

1 . d.
v, ~-V, R i —-L —i_ -V 2.1
ua 2 dc arm-ua arm dt ua a ( )
1 . d.
Via ® Evdc - Rarmlla - I-arm alla +V, (22)

Providing the magnitudes of the AC and DC voltage drops in the arm inductors are much

smaller than the DC link voltage V,. and AC output voltage, (2.1) and (2.2) can be

approximated as:

1
—-smV,

carm

sin(wt + 8) = V. [ag —msin(at +5)]  (2.3)
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~ 1 ~ 1 1
Via ® 7Vdc +V, = fvdc +§mv

carm

sin(at + 8) = AV [ag + msin(et +5)]  (2.4)
where mand ¢, represent AC and DC modulation indices, withv, =imV,_,_ sin(at +0),

carm
and ad :Vdc /Vcarm )

Equations (2.3) and (2.4) indicate that the upper and lower arms of each phase of the

MMC operate in a complementary manner for their AC outputs.

Subtracting (2.2) from (2.1) yields:

—1i,)+2v, (2.5)

ua

. . d,.
v,—-Vv,.=R_(.,—1,)+L,. —(
la ua arm(ua Ia) arm dt(

From Fig. 2.1, phase ‘@’ output current ‘i, ’ can be expressed in terms of its upper and
lower arm currents “i,” and ‘i, as:
(2.6)

Equation (2.6) indicates that the MMC output phase current represents differential

components of the upper and lower arm currents.
After substitution of (2.6) in (2.5), the following equation is obtained:

1 1 .1 d.
—(v,—-v, . )==R_ i +=L__—I +V 2.7
2( la ua) 2 arm’a 2 arm dt a a ( )

Combined with (2.3) and (2.4), the differential component of the arm voltages represents

the MMC output phase voltage ‘v, ’, thus:
L (Vip = Vi) =V, = MV, sin(t +5) (2.8)

Additionally, (2.7) indicates that the fundamental current flowing in each MMC phase

leg is driven by the differential component of the arm voltages %(V|a - Vua) .

Similarly, adding (2.1) and (2.2) gives:

Via T Via :Vdc - Rarm(iua + iIa) - I-arm %(iua + iIa) (29)
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The simplified (2.3) and (2.4) ignore the SM capacitor voltage ripples. The common-
mode voltage of phase A in (2.9) can be rewritten by adding the SM capacitor voltage
ripples to the sum of (2.3) and (2.4) as:

carm carm

0{dV + AV :Vdc - Rarm (iua + iIa) - I-arm %(iua + iIa) (210)

It is apparent from (2.10) that the common-mode current i, =3 (i, +i,) comprises of
DC component which will be driven by the DC voltage difference between V,_ and

aV,

carm

and AC component which will be driven by the AC voltage ripple in the

common-mode voltage, AV, . Introducing common-mode current into (2.10) yields:

arm *

aNo +AV. =V, —2R, i —2L 4 2.11)

carm carm arm-com arm dt com

After solving (2.6) and i.,,, for the upper and lower arm currents i,, and i;,, and
expressing the phase ‘a’ common-mode current terms of its DC and AC components as

iom = 15 +17, the MMC upper and lower arm currents ‘i, and ‘i, can be rewritten as:

com
L aia 1
B = 15 +170+110, (2.12)

i~ 12 i -, (2.13)

where, I and i represent the DC and AC harmonic components of the upper and lower

arm currents, respectively. The common-mode current of each phase represents the
current component of the arm currents that flow from the upper to lower arm or vice versa,
without leaking into output AC circuit. The DC component of the common-mode current
is reprehensible for DC power exchange between the MMC and DC side, and its
magnitude during normal operation under balanced AC grid voltage can be linked to the

DC link current ‘ | 5 * as follows:

11, (2.14)

Alternatively, the DC component of the arm or common-mode current can be derived

using the power balance equation, assuming the MMC is lossless, as:
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P, =P, =Vl = %lem CoS (2.15)

where 1, is the peak value of the output phase voltage, I, is the peak value of the output
phase current and ¢ is the power factor angle. By neglecting the DC voltage drops in the
arm inductors and switching devices and assuming the sum of capacitor voltages across
each arm is regulated at Vqc, the peak phase voltage at the MMC ac terminals (V4,,) can be

approximated as:

V, =imv, (2.16)

After substituting the expression for Vi in (2.16), the alternative expression for 13 in
(2.17) is derived.
I§ =+ml, cose (2.17)

Assuming the arm current is directly controlled with no second-order harmonic
circulating current, the upper arm voltage and current of phase ‘a’ can be given,

respectively, as:

V. J%—vm sin ot (2.18)
l, 1.

=% 4 Tgin(wt — 2.19

=3t (ot — @) (2.19)

Combining (2.15), (2.16) and (2.19) yields the arm current:

i :mljmc05¢+|?msin(a)t—(p) (2.20)

ua

The instantaneous power flowing through the upper arm of phase A can be calculated as:

pua = ua‘ua

Vi, = \%—VmSinwt)(mIImCOS¢)+I?mSin(a)t—¢))) (2.21)

Integrating (2.21), the energy variation AE (t) on the upper arm phase A can be expressed

as:

2
V—Z’ Ly cos(wt — ) + Viln o5 at cos 9 (2.22)
(0

dc

AE(t) = %Sin(Za}t —@)—
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Considering the sum of the capacitor voltages in one arm, there is:

2 2
AE(t) — CVc (t) ; CVCO (t) (2.23)

where C is the equivalent arm capacitance. Assuming the initial sum capacitor voltage

V
V.o is balanced at V..., =2, the sum of capacitor voltages v grm uq(t) iS
ad B

Vearm_ua (1) = \/ ZA(E: ®, (\%)2 (2.24)

Combining with (2.22), the sum of capacitor voltages v.q,m uq(t) can be calculated as

2
Vearm ua () = \/\% sin(2wt — @) —%cos(aﬁ —@)+ V\”}—I"écos wtcos @ + (\i)2 (2.25)

de a4y

2.2 MMC control system

This section presents the synthesis of different control layers that have been used in this
thesis. A simplified per phase representation of a three-phase MMC shown in Fig. 2.2 is
used throughout this section where the total voltage generated by each arm is represented
using an equivalent voltage source. The current and power flow directions shown in Fig.

2.2 are considered to be positive.

'
'
'
'
'
'
......................
H : ||
H lcoma

Vao]
L

Fig. 2.2 The basic structure of a single-phase MMC
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2.2.1 MMC modelling

As shown in Fig. 2.2, the following equations are obtained for phase ‘a’:

) di
%Vdc Vi T Rarmlua - I-arm dia -V, = 0 (2.26)
1 H diIa
Evdc _Vla - Rarmlla - I—arm dt +Va =0 (2-27)

Similarly, considering the output circuit relative to the DC link mid-point ‘0’, the

following equations are obtained:

d.
Vao RT ao + L dt a (2.28)

Subtracting (2.26) from (2.27) and merging with (2.28), and with further algebraic
manipulations, the following equation is obtained:

%(Vla vua) (2 arm + RT)(IIa Iua) + (2 arm + L ) (Ila iua) +Va (229)

From the definitions of the arm currents and voltages established earlier on per phase
basis, and after substitution of the definitions into (2.29) and assuming that
=(iR,,+R;) and L, =(3L,, +L;), (2.29) is reduced to:

die10
R ot Le E Va %Vcarmma (2-30)

where a can be replaced by b and c so (2.30) can be represented as three-phase ‘abc’.
After application of variant power or constant amplitude Park transformation, (2.30) is

transformed into dq synchronous reference frame as:

2 Carm

Riy + L, 34— pLi, +v, =2V
dt
(2.31)

— 2 Ycarm q

: di
R, +Led—s—a)L g +V, =3V,

The last terms of (2.31) can be simplified as: V 2Vcarmmd and V:;q = %Vcarmmq .
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2.2.2  The capacitor voltage balancing algorithm

Voltage balancing among SM capacitors in each arm is one of the main challenges for
MMC. The capacitor voltage balancing controller receives the reference from the
modulator and selects SMs to be inserted or bypassed based on their capacitor voltages.
With the periodic change in the arm current direction, the timing of charging and
discharging will also take turns. SMs with lower capacitor voltages are preferentially
inserted during the charging cycle, whilst SMs with higher capacitor voltages connected
during the discharge cycle, so that the capacitor voltages among the SMs in the arm can

remain balanced. This is the basic principle of capacitor voltage balancing control.

There are numerous algorithms that have been developed. Some methods focus on
minimizing the computational complexity in order to achieve high efficient since the
capacitor voltage balancing algorithm becomes the main issue for SM-level MMC models
[96][97]. Reducing the switching frequency is another aim of voltage balancing
algorithms [98][107]. In [99], a capacitor voltage balancing strategy is proposed to
minimize the AC circulating current. However, the sorting algorithm [19][100] is the
most widely used method. In each simulation time-step, the SM capacitor voltages of
each arm are measured, listed, and sorted in ascending order. SMs with the lowest
capacitor voltages will be switched on when charging and SMs with the highest capacitor

voltages will be switched on when discharging.

2.2.3 The inner fundamental current controller

An unbalanced three-phase variable with no zero-sequence can be decomposed into the

positive and negtive-sequence components, the convetre output voltage is:
Vabc (t) = V;rbc (t) + V;bc (t) (232)
Then, the positive and negtive-sequence abc- to dg-frame transformations are defined as

Vg (1) =T (0)Vape (1) (2.33)

Vaq (1) =T (=0) Ve (1) (2.34)

where
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T(0)=

2w A
cos(9) cos(f-—-) cos(-—) (2.35)

—X

. . 2r i 4
—-sin(@) sin(@ —?) —sin(0 - ?)

and 0 is the angle of V. ,which is provided by a phase-locked loop (PLL). The postive-
and negtive-sequence components of the current in dg-frame can be calculated in the same

way.

The positive and negative sequence current control of 2-level converters [101][102][103]
can be directly applied to MMC. The control scheme is separated into an inner current
loop and an outer loop. A brief description will be given in the following sections.

Equition (2.31) is rearranged as:

di,

di, Vo —V, + oL,
dt

g T

R, .
——i

LE

: . : (2.36)
di:—&i Vg —Vy — oL,

d L ° L

To facilitate estimations of v, and v, using proportional-integral (PI) controllers, the
terms v, —v, + oL, and v;, —v, —oL,i, are replaced by u; and u,, which represent the

outputs of the PI controllers in the d and g axes. Since U, and u, represent the outputs of

the current controllers that regulate i, and i, , they can be expressed as:

u, () = K3 @iy =1, )+ K] [ iy i, ot

i /=% . i ok N (237)
U, (1) = K; @iy —i,)+ K} [ (i, i, )t
Thus, v and v, can be calculated from the P1 outputs (U; and u,) as:
V, =Uy +V, —oLi
d d T Vd Le q (2.38)

Voq =U, +V, + oLy
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On the basis of (2.37) and (2.38), the block diagram in Fig. 2.3 is drawn. The v, v;, and

oL, in (2.38) represent the feedforward terms of the current controller.

After merging (2.36), (2.37) and (2.38), and with further algebraic manipulations, where

the integral parts of u,and u, are replaced by 4;and 4, , the following state-space equation

is obtained:

Fig. 2.3 A generic block diagram of an Inner Current Controller

L) _LE) KL s+KIL,
ij(s) i.(s) s +(K,+R)/L s+K]/L,

(2.40)

After comparing the denominator of (2.40) with that of the standard transfer function of

a 2" order system, the proportional and integral constants or gains of the current

controllers are expressed as: K, =2m¢L,-R and K| =w’L, , where, the natural

n—e !

frequency o, and damping factor » can be selected, considering a number of control

objectives such as settling time or peak overshoot.
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2.2.4 Positive and negative sequence inner current controllers

Since the current controller depicted in Fig. 2.3 considers only positive sequence voltages
and currents, it is only suitable for balanced operation, where negative and zero sequence
components are zeros (as the practical considerations that dictate the grounding
arrangement at converter side do not provide zero sequence current path). However, in
order to facilitate precisely controlled operation during asymmetric AC network faults,
the three-phase unbalanced voltages and currents must be decomposed into balanced sets
of positive and negative sequence components and then transformed into two orthogonal
planes ‘dg+’ and ‘dg-’ that rotate at speeds of w and—w respectively. In this manner, the

positive and negative sequence voltages and currents could be controlled independently.

In order to distinguish between the positive and negative sequence variables, the suffix
(superscripts ‘+’ and ‘-’) are added to the variables of the positive and negative sequence
current controllers. Without repeating the above derivations, the state-space equations

that describe the positive and negative sequence current controllers are:

CR+K, 1 0 ol - Ky 0
Iy L, L, Iy L,
didl | k00 o A K0 T
dt i 0o o _REKe 1l Kl
/li Le Le ﬂ«i Le
0 0 -K, 0 | | 0 K| |

Based on the generic current controller shown in Fig. 2.3, the block diagrams in Fig. 2.4
and Fig. 2.5 show the positive and negative sequence current controllers, respectively.
Although the setting of the negative sequence current can vary according to operation
requirements, maintaining balanced three-phase AC currents is assumed to be the
objective in this thesis, which is achieved by setting the negative-sequence current

references to zero.
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Fig. 2.5 A generic block diagram of a Negative Sequence Inner Current Controller

2.2.5 Outer loop controllers

MMC active and reactive power outputs can be expressed as:

P=23(vji, +vq*iq*)

s e s (2.42)
Q=7 (v iy —Vvyiy)
In steady-state v; =0, (2.42) can be reduced to:
P=3vi
- (2.43)
Q=-3vji,
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Thus, the outer controller that exploits d-axis is normally used to define the active power
to be imported or exported when the MMC operates as active power regulator (APR) or
to set DC voltage level when the MMC operates as DC voltage regulator (DCVR). Thus,
these controllers define the d-axis current references. In contrast, the outer controller that
exploits the g-axis controls reactive power or AC voltage, and hence, it defines the g-axis
current references. Since both components of the negative sequence current are
suppressed to zero as stated above, both active and reactive powers are defined in their

entireties by positive sequence currents.

Expressions in (2.43) indicating that the references for the direct and quadrature currents

can be set directly as:

s P

i, =%— (2.44)
Vd

. ,Q

i :%v* (2.45)

where P* and Q" are the set-points for the reference active and reactive powers at PCC.

Equivalently, the reference currents in (2.44) and (2.45) can be defined empirically, using

Pl controllers as:
i, =K2(P =P)+ K/ [(P" - P)dt
e - (2.46)
i =KIQ -Q)+K[(Q - Qi

Similarly, when the MMC operates as DCVR, the reference of the positive sequence

direct axis current can be expressed as:
i;* = Ksc (de _Vdc)+ KldC (Vdi _Vdc )dt (2-47)

where V. is the reference DC link voltage. Fig. 2.6shows the generic block diagram of

the outer P/Q/V4. controllers.
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Fig. 2.6 Generic block diagram of an outer controller

2.2.6 Circulating current suppression controller (CCSC)

The circulating currents flow through phases increase the RMS value of arm currents and
converter losses [105]. It has been proved that the circulating currents in the MMC are
generated by the inner voltage differences among each phase unit [105], and their
frequency being twice the fundamental frequency [106]. Increasing the arm inductance
can reduce the circulating currents [106], though, a larger voltage drop is also introduced
and with increased inductor cost. In [107], a circulating current suppressing controller

(CCSC) to minimize the inner circulating current in an MMC is proposed.

After adding equations (2.26) and (2.27), the following equation is obtained:
) . L d,,. .
Evdc _E(Vua +Vla) = Rarm E(Iua + IIa) + I‘arm Ef(lua + IIa) (2.48)

Recall the definition of the common-mode current, iy, = (i, +i,) and the common-

mode component of the phase voltage, v, +v,, =a{V,m, described earlier, (2.48) can be
simplified as:

1 V aV _ R 1 L dicoma

E( dc ~ Xy carma) = Narmleoma + Larm T (2.49)

It is worth emphasizing that the common-mode capacitor  sum,

V.

armUa

+Av

+V carma

_a
armLa — 0Ldv

carma

being used to describe the synthesis of the arm voltages

consists of DC component V..’ that determines the DC component of the common-
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mode current and AC component © AV > which is seen as voltage ripple that drives the

carma
circulating current in phase leg. Taking these assertions into account, (2.49) can be

rewritten as:

. di

%[Vdc _(agvcarma + Avcarma ):| = Rarmlcoma + Larm aotma (250)
Using the following definition of the common-mode currents of phase ‘a@’, i, =g +ip ,

(2.50) can be separated into two parts, AC and DC components:

. . a di;
E':Vdc - advcarma:| = Rarm Id + I‘arm E (251)
1 I

_EAVcarma = Rarmlh + I‘atrm E (252)

Where, I§ represents the DC component of the upper and lower arm currents, and i is the

inherent harmonic current in the upper and lower arm currents.

Equation (2.52) can be used in the design of the AC circulating current controller. After
renaming or replacing the term —1Av,.. by AV , a proportional-resonant (PR)

circulating current controller can be defined as in terms of three-phase quantities as:
Avg, = K =)+ K G =) -, Jot
X, = a)nzj. y,dt
AVl = K (=) + [ K G =) = x, Jdt
X, = a)fj y, dt
AV, = K G =)+ [ KT G —i) = x, Jdt

X, = a)fj y,dt

(2.53)

The time-domain implementation of an ideal PR controller is depicted in Fig. 2.7. Since
the objective is to suppress the circulating currents which are dominantly 2" order

harmonic, the references for the circulating currents must be set to zero and «, must be
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set to twice of the fundamental frequency. Fig. 2.8 shows the complete implementation

of the circulating current control in s-domain.

abc*

I ——|+

Ks" + Aver

mﬁj

Fig. 2.7 Graphical depiction of PR controller [108]

be |
| g

1 |

\ 4

larmUanbe + ~
a
+
larmLabc

Fig. 2.8 Complete implementation of the circulating current control in s-domain

2.2.7 Horizontal capacitor voltage balancing (phase energy balancing)

A number of control methods have been proposed to achieve energy balance among each
arm [109]-[111]. In this thesis, energy balancing control consists of two controllers
including horizontal capacitor voltage balancing control which aims to keep the energies
between the 3 phases balanced, and vertical capacitor voltage balancing control for keep

energy balanced between the upper and lower arms in each phase.

Starting from the differential equations that describe the dynamics of the equivalent arms

described earlier, that is:

Ce%vua :%[ag‘ —ma]iua (2.54)

C. %vla :%[aj +ma]iIa (2.55)
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Adding (2.54) and (2.55), yields:

=1 [l +ie]-im, i, —i ] (2.56)

4

After recalling V., =4[V +Vi.] , %[ia+ia]=15+i7 and 15=2ml cosp , (2.56) can be

expressed as:
c, %%[vua 1y, ]=212(@l ~1) + 2mi, sin2at + 26 + ) (2.57)

Since the purpose of the common-mode capacitor voltage sum controller is to regulate
the DC component of the common-mode current, only DC parts of (2.57) are considered.
Thus, (2.57) can be reduced to:

d a(qa
Ce a%[vua +Vla] =% Id (a’d _1) (258)

Setting the term 31, (a; —1) to be the output of the PI controller u? that regulates the

common-mode capacitor voltage sums, yields:
d, a
Ce E?[Vua + Vla] = UH (259)

where u, =215(a; -1).

Thus, u;; can be expressed as in terms of three-phase quantities as:

* *

ui{ = KF';| |:Vcarm B %(Vua +V|a )i| + K|H ':Vcarm B %(Vua + Vla )}dt
uy = K; |:Vc;rm ~$(Vy +Vlb)] +KJ [Vc;m =5 (Vo + Vi )] at (2.60)
0 Vo0 ) o ) V0 ) J

carm carm

where, V_ is the reference for the common-mode capacitor voltage sums of the three-

phase legs, and for practical reasons, V_

carm

>V, .

If the limited influence of the common-mode current controller is neglected, u/;, can be

used directly to modify the modulation waveforms being produced by the fundamental

positive and negative sequence current controllers.
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Fig. 2.9 shows the block diagram of the Horizontal Capacitor VVoltage Balancing control.
As shown, a low pass filter (LPF) is added to extract the average capacitor volatges by
the frequency components higher than the cut-off frequency, thereby reducing

interference caused by arm voltage ripple.

r.--— -~~~ ~-~"—-—"-—" -~ -~-~"—-—"“-—"=—-"=—-""="-—-"”"7"¥"—""=”"”"/""—-"—""”—”= |

| Vcarm Uabc + Vcarm u |:31|bc |
[\ — Pl bt

LPF :

I

*
Vcarm

+

|
|
I Vcarm Labc

Fig. 2.9 Horizontal capacitor voltage balancing

2.2.8 Vertical capacitor voltage balancing (arm energy balancing)
Subtracting (2.54) and (2.55), yields:

Ce%[vua _\/Ia]Z%a: [iua_ila]_ima [iua+ila (261)

2

After recalling, 1, =i,nus —luma aNd +{iymus +lama] =14 +ir , equation (2.61) can be

rewritten as:

d
—|V
e dt[ carmUa

C VcarmLa] = %ajiao _%ma [Id + Ih] (262)

When the circulating currents of the three-phase legs are well suppressed, i.e. i, =0, the

right side of (2.62) becomes pure sinusoidal with the fundamental frequency. However,
since the purpose of vertical capacitor voltage balancing is to force the DC component of
the sum of the upper capacitor voltages to be equal to that of the lower capacitor voltages
(ie, V. =V,.0r AV =V

armUa carmLa carma carmUa VcarmLa

=0), only DC component of (2.62) needs to

be considered in the control design.

Therefore, (2.62) can be rewritten assuming that any mismatch between DC components

of the upper and lower arms’ capacitor voltages of the same phase leg determines the
magnitude of the additional modulation uj to be added to the principle modulating

signals, as:
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C iAV =ud

e carma \
dt

(2.63)

If Pl regulators are used, uy can be expressed in terms of three-phase quantities as:

=KY(AV. —AV_ )+ KY(AV. —AV__)dt
P 1

carm carma carm carma

=Ky (AV,,, AV, )+ K/ (AV,  —AV_ . )dt (2.64)

carm carm
dt

=K} (AV,,, — AV, )+ K/ (AV_ —AV,

carm carmc carm carmc )

<o <o <o

where, AV

carm

=0 represent the reference of the differential capacitor voltages, and the

outputs of this controller depicted in (2.64) are synchronized with modulating signals and
then added to the principle modulating signals in a manner that they only affect the
common quantities, see Fig. 2.10. The vertical capacitor voltage balancing ensures the

nullification of the voltage difference between arms.

Fig. 2.10 Vertical capacitor voltage balancing

2.2.9 Overall control system

In summary, Fig. 2.11(a) depicts a generic control block diagram of the MMC. Since the
d-axis is aligned with the voltage vector at PCC, this means the direct and quadrature
currents represent active and reactive power components, respectively. Therefore, the
outer controllers that set the active power and DC voltage orders are implemented on d-
axis. Similarly, the outer controllers that regulate reactive power or AC voltage are
implemented on g-axis. Therefore, active power/DC voltage and reactive power/AC
voltage set the positive sequence direct and quadrature current orders, respectively. The
negative sequence direct and quadrature current orders are set to zeros. The inner current
controller regulates both positive and negative sequence currents during normal operation
and limits MMC current contribution to AC faults and generates the principle AC

modulating signals.
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Active circulating current suppression controller is used to suppress the 2" order
harmonic currents in the MMC arm currents in order to reduce semiconductor power
losses and SM capacitor voltage ripples. The horizontal capacitor voltage balancing
controller facilitates regulation of half-bridge SM capacitor voltages independent of the
MMC DC link voltage. This controller also modifies the principle modulation signals,
particularly, their DC components. The most inner controller is the implementation of the
non-distributed SM capacitor voltage balancing and modulator that ensures the voltage
across each arm to be equally shared between the SM capacitors of the arm and generate
the desired arm and output voltage, by selecting an appropriate number of SM capacitors
to be inserted into power path and bypassed in each instant in time. A detailed block
diagram that highlights individual controllers of the MMC employed are summarized in
Fig. 2.11(b).

Energy or
average
DC voltage capacitor voltage
controller I controller
Active power dmax .
controller ld-
|dm|n .
Positive and MMC modulator
negative Ll and
sequence current capacitor voltage
lqmax controllers balancing
AC voltage lg+ I
controller lqmin
Reactive 1 Circulating
power |- current
controller suppression
controller

(@)
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Vertical Capacitor Voltage Balancing
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Fig. 2.11 Control block diagram of the MMC

2.3 Summary

In this chapter, the principles of MMC systems, including the basic structure and
mathematical model of MMC is presented. The control systems used in this thesis,
including SM capacitor voltage balancing controller, inner and outer current loop
controllers, circulating current suppression controller and phase & arm energy balancing
controllers, are discussed in detail, which will be applied in the test systems in Chapter 3,
Chapter 4 and Chapter 5.
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Chapter 3 MMC efficient modelling for electromagnetic

transients (EMT) digital simulation

This chapter discusses the main modelling methods for simulation of the MMC, namely,
detailed switching, switching function, Thevenin equivalent and averaged models. The
aforementioned HB-MMC models are developed and validated by comparing the results
of PSCAD offline simulation models (switching function, averaged and Thevenin
equivalent MMC models) first, considering a normal steady-state operation, AC and DC
short circuit fault. Then, simulation efficiencies of different HB-MMC models are
compared. As a follow up of the extensive offline validations of a number of MMC
models, the detailed validations of user-defined real-time HB-MMC switching function
and averaged MMC models developed in RSCAD against the offline PSCAD MMC
switching function models are presented. For one-to-one validation, the switching
function MMC models in both platforms (PSCAD and RSCAD) have 20 cells per arm,
with identical controllers and parameters. These offline and real-time simulation results
show that the developed MMC models are able to replicate the typical behaviour of the

MMC under normal operation and AC and DC network faults.

3.1 MMC efficient modelling methods

3.1.1 Detailed switching model

The detail switching model of the MMC can be developed based on the circuit shown in
Fig. 1.4 where each half-bridge SM is described in detail, with each switching device
mimics the conduction pattern and switching characteristics of physical insulated gate
bipolar transistor (IGBT) and its freewheeling diode. When the arm currents defined in
Fig. 1.4 are assumed to be positive, i.e. positive currents flowing into the SMs, the circuit

operation can be explained as follows:

44



e When T, is on and T; is off, positive arm current flows through the IGBT part of
the switch T, while negative arm current flows through its diode part. The SM
capacitor is bypassed and the out voltage is zero.

e When T, isoff and T; is on, positive arm current flows through the diode part of
the switch T;, while negative arm current flows through its IGBT part. The SM

capacitor is inserted and the out voltage is v,.

Upper arm
Phase unit of phase C
F = 1 — — o +1/2Ve
iua I [ : ldc
l |
SM: | 5 SM1 |: SMa | |
sM:| | 5 sMe| 1| H s :
vua | Hsm : sMi] 11 SMe] |
H —— 1 —— II H —
| i i |
SMh :FSMq:I SMn] |
|
ia Larm,Rarm | [ :
A | ||_ —_—— —
B ]
T Va Cg ] : © °—|Il
L0
= I |
SM: | SM: I SM:
SM: I Hsm.]| | SM>
via | 5 Sms : SM: : SMs
= I
SMh : SV | : SMn ]
. l |
ila ! : o -L/2Va

Fig. 3.1 A typical power circuit for the three-phase MMC

The detail switching representation may also account for the turn-on and turn-off
transients of the switching devices and their on-state resistances and voltage drops. Such
detailed representation necessitates the use of stiff solvers with small time steps in order
to handle a wide range of time constants which are associated with a large number of
dynamics that exist in an MMC. In addition, such detailed switching models contain large
numbers of electrical nodes leading to large admittance matrices of which the inversion

is computationally expensive. Thus, detail switching models take significantly long
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execution time on offline simulation tools such as PSCAD or Matlab/Simulink, and place
very high requirements on the processor performance of the real-time simulator, e.g.
RTDS.

In summary, the above discussions highlight the need for the development of accurate

and computational efficient MMC models.

3.1.2  Averaged model

The development of the MMC average model is promoted by the need to have
computation efficient model suitable for a wide range of power system studies where the
detailed internal converter behaviour and switching transients are not of interest. To

achieve this objective, the following assumptions are made:

The switching voltages being developed across the upper and lower arms of each phase

are replaced by their average voltages, which can be expressed as:

Ny

VarmUa = ZVCSMUanj ~ %VcarmUa [1_ m Sin(a)t + 5)] zVcarmUamaU (31)
j=1
NSM
Varmia = ZVCSMLanj ~ %VcarmLa [1+ msin(at + 5)] ~VearmiaMa (3.2)

=L

The inter-SM dynamics in each arm is neglected. Thus, SM capacitor voltages of each
arm oscillate together (considering the SM voltages in each of the arm are balanced), with
the upper and lower arms present capacitances C,., =C, /N, and C,, =C,, /N,

armu armL

where the numbers of SM capacitors being inserted into power path from the upper and

lower arms (N,, and N, ) can be approximated by:

Ny = £ Ngy [1—msin(et + )] = Ng,m,, (3.3

N, =% Ngy, [1+msin(at +8)] = Ng,m,, (3.4)

Considering the definitions in (3.3) and (3.4) , the dynamics of the upper and lower SM

capacitors can be approximated as:
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C d
NSM d VcarmUa ~ Ial‘mUél
U
C d : i
Car 8y ¥ 31 msin(at )i
SM
d .
C X dt VcarmUa ~ maU IarmUa
C d
ﬁ avcarmLa ~ Ial‘mLa
L
C d : i
Nﬂ avcarmLa ~ %[1_'_ m Sm(wt + 5)] larmLa
SM
d
Ce x avcarmLa ~ maLIal’mLa

(3.5)

(3.6)

where C, =C,,, / N, represents the equivalent SM capacitance for each arm and N, is

the number of SMs in each arm.

From (3.5) and (3.6) , the upper and lower arms equivalent capacitor currents are:

. d .

IcapUa ~ Ce X avcarmUa ~ Moy Lrmua
d

capLa ~ C X dt VcarmLa ~ I’naLIarmLa
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Fig. 3.2 Modular multilevel converter averaged model: (a) arm voltage calculation; (b)

auxiliary circuit to present current path; (c) arm presentation; (d) phase presentation

Equations (3.1) to (3.8) can be used to calculate the average voltage and the total SM
capacitor voltage of each arm when the MMC is in operation, as graphically shown in
Fig. 3.2(a) for an upper arm. However, to accurately mimic the typical MMC behaviour
when all its switches are blocked, i.e. all the IGBTs in the SMs are switched off (e.g. after
receiving signal from protection system during a DC fault), additional considerations are
required to ensure all the possible current paths are included in the model. Considering
the current paths in the upper MMC arm with a detailed representation of the switching
devices as shown in Fig. 3.2 (b), when the gating signals to the all the IGBTSs are inhibited
(or referred to as MMC blocked), the positive arm current (when i

amu 1S pointing
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downward) flows through the diodes D,, and the SM capacitor and thus, the arm voltage

will be the combined DC voltages of the SM capacitors. Whilst the negative arm current

(when i is pointing upward) flows through the freewheeling diode D, , of each

armU
SM and the SM capacitors are bypassed. Thus, the arm voltage is considered to be zero.
Fig. 3.2 (c) shows the averaged model with additional IGBTs and diodes devices
providing the necessary conduction path to facilitate the recreation of the MMC typical
behaviour during blocked states. It is worth emphasizing that during normal operation,

the switch S, of the averaged MMC arm must remain permanently in on-state, and as
the generated arm voltage V,,,, is always positive, it forces the diode D to be reverse

biased. Thus, the modified MMC average arm presents identical to those shown in Fig.

3.2 (a). Also, when converter blocking is activated, the switch S, must be turned off and

m is set to 1 to mimic the MMC behaviour stated above.

3.1.3 Thevenin equivalent model

This modelling method adopts the electromagnetic transient program (EMTP) simulation
approach originally proposed by Dommel in [37][58][112] and has become the dominant
modelling method in commercial power system software for modelling a wide range of
electrical components. This method was first applied to MMC in [37], and other variants
were later developed [46][48][113][114]. This modelling method treats the switch
devices of the SMs as two-state switched resistances, with on-state and off-state

resistances R, and R, respectively, and each SM capacitance is replaced by its

electromagnetic transient equivalent circuit. For a generic SM shown in Fig. 3.3 (a), the

SM capacitor dynamic can be expressed as:

AV (1) _ I (1)
dt Cq,

(3.9)

The electromagnetic transient simulation pre-solves all differential equations using well-
established numerical integration methods, with Backward Euler and Trapezoidal
integration methods being widely used. For example, after solving (3.9) using trapezoidal
integration method, the following equations are obtained:
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Ve () =Veau (t =40 +3 (1,0 1, (- 40)] (3.10)

SM

VCSMi (t) :VCSMi (t _At) + Rcl (t _At) + Rclc(t) :Vh + Rclc(t) (3.11)

ci

|.(t—At) and R, = At
¢ ci C ZCSM

where At is the simulation time step, V, =V, (t—At) +R

represents the equivalent resistance of the SM capacitance equivalent circuit.

Fig. 3.3 (b) depicts the equivalent circuit of the half-bridge SM with Backward Euler and
Trapezoidal integration methods. The circuit can be further simplified using Thevenin

theory, where the Thevenin voltage and resistance per SM are:

R .
V,(t)=—"F"T"——xV 3.12
ml( ) Rci + in + Rmi " ( )
_ Rmi(Rci + in)

R .=
" Ri+ R, + Ry

(3.13)

The switched voltage to be developed across each arm can be calculated by:

NSM

Varm = Z_];Vmi (3 14)

Fig. 3.3(c) shows the block diagram of one MMC phase-leg, where the arm is modelled
using the Thevenin equivalent circuit and modified to be able to mimic the typical MMC
behaviour during blocking and de-blocking in a similar way as that of the averaged HB-
MMC model described earlier in Section 3.1.2.

50



Ry,n={10°,10"}

ie(t)
+ o
Tfh':}l'f
Vesas —
o o o
Backward Euler: V,=v.(t-4t) and Rc=4t/C
o Trapezoidal: V=V, (f-At) +R,i(f-At) and R.=1aAt/C
(@) (b)
+YoV e
[}
Upper arm +
T | Rarm Lam
Gating signals
Gate blocking
signal
Number of cells larmut
per arm
_—
larmu
. Ry Ly
lao
a 4
te—-
iame
Vg
Gating signals
Su =
[ onX
Varmi +
-1
Gate blocking .
signal larmL1
—_—>
+
Rarm, Larm T
o
Number of cells larmit
per arm v Ve
[ mN

Lower arm

(©

Fig. 3.3 Depiction of the MMC model based on the Thevenin equivalent circuit of the

half-bridge sub-modules

3.1.4 Switching function model
This modelling method represents the MMC switching devices using ideal switches,

where the on and off states are denoted by 1 and 0 respectively. Considering Fig. 3.4 (2)
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and (b), the output voltage of a single half-bridge SM can be expressed in terms of its SM

capacitor voltage and switching state of the auxiliary switch S, as:

Vini (£) = 8,Vosui (1) (3.15)
Similarly, the SM capacitor current of each SM can be related to the MMC arm current
by:
i (1) = S, Lo (D) (3.16)
The SM capacitor voltage can be calculated at each time step as

VCSMi (t) = CL‘[ ici (t)dt (3.17)

Equation (3.17) is transformed into discrete from using Tustin (trapezoidal integration
method) as shown in (3.10) and (3.11).

Thus, the total switching voltage across each arm can be calculated as:

NSM

Varm = izzllvmi (318)

The graphical representation of the MMC switching function model is shown in Fig. 3.4
(c). Similar to previously described models, further modifications are also necessary to

represent the behaviour during MMC blocking state. The composite switches S, and
S, , and diodes D,, and D,, as shown in Fig. 3.4 (c) are thus included and all the S

in the arms are set to 1 after the blocking of the converter.
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Fig. 3.4 Graphical depiction of the MMC switching function model
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3.2 Development and validation of MMC offline and real-time models

3.2.1 Test system

This section uses the MMC based HVDC converter station shown in Fig. 3.5 for a wide
range of studies in order to validate the accuracy of different models. The converter
station in Fig. 3.5 is equipped with controllers shown in Fig. 2.11, and for ease of
illustration, active power control mode is used throughout this chapter. Detailed system
parameters and control parameters are depicted in Fig. 3.5 and listed in Table 1 and Table
2. The SM capacitances for the 20-SM and 350-SM MMC models and averaged MMC
model to be considered are calculated assuming 30kJ/MVA [22][55]. The values of
coefficient for the proportional K, and coefficient for the integral K; are adjusted by

tuning. Parameters of all the PI controllers in this thesis are determined by tuning.

1265MVA AC System

i 360KV/400KV ia
Vao 0.18pu

A A

640KV m—

)

4000MVA
400kV
X/R=10

Vdc

~r—]
—

Fig. 3.5 lllustrative test system (power, current and voltage polarities in this figure are
assumed to be positive)
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Table 1: Test system parameters

Parameters

MMC rated apparent power (Sn) 1265MVA
MMC rated active power (P) 1200MW
MMC rated reactive power(Q) H00MVAr
MMC nominal DC Voltage (Vc) 640kV (2320kV)
MMC rated AC output voltage (line-to-line) | 360kV
Arm inductance (Larm) 0.13pu

20-SM MMC 628F
SM capacitance (Csm) 350-SM MMCs | 11mF

Average model 3LA4F
Nominal Frequency 50Hz
Transformer rated apparent power 1265MVA
Interfacing transformer voltage ratio 400/360kV
Transformer leakage reactance 0.18pu
Transformer resistance 0.004452pu

Table 2 MMC system control parameters

MMC Controller Control Parameters
Outer Controller Proportional Gain (Kp) Integral T(i%e Constant
Active Power Controller 1x 1073 8
Reactive Power Controller 10 x 1073 10
AC Voltage Controller 1x1073 5
DC Voltage Controller 15 x 1073 25
Inner Current Controller
Positive Sequence Inner Controller 1.5 x 103 7.03 x 107
Negative Sequence Inner Controller 2.26 x 103 7.03 x 107
Auxiliary Controller
Circulating Current Suppression Controller 1.5 x 103 1x 103
Vertical Capacitor VVoltage Balancing 3 6x 1073
Horizontal Capacitor VVoltage Balancing 3 6x 1073
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3.2.2 Offline validation and efficiency comparison

This section validates the performance of the averaged and switching function based
MMC models against the Thevenin equivalent model of the PSCAD library. The
performance of the MMC model with a reduced number of sub-modules per arm is also
compared to that with a large number of sub-modules per arm, considering the test case
of solid three-phase AC short circuit fault. The MMC models used in this validation are:
20-SM and 350-SM PSCAD library Thevenin Equivalent (PD), 350-SM switching
function (SF) and averaged (Avg) models.

In [115], accuracy validation among MMC models are made by calculating the mean
absolute error (MAE) of the waveforms. However, in this thesis, developed RTDS models
are validated against offline PSCAD models, which introduces errors produced by
different simulators. Another more widely used MMC models accuracy validation
criterion is the overlap of waveforms [37][45][49][55][56][57][96][116]. By
superimposing the waveforms generated by different models, the differences between the
waveforms reflect the differences between the different models. The degree of
coincidence of the waveforms reflects the similarity of the two models under that case. In
this thesis, overlap method will be used for all the accuracy validation.

3.2.2.1 Validation during normal steady-state operation

The system operation conditions during this illustration are summarized as follows.

e The converter station regulates its reactive power output at zero throughout the
simulation.

e Initially, the active power of the converter station is regulated at zero and is
ramped up from 0 to 1200MW at t=1s.

e In this illustration, the sum of the SM capacitor voltages of each arm is regulated
at 640kV.

Simulation waveforms of the averaged, Thevenin equivalent (20 and 350 SM per arm),
switching function (350 SM) HB-MMC models superimposed on each other are shown
in Fig. 3.6. As shown, Fig. 3.6(a), (b) compare the active power of the HB-MMC models
measured at PCC; (with the positive power flow is from AC to DC side), and DC link
current (1.875kA corresponding to rated active power of 1200MW), respectively. The
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waveforms in Fig. 3.6 (a) and (b) indicate that all the HB-MMC models produce identical
results in terms of magnitudes and dynamics. Samples of the upper and lower arm currents
and their zoomed versions displayed in Fig. 3.6 (c), (d), (e) and (f) indicate coexistence

of the DC component ‘1]’ and fundamental current ‘i, ’in the MMC arm currents as

2 a0

theoretically stated in (2.12) and (2.13), with circulating current component ‘i’ is well

suppressed. From the simulation waveforms in Fig. 3.6 (c) and (d), and (e) and (f), it can
be concluded that the simplifications introduced during the development of the HB-MMC
averaged model, it is able to reproduce all the dynamics associated with both fundamental
and DC components of the arm currents, and with the same accuracy of the Thevenin
equivalent and switching function models. The plot for the common-mode current,

leom = 7 (lymua + 1) @Nd its zoomed version in Fig. 3.6 (g) and (h) show that after proper

suppression of the circulating current, the common-mode current of each phase becomes

, D
¢ » which is

a pure DC component ° I§’ and equals to one-third of the DC link current * |
in line with the theoretical expression in (2.14). It is worth emphasizing that all the HB-
MMC models being compared produce practically identical common-mode currents and
in line with theoretical value as described earlier. Fig. 3.6 (i) and (j), and (m) and (n)
confirm that the differential arm current and voltage of each phase leg represent output
phase current and voltage as theoretically expressed by (2.6) and (2.9). The plots for the

common-mode voltage “ (V,,..,, + )’ and its zoomed version in Fig. 3.6 (k) and (l)

VarmLa

show that after the suppression of the voltage components that drive the circulating

current in each phase, the common-mode voltage * (v, + )’ becomes dominantly

VarmLa

DC component and its value is slightly larger than the DC link voltage (V,, =640kV ) in

order to allow the power flow from AC to DC side as illustrated by (2.11). The plots in
Fig. 3.6 (k) and (I) show the common-mode voltage of the 20-SM MMC exhibits higher
high-frequency voltage ripples compared to 350-SM MMCs, and this is due to its larger

mismatch between ‘V, .~ and ‘ (v, +V

armUa armLa

)’ as a result of larger switching voltage

(reduced number of SMs). Fig. 3.6 (0)-(q) and (r) show phase ‘@’ upper and lower
capacitor voltage sums. The plots in Fig. 3.6 (s) and (t), and (u) and (v) indicate that the

common-mode capacitor voltage sums of the MMC are dominantly DC component plus
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2"Y order harmonic voltage, while the differential-mode capacitor voltage sums are mainly
fundamental voltage.

These indicate that all the HB-MMC models being compared are able to reproduce the
inter-dynamics between the MMC arms and between the SMs of the same arm with
identical accuracies and in line with theoretical discussions presented in Section 3.1. From
the theoretical analysis presented in Section 3.1 and the above discussions and simulation
waveforms presented in Fig. 3.6, it can be concluded that the 20-SM Thevenin equivalent,
350-SM Thevenin equivalent, 350-SM switching function, and averaged MMC models
being studied exhibit the typical behaviour of the MMC and adhere to well established

theoretical equations that govern the operation of the MMC.

Since the comparisons include SM-level MMC models and converter-level model, SM

internal behaviour and SM-level comparisons are not considered.
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Thevenin equivalent, switching function and averaged models respectively)
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3.2.2.2 Three-phase-to-ground AC fault
Further studies during AC faults are carried out using the 4 different models, and system

operating conditions are summarised as follows:

e In pre-fault conditions, the MMC exports 1200MW from AC grid to the DC side
at unity power factor.

e At t=2s, a temporary three-phase-to-ground AC short circuit fault (fault resistance
equals 0.01Q) with 140ms fault duration is applied at the point of common-

coupling.
e The MMC active power set-point remains at 12200MW (unchanged) during fault
and post-fault.
The AC fault location is at the PCC point as shown in Fig. 3.5. The temporary fault
duration is set to be 140ms. Simulation waveforms that compare the responses of the
above models are summarised in Fig. 3.7 and Fig. 3.8. The plots for the sum of the phase
‘a’ capacitor voltages and their snapshots in Fig. 3.7 (a)-(d) show that the capacitor
voltages of the 20-SM MMC exhibit slightly larger oscillation compared to the rest of the
models. The traces of the phase ‘a’ arm currents and their zoomed versions displayed in
Fig. 3.7 (e)-(h) indicate that all the MMC models being compared are largely equivalent,
with MMC having a reduced number of sub-modules per arm occasionally exhibits
slightly larger ripple than the rest of the models during fault period, with the worst-case
error of less than 0.5%. The waveforms for the other two phases are similar and thus are
not included here. Fig. 3.8 (a)-(f) display the three-phase current waveforms the MMC
injects into AC grid during the symmetrical three-phase fault, measured at the 400kV side
of the interfacing transformer. These plots show no noticeable differences between the
models being compared. Similarly, the plots for the grid voltages in Fig. 3.8 (g) to (h) are

almost identical for all MMC models.
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3.2.2.3 Pole-to-pole (P2P) DC short circuit fault
System operating conditions for studies during a DC pole-to-pole faults are summarised

as follows:

e In pre-fault conditions, the MMC exports 1200MW from AC grid to DC side at
unity power factor.

e At t=3s, a permanent pole-to-pole DC short circuit fault (short circuit resistance
equals to 0.005 Q) is applied and converter blocking is activated after 50us from

fault inception.

In [117], a hardware demonstration with the DC fault protection operation process time
equals to 41.31us is given. 50us is chosen in this case as DC fault protection operation
process time. Fig. 3.9 compares the responses of the aforementioned MMC models to a

solid pole-to-pole DC short circuit fault. The pole-to-pole DC link voltages and DC links
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currents displayed Fig. 3.9 (a) and (b) indicate that the models exhibit almost identical
behaviours during the DC fault transient. Fig. 3.9 (c) to (e) show that when the DC fault
is detected and converter blocking is activated, the upper arm currents become unipolar
and negative. These mean that the two components of arm currents during DC fault period
flow through the freewheeling diodes of the main switches that bypass the SM capacitors,
with the AC current in-feeds flow from the AC grid towards the DC side, and the DC
fault current flows from the negative DC pole to positive DC pole through the MMC
lower and upper arms. The lower arm currents have similar behaviour as the upper arm
one s and thus not shown here. These typical MMC behaviours have been reproduced
exactly by all MMC models. The plots in Fig. 3.9 (f) to (h) show that the upper arm SM
capacitor voltages produced by all models are also similar, with the sum of the SM
capacitor voltages of the MMC with 20 sub-modules per arm exhibit slightly different
behaviours than the rest during normal operation, with the worst-case margin of error of
less than 2%. Similar errors are observed in the sum of the capacitor voltages of the
averaged and 20-SM MMC models when the converter is blocked during DC fault. Some

of these observed small differences could be referred to several factors such as:

e The 20-SM MMC has much higher SM capacitor voltage than that with 350-
SM MMC, and this may slightly affect the inter-SM and inter-arm dynamics,
and final settling voltage for the SM capacitor following converter blocking.

e Larger switching voltage of the 20-SM MMC increases the errors between the
input DC link voltage and common-mode voltage MMC presents at its DC
terminal. As a consequence, for the same arm inductor, the MMCs with 20-
SM per arm exhibit low-quality arm currents compared to that with a large
number of sub-modules per arm.

e The assumptions made in the development of the MMC averaged model such
as the SM capacitor voltages of the entire arm oscillate together (ignorance of
individual SM capacitor dynamics) can slightly affect the internal dynamics
of the MMC averaged model.

In general, from the results shown in Fig. 3.9 it can be concluded that all the MMC models
are able to reproduce the expected MMC behaviour during pole-to-pole DC short circuit

fault, with sufficient accuracies and efficiencies.
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3.2.2.4 Comparison of simulation speed

Simulation efficiencies of different HB-MMC models are summarized in Table 3, when
all the models are configured as a single terminal, with all controllers stated earlier are
incorporated, for 1-second simulations. These simulations were conducted using PSCAD
4.6 on HP computer with Intel(R) Core (TM) i7-6700 CPU @ 3.4GHz, 16GB RAM and
64-bit Windows 10 Enterprise system.

From the results displayed in Table 3, it is clear that the averaged HB-MMC model is the
most efficient one and is followed by the switching function and then Thevenin equivalent,
while detailed switching model is the slowest due to the largest number of electrical nodes.

Table 3 Comparison of simulation speed using different MMC models

Types of MMC Model No. of | Simulation Run Simulation Channel Plot
Sub- Time (10Sec) | Time Step (1.5) Step (18)
modules
(N)
Averaged Model 350 25s 50 50
Switching Function Model 350 57s 50 50
PSCAD Thevenin equivalent 350 166s 50 50
PSCAD Thevenin equivalent 20 87s 50 50
Switching Function Model 20 34s 50 50
Detail Switching Model 20 39minutes and 54s 50 50

3.2.3 Real-time model development and validation

It has been proven that the MMCs with a reduced number of SMs per arm (20 SMs
Thevenin equivalent model) and the averaged MMC model are capable of reproducing
the typical behaviour of MMCs with a large number of SMs per arm (350 SMs Thevenin
equivalent and switching function models) in Section 3.2.2, with negligible errors. It has
also been established that the average and switching function MMC models offer the
fastest simulation times, without significant sacrifice in the accuracy of the results in a
wide range of system-level studies including AC and DC faults. Therefore, this section

presents a detailed development of the real-time MMC simulation models, namely, the
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20-SM switching function and averaged models, and their validation against offline
PSCAD 20-SM switching models.

The operating conditions for all fault cases in this section are summarised as follows:

e The orders for the rated active and reactive powers exchange between the MMC
and AC grid are 1200 MW and 400 MVAr respectively, under all operating
conditions. The power flow from AC toward the converter is defined as positive.

e All fault studies are performed as successive events as summarized below:

o At t=2s, a 300ms temporary solid single-phase-to-ground AC fault is applied
at the point of common-coupling (PCC,).

o Att=4s, a300mstemporary solid symmetrical three-phase-to-ground AC fault
is applied at PCC;.

o At t=6s, a permanent pole-to-pole DC short circuit fault is applied in the DC
side, and converter blocking is activated 50us after fault inception.

o In another case at t=3s, a permanent pole-to-ground DC short circuit fault is
applied in the DC side, and converter blocking is activated 50us after fault
inception.

3.2.3.1 Implementation in RTDS
Fig. 3.10 depicts a generic layout of the developed MMC model using real-time digital
simulation (RTDS) dual time step technique. The MMC models with the requirements of

high switching frequency are built in small time step (i.e. 1.4-2.5p8), whilst the AC grid
source is modelled in a larger time step (i.e. 50 Ls).

Power circuit |

|
-|@—@— Converter |

Large time step Smalltimestep_ |

T
Control system

Fig. 3.10 A single terminal MMC system modelling method in RTDS

On the basis of detailed discussions of the MMC modelling presented in Section 3.1, real-

time user-defined 20-SM switching function and averaged half-bridge MMC models are
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developed using RSCAD in RTDS simulation platform. The developed models are
validated against an offline 20-SM half-bridge MMC switching function model
developed in PSCAD. The number of SMs in the developed RTDS model can be easily
scaled and modified if more details are required and sufficient RTDS modelling hardware

capacity is available.

The RTDS switching function and averaged HB-MMC models as shown in Fig. 3.4 and

Fig. 3.2 consist of two parts:

e  The power circuit part which includes controllable voltage sources, arm inductors
and IGBTs and diodes being used to mimic the half-bridge MMC blocking state.

e The calculation part that simulates the half-bridge MMC SM dynamics and
generates the upper and lower arm voltages Varmu and VarmL.

In RTDS platform, the power circuit part of the MMC switching function and averaged
HB-MMC models and its associated components such as the DC side circuit and
interfacing transformer are placed in a dedicated small time step template called “VSC
bridges” available in RSCAD library with time step ranging from 1.4us to 2.5ps. While
the part that calculates the SM capacitor dynamics and control systems are placed in a
dedicated large time-step template of 50us. The user-defined components that implement
the calculations of SM capacitor dynamics and voltage balancing are realised in
MATLAB-SIMULINK and then converted to RSCAD using the real-time embedded
code generation that can optimise the generated code for a number of objectives such as
code efficiency, RAM usage, traceability, etc. The whole real-time simulation model of
the test system is implemented on one RTDS rack, with a PB5 card containing two
processors and three GPC cards. Both processors on the PB5 card are assigned to solve
the power circuit that operates at a small-time step, with the calculation part of each of
the three-phase on a separate GPC processor. Since the aim is to validate the MMC
behaviours under a number of operating conditions, the DC side of the half-bridge MMC
is modelled by stiff DC voltage source and one pi-section per DC cable. The connection
between the AC system that operates at large time-step and the MMC power circuit and
its DC side components which operate at small time-step is realised by using a VSC
interface transformer from the RSCAD small time-step library.
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3.2.3.2 Single-phase-to-ground AC fault

Fig. 3.11 displays simulation waveforms for a single-phase-to-ground AC fault (fault

resistance equals 0.01Q). The controllers in the models regulate the converter negative

sequence currents to be zero. The acronyms P, R, S and A displayed in the legends
attached to simulation waveforms stand for offline PSCAD, RTDS, SFM and averaged
model respectively. Fig. 3.11(a), (b), (c), (d), (e) and (f) show full-scaled and zoomed
simulation waveforms for three-phase PCC voltages, AC currents MMC injects into PCC,
and converter side AC currents. The zoomed waveforms are captured around the instant
of fault inception. These waveforms show that the real-time waveforms of the 20-SM
switching function and average models are identical, and both exhibit negligible errors in
the first few peaks of the AC side currents (grid and converter sides). It can also be seen
from Fig. 3.11 (e) and (f) that the converter three-phase currents are balanced event during
the single-phase fault. Similarly, the plots for the upper arm currents displayed in Fig.
3.11 (g) and (h) also show that there are small errors in the first few peaks of the arm
current following AC fault inception, but quickly disappeared. The plots for the sums of
the upper SM capacitors of the three models in Fig. 3.11 (i) to (j) again indicate good
match between the real-time and offline simulations. The lower arm currents and SM
capacitor voltages show similar trends as those of the upper arm one and thus are not
shown. Fig. 3.11(k)-(m) show that the real-time and offline simulation waveforms for the
active and reactive powers, and DC link current during the single-phase AC fault are
similar, with small errors appear in the reactive power during fault period. Detailed
investigation of the errors observed between the reactive powers of the PSCAD and
RTDS reveals that the interfacing transformer model in RSCAD is the main cause. For
the same transformer parameters, the measured reactive power consumptions of the
interfacing transformers are different in the two platforms (PSCAD and RSCAD), with
PSCAD exhibiting a slightly higher reactive power consumption. Further investigation at
control system level also shows that during the steady-state condition, the PSCAD and
RSCAD achieve the same reactive power of 400MVAr by slightly different quadrature

currents (i, ), with magnitudes of the errors between the two platforms being less than

20A.
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The results of the detailed validation of the real-time and offline simulation shown in Fig.
3.11 confirm the suitability of the presented real-time user-defined MMC models (20-SM

switching function and averaged) for studying single-phase-to-ground AC faults.
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Fig. 3.11 Simulation waveforms comparing the transient behaviours of 20-SM offline
and RTDS switching function models and averaged RTDS model during a single-phase-
to-ground AC fault

3.2.3.3 Three-Phase-to-Ground AC Fault

Fig. 3.12 displays simulation waveforms for a three-phase-to-ground AC fault (fault
resistance equals 0.01Q). Fig. 3.12 (a), (b), (c) and (d), show a full-scaled and zoomed
simulation waveforms for the three-phase PCC voltages and three-phase MMC converter
currents. All zoomed waveforms are captured around the instant of fault inception. These

waveforms show that the real-time waveforms of the 20-SM switching function and
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average models are largely indistinguishable, with both exhibit negligible errors relative
to that of the offline simulation. Similarly, the plots for the upper arm currents displayed
in Fig. 3.12(e) and (f), and the sums of the upper SM capacitors voltage in Fig. 3.12 (g)
and (h) also show a good match with negligible errors. Fig. 3.12 (i)-(k) show that the real-
time and offline simulation waveforms for the active and reactive powers and DC link
current during the three-phase-to-ground AC fault are similar with extremely small errors

around the instants of fault inception and clearance.

Detailed corroboration of the real-time and offline simulation results shown in Fig. 3.12
confirm the suitability of the presented real-time used defined MMC models (20-SM
switching function and averaged) for studying three-phase-to-ground AC faults.
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Fig. 3.12 Simulation waveforms comparing the transient behaviours of 20-SM offline

and RTDS switching function models and averaged RTDS model during a three-phase-
to-ground AC fault

3.2.3.4 Pole-to-Pole DC short circuit fault

Fig. 3.13 presents simulation waveforms for a solid pole-to-pole DC fault (short circuit
resistance equals to 0.005 Q) right at MMC DC terminals. Fig. 3.13 (a) and (b), and (c)

and (d) show simulation waveforms for the three-phase PCC voltages and MMC

converter side currents, including the expanded snapshots around the instant of fault

inception. These traces show that all the real-time and offline simulations waveforms are
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identical (real-time simulation waveforms of the 20-SM switching function and average
models superimposed on that of the 20-SM offline PSCAD waveforms). Also, the upper
arm currents and the sums of the upper arm SM capacitors from the real-time and offline
simulations displayed in Fig. 3.13 (e) and (f), and (g) and (h) do not exhibit any visible
errors in steady-state and during the DC fault. Fig. 3.13 (i)-(I) show that the real-time and
offline simulation waveforms for the active and reactive powers and DC link current and
voltage during the DC short circuit are similar, with a small difference in the active
powers during fault period. The differences observed in the active power during the DC
fault is due to small differences in the total resistance in the fault current path, due to the
implementation of the parts that mimicking the blocking of physical MMC (recall that
the two platforms, PSCAD and RSCAD have different implementation of the IGBTs and
diodes). These differences are exacerbated during DC short circuit fault by the significant

increase in the magnitude of the fault currents relative to rated currents.

Results of detailed validation displayed in Fig. 3.13 confirm the appropriateness of the
presented real-time user-defined MMC models (20-SM switching function and averaged)

for studying pole-to-pole DC short circuit faults.
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Fig. 3.13 Simulation waveforms comparing the transient behaviours of 20-SM offline
and RTDS switching function models and averaged RTDS model during DC short
circuit fault
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Further validations during AC phase-to-phase fault and DC pole-to-ground fault have also
been carried out and the results show a good match among the three different models.

Due to their similarity to the previously presented results, they are not shown here.
3.3 Summary

This chapter has presented a number of modelling methods of the HB-MMC, including
the theoretical basis that underpins each modelling method, and basic assumptions made
in the development of each method. The comprehensive comparison of the offline
simulation waveforms reveals that the averaged and switching function HB-MMC models
produce practically the same results as that of the Thevenin equivalent MMC model of
the PSCAD MMC library, but with much greater simulation efficiency. This conclusion
is valid for a wide range of studies, including normal steady-state operation and faults.
Similar voltage and current stresses are observed on the MMC active and passive
components. The detailed validation of real-time user-defined switching function and
averaged HB-MMC models against an offline validated PSCAD switching function
model shows that the offline and real-time simulation waveforms are in good agreement

during normal operation, symmetrical and asymmetrical AC faults, and DC faults.
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Chapter 4 Interoperability of different VSC topologies in

HVDC grids

In the last decade, a number of MMC topologies have been proposed for HVDC
applications. The half-bridge (HB) and full-bridge (FB) MMCs have emerged as the
preferred topologies for commercial application. In the meantime, several hybrid MMC
converters have been proposed as alternatives that offer important trade-offs between
footprint, semiconductor loss, resiliency to AC and DC network faults and control range,
when compared to the HB-MMC and FB-MMC [34]-[35].

Although the construction of large-scale DC grids using different converter topologies is
important from both practical and market point of view, particularly for prevention of
monopoly in supply chains, ensuring safe and reliable operation of DC grids with such
diversity, present significant technical challenges; especially, during fault conditions.
Meaningful assessments of the interoperability of such complex DC grids, with
equipment supplied by multiple vendors, require converter models with steady-state and

transient behaviours that accurately resemble the typical behaviour of physical systems.

This chapter examines the suitability of the developed offline and real-time averaged
converter models for a detailed assessment of interoperability of different converters in a
meshed DC grid. Interoperability of a few selected representative converter topologies,
namely, the HB and FB MMCs and hybrid MMC consisting of 50% FB SMs and 50%
HB will be assessed quantitatively using offline PSCAD and real-time RSCAD

simulations.
4.1 Alternative VSC topologies

The development of the FB-MMC and hybrid MMC with 50% FB SMs and 50% HB in
PSCAD and RSCAD are detailed here.
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4.1.1 Modelling and control of Full-bridge and Hybrid MMCs

Fig. 4.1 shows a generic power circuit of a three-phase MMC converter that consists of
six arms, with each arm comprising of an inductor and a stack of FB SMs, or combination
of the HB and FB SMs as displayed in Fig. 4.2. Similar to HB-MMC, each arm of the
MMC in Fig. 4.1 and 4.2 must be capable of blocking the rated pole-to-pole DC voltage.
Complementary operation of the arms that constitute the same phase-leg is necessary to
ensure that each phase-leg inserts an appropriate number of SM capacitors (from the
upper and lower arms) into the power path in order to build-up the needed instantaneous
common-mode voltage to counter the DC link voltage. For each MMC phase leg
containing 2N SMs, only Nx SMs could be selected for insertion into the power path, and
the remaining 2N-Nx must be bypassed. The exact number of SMs could be inserted into
power path depends on several factors such as the designed rated voltage per SM, and the
type of SMs being employed in each MMC arm (HB, FB etc.) [26][118].
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Fig. 4.1 Basic circuit of the three-phase modular multilevel converter
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Fig. 4.2 Phase-legs of half-bridge, full-bridge and hybrid modular converters

As already being expressed in Chapter 2, the upper and lower arm voltages (Varmu and

VarmL) for one phase of the generic MMC in Fig. 4.1 can be approximated as:

VarmU ~ %Vcarmu [O{ - mSin(C()t + 5)] zVcarmU rTIU (41)
VarmL ~ %VcarmL [a + mSin(COt + 5)] zVcarernL (42)

where Vemy and Vi, are the sums of the upper and lower arm capacitor voltages, which
must be regulated such that Veamu = Vet =Veam = Ve (Ve is the rated arm capacitor

voltage). The DC modulation index is defined as a:Vdc/Vc;rm , and my and m are the

upper and lower arm modulation functions, respectively. For FB MMC, the DC
modulation indexes ‘a’ can vary widely in the range of -1<a<l,

Similar to HB-MMC, controlling the sums of the upper and lower arm capacitor voltages

*

at Vermu =Vaarmt = Vearm 2 Ve means the existence of redundant SMs in the MMC arms.

Apart from reliability improvement in HB-MMC, these redundant SMs do not offer any
added value because of the well-known limitations of the unipolar HB SMs [26][118].

However, in FB and hybrid MMCs, the redundant SMs in their arms can offer additional
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features such as over-modulation (ability to generate or operate with higher AC side
voltage than the HB-MMC). Although hybrid MMC can offer such features during
normal operation, sustaining such feature during operation with extremely low DC
voltage such as active control during DC short circuit faults requires the number of FB
SMs in the arms to be increased, as during such operations, FB SMs alone will be
responsible for the synthesis of the negative arm voltages [27][119][120]. Apart from the
aspects highlighted above, the fundamental operation and control of the FB and hybrid
MMCs remain the same as that of the HB-MMC which has been extensively discussed in
Chapter 2. These differences will be articulated and emphasized throughout this chapter
where appropriate.

4.1.1.1 Detailed switching model

Typical detailed switching models of the FB and hybrid MMCs use in-depth
representations of the FB and HB SMs (SM capacitors and switching devices), where
each power electronics switch mimics the conduction pattern and switching
characteristics of its physical equivalent (such as the IGBT and anti-parallel diode). For
instance, when the arm current defined in Fig. 4.3(a) is assumed to be positive; the basic
operation of the FB SM can be summarised as follows:

e Switching devices Si and Sy, and Sz and S4 represent two complementary pairs
operating as two independent legs.

e When Sy is on and Ss is off, the FB SM in Fig. 4.3(b) generates an output voltage
Vsm=Vcsm, Where Vcswm represents the SM capacitor voltage. In this switching state,
a positive arm current (larm>0) charges the SM capacitor, while the negative arm
current (larm<<O) discharges the SM capacitor. Additionally, each switching device
in off-state such as Sz and Sz experiences voltage stress equal to capacitor voltage
Veswm.

e When Sy is off and Sz is on, the FB SM in Fig. 4.3(c) generates an output voltage
Vsm=-Vcsm. In this switching state, a positive arm current (larm>0) discharges the
SM capacitor, and negative arm current (larm<<O) charges the SM capacitor. Also,
both switching devices in off-state such as S: and S4 experience voltage stress

equal to Vcsw.
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e  When both switches S; and Sz are on (or off), the FB SM in Fig. 4.3(d) and (e)
generates an output voltage Vsn=0. In this switching state, both positive and
negative arm currents do not affect the SM capacitor voltage.

e  When all switching devices (S1, Sz, Sz and S4) are gated off during blocking state
as shown in Fig. 4.3(f), both positive and negative arm currents shown in red and
blue find path through the anti-parallel diodes of the switches S1, S2, Sz and S4 and
charge the SM capacitor.

As in HB-MMC case described in Chapter 3, DSM accounts for each IGBT turn-on and
turn-off times and its on-state resistance and voltage drop. Such exhaustive representation
necessitates the use of stiff solvers with small time steps leading to very longer simulation

times, high computation burden, and large memory requirement.

4.1.1.2  Switching function model

As stated in section 3.1.4, the switching function modelling methods represent each IGBT
and its anti-parallel diode by an ideal switch that denotes the on and off states by 1 and 0
respectively. Considering Fig. 4.3 (a) as the i"" FB SM in the MMC arm, its output voltage
(Vsmi) can be expressed in terms of the SM capacitor voltage (Vcswi) and switching states

of the two upper (or lower) switches S; and S; as:

Vi (£) = (S = Si)Vesui () (4.3)
Similarly, the SM capacitor current of each SM can be related to the MMC arm current
by:

icsmi (t) = (Sil - SiS) Iarm (t) (4.4)

And the SM capacitor voltage can be calculated at each time step as

Veswi (1) = Cijicsmi (t)dt (4.5)

SM

Equation (4.5) is transformed into discrete from using Tustin (trapezoidal integration
method) as:
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VCSMi (t) :VCSMi (t - At) + %C_[ Icsmi (t) + Icsmi (t - At)] (4.6)
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Fig. 4.3 (a) FB SM, and (b) to (f) depict its different switching states.

The total generic arm voltage is obtained by summing individual SM output voltage as:

Varm = ivsmi (t) (47)

Equations (4.6) and (4.7) are used to construct the FB-MMC switching function model
shown in Fig. 4.4 (b) and (c). Similar to HB MMC, the realization of blocking state in
FB-MMC model in Fig. 4.4 (c) is achieved by gating off all the IGBTSs Sy, Sz, S3 and Sa,

and setting the upper and lower arm modulation functions my = mg =1. In contrast, during

an operation state, the upper and lower arm voltages are realized as:

4.8
VarmU o VcarmU |mU | ( )

4.9
VarmL charmL |mL| ( )
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In addition, when sign(mu)>0 the switches S1 and S4 are turned on and Sz and Sg are turned

off, and the opposite is true for sign(mu)<0. The former scenario arises when FB-MMC

arm synthesizes positive voltages, and the latter scenario occurs when the FB-MMC arm

synthesizes negative voltages.

Since each arm of the hybrid MMC consists of FB and HB stacks, its switching function
model is obtained simply by combining the HB-MMC and FB-MMC SFM into one which
as shown in Fig. 4.5. Blocking and de-blocking states of the HB stacks can be realized as

described in Section 3.1 and that of the FB stacks can be realized as described above.

lesmi
Ss St
OFF JCES JC}OFF
farm Si-Sis Si1-Sis
Vesmi | ==Ccqn TVsm. lesmi(t) Vesmi(t)
Iarm 1/C5M Vsmi
SAJF %_X JF %S57
ON ON
(a) (b)
am] H2Veae
SuSa Sw-Sa
Varmu
‘ SUN Yo [ e, "LVWU )

where S,y and S,y are column vectors of the upper arm
switch states; and lcsmu and Vesuy are vectors of upper
arm capacitor currents and voltages

where S, and S3_are column vectors of the lower arm
switch states; and lesm. and Vesw are vectors of lower
arm capacitor currents and voltages

S,

(©)

Fig. 4.4 (a) FB SM, (b) voltage calculation of one FB SM, and (c) Graphical depiction
of SFM of FB-MMC
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where S, is the column vector of the lower arm switch states
for the HB stack; and lcsmiqs and Vesuqs are vectors of lower
arm capacitor currents and voltages of the HB stack

larmLFB1
—
<

p ~

Sy

Fig. 4.5 Graphical depiction of SFM of the hybrid MMC

4.1.1.3 Thevenin equivalent model

In a similar way to Section 3.1.3, this section presents the Thevenin equivalent models
for FB and hybrid MMCs, where the switching devices of the SMs are treated as two-

state switched resistances, Ron and Rorr respectively, and each SM capacitance is

replaced by its electromagnetic transient equivalent circuit.

For a generic SM shown in Fig. 4.6 (a), the SM capacitor dynamic can be expressed as:

dVCSMi (t) — Icsmi (t)

dt Cq,
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After solving (4.10) using trapezoidal integration method, the following equations are

obtained:

Vesui () =Vegyi (t—At) + %CA_t[ L g (£) + 1o (= At)] (4.11)

SM
VCSMi (t) :VCSMi (t _At) + Rcsmlcsmi (t _At) + Rcsm Icsml ( ) V + Rcsmlcsml ( ) (4.12)
where Vi, =Vigy (= Al + Ryl (E-AL) , and R = At/2C,

Fig. 4.6 (b) shows the equivalent circuit of the FB SM when Backward Euler and
Trapezoidal integration methods are employed. This equivalent circuit can be further

simplified using Thevenin theory, where the Thevenin voltage and resistance per SM are:

R,Ri;—RyR.,

Vn () = xV, 4.13
n (D) R;(R;+R, +R, +R'4)+(R|1+R|2)(R|3+R ) h ( )
(Ry+R (R, +R,)
_ i ix /AN iz Ri 414
=R AR AR, <R D (4.14)
RiR RsR R.R
here R —_ i3 esmi Ri —__ i34 and Riz — i4 " \esmi
" R +R +Rcsm| ’ Ri3+Ri4+Rcsmi Ri3-|_Ri4+Rcsmi

The switched voltage to be developed across each arm can be calculated by:

N
V m = szmi (415)
i=1

Fig. 4.6 (c) summarises per phase implementation of the Thevenin equivalent model of
FB-MMC, where the SM capacitor dynamics and full converter behaviours during
blocking and de-blocking are fully accounted for. Handling of blocking state during DC
fault in the Thevenin equivalent FB-MMC model is similar to that of the SFM described

earlier.

The Thevenin equivalent model of the hybrid MMC shown in Fig. 4.7 is obtained by
combining the HB and FB MMC Thevenin equivalent models.
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Fig. 4.6 Thevenin equivalent model of the FB-MMC
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Fig. 4.7 Thevenin equivalent model of hybrid MMC

4.1.1.4 Averaged model

Since the HB, FB and hybrid MMCs adhere to the same operating principle during normal
operation, the same assumptions made in the development of the HB-MMC averaged
model also apply to the FB and hybrid MMCs. In other words, the systematic derivations
of the averaged models of the FB and hybrid MMCs from the first principles are identical
to that of the HB-MMC. The added features of the FB and hybrid MMCs are realizable
by incorporating additional power electronics switches to mimic their physical behaviours
during converter blocking and when their arms require to generate negative voltages. Fig.
4.8 depicts per arm averaged models of the FB MMCs [56][121][122][123], where the

upper and lower arm voltages varmu and varmu and equivalent upper and lower arm

capacitor currents icapu and icapL are approximated by:
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Varmu ~ %VcafmU [ —msin(et + 8)] = Vearmu My (4.16)

Varml = %Vcarm,_ [ +msin(et + 8) ] = Vearm M (4.17)
iy = 3 lamu [@ —Msin(ot +8) | = iy my (4.18)
ool = S o [+ Msin(ot +8) | = iy My (4.19)
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Varmu(0)=]Mu|Veapu(®) N

Fig. 4.8 Per arm averaged model of the FB and hybrid MMCs.

Similar to that in the FB-MMC SFM and Thevenin equivalent model, blocking state is
realized by gating off all IGBTs Si, Sz, Ss and Ss, and setting the upper and lower arm
modulation functions my=m¢=1. The upper and lower arm voltages during the de-block

state are realized as:

4.20
v (420)

armu carmU | mU |

(4.21)

VarmL ~ carmL |mL|

In conjunction with (4.20) and (4.21), the auxiliary switches Si through S4 are operated

as follows:

a) When sign(mu)>0, the switches S1 and Ss4 must be turned on, and S; and S3
must be turned off.
b) When sign(mu)<0, the switches S1 and S4 must be turned off, and Sz and Sz
must be turned on.
The scenario in (a) arises when the FB-MMC arm synthesizes positive voltages during

normal operation with rated DC voltage, while the scenario in (b) occurs when the FB-
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MMC arm synthesizes negative voltages as required during operation with extremely low
DC voltage and operation with negative DC voltage.

It is worth to recall that the hybrid MMC facilitates normal and reduced DC link voltage
operation and active control of DC fault current during pole-to-pole DC fault (zero DC
voltage) by inserting the same number of SM capacitors with positive and negative
polarities as that of the FB-MMC. Also, with the assumption that the HB and FB SMs of
the hybrid MMC have same capacitances, insertion of the FB SM capacitors with positive
polarities will exhibit the same behaviours at SM and arm levels as that of the HB SMs.
This fact justifies the use of per arm averaged model depicted in Fig. 4.8 to represent the
hybrid MMC, provided that the DC modulation control range is restricted as described

above (—%Saﬂ ), and the upper and lower arm modulation functions my and m. are set

to 0.5 during converter blocking.

4.2 Model validation

4.2.1 Implementation in RTDS

Fig. 4.9 shows a generic layout of the real-time models of the FB and hybrid MMC
models implemented in RSCAD using dual time steps (multi-rate). Parts of the FB and
hybrid MMC models that operate at high switching frequency are built in small time-step
(i.e. 1.4-2.516), whilst the AC grid source and control system is modelled in a larger time

step (i.e. 50 s).

Power circuit | |

-I@—@— Converter :

Large time step |Small time step

0]
Control system

Fig. 4.9 A single terminal MMC system modelling method in RTDS
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On the basis of detailed discussions of the FB and hybrid MMCs modelling presented in
previous Sections 4.1, real-time user-defined 20-SM FB-MMC SFM and AM, and hybrid
MMC AM are built in RSCAD-RTDS simulation platform. The developed models are

validated against a number of offline models developed in PSCAD:

e FB-MMC: 20-SM SFM, Thevenin equivalent, and AM.
e Hybrid MMC: AM.

The number of SMs in the developed RSCAD-RTDS model can be easily scaled and
modified if more details are required and sufficient RTDS modelling hardware capability

is available.

In RTDS platform, the power circuit part of the FB and hybrid MMC models (SFM and
AM) and their associated components such as the DC side circuit and interfacing
transformer are modelled in the small-time step of 2.5ps. While the parts that calculate
the SM capacitor dynamics and control systems are placed in a large time-step of 50us.
The user-defined components that implement the calculations of SM capacitor dynamics
and voltage balancing are realised in MATLAB-SIMULINK and then converted to
RSCAD using code generation. Same as for the HB-MMC described in Chapter3, the
whole real-time simulation model of the test system is implemented on one RTDS rack,
with a two-processor PB5 card and three GPC cards. One processor on the PB5 card is
assigned for total network solution, whilst the other is assigned for the control system.
Each converter requires one GPC processor to solve the power circuit that operates at the
small time-step. Since the aim is to validate the MMC behaviours under a number of
operating conditions, the DC side of the half-bridge MMC is modelled by a stiff DC
voltage source connected to two 50km short DC cables each modelled by one pi-section.
The AC side is placed at large time-step of 50us, and the connection between the AC
system at large time-step and the MMC power circuit and its DC side components at small
time-step is realised through the VSC interface transformer.

4.2.2 Test system
This section uses one MMC converter terminal as shown in Section 3.2.1 to validate the

real-time and offline FB and hybrid MMC models. The different models are:
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e FB-MMC
Offline: SFM, averaged model, and Thevenin equivalent model (TEM) provided

by PSCAD.
Real-time: SFM and averaged model
e Hybrid MMC

Offline: averaged model

Real-time: averaged model
A single terminal MMC-HVDC system is modelled in PSCAD and RTDS, with full sets
of controllers described in Chapter 2, and detailed system parameters listed in Table 1.
The SM capacitances of the FB and hybrid MMC models are the same as that for the HB-
MMC. High impedance AC side grounding is adopted in the model.

As the previous study in Section 3.2 has shown that the numbers of SMs in the MMC
arms have negligible impacts on MMC dynamic behaviours, this section presents the
detailed validation of the real-time FB-MMC models (20-SM SFM and AM) and AM of
hybrid against offline FB-MMC models (20-SM SFM, TEM and AM) and AM of the
hybrid MMC respectively. The validation scenarios are listed below:

1) Full-bridge MMC validations
e Normal operation
e Three-phase symmetrical AC fault
e Pole-to-pole DC short circuit fault with converter blocking
e Pole-to-ground DC fault
e DC voltage reversal
2) Hybrid MMC validations
e Pole-to-pole DC short circuit fault with active control of fault current

4.2.3 Full bridge MMC model validation

4.2.3.1 Normal operation

Fig. 4.10 summarises simulation waveforms of the offline and real-time user-defined FB-
MMC when it operates as a power controlling converter using the control systems
depicted in Fig. 2.11. The acronyms PA, PS and PP, and RS and RA displayed in the
legends attached to simulation waveforms stand for offline PSCAD AM, SFM and TEM,
and real-time SFM and AM respectively. During 0 to 1s, the FB-MMC controls both its
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active and reactive power at zeros. At t=1s, active power is ramped from 0 to 1200MW

at a rate of 2400MW/s, while reactive power is maintained at zero.

Fig. 4.10 (a)-(f) show the full-scale and zoomed offline and real-time simulation
waveforms of the three-phase converter currents, and phase A upper and lower arm
currents. These waveforms show the waveforms obtained from the offline and real-time
simulation models are identical, while arm currents exhibit very small and diminishing
differences during power ramps, with all arm current waveforms become identical as the
system settles. The plots for the sums of the capacitor voltages displayed in Fig. 4.10 (e)
and (f) show similar behaviour observed in the arm currents. The traces of the active
powers, and DC link voltages and currents displayed in Fig. 4.10 (g)-(i) are almost

identical, including during transition between two operating points.

w

w

Converter side AC current (kA)
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Converter side AC current (kA)
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i
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cxmtse

Phase A: Arm Current (kA)

Phase A: Arm Current (kA)

e

Phase A:
Sum of Capacitor Voltage (kV)
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Sum of Capacitor Voltage (kV)
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Fig. 4.10 Simulation waveforms with different FB-MMC models during normal
operation: 20-SM SFM, TEM and AM)

In summary, Fig. 4.10 shows all the offline and real-time simulation models being
compared are capable of reproducing the dynamics of the FB-MMC as it varies its power

set-points, with negligible errors.

4.2.3.2 Three-phase-to-ground AC fault
Fig. 4.11 displays simulation waveforms during a three-phase-to-ground AC fault (fault
resistance equals 0.01Q), with results of the real-time simulations (20-SM SFM and AM)

superimposed on that of the PSCAD offline simulations (20-SM SFM, TEM and AM). In
the pre-fault, during fault and post-fault conditions, active and reactive powers set-points
are maintained at 1200 MW and 0 MVAr respectively. At t=4s, a temporary solid
symmetrical three-phase-to-ground AC fault is applied at PCC1, with 300ms fault

duration.

The AC voltage and converter current waveforms shown in Fig. 4.11 (a) and (b), and (c)
and (d), prove that the different real-time and offline models having the same behaviours
in terms of trend and magnitude during the three-phase AC fault. Likewise, the plots for

the phase A upper and lower arm currents, and the sums of the upper and lower capacitor
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voltages in Fig. 4.11 (e)-(h) also show negligible errors. The same can be observed for
the active power, DC link voltage and current during the three-phase-to-ground AC fault
in Fig. 4.11 (i)-(Kk).

Grid side AC voltage (kV)

Grid side AC voltage (kV)

Converter side AC current (kA)

Converter side AC current (kA)

Phase A: Arm Current (kA)

Phase A: Arm Current (kA)

Phase A:
Sum of Capacitor Voltage (kV)
Phase A:

w
=]
=]

I L 300 | I | | | |
4 4.1 4.2 43 4.4 4.5 4.6 4.7 3.98 4 4.02  4.04 406 4.08 4.1 412 414

t(s) 1(s)

(@) (h)

96



2000

Active power (MW)
(4.
(=3
o

&
=}
5]

1500 -

1000 -

o
T

1000
| < 800
B A g
m— 1V @ ford o
| ) o 500 w,f'~ e
i v ——pPA =
H PS $
1 P < 400
| pPP £
i i — —pRs )
| IR I S— ! P & 200}
P —vdcPA -+ vde™S VdcPP = = vgRS ==eeo vgcRA
\ . \ \ . | 0 7 7 7 7 T T T
4 4.1 42 43 4.4 4.5 46 47 3.9 4 4.1 42 43 4.4 45 48 47
t(s) t(s)
(i) 1)
2 T A
WL fl —1do™| |
5‘ I!- © IdePS
= P e _ 1de”?| |
zor | SR s
o | W ¥ = =ldc
£ | T R R RA
5-1F H i Idc 1
3 I
™ i 1 W
c - Fageie 4 ﬂ S e
s . i
& 4l ‘il
” . \ . \ \ .
39 4 4.1 42 43 44 45 46 47
t(s)

Fig. 4.11 Simulation waveforms with different FB-MMC models during a three-

phase-to-ground AC fault

4.2.3.3 Pole-to-pole DC short circuit fault with converter blocking

Fig. 4.12 presents simulation waveforms when a solid pole-to-pole DC short circuit fault

(short circuit resistance equals to 0.005 Q) is applied at FB-MMC DC terminals at t=>5s,

as shown in Fig. 3.5, and the converter is blocked 50us after fault inception.

Fig. 4.12 (a), (b) and (c) show simulation waveforms for the three-phase PCC voltages

converter AC currents. These traces show that all the AC side waveforms (currents and

voltages) of the real-time and offline simulations are identical. Similarly, the real-time

and offline upper and lower arm currents, and the sums of the upper and lower arm SM

capacitor voltages of phase A displayed in Fig. 4.12 (d) and (e) do not exhibit any visible

errors in steady state and during the DC fault, and the same can be observed for the active

powers, and DC link currents and voltages as shown in Fig. 4.12 (f), (g) and (h).
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4.2.3.4 Pole-to-ground DC fault
Fig. 4.13 shows simulation waveforms when a pole-to-ground DC fault (fault resistance

equals to 0.005 Q) occurs at t=2s, and the DC voltage is controlled to be half of the rated

value 0.6s after the fault inception in order to reduce the DC voltage stress on the healthy

pole.

Fig. 4.13 (a)-(d) show offline and real-time simulation waveforms for the pole-to-pole
and pole-to-ground DC voltages and DC link currents. The plots for DC voltages and
current exhibit brief disturbances which are associated with the discharge of the faulted
pole and charging of the healthy pole, and with both simulation platforms and different
models show almost identical behaviours. Observed that halving of the pole-to-pole DC
link voltage 0.6s from fault inception reduces the voltage stress on the healthy pole to the
rated design value of 320kV. The post-fault DC current remains the same as the pre-fault

value and system now transmits half of the rated power as seen in Fig. 4.13 (k).

The three-phase converter side voltages shown in Fig. 4.13 (e) and (f) indicate that the
pole shift during pole-to-ground DC fault affects the converter side voltage leading to
320kV DC offshore. However, this has no impact on the converter currents as seen in Fig.
4.13 (g) and (h). The reduction of the DC link voltage also helps to reduce the DC voltage
stress being exposed to insulations of the low-voltage windings of the transformer and
converter side equipment. All the behaviours described above are reproduced accurately

in the results of the offline and real-time simulations.

Fig. 4.13 (i) and (j) show that the arm currents of the FB-MMC remain well-controlled
during pole-to-ground DC fault when pole restraining (halving of the DC voltage) is
enabled, with all the offline and real-time use defined models are able to reproduce almost

identical results.
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Fig. 4.13 Simulation waveforms with different offline and real-time FB-MMC models
during pole-to-ground DC fault when a pole restraining is enabled 0.6s after fault

inception

4.2.3.5 DC voltage reversal

Fig. 4.14 presents offline and real-time simulation waveforms when the FB-MMC
initiates its DC voltage reversal at t=2.6s, from 640kV to -640kV, within 0.4s. Prior to
the DC voltage reversal, at t=2.15s, the FB-MMC reduces its active power exchange with
the AC grid from 1200MW to 0 within 0.25s. At t=3s, the FB-MMC starts the restoration
of its active power exchange with the AC grid from 0 to 1200MW within 0.5s (during
this period the FB-MMC operates with rated DC voltage of -640kV). During the entire
operating period, the FB-MMC maintains its reactive power exchange with the AC grid
constant at 300MVAr.

Fig. 4.14 (a) and (b), (c) and (d) show the simulation waveforms for the positive and
negative pole DC voltages, DC current, and active and reactive powers the FB-MMC
injects into PCC1. These waveforms show that different offline and real-time models of
the FB-MMC produce the same responses. The results confirm the ability of these models
to reproduce the bipolar operation of FB-MMC and uninterruptable STATCOM
functionality, independent of the DC link voltage. Similarly, the plots for the upper and
lower arm voltages shown in Fig. 4.14 (e) and their zoomed version when the FB-MMC
operates with -640kV displayed in Fig. 4.14 (f) show identical results, with the DC
modulation index a =-1 (equivalent to -%2Vpc) as anticipated. Same can also be observed
for the currents the FB-MMC injects into AC grid and the upper and lower arm currents
displayed in Fig. 4.14 (g) and (h), and (i) and (j). The sums of the upper and lower SM
capacitor voltages of different offline and real-time models of the FB-MMC being
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compared in Fig. 4.14 (k) and (m) also indicate a good match for the results produced by

the models during steady-state and transients.
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Fig. 4.14 Simulation waveforms that compare the transient behaviours of the user-
defined offline and real-time FB-MMC models (SFM, TEM and AM) during DC

voltage reversal

4.2.4 Hybrid MMC model validation
The operation of the hybrid MMC is similar to that of the FB-MMC, and thus, only
selected results during a solid pole-to-pole DC short circuit fault with active fault current

control is presented here. Test system is the same with the system shown in Section 3.2.1.

Fig. 4.15 presents simulation waveforms when a solid pole-to-pole DC short circuit fault
is applied at the DC terminals of the hybrid MMC at t=3s, and fault control is enabled
50us after fault inception. Fig. 4.15 (a) and (b) show pole-to-pole DC link voltage and
DC current in the positive pole. These waveforms show the offline and real-time
simulation models produce identical results during the DC short circuit fault, with the
hybrid MMC is able to control the DC fault at zero. Fig. 4.15 (c) and (d) and (h) and (i)
show the upper and lower arm currents, and three-phase currents the hybrid MMC injects
into PCC1 at grid side. These waveforms show while the hybrid MMC controls DC fault
current at zero during the DC fault, it retains full control over the reactive exchange with
the AC grid, see Fig. 4.15 (k). The AC currents observed in the arms and output circuits
of the hybrid MMC are associated with the reactive power being exchanged with the AC
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grid, operating asa STATCOM. Fig. 4.15 (f) and (g) display the sums of the SM capacitor
voltages of the hybrid MMC, and these plots indicate that the hybrid MMC retains full
control over its SM capacitors. Fig. 4.15 (j) shows the active power that the hybrid MMC
exchanges with the AC grid, which drops to zero during DC fault as expected. The results
shown in Fig. 4.15 confirm that the hybrid MMC is able to control fault current during
pole-to-pole DC short circuit fault.

In summary, simulation waveforms presented in Fig. 4.15 confirm the validity of both
offline and real-time user-defined AMs of the hybrid MMC to perform detailed studies
of DC short circuit fault when fault current control is enabled.
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Fig. 4.15 Simulation waveforms with offline and real-time hybrid MMC AM models
during DC short circuit fault when a DC fault current control is enabled

4.3 DC grid containing different MMC topologies
4.3.1 DC grid model development

Fig. 4.16 shows an example test system being used to assess the interoperability of HB,
FB and hybrid MMCs in a generic DC grid. Converters T1, T2 and T3 are hybrid MMC,
FB-MMC, and HB-MMC, respectively. All converters are represented in PSCAD and
RTDS-RSCAD by their averaged models described in Section 4.1.1 and shown in Fig.

4.8. The control system depicted in Fig. 2.11 is incorporated into each converter station.

Simulation parameters of the test systems are shown in Fig. 4.16.

The DC grid shown in Fig. 4.16 is implemented in RTDS using the concept of multi-rate,
with two distinct sampling times as previously used. The power circuits of the three
converters and DC cables are placed in 3 processors on GPC cards that operate at 2.5us
time step, whilst the three AC grids, control systems and part of the averaged model that
calculates the capacitor voltage dynamics operate at S0us time step placed in 2 processors
on GPC card. The AC sides of the three converter models that operate at 2.5us (small)

time-steps are interfaced to the AC grids that operate at 50us (large) time-step via three
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interfacing transformers as previously described. The DC side of the converter model and
associated DC cable operated at small time-step but in different processors are linked

together through very short T-lines to form a DC grid.

It is worth emphasizing that the uses of T-lines for connecting converter models and DC
cables that operate on different processors and the interfacing transformers for connecting
system components that operate with different sample times have a negligible impact on

the accuracy of the real-time simulation, which will be demonstrated later.
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Fig. 4.16 lllustrative DC grid with multiple converter topologies

4.3.2 Normal operation

Fig. 4.17 displays RSCAD simulation waveforms superimposed on their PSCAD
equivalents, where PS and RT subscripts stand for PSCAD and RTDS simulations
respectively. In the simulations of the DC grid in Fig. 4.16, converter T3 controls the DC

grid voltage at 640kV, whilst T1 and T2 are operated as follows:

e Att=2s, To ramps its active power from 0 to 600MW at a rate of 1200MW/s;
e At t=2.5s, T1 ramps its active power output from 0 to 600MW at the same rate
whereas within t=4-5s it reverses power from 600MW to -1000MW.

Throughout the simulation, converters T1, T2 and T3 maintain their reactive power outputs

at zero.
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The active power and DC voltage in Fig. 4.17 (a) and (b) show that the DC voltage
controlling converter T3 (HB-MMC) regulates its DC link voltage tightly around 640kV
and adjust its active power exchange with the AC grid Gz as the power controlling
converters T1 (hybrid MMC) and T (FB-MMC) vary their active power set-points. These
expected behaviours are replicated accurately by both the offline PSCAD and real-time
RTDS simulation waveforms, see Fig. 4.17 (a) and (b).
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Fig. 4.17 Simulation waveforms during normal operation variation with the PSCAD and
RSCAD models: (a) active powers of the T1, T2 and T3, (b) DC voltage of the

converter terminal T3.

4.3.3 Response during pole-to-pole DC short circuit fault
This section presents DC fault simulation waveforms when a permanent pole-to-pole DC

short circuit (fault resistance equals to 0.005 Q) is applied at the main DC fault node (F2)

at t=4s whilst both converters T1 and T2 control their active powers at 600MW prior to
the fault. All converters are blocked 5016 after fault inception. Fig. 4.18 (a) and (b) show
the pole-to-pole DC voltage at F> and DC link currents of the three converters, with the
DC link currents of the Ty (hybrid MMC) and T2 (FB-MMC) drop to zero after the
activation of the converters blocking, while converter Tz (HB-MMC) continues to feed

current into the DC fault through its AC supply. The plots in Fig. 4.18 (c) show the active
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powers of converters T: and T> drop to zero immediately after blocking, while T3
continues to draw reduced active power from AC grid Gz due to the high fault current.
Similar behaviour can be observed from the DC current as Fig. 4.18 (d), (e) and (f) show
the arm currents of T1 and T» drop to zero, and that of the Ts reverses direction and is fed

from the AC side.

The DC voltages and currents, active powers and arm currents shown in Fig. 4.18 (a)
through (f) are well matched between the offline and real-time simulation waveforms in

terms of different dynamics and magnitudes during transients associated with the DC
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Fig. 4.18 Simulation waveforms during a pole-to-pole DC fault: (a) Pole-to-pole DC
fault measured at the fault point, (b) DC-link current measured at DC terminals of
converters Ty, T2 and Tg, (c) Active powers of the converter terminals T1, T and T3, and
(d), (e) and (f) samples of the upper and lower arm currents of the converter terminals
T1, Toand Ta.
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4.4 Summary

The modelling methods for full-bridge and hybrid MMCs are presented in this chapter.
Switching function model and averaged model of full-bridge and hybrid MMCs are
developed and implemented in RTDS as user-defined real-time models. These models are
validated against offline PSCAD FB and hybrid MMC models. Results of comprehensive
comparisons of the simulation waveforms show that the offline and real-time simulation
waveforms are in full agreement during normal operation and various AC and DC faults
conditions. It has shown that the FB and hybrid MMCs can provide full control of DC
and AC current during DC faults conditions. The developed models can be used for a
variety of system studies with high computational efficiency and accuracy examining the
enhanced control and operation provided by FB and hybrid MMCs. Based on the user-
defined real-time FB and hybrid MMC models developed and validated in this chapter
and HB model validated in Chapter 3, a summary of detailed quantitative study that
assesses the interoperability of different converter topologies that operate side-by-side in
a multi-terminal DC grid has been presented. Detailed examinations of the presented
results, with the simulation waveforms of the real-time models superimposed on that of
the offline PSCAD, reveal that both models being compared produce practically identical
results during normal and abnormal conditions. It can be concluded that the offline and
real-time simulation models employed in this chapter are well-suited for a wide range of

DC grid studies such as normal operation, and AC and DC faults.
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Chapter 5 Extraction of small-signal impedance for stability

assessment

The large-scale adoption of power electronic converters paves the way towards modern
power grids with high flexibility and efficiency. However, this will significantly change
the characteristics of the AC grid and pose new challenges to the stability of the power
system. In 1976, Middlebrook first presented the criterion that an electrical system is
stable if the Nyquist contour of the product of the source impedance and load admittance
remains within the unit circle [71]. Since then, impedance-based stability analysis has
been used for power systems. The impedance-based stability criterion of grid-connected
inverters was proposed in [74] and if the ratio between the grid impedance and the

converter impedance satisfies the Nyquist stability criterion, the system will remain stable.

In this chapter, small-signal impedances are measured from time-domain RSCAD models
for stability assessment of an HVDC system. Firstly, a small signal impedance extraction
method in the positive/negative (PN) frame is introduced. The scenario of a simplified
GB AC network connected with an MMC is given in RSCAD for real-time simulation
use. The simplified GB network contains 8 buses and 5 regions with connections and
power flow mainly based on the National Grid Electricity Ten Year Statement [69]. The
proposed measurement method is applied to extract the impedance of the AC grid itself.
In order to explore factors that affect the terminal impedance of the AC network, HVAC
cables of different lengths are included between the AC network and the MMC. In
addition, a method based on curve fitting is introduced to simplify the frequency-
dependent cable model into a lumped parameter model that can be used by analytical
analysis and stability assessment. The impact of different MMC modelling methods on
the impedance of the MMC is also studied. Finally, the impedance-based stability

assessment is presented using the measured AC system and MMC impedances.
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5.1 Background of impedance-based stability assessment

The essence of the impedance method for stability assessment was published in 1979
[124]. The method divides the system under study into two parts: a source and a load
subsystem. In this study, the AC network represents the source, and the MMC converter
represents the load subsystem. As shown in Fig. 5.1, the source is modelled by its
Thevenin equivalent circuit containing an output impedance in series with an ideal
voltage source, while the converter, which is modelled as a controlled current source, is
presented by the impedance in parallel with a current source by its Norton equivalent.
The advantage of such representation is the possibility of applying SISO control theory.
This linear representation cannot represent the nonlinear power electronic circuits, and

thus, it is only valid for the small-signal analysis of converter circuits.

Converter Grid
. B l— I
| Coy I
|
| |C | I l Zg |
I | I |
| []Zo | | Vg I
[ I I I
I | I |
I ' | |
e e e

Fig. 5.1 Impedance based Small-signal equivalent circuit

The impedance-based stability criterion discussed in [74] is used in the study. Based on

the equivalent circuit, the converter output current is:

1. (5)Z,(s) —V, (s)

=7 0+2,0 &1
which can be rearranged to:
_ Vo)1 5.2
I(s)—[lc(s) Zo(s)} 7,0 (5.2)
Zy(s)
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According to [74], a grid-connected converter will remain stable if the ratio of the grid

Z. (s
impedance to the converter output impedance, Zg( ) , satisfies the Nyquist criterion [74].
0
The main advantage of this method is that the stability assessment of the system only
needs the equivalent impedances of the AC network and the converter without details of

the inside parameters and control structures.
5.2 Impedance measurement in PN frame

Impedance-based stability analysis can be performed based on two measured impedances
or based on a combination of the measured impedance and the impedance obtained from
analytical models. Therefore, when making impedance measurements, consideration

should be given to how to make the measured impedance more widely applicable.

Many analytical MMC models have been proposed. In [76] a harmonic-state-space MMC
analytical model is proposed based on abc-frame. However, the PLL is not taken into
account in this model, nor is the usually adopted dg-frame control loop. The dg-frame
controllers can generate frequency coupling (positive and negative sequence) which is
difficult to be reflected in abc-frame. In [80], MMC analytical model is proposed based
on positive and negative (pn) frame (positive and negative sequence) with positive and
negative sequence coupling considered. Due to the advantages of modelling impedances
in pn frame including full consideration of frequency coupling, increased VSC analytical
models are now being developed in pn-frame [125][126][127]. With this trend in mind,
the impedance measurements in this chapter will be based on pn-frame.

5.2.1 Impedance measurement method
Frequency sweep is used to extract the network and MMC admittances using RSCAD
simulation at the point of common coupling (PCC). Fig. 5.2 shows an example in which

frequency sweep is applied to measure the impedance of the AC grid. As shown in Fig.
5.2, a three-phase voltage source Vper(ABC) is connected in series to the measuring point,

and frequency sweep is carried out. The voltage source is set to create a voltage magnitude
at variable frequency. The frequency sweep is realized by continuous changes of fixed
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frequency step. The steady-state time-domain voltage and current waveforms, i.e. Vg, agc)

and 1y agc) are measured in RSCAD.

VperA ipgA VpgA
per, @ pg >
Vperd ipgB . VpgB AC
MMC =0 - network
Vperc /,.D ipgC o VPgC
_/ -

Fig. 5.2 Implementation of the frequency sweep

The measured grid voltage and current are then exported to MATLAB where Fourier
analysis is carried out to calculate the voltage and current magnitudes and phases for each
of the injected frequencies in the pn-frame. Due to the possible coupling between the P

and N axes components, the admittances of the network at one specific frequency can be

_ing _ Yoo Yo || Vpgp (5.3)
Tpgn Yop  Yon || Vpon

where Ypp and Yn, are the “self” admittances of the P and N axes, respectively. Ypn and Ynp

given as

are the “cross” admittances from N to P and from P to N, respectively. vpge and vpgn are
the measured positive and negative sequence voltage at the specific frequency,

respectively, whereas the ipge and ipgn are the corresponding currents.

To extract the 4 admittances, two sets of voltage and current measurements for each

frequency are required, and the admittances are calculated using

. . -1
Yoo Ypn _ {IPl |P2}|:VP1 sz} e 4
Yoo Yoo | Lin: Inz )1 Ve (5.4)
where subscripts 1 and 2 refer to the first and second injections.

When a positive sequence perturbation voltage Vperp(s) is injected to the system as the
first injection, the measured response voltage and current contain the positive sequence

component of frequency S (Vpys) and iP1(s)) and the negative sequence component of
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frequency S — 2@y (Vni(s-2a,) and Inys-24,) ), Where @y is the fundamental frequency of
the system. In order to solve (5.4), the corresponding negative sequence perturbation
voltage of frequency S—2600 is used as the second injection. When the second injection
is applied, the measured responding voltage and current consist of components of
frequency S (Veys) and py(s) ) and S =2 (Vnas-2ay) and Ina(s-24,) ). The frequency sweep
range is from 1Hz to 300Hz as the typical frequency of interest for MMC stability
assessment ranges a few tens of Hertz to a few hundreds Hertz. When s—2a¢, <0, the

corresponding second measurement actually injects equivalent positive sequence

perturbation voltage of frequency 2m,—s instead of negative frequency voltage.

Considering all the conditions mentioned above, (5.4) can be rewritten as:

_ . ) ar 41
Yops) Yons) | | Teus) Ip2(s) Vpy(s) Vpa(s) (5> 2a)

_an(s—ZwO) Yon(s—2a) _iNl(s—Za)O) iN2(s—2w0)_ | VNI(s2a)  YN2(s-2ap) | B

- - . ar -1 (5.5)
Y oo(s) Yons) 1 Teygs) Ip2(s) Vpy(s) Vp2o(s) (s < 2a)

_an(z%—s) Yon(2ay-s) _iNl(Za)o—s) iN2(2a)0—s)_ | VN12ay-s)  YN2(2ey-3) |

5.2.2 Time-domain RSCAD model formulation and impedance measurement

In order to measure the network admittance at a specific operating point, the simplified
GB AC network model is developed and connected to an MMC model in RSCAD as
shown in Fig. 5.3. The DC side of the MMC model is connected to a DC source. The
MMC transfers 1000MW active power to the AC grid at unity power factor. The HVAC
cable connects the network model and MMC model which are implemented in two
different RTDS racks. The HVAC cable is modelled by a frequency-dependent model
with physical parameters and the length of the cable can be varied to represent the

different connection distances of the converter from the network.
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Fig. 5.3 RSCAD implementation of the AC network and MMC models

5.2.2.1 The time-domain GB network model

The existing simplified GB AC grid model is based on real power flow data of the eight
areas as presented in the Electricity Ten Year Statement (ETYS) of the UK National Grid
(NG) [69]. The AC grid model includes 5 regions of the UK, as shown in Fig. 5.4 (a) and
(b), where each region is represented by an AC generator and a dynamic load. The model
is developed in RTDS as a simplified 8-bus aggregated dynamic model representing key
generation and load areas, as shown in Fig. 5.5. Each AC generator is modelled as an
aggregated large synchronous machine with a step-up transformer (13.8kV/400kV) to
represent the generation at the related area. The rating of each generator is set according
to the UK 2019 load flow [69].
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Wales and Midlands

South England

(@) (b)

Fig. 5.4 (a) Regional map of the UK Electricity Transmission System[69]; and (b)
Simplified 8-bus GB network representation

The AC overhead transmission lines of the AC grid are modelled using Pl-section line
models with lumped resistance (R), capacitance (C), and inductance (L). The line
parameters (R, C and L) are calculated from the power flow data (P, Q, |V| and voltage
angle) provided by the NG ETYS for 2019 [69]. The same methodology for modelling
the UK transmission system as presented in [128] is used, which calculates the line
parameters based on the required power flow at each bus.

Line 1 Jﬁ} BUSB _Line 2
End W1 End #2| 21177000/, 086950 Alend w2 End w1
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Fig. 5.5 The 8-bus network model implemented in RTDS

116



The parameters of the generators, loads and transmission lines of the model shown in Fig.
5.5 are listed in Table 4, Table 5 and Table 6, respectively. The loads in the RTDS model
are modelled as constant power loads whose P and Q are pre-specified. Thus, the
simulation calculates the admittance of each load at every time step, considering the
voltage magnitude at the load terminal. The data used in this test is a simplification from
the power flow data (P, Q, |V| and voltage angle) provided by the NG ETYS for 2019 [69]

by merging areas together into 5 regions.

Table 4 Parameter of the generators (per unit values base on the rated voltage of 13.8kV)

Rated

Xa Xd Xd’ Xq Xq’ Ra Tao” | Tao”
MVA

G1 11000 020 | 23 0.4 2.3 \ 0.001 | 10 0.05

G2 20000 020 | 23 0.4 2.3 \ 0.001 | 10 0.05

G3 9160 020 | 23 0.4 2.3 \ 0.001 | 10 0.05

G4 14980 011 | 23 0.4 2.3 \ 0.005 | 10 0.05

G5 5500 020 | 23 0.4 2.3 \ 0.005 | 10 0.05
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Table 5 Parameter of the loads

SG active power Load
Regions .
setting (MW) | Active power (MW) | Reactive power (MVar)
Region 1 9350 8486 4110
Region 2 14200 12548 6077
Region 3 8794 8398 4067
Region 4 14530 17852 10005
Region 5 5500 4150 1041
Table 6 Parameters of the transmission lines (at 50 Hz)
Lines Resistance (ohms) Inductive reactance at Capacitive reactance
50Hz (ohms) at 50 Hz (Mega ohms)
Line 1 2.030 25.024 0.078
Line 2 0.838 11.222 0.037
Line 3 0.007 6.232 0.007
Line 4 4.800 48.500 1.000
Line 5 0.007 6.232 0.007
Line 6 0.007 4.232 0.080
Line 7 2.816 26.122 0.080
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5.2.2.2 Impedance measurement of the GB network

Fig. 5.6 Impedance measuring point of the GB network (excluding cable)

Fig. 5.6 shows the location of the frequency injection for impedance measurement of the
GB AC network and Fig. 5.7 (a) shows the corresponding measured positive sequence
admittance Ypp which appears largely inductive. As the negative sequence admittance
Yyn (s — 2jwy) includes a 100Hz frequency shift, Yyy (s — 2jwgy) shown in Fig. 5.7 (d)
for frequency range over 100Hz has a similar shape as the Ypp (s) from OHz, whereas the
shape of Yyy (2jwo — s)_magnitude between 0 to 100Hz is similar to the mirror shape
of Ypp (s)_magnitude in the same frequency range. Equally, the shape of Yyy(2jw, —
s)_phase between 0 to 100Hz is similar to that of Ypp(s)_phase. When the injected
frequency closes to the nominal operation frequency of 50Hz during frequency sweep,
the nominal operating condition affects the measurement accuracy of the injected voltage
and current at such frequency and consequently, leads to some errors of the measured
admittance. As can be seen, for the specific AC network model investigated, the measured

admittances are largely inductive.
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Fig. 5.7 Measured network admittance seen at the network terminal

Fig. 5.7 (b) and (c) show the measured coupling admittances Ypy and Yyp. It can be seen

that the magnitudes of Y,y and Yy, are much smaller than those of Ypp and Yyy

indicating weak admittance cross-coupling between the P and N axes of the AC network.

The large phase variations of Y,y and Yyp as shown in Fig. 5.7 (b) and (c) are due to the

fact that the introduced coupling voltages and currents are all small and thus even a very

small measurement error can lead to large phase variation.

From the admittance shown in Fig. 5.7, it can be observed that the dynamics of the

synchronous generators and their controls do not affect the admittances of the system seen

at the connection point. This is largely due to the fact that their impact frequency (below



ten hertz) is much lower than the frequency of interest for converter stability (from tens
hertz to hundreds hertz). The AC network admittance appears similar to a purely inductive

network.

5.2.2.3 Cable modelling and its impact on grid admittance

In the previous section, the grid impedance measured at the AC connection point was
obtained. As the natural resonant frequencies of typical AC cables are in the frequency
range of interest for converters, the existence of AC cables close to HVDC converters can
potentially have a significant impact on system stability. In this section, various cable
modelling methods are explored, and their impact on network impedance is assessed

considering different cable lengths.

To capture the dynamics of AC cables, the frequency-dependent model is used as a
benchmark. The structure and detailed parameters of the HVAC cables are given in Fig.
5.8 and Table 7, which are provided by industrial partners in PROMOTioN project funded
by the European Union’s Horizon 2020 scheme and will be published in the project report
Deliverable 3.7: Compliance evaluation results using simulations. Based on these
physical parameters and materials, the AC cable is modelled in RSCAD using Cable_V2
tool, as depicted in Fig. 5.9. It should be noted that the RTDS Cable model is limited to
model the capacitive and inductive coupling within one single-phase concentric cable.

Modelling of the electromagnetic coupling between parallel cables is not supported.

Resistivity: 100.0 [ohm*m] .
Aerial: Analytical Approximation (Deri-Semiyen),
Underground: Direct Numerical Integration
Mutual: Analytical Approximation (LUCCA)

1.0[m] - Pipe Outer Insulator
- Pipe

~~_—Pipe Inner Insulation

—Inner Coax Cable

Fig. 5.8 AC cable structure
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Table 7 Cable parameters from the PROMOTioN Project

Parameters Value
Power 1000 MW
Frequency 50 Hz
Rated voltage 220 kv
Maximum admissible voltage 245 kv
Conductor cross-section 1000 mm?
Conductor material Copper
Insulation material XLPE
Armour material Steel
Diameter of conductor 37.9 mm
Insulation thickness 23.0 mm
Diameter over insulation 87.3 mm
Lead sheath thickness 3.1 mm
Outer diameter of the cable 241.0 mm
Capacitance 0.19 pF/km
Charging current per phase at 50 Hz 7.4 A/lkm
Inductance 0.38 mH/km

Cable Data
Preview All Cables In Popup Preview Cables 1-3
Preview All Cables Preview Cable 1 Preview Cable 2 Preview Cable 3
Trefoil Group [] Trefoil Cables 1-3 Angle Position] |
XLPE Cable Type Mo [=]Mo [+ [Mo [~]
General LL Last Layer Insulator 1 [+ [insulator 1 [+ [insulator 1 [+
X ¥-Coordinate (m}|0.0 -0.0438 0.0438
Yi Y-Coordinate (m)|-1.022 -1.0976 -1.0976
(negative distance in ground)
Pipe Contained Inside Pipe Pine 1 [+ ]Pice [+ [Pice [+
1 Inner Radius (mm}|0.0 0.0 0.0
2 CQuter Radius (mmy}|18.95 18.95 158.95
Conductor pc Resistivity (0-m}|1.724e-8 v |1724e-8 ¥ ||1.724e-8 il
pc Relative Permeability 1.0 1.0 1.0 v
Transposed Mo w [Mo » [Mo -]
3 Cuter Radius (mm}|43.65 4365 43.65 |
Insulator 1 £1 Relative Permittivity 2.4 |v 2.4 |v 24 |v
u Relative Permeability 1.0 |10 |10 |
r4 Quter Radius {mm)
S ps ReS\E‘..tIVItY — (0-m)
us Relative Permeability
T Grounded / Crossbonded | =1 [~1 [~]
5 Outer Radius {mm))
Insulator 2 &2 Relative Permittivity

u2 Relative Permeability

(a) Cable data
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Pipe Data

Preview All Pipes In Popup
Preview All Pipes |_F’review Pipe 1
Specify XY | Manually
[I';ﬂvzr:::::! Specify Inner Insulator Radius | Manually
Specify Conductor (Pipe) Radius | Manually
¥i |¥-Coordinate (m)[0.0
General |vi |Y-Coordinate (m)-1.0725
(negative distance in ground)
r1|Outer Radius (mm}110.5
m's”u’]:{m i |Relative Permittivity 24 |-
yi |Relative Permeability 1.0
r2 |Outer Radius (mm}|115.5
Conductonpc| Resistivity (Q-m)|1.8e-7 v
(Pipe) |uc|Relative Permeability 100.0 -
T | Ground Pipe Yes -
Has Outer Insulation Yes -
Outer [r3|Outer Radius (mm}|120.5
Insulator |z0|Relative Permittivity 2.4 |~
|uo|Relative Permeanility 1.0
Conductors Per Pipe: |g
(Pipe) Conductors Total: [g
(Pipe + Cable) Conductors Total: |3

(b) Pipe data
Fig. 5.9 Layout of AC cable model in Cable_V2 tool (RSCAD)

The HVAC cable < lr _____ |
‘— — MMC |
g |

Fig. 5.10 Impedance measuring point of the AC network including HVAC cable
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After moving the impedance measuring point to include the AC cable in the simplified
GB network as shown in Fig. 5.10, the AC grid admittance at the MMC connection

terminal is measured. The admittance Y,p measured at this point varies with the length of

the connecting cable between the GB network and the converter as shown in Fig. 5.11

(a)-(d). When a 20km cable is applied, the measured admittance remains largely inductive

as the previous case shown in Fig. 5.7(a). However, resonance appears at around 230Hz

when a 60km cable is used. The resonant frequency is reduced to 170 Hz for a 100km

cable and further to 118Hz with a 180km cable. Such resonant frequencies are in the

typical frequency ranges of MMC converter responses and thus it potentially can

significantly impact on system stability.
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Fig. 5.11 Grid admittance versus different cable length
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Therefore, it is necessary to consider AC cables when analysing the stability of HVYDC
systems. However, it is difficult to implement frequency-dependent model of AC cable
in analytical studies. The underlying problem is thus how to simplify AC cable models

whilst retaining accurate cable dynamic characteristics.

According to CIGRE guidebook [129], a simplified pi-section model is established for a
60km AC cable based on the physical parameters, as shown in Fig. 5.12. This lumped

parameter model takes the following into account:

e Datarelated to the construction characteristics of the cable: layout (parallel single-
core cables and pipe type cables), geometry and properties of the conducting and
insulating materials (conducting and insulating layers).

e Data related to the surrounding conditions (in air, buried directly underground, in
ducts, troughs or in steel pipes).

e  Skin and proximity effects for the calculation of AC resistance of conductors.

e Dielectric losses, screen and armour losses, losses in steel pipes, etc.

Z=R+jX|_
o ww— Y o

]
L

Fig. 5.12 Equivalent AC cable model using RLC representation

C/2 c/2

According to the parameters listed in Table 7 and Fig. 5.8, the measured grid admittances
Ypp with the 60km HVAC cable using lumped PI section model calculated using the

CIGRE guidebook and frequency-dependent model are compared in Fig. 5.13.
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Fig. 5.13 Comparison of Grid admittances with 60 km HVAC cable using lumped RLC

PI section model and frequency-dependent cable model

From Fig. 5.13, it can be observed that the lumped RLC model doesn’t fit the frequency-
dependent model well. The resonance frequency of the AC grid using the lumped model
is 174.5Hz compared to 226.8Hz using the frequency-dependent model. The error is
largely caused by using simplified formulas with approximations in the RLC model, e.g.
the depth of cable and actual cross-bonded configuration are not considered in the manual
calculation [129]. Additional measurements with increased Pl sections using the

calculated RLC model provide similar results as that of the single PI section model.

In order to obtain the lumped parameter model which can accurately represent the
resonance frequency for analytical studies, the curve fitting method is applied to the RLC
calculation method. Considering the resonance in the grid caused by LC oscillations, the

resonance frequency frp of the frequency-dependent model can be approximated as:

1

EPYN o

Similarly, the resonance frequency fp of the AC grid using the pi-section model can be

f (5.6)

approximated as,
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f :; (5.7)

" 2zLc,

where the value of Cp is calculated according to the CIGRE method [129] as
D
C,, =2n¢c.¢e, ! In(a) (5.8)

Dividing (5.7) by (5.6) and applying further algebraic manipulations, the revised

capacitance used in the simplified PI section model is thus determined by:

2
Coinewy = Cep = Cpy (%) (5.9)
Fo
Using the measured resonant frequencies of 174.5Hz and 226.8Hz for the original PI
section model and frequency-dependent model, the new equivalent Cpipew) IS thus
calculated using (5.9). Without changing the L and R values, the measured admittance
using the revised lumped RLC model is depicted in Fig. 5.14. As can be observed, the
resonance frequency shown by the new pi-section model is almost in accordance with
that from the frequency-dependent model, and thus can be used for analytical system

stability studies if required.
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5.2.3 Impedances of MMC with different time-domain modelling methods

Different time-domain MMC models have been developed and validated in PSCAD and
RSCAD in Chapter 3 and Chapter 4. So far, many researchers have investigated the
modelling methods of MMC, but hardly on the terminal characteristics of those models
from the small-signal stability aspect [36]-[57]. A lot of publications have proposed
frequency-domain analytical MMC models considering the effect of internal dynamics
on the terminal impedance characteristics; however, all of them are based on averaged
MMC model without a comparison of other time-domain modelling methods[76]-[81].
Therefore, the impact of different MMC modelling methods on the AC-side terminal
impedance of the MMC remains to be studied. In the MMC topologies discussed in the
previous chapters, the performance of each topology under steady-state operation has
been validated. Therefore, the half-bridge topology which has the simplest structure
among those topologies is used for steady-state impedance measurement and stability
analysis in this section. A single terminal MMC-HVDC system is modelled in PSCAD
as shown in Fig. 3.4, with full sets of controllers as shown in Fig. 2.11, and detailed
system parameters listed in Table 1. The impedance measuring method as described in
Section 5.2.1 is applied at MMC AC terminal as shown in Fig. 5.15 with a magnitude of
the perturbation voltage equals to 3kV (around 0.8% of the converter-side rated AC
voltage). The disturbance is injected at the frequency range of interest(3-287Hz) with 4Hz

constant interval.

AC

network MMC

Fig. 5.15 Impedance measurement of the MMC

By applying the same impedance measurement method, the impedances of the MMC
using the averaged model, SFM with 350 SMs per arm and SFM with 20 SMs per arm

are compared in Fig. 5.16.
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It can be observed that in comparison, the admittance of the averaged model overlaps that
of the SFM with 350 SMs per arm in both magnitude and phase, and the admittance of
the SFM (20 SM per arm) is also similar to those of the other two models, but with a

larger magnitude. The phenomenon observed in Y,,,, is similar to that in Ypp.

In order to find out the reason why the admittance of SFM (20sm) is different from that
of other models, the total harmonic distortion (THD) of the AC voltages of the three
models being compared are calculated. Taking the waveforms when a 167Hz perturbation
voltage is injected as an example, FFT analysis of the positive sequence phase A output
voltages of the three models are carried out in MATLAB. With 50Hz as the fundamental
frequency and 300Hz as the maximum frequency, FFT analysis results are shown in Table
8. According to Table 8, the AC voltage THD of SFM (20 SMs per arm) THDq,, is
significantly higher than those of other two models. Large harmonics may affect the
accuracy of the measurement and FFT analysis of the response after the injection of the

perturbation voltage.

Table 8 AC voltage THD of the 3 models when a 167hz perturbation voltage is injected

Model THD

AVG THD, = 1.92%

SFM (350SM) | THD,350 = 2.05%

In order to minimize the interference of harmonics on the impedance measurement,
magnitude of the perturbation voltage injected into the SFM (20SMs per arm) is increased
from 3kV to 8kV. The newly measured admittance of the SFM (20 SMs per arm) is added
to the comparison as shown in Fig. 5.17. It can be observed that the admittance of SFM

(20 SMs per arm) is now almost the same as those of the other models.
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voltage increased to 8kV
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Therefore, it can be concluded that:

e MMC Averaged model and switching function model can present almost the same
external impedance on the AC side. This comparison not only validates the
developed MMC models have identically same AC side impedance characteristics
but also provides theoretical support for various small-signal MMC analytical
models developed based on the averaged model [76]-[81].

e SFM with 20 SMs per arm and 350 SMs per arm present practically the same
impedance. Given that there is already a large span between 20 and 350, this
comparison also illustrates the number of SMs per arm for SFM has little effect
on the AC-side impedance of the converter within a specific frequency range.

e The magnitude of the injected perturbation voltage can influence the extraction of
small-signal impedance, especially when the THD of the MMC output voltage is
high. Relatively high magnitude perturbation voltage will be required when the
number of SM is low in the SFM in order to improve the accuracy of the

impedance measurement.
5.3 Impedance-based stability assessment

A system model with an MMC connected to the simplified GB AC network is developed
in RSCAD, as shown in Fig. 5.18. An averaged model MMC is connected to the GB AC
network presented in Section 5.2.2.1 through a 20km frequency-dependant HVAC cable.
The MMC is modelled with full sets of controllers as shown in Fig. 2.11 and detailed
system parameters listed in Table 1. The frequency-domain HVAC cable with parameters

and modelling details given in Table 7 and Fig. 5.9 is implemented.
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Fig. 5.18 A grid-connected converter system used for impedance-based stability

assessment

The admittances of the MMC and the AC grid are measured in PN-frame, as shown in
Fig. 5.19 and Fig. 5.20, using the method presented in Section 5.2.1. Frequency scan is
applied from 3 Hz to 575Hz with 4Hz constant interval. The magnitude of the injected
perturbation voltage is 8kV.
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The MMC in the grid-connected converter system has the same parameters as that in
Section 5.2.3, however, the measured admittances differs, which due to different
operating points caused by changes of the AC side. It can be observed from Fig. 5.19 and
Fig. 5.20 that, the coupling admittances Y, and Y, of the grid and the MMC are much
smaller than Y,,, and Y,,,,. The extracted admittances are used for stability assessment of
the system. After applying the impedance-based stability criterion proposed in [74], Fig.
5.21 depicts the Nyquist diagram of the ratio of the grid impedance to the converter output
impedance in the range 3-575Hz. According to the Nyquist criterion, the grid-connected
converter system is stable due to the curve is not encircling the critical point (-1,0) [74].
The voltage and current in Fig. 5.22 are measured at the point of common coupling (PCC)
in time-domain, and the system stability can also be observed in the time domain
simulation, which is consistent with the conclusion of the impedance-based stability

analysis.
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Fig. 5.21 Nyquist diagram of the grid-connected converter system
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5.4 Summary

In this chapter, impedance measurement of the AC network and MMC has been
performed. The method of impedance extraction in time-domain and the impedance-
based stability analysis were described. The effects of AC cable and MMC time-domain

modelling methods on the impedances have also been studied.

136



The results of the impedance measurement show that the AC cable connected to the
converter has a significant impact on the AC grid impedance, the longer the AC cable,
the lower the resonance frequency of the AC system. When the length reaches a certain
level, the resonance frequency is in the typical frequency ranges of MMC converter
responses and potentially this can significantly impact on system stability. In order to
accurately reflect the resonance point introduced by the cable, a lumped parameter model
optimization method that can be used in the frequency domain analytical model has been
proposed, which address the problem that models using detailed physical parameters such
as the frequency-dependant model are difficult to be applied to analytical models. This
method enables the lumped parameter model to accurately reflect the frequency-domain
characteristics within a certain frequency range required for research while at the same

time, the simplification makes it suitable for application in analytical models.

Through impedance measurement and comparison, it has been found that the different
time-domain modelling methods of MMC have no significant effect on the impedance of
the MMC providing the inject disturbance is sufficiently large to mitigate the generated
harmonics due to the use of a low number of SM in the switching function model. Since
a large number of frequency-domain analysis for MMC are based on the averaged model,
this conclusion provides a theoretical basis for the frequency-domain MMC modelling

research.
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Chapter 6 General conclusions and future work

6.1 General conclusions

The main purpose of this research work is to develop and validate detailed and accurate
offline and real-time RTDS models of MMC and DC grids. Such models deliver a useful
platform for a variety of offline and real-time studies to be carried out with good accuracy

for real-time implementation without relying on external FPGAs.

In this thesis, detailed switching, switching function, Thevenin equivalent and averaged
models of HB-MMC have been discussed including the theoretical basis that underpins
each modelling method, and basic assumptions made in the development of each method.
The aforementioned HB-MMC models were developed and validated by comparing the
results of PSCAD offline simulation models (switching function, averaged and Thevenin
equivalent MMC models) first, considering steady-steady operation, AC and DC short
circuit faults. Then, simulation efficiencies of different HB-MMC models were compared.
The comprehensive comparison of the offline simulation waveforms proves that the
averaged and switching function HB-MMC models produce largely identical results as
those from the Thevenin equivalent MMC model in the PSCAD MMC library, but with
much greater simulation efficiency. This conclusion is valid for a wide range of studies,
including normal steady-state operation and faults. Similar voltage and current stresses
are observed on the MMC active and passive components. As a follow up of the extensive
offline validations of a number of MMC models, the detailed validations of user-defined
real-time HB-MMC switching function and averaged MMC models developed in
RSCAD against the offline PSCAD MMC switching function models were presented,
which shows good agreement between the offline and real-time simulation waveforms

during normal operation, symmetrical and asymmetrical AC faults, and DC faults.

Switching function model and averaged model of FB and hybrid MMCs have been

developed and implemented in RTDS as user-defined real-time models. These models
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were validated against offline PSCAD FB and hybrid MMC models. Results of the
comprehensive comparisons of the simulation waveforms show that the offline and real-
time simulation waveforms are in full agreement during normal operation and various AC
and DC faults conditions. The developed models can be used for a variety of system
studies with high computational efficiency and accuracy in examining the enhanced
control and operation provided by FB and hybrid MMCs. Based on the user-defined real-
time HB, FB and hybrid MMC models, a summary of detailed quantitative study that
assesses the interoperability of different converter topologies that operate side-by-side in
a multi-terminal DC grid closely resembling the Caithness-Morey-Shetland HVDC
system was presented. Detailed examinations of the presented results reveal that both
models being compared produce practically identical results during normal and abnormal

conditions.

Impedance measurement of a simplified GB AC network model and MMC has been
performed. The method of impedance extraction in time-domain and the impedance-
based stability analysis were described. The effects of AC cable and MMC time-domain
modelling methods on the impedances were studied. The results of the impedance
measurement show that the AC cable connected to the converter has a significant impact
on the AC grid impedance. There is potential resonance in AC network impedance with
a long cable and the longer the AC cable, the lower the resultant resonance frequency of
the AC system. When the length reaches a certain level, the resonance frequency of the
AC system falls in the typical frequency ranges of MMC converter responses and
potentially this can significantly impact on system stability. In order to accurately reflect
the resonance point introduced by the cable, a lumped parameter model optimization
method that can be used in the frequency domain analytical model was proposed, which
address the problem that models using detailed physical parameters such as the
frequency-dependent cable model are difficult to be applied to analytical models. This
method enables the lumped parameter model to accurately reflect the frequency-domain
characteristics within a certain frequency range required for study while at the same time,
the simplification makes it suitable for application in analytical models. Through
impedance measurement and comparison, it has been found that the different time-

domain modelling methods of MMC have no significant effect on the impedance of the
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MMC providing the inject disturbance is sufficiently large to mitigate the generated
harmonics due to the use of a low number of SMs in the switching function model. Since
most frequency-domain analysis for MMC is based on the averaged model, this
conclusion provides a theoretical basis for the frequency-domain MMC modelling

research.
6.2 Author’s contributions
The thesis contains the following main contributions:

e Detailed submodule (SM) level half-bridge (HB), full-bridge (FB) and hybrid
MMC models with adjustable number of SMs per arm and generic and customized
control functions are developed and validated. The developed MMC models can
facilitate testing of MMC control and protection solutions in offline and real-time,
offer the users the means to investigate further potential performance
improvement and use as a strong basis for explorations of multi-vendor schemes.
The developed models are introduced as open-access MMC models by the
National HVDC Centre and available to download at

www.hvdccentre.com/projects/open-access-converter-models/ . The developed

models have been used in a number of projects by the National HVDC Centre.

e Offline and real-time three-terminal DC grid models closely resembling the
Caithness-Morey-Shetland HVDC system are developed to investigate DC grid
power flow control during steady-state and AC faults. Interoperability of different
MMC topologies in a DC grid is assessed quantitatively using offline PSCAD and
real-time RSCAD simulations. The models provide platforms for further
investigation into DC grid operations with different DC voltage control and power
dispatch strategies, the interaction of AC and DC grids including voltage and/or
frequency stability, system protection, integration of renewables etc.

o Development of a RSCAD frequency measurement tool to extract impedances of
an MMC and connected AC network for stability assessment. The scenario of GB
AC network connected to an MMC is provided in RSCAD for RTDS based real-
time simulation use. Focusing on the grid-connected converter system, how do the

AC cable and MMC time-domain models affect the impedance has been explored.
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6.3 Suggestions for future research
Potential areas for future research include:

e The developed lumped parameter HVAC cable model has only been validated
against the frequency-dependent cable model in the frequency range of 1-300Hz.
The higher frequency range can be considered for optimization of lumped
parameter cable model.

e Investigate the impact of different SM capacitor voltage balancing strategies on
the internal harmonics and output impedance of the MMC.

e Optimize the impedance extraction process for shorter injecting time by applying
different perturbation voltage injection methods, for example, maximum-length
binary sequence (MLBS) signal.

e Investigate the development of RTDS MMC models in hardware-in-the-loop test
with MMC assigned in RTDS processor and part of the control system
implemented in hardware.

e Implement the MMC models in FPGA devices for real-time simulation.

e Investigate the impact of different voltage balancing strategies on the time-domain
simulation efficiency and MMC output impedance.

e Optimize the fault validation with protection system considered.
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equivalent model provided in PSCAD library for accuracy, considering steady-
state and DC fault conditions. Furthermore, the RTDS based real-time simulation
results of the user-defined HB-MMC switching function model are validated
against the above mentioned offline models, considering steady-state and DC
short circuit fault operations. Simulation speed and efficiency of different offline
HB-MMC models being studied here are compared. From comprehensive
corroboration of different HB-MMC models presented here, it has been found that
the averaged, switching function and Thevenin equivalent models produce
practically identical results during steady-state and DC faults. In detailed offline
and real-time simulation studies where fundamental and harmonic dynamics are
of interest, switching function model is found to be faster and computational

efficient compared to the Thevenin equivalent model.

153



D. Guo, M. Rahman, G. P. Adam, L. Xu, A. Emhemed, G. Burt, Y. Audichya,
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Abstract:

This paper presents a detailed study of DC grid operation using a range of user-
defined offline and real-time HVDC converter models which were rigorously
validated against offline and real-time benchmarks. Provided that these models
are destined for use in real-time hardware in the loop simulation and a wide range
of offline system studies, this paper assesses their suitability for studying complex
DC grids that consist of multiple voltage source converters which differ in their
control range and fault ride-through capabilities. Detailed quantitative studies
show that the offline and real-time DC grid models produce well matched results
and provide efficient approaches to investigate DC grid operation during normal
condition and AC and DC faults.

R. Li, L. Xuand D. Guo, "Accelerated switching function model of hybrid MMCs
for HVDC system simulation,” in IET Power Electronics, vol. 10, no. 15, pp.
2199-2207, 15 12 2017.

Abstract:

An accelerated switching function model (SFM) of the hybrid modular multilevel
converter comprising both full-bridge (FB) and half-bridge (HB) submodules
(SMs) in each arm is presented for HVDC system simulation, where auxiliary
circuits are adopted to represent all possible current paths during normal and fault
conditions. The proposed SFM can represent the negative voltage generating
capability of the FB SMs and the equivalent switching functions in the blocking
states of the FB and HB SMs are also introduced in the proposed model to
accurately replicate the potential charging of the SM capacitors, yielding
improved simulation accuracy compared to other alternatives. In addition to the
faster simulation speed, the proposed model accurately reproduces the converter

behaviour during various operating conditions, including normal operation, AC
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results confirm the validity of the proposed model in terms of model accuracy and

improved simulation speed.
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