Modeling and Control of Modular Multilevel
Converter Based on Ordinary Differential
Equations and Its Applications for HVDC

System

Haihao Jiang

Department of Electrical & Computer Engineering
McGill University
Montre&l, Canada

December 2019

A thesis submitted to McGill University in partial fulfillment of the requirements for the

degree of Doctorate of Philosophy in Electrical Engineering.

© 2019 Haihao Jiang






Abstract

High-voltage direct current (HVDC) system is more efficient than high-voltage alternating current
(HVAC) system for long-distance, bulk power transmission. Modularity, flexibility, reliability and
high efficiency make the modular multilevel converter (MMC) the topology of choice in HVDC
applications. Because the increasing number of installations shows that the MMC-HVDC is the
HVDC of the future, this thesis is continuing research to advance the capability of the MMC-
HVDC.

This thesis focuses on fast simulation capability and control strategies for the MMC-HVDC.
The main objectives are: (1) to develop a fast and accurate simulation model of a single MMC
station and models of multi-terminal MMC-HVDC stations (MTDC-MMC); (2) to investigate the
method to design proper parameters for high damping; (3) to design the MMC-HVDC with the
capability of power oscillation damping (POD).

Simulation is computation-intensive in MMC. The thesis develops a fast and accurate method
by which an MMC station is modeled by ordinary differential equations (ODE). The proposed
MMC ODE model is implemented in MATLAB SIMULINK and its correctness is validated by
the MMC Detail Equivalent Model (DEM) in RT-LAB. Taking advantage of its speed and
accuracy, a Four-Terminal MMC-HVDC system based on the MMC ODE model is developed.
The ODE model meets the speed and accuracy requirements of power systems engineers who are

concerned with planning, operation and protection studies.

As the ordinary differential equations are nonlinear, small perturbation about a steady-state is
applied to obtain the linearized time-periodic matrix. The steady-state takes a long time to simulate
because it depends on the transients to have all damped out. The method of Aprille and Trick is
applied. Simulation converges to the steady-state in one cycle of 50 Hz. The resultant linearized
matrix is time-periodic. The Floquet-Lyapunov Theorem is applied to construct the state-transition
matrix from the linearized time-periodic matrix. The eigenvalues of the state-transition matrix
contain the coefficients of damping. Graphs of damping coefficients plotted against different sizes

of circuit parameters are displayed to assist designers in realizing high damping.

The thesis looks for opportunities to add value to the MMC-HVDC. The active power

transmissibility of AC transmission lines is limited by the transient stability limit which is
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significantly below the thermal limit. Extensive research and development have been pursued to
increase the transient stability limit by flexible AC transmissions system (FACTS). This thesis
seeks to use the MMC-HVDC to operate as power oscillation damper to increase the power

transmissibility.

The thesis looks for opportunities to integrate previously proven control methods into a
common universal control. The Universal Controller brings together the deadbeat control, the
circulating current suppression control (CCSC), the POD and the decoupled P-Q strategy in the
control of the MMC-HVDC station by the MMC ODE model. Deadbeat control enables the MMC

to survive destructively large AC fault currents to improve the transient stability of AC grids.
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Résumé

Le systé@ne acourant continu haute tension (CCHT) est plus efficace qu'un systéne acourant
alternatif haute tension (CAHT) pour le transport d'@ectricitésur de longues distances et en vrac.
Modularit& flexibilit& fiabilitéet haute efficacitéfont du convertisseur multiniveaux modulaire
(MMC) la topologie de choix pour les applications CCHT. Parce que le nombre croissant
d'installations montre que le MMC-CCHT est le CCHT de l'avenir, cette thése poursuit la

recherche pour faire progresser la capacitédu MMC-CCHT.

Cette thése porte sur la capacitéde simulation rapide et les stratégies de contrde pour le MMC-
CCHT. Les objectifs principaux sont : (1) développer un modée de simulation rapide et preeis
d'une seule station MMC et des modées de stations MMC-CCHT multi-terminales (MTDC-
MMC); (2) éudier la mé&hode de conception de paramékres appropri€s pour un amortissement
éevé (3) concevoir le MMC-CCHT avec la capacitéd'amortissement par une oscillation de

puissance (POD).

La simulation est intensive en calcul dans le MMC. La thése déreloppe une méhode rapide et
presise par laquelle une station MMC est mod@isé par des éjuations diff&entielles ordinaires
(ODE). Le modde MMC ODE proposé est implénentédans MATLAB SIMULINK, et son
exactitude est validée par le MMC Detail Equivalent Model (DEM) dans RT-LAB. Tirant profit
de sa vitesse et de sa préeision, un systé@me MMC-CCHT aguatre bornes basésur le modée MMC
ODE est développé Le modee ODE réond aux exigences de vitesse et de preeision des
ingénieurs de réeaux éectriques qui s'occupent des éudes de planification, d'exploitation et de

protection.

Comme les &uations difféentielles ordinaires sont non lin&ires, une petite perturbation
autour d'un état stable est appliquée afin d’obtenir la matrice temps-p&iodique lin&risee. 1l faut
beaucoup de temps pour simuler I'é&at d'&uilibre, car celui-ci déend des transitoires pour avoir
tout amorti. La meéhode de I'aprille et de l'astuce est appliqués. La simulation converge vers |'éat
d'&uilibre en un cycle de 50 Hz. La matrice lin&@risée qui en ré&ulte est temporelle et p&iodique.
Le théorame Floquet-Lyapunov est appliquépour construire la matrice de transition d'éat apartir
de la matrice temps-pé&iodique linérisée. Les valeurs propres de la matrice de transition d'éat

contiennent les coefficients d'amortissement. Des graphiques des coefficients d'amortissement
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tracé& en fonction de diffé&entes tailles de paraméres de circuit sont affiché pour aider les

concepteurs aréiliser un amortissement éeve

La these cherche des occasions d'ajouter de la valeur aMMC-CCHT. La transmissibilitéde la
puissance active des lignes de transmission CA est limité par la limite de stabilit&transitoire qui
est tré&s infé&ieure ala limite thermique. D'importants travaux de recherche et de déreloppement
ont é&époursuivis afin d'augmenter la limite de stabilitétransitoire par un systéme de transmission
flexible acourant alternatif (FACTS). L'opportunitésaisie par cette thése est d'utiliser MMC-
CCHT pour fonctionner comme amortisseur d'oscillations de puissance afin d'augmenter la

transmissibilitéde puissance.

La thése cherche des possibilités d'intérer des méhodes de contrde éprouveées ante&ieures
dans un contrde universel commun. Universal Controller r&init le contr@e des temps morts, le
contrde de la suppression du courant de circulation (CCSC), le POD et la straté&ie P-Q dé&ouplé
dans le contrde de la station MMC-CCHT par le modée MMC ODE. Le contrde du temps mort
permet au MMC de survivre ades courants de défaut CA destructeurs importants afin d'am@&iorer

la stabilit&transitoire des ré&eaux CA.
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Chapter 1. Introduction

1.1 Background

The battle between the alternative-current (AC) system and direct-current (DC) system of the
1880s ended when George Westinghouse, a proponent of AC systems, beat Thomas Edison, the
proponent of DC systems, in debates on technical issues. The key factor is that before power
electronics, to convert dc power from different levels of voltage is difficult, expensive and
inefficient. The voltage generated and distributed by the dc system must be the same as the
customers’ loads. Low transmission voltage requires the power plants to be placed near loads to
avoid high resistance loss in transmission line. For a given amount of transmitted power,
transmission by a higher voltage means a lower current, thus reducing the loss in the wires.
Increasing the cross-section of the distribution wires can be another solution. However, larger
wires are heavier and costlier. The AC system is capable of stepping up and stepping down
transmission voltage by AC transformers. This makes long-distance power transmission feasible.
Thanks to transformers with capabilities to change the voltage practically, the low-cost AC

transmission and distribution systems prevailed in the following years.

Although the AC system has dominated since the 1890s, there are drawbacks. Regional
systems, which operate at different frequencies or at the same frequency but at different voltage
angles, cannot be interconnected. Underwater projects, whose cables have large capacitive shunt
current lowers the power factor. The limit of underwater transmission distance is around 40 km.
This is significant in off-shore wind farms. Transient stability limit decreases when the distance
reaches 600 miles due to the large series inductive reactance of the transmission lines. Economic
concerns arise because the real estate taken by AC transmission towers when compared with DC

towers.

However, with the advent of the mercury-arc valve in 1914 [1], practical power conversion
between AC and DC systems became applicable and economical. The difficulties of the AC system
mentioned above could be overcome by introducing the high voltage direct current (HVDC)

system.



Considering the higher cost of the HVDC stations and the lower cost of DC transmission lines,
the total cost of the HVDC system may be less than the high voltage alternative current (HVAC)
system, a factor dependent on transmission distance. The break-even point for overhead lines is
700 km while 40 km is for submarine cables [2]. For overhead lines, the transmission loss of the
HVDC is typically 30%-50% lower than the AC system, and 3% for submarine cable, taking both
cable and converter loss into consideration [3]. For submarine cable systems, dc cable avoids large
reactive power introduced by large shunt capacitive current of the extruded polymer cable. For
cable longer than 80km, large AC cable shunt capacitive current occupies the conduction area so
that there is little room for the current of reactive power. Thus, the HVDC is the better solution.
Moreover, the HVDC enables the interconnections between unsynchronized AC systems. Two AC
systems cannot be interconnected when they have different frequencies, such as 50hz and 60hz,
or, when they have different phase angles although sharing the same frequency. Interconnection is
possible when each AC system is connected by an HVDC station. As frequency and phase angle
disappear at the terminals of the DC lines, the HVDC stations can be connected on the DC side.

Bi-directional power transfer can be controlled by the HVDC stations.

HVDC systems also have a less environmental impact fewer overhead transmission lines are
required with respect to HVAC systems to deliver the same amount of power. The reduced right-
of-way means less space and less visual impact. Because of the advantages mentioned previously,
the HVDC is one of the key technologies for future grids with high penetration of renewable energy
sources, which are normally located remotely [4], and which require a high level of controllability

for frequency change and storage.

1.2 Literature Review

The literature review follows the topics treated in the different chapters of the thesis. Section 1.2.1
presents a brief introduction of HVDC systems. Section 1.2.2 is on modular multilevel converter
(MMC). Section 1.2.3 discusses power oscillation damping. Section 1.2.4 concerns itself with

damping sensitivity to parameters.

1.2.1 HVDC Systems
1.2.1.1 Early Method of HYDC
The first long-distance direct current transmission system was commissioned in 1889 in Italy. This

early system, developed by Swiss engineer RenéThury [5], was based on motor-generator sets
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connected in series to increase the voltage. However, rotating machinery had a high energy loss
and required high maintenance. Because of high cost and low efficiency, only a few Thury systems

were constructed.

1.2.1.2 Line-Commutated Converter Based HVDC (LCC-HVDC)

The method based on motor-generators sets was the only method to convert AC power to DC
power before the invention of mercury arc rectifier in 1902. The mercury arc rectifier belongs to
the family of vacuum tube electronics which began with the diode and the triode. The power rating
increased by filling the vacuum with a conducting gas, giving rise to the thyratron and the mercury
arc valve. In contrast to motor-generators sets, the mercury arc valve had a much simpler structure
and longer-lasting life by taking advantage of liquid mercury being able to self-restoring. However,
once turned on, the gate cannot be turned off.. Conduction ceases only when the voltage reverses
in the second half of the AC cycle. This mode of operation is known as Line-Commutation. Taking
advantage of the mercury arc valve, the first classic HVDC system was commissioned at Gotland
in Sweden in 1954 [6]. The HVDC system based on a mercury arc valve was considered as the

first generation of the HVDC system.

Mercury arc valves were widely used in HVDC systems until the solid-state revolution in
electronics in the 1960s. Parallel to diode, triode and thyratron, researchers for the power industry
developed the power diode, thyratron and the silicon rectifier (to replace mercury rectifier). Due
to its higher reliability, lower cost, maintenance and environmental risk [7], mercury arc valves
were completely replaced by Silicon Rectifier, better known as the thyristor. Thyristor-based
HVDC came into being in the 1970s. Similar to the mercury arc valve, thyristor valves can be
turned on at the gate but not turned off . Operation of the thyristor-based HVDC depends on line
commutation, requiring an external control circuit to turn on the valve. Although the thyristor valve

was more advanced, its shortcomings, such as commutation failure limited its application.

The HVDC system based on thyristor valves can be considered as the second generation of the
HVDC system. Including mercury arc rectifiers-based systems, thyristors-based HVDC systems
were known as Line-Commutated Converter HVDC systems (LCC-HVDC), also referred to as the
classic HVDC systems [8]. As the direct current in the LCC-HVDC is kept constant by the large
inductance of the long DC transmission line, or by the installation of a large inductance, the LCC-
HVDC is also known as the Current Source Converter HYDC (CSC-HVDC).



4

The first HVDC system based on the thyristor valve was the Eel River Converter Station in
Canada delivered by General Electric and commissioned in 1972 for point-to-point connection [9].
The LCC-HVDC has been widely applied to transmit bulk power over a distance greater than 2000
km in North America, Brazil, China, Russia and India. The world’s longest transmission distance,
highest power rating, and voltage rating the LCC-HVDC system, the Changji-Xinjiang to
Xuancheng-Anhui Ultra HVDC project is currently under construction in China (at #1100 kV,
10GW and 3300km) [10]. Till now, LCC-HVDC systems still dominate in HVDC transmission

systems, and the technologies are well established .

Around 1992, an extensive investigation was conducted on realizing a multi-terminal HVDC
[11] to interconnect Quebec—New York—New England. The multi-terminal system had a total
capacity of 2000MW and DC voltage #450 kV [12]. The LCC system required redundant
telecommunication for the multi-terminal system to operate. Because reliability could not be
assured, the project was abandoned although the 2000MW and DC voltage #450 kV [12] had

already been built.

1.2.1.3 Voltage Source Converter Based HVDC (VSC-HVDC)

LCC-HVDC stations are built only when an extremely long transmission distance is required, or
when the amount of transmitted power is high enough to justify the high cost. With the advent of
fully controlled semiconductors, such as insulated-gate bipolar transistors (IGBTS), gate turn-off
transistors (GTOSs), and integrated gate-commutated thyristors (IGCTSs), fully-controlled power
electronics converters became available. This made smaller HVDC systems more affordable. This
opens a new market. In fact, ABB, a multi-national manufacturer of HVDC systems, gives the new
product the name HVDC LIGHT. Based on the fully-controlled power electronics, the converter
is considered the third generation of HVDC systems, also called the voltage source converter based
HVDC system (VSC-HVDC).

VSC-HVDC has the following advantages:

1) Fully controlled power electronic switches (IGBT, GTO, IGCT) are free from commutation
failure during AC network disturbances.

2) Transformers assisting the commutating process are no longer required, thus increasing
reliability while reducing the cost.

3) Independent control of active and reactive power is possible, leading to decoupled P-Q control.
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4) Ability to operate with pulse width modulation (PWM). This results in a fast dynamic response,
and better quality waveforms in spite of the size reduction of the filters, which brings down
the cost.

5) Possibility to implement controlled current strategies to protect against large AC short circuit
fault current.

6) Possibility to connect in parallel on the DC side. This makes multiterminal VSC-HVDC

feasible.

The first VSC-HVDC project was installed in Hellsj—Grangesberg in Sweden in 1997 [13].
Due to its many advantages, VSC-HVDC systems are profitable on the market, particularly in
terms of: (1) underground or undersea power transmission; (2)converting power from variable
frequency systems, particularly renewable energy, such as wind-turbine 50hz or 60 Hz grid; (3)
energy trading.

On the other hand, high-frequency PMW operated by VSC-HVDC has high switching losses,
Electromagnetic Compatibility/Electromagnetic Interference (EMC/EMI) problems, as well as

high-frequency oscillations, which are challenging and being solved gradually only.

1.2.1.4 Modular Multilevel Converter Based HYDC (MMC-HVDC)

Despite the voltage rating of IGBTSs, IGCTs and other solid-state devices have already reached 6.5
kV and keep increasing; hundreds of IGBTSs need to be connected in series to reach the 500kVdc
of thyristor-based LCC-HVDCs. To prevent cascading failure, it is necessary to equalize the
voltages across all the IGBTs, IGCTs or GTOs, not only in steady-state but also in transients.
Equalization circuits(snubbers), in parallel with IGBTs, IGCTs or GTOs, have been developed and
put to use successfully by a major HYDC manufacturing company. However, the snubbers are
proprietary. Competitors have not invested in developing the snubbers because they see different
topologies based on Multilevel Cascaded H-Bridge (CHB)[14]-[16]. The CHB topologies
significantly reduce the numbers of IGBTs connected in series and provide the DC fault blocking
capability. However, the complexity of voltage balance control of the individual capacitor across

each module increases with the module numbers.

In 2001, Professor R. Marquardt invented the Modular Multilevel Converter (MMC) [17]. The
MMC-HVDC is the fourth generation of the HVDC. By interleaving (phase-shifted triangle carrier
principle) the switching of sub-modules, the MMC-HVDC outputs quality waveforms (eliminating
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harmonic filters) with significant switching losses reduction. By increasing the number of series-
connected submodules, the MMC is able to extend the operating voltage to any level. With a

reduction of both size and cost, the MMC-HVDC has an important role in power systems [18].

The first MMC-HVDC system was Transbay Bay Cable Project commissioned in 2010 across
the bay from San Francisco to Pittsburgh [19]. The MMC-based HVDC transmission system
continues to advance due to its outstanding benefits. Several MMC-HVDC projects systems have
been commissioned recently, such as: the back-to-back MMC-HVDC INELFE project between

France and Spain commissioned in 2015 with a voltage rating at +320 kVdc and a total capacity

of 2000 MW [20]; the Multi-Terminal MMC-HVDC project (MTDC-MMC-HVDC)
commissioned in 2014 in Zhoushan with 5-Terminal, voltage rating at #2200kV and a total capacity
of 1000MW [21]. Increased numbers of MMC-HVDC projects are under construction, i.e., the
Four-Terminal MMC-HVDC project between Zhangbei and Beijing with a voltage rating of
1500kV and a total capacity of 3000MW, which will be put in service in 2020 [22].

1.2.2 Modular Multilevel Converters

The topology of modular multilevel converters (MMC) was first proposed by Professor Marquardt
in 2001 [17]. Retaining the cascaded connections features, the MMC does not require costly phase-
shift transformers or isolated DC sources. The configuration of the MMC is shown in Fig. 1-1.
Sub-Modules (SM) connected in series enables the increase of voltage and power capacity. The
topologies of MMCs with different kinds of SMs continue to develop in recent years. Half-bridge
SMs (HBSM), Full-bridge SMs (FBSM), and Clamped Double-Cell SMs (CDSM) [23] constitute

the most common SM structures, which are shown in Fig. 1-2.

The SM topology of HB-MMC, as shown in Fig. 1-2 (a), has been widely established in the
market for point-to-point, back-to-back and multi-terminal HVDC systems [24]-[28]. Though HB-
MMC uses the least number of semiconductors among the three structures; its drawback is that it
is incapable of blocking DC faults. This limits its attraction in several DC grid applications. The
SM schematic of FB-MMC, as shown in Fig. 1-2(b). The FB-MMC (Full Bridge MMC) is capable
of blocking fault current and controlling the current during the DC fault. However, the number of
semiconductors and the conducting time are doubled, which leads to an increase in cost and losses.
Due to its outstanding performance during DC faults, the FB-MMC has been widely applied in
medium voltage direct current (MVDC) applications [29]-[34]. The SM configuration of CDSM-



DC System
—— 1
)
——— | + :
Sub- MOdUIe SM1I I SMlI | I |
g |
' |
SM, | : : |
| |
SMy] : : :
R, ! |
]
L, | : |
|
c I :Udc:
' |
L, o
R, : |
Ch
' |
SM, | SM, : : |
|
| |
SMN| SV A
LN
== _|
T1 g T
1 D1 D7 _? D3
—= T5 -
+ —
— >‘—jLDs —
T2 4 _P2| D6 T4%4_|D4
- Pl
O
(a) HBSM (b) FBSM (c) CDSM

Fig. 1-2 Different topologies of the MMC Sub-Modules.

MMC is shown in Fig. 1-2(c). Consisting of two HBSMs connected in series with one IGBT and
two diodes, the CDSM is capable of blocking dc fault current, but it cannot control the current
during the fault. The CDSM requires fewer semiconductors and has lower losses in comparison to
the FBSM.

Although the MMC has been considered as one of the most promising converter topologies in

high power applications, several challenges [35]-[37] continue to be investigated. These challenges
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are: 1) MMC designing constraints; 2) capacitor voltage balance methods; 3) MMC low-order
circulating current suppression; 4) MMC modulation methods; 5) MMC modeling techniques; 6)

MMC in grid-connected applications.

1.2.2.1 Literature on MMC Designing Constraint
To design the proper size of arm inductors and submodule capacitors is important. The arm

inductors limit the short circuit current during the DC faults and filter the switching frequency
harmonics in arm current. M. Hagiwara et al. [38] reduced the common mode inductance by
coupling the inductance between upper and lower arm. Capacitor voltage ripple issues are severe
in motor drive applications because a low or zero speed operation will introduce a significant
charge and discharge of the capacitors. An obvious solution is to select large capacitors to reduce
the ripples; however, large capacitors increase the cost. One feasible solution is to implement
MMC matrix configurations [39] to ensure MMC normal operation at zero or low-speed conditions

at a rated torque without large voltage ripples.

1.2.2.2 Literature on MMC Capacitor Voltage Balance Control
Capacitor voltage balance control is another important issue for the MMC. The capacitor voltage

balance control can be divided into two categories: the centralized voltage control to balance the
voltage between upper and lower arms, and the decentralized control to balance the individual
capacitor voltage inside the arms [37]. The objective of the centralized voltage control is to keep
the voltage of the arm equivalent capacitor equal to the reference value. In order to achieve that,
the MMC input power should be equal to the output power plus the losses [40]. Voltages or
energies of different arms could be balanced by controlling the current flowing in the different
arms. Several methods have been investigated to mitigate the impact on input and output current
by making use of common-mode voltages [41] or circulating currents [42]. In order to keep the
voltage of individual capacitor equalized, the decentralized voltage control algorithm is necessary.
Among them, the sorting algorithm [35] is a widely used method, which selects certain numbers
of SM capacitors with the highest voltage or lowest voltage to charge or discharge depending on

the directions of the arm current flow.

1.2.2.3 Literature on MMC Circulating Current Control
The circulating current, which produces voltage ripples, needs to be eliminated. The voltage

ripples have twice the line frequency of the circulating currents current. The proportional -integral
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(P1) controller has been used [43][44] to mitigate the double line frequency circulating current
after it had been transformed from the stationary-abc frame to the synchronous-dq frame. [45]-[47]
established and implemented the resonant controller to eliminate the dominant second and other
higher-order harmonics from the circulating current. Other methods have been proposed for
unbalanced situations, such as: the parallel combination [48] or cascade structure [49] of repetitive
and PI regulators; the proportional-integral resonant regulators [50]; the ideal [51] and the nonideal

[52] proportional resonant (PR) regulators.

1.2.2.4 Literature on MMC Modulation Techniques

The Pulse-Width-Modulation (PWM) techniques, widely used in VSCs [53][56], have been
modified and applied to MMCs [57][58]. Based on the switching frequency fsw, the PWM
techniques for the MMC are divided into three categories: high-frequency modulation
(fsw >2000Hz), medium-frequency modulation (100Hz< fs <2000HZz) and low-frequency

modulation. The low-frequency modulation is also called fundamental-frequency modulation [37].

High-frequency modulation techniques include the phase shifting carrier-based modulation
(PS-PWM) [59] and the level shifting carrier-based modulation (LS-PWM) [60]-[62]. The gating
signals of PS-PWM and LS-PWM are generated by comparing these to horizontal and vertical
multiple carriers, and to the phase modulation signals, respectively. Although the implementation
of the PS-PWM and the LS-PWM are simple, the high switching losses limit their application in

high power converters.

The sampled average modulation (SAM) [63] and the space vector modulation (SVM) [64] are
two main techniques within medium-frequency modulation. The principle of SAMs and SVMs are
similar. The SVM controls the line-to-line voltage of an MMC directly, while the SAM controls
the phase voltage instead. Although the SAM algorithm is easy to implement in the MMC with
any SMs numbers, its unequal distributed zero vectors in switching sequence introduce a high
distortion in output voltages. On the other hand, it is hard and complicated to implement the SVM
in MMCs with a large number of SMs (N>10).

The popular low-frequency modulation technique or the fundamental modulation technique is
the staircase modulation or Nearest-Level modulation (NLM) [65][66]. In order to reduce the
switching losses, the converter with NLM is switched at fundamental frequency. This leads to a

high distortion output voltage and current for MMCs, which have a small number of SMs.
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However, in MMC-HVDC application, hundreds of SMs are connected in each arm. The large
number of SMs significantly reduces the total harmonic distortion (THD) to less than 1%.
Moreover, the NLM is easy and simple to extend for the MMC with different SMs numbers.
Because it has low switching loss, small THD and because it is a simple algorithm, the NLM

method is the most widely used modulation method in MMC-HVDC application.

1.2.2.5 Literature on MMC Modeling Techniques

Various types of MMC computational models have been proposed in recent years [67]-[85].
Depending on the application, these models are classified into seven types [67]: Type 1-Full
Physics Models (PM) [68]-[69]; Type 2-Full Detail Models (DM) [70][71]; Type 3-Models based
on switchable resistance (SRM); Type 4- Detail Equivalent Circuit Model (DEM) [72]-[77]; Type
5-Average Value Models based on switching functions (AVM) [72]-[80]; Type 6-Simplified
Average Value Models (SAVM) [81]-[84]; Type 7- Load-Flow Models (LFM).

For Type 1-PM, called either differential equations or equivalent circuits, are used to model
every single diode and solid-state switch. Since the computation time is very large, Typel is
typically used for simulation of a sub-system, for example, to investigate the dynamics of single
SMs. Type 1 is not used for simulation at the converter level or at the grid application level [67].
With the advent of the Graphics Processor Unit (GPU), its massively parallel architecture enables
Type 1 to be employed. Recently, an MMC-MTDC system based on the exact nonlinear MMC
model was successfully implemented in the GPU [68][69]. However, the GPU is not compatible

with most power simulation software, and to implement the algorithms to the GPU is complicated.

Unlike Type 1-PM, the IGBT model in Type 2-DM is simplified to an ideal controlled switch
with two non-ideal diodes, which are modeled as nonlinear resistances. Type 2 is typically used
for the validation of simplified models and the investigation of abnormal SM actions. Due to the
nonlinearity characters of diodes, it is extremely time-consuming to simulate Type 2 on computers
or on CPU. Recently, through the piecewise linearization of the behavior of IGBTs and diodes, the
Type 2 MMC model has been implemented to a field-programmable gate array (FPGA) for
variable-speed drive application [70] and the GPU for variable time-stepping model application in
MTDC systems [71].

Similar to Type 2-DM, Type 3-SRM is obtained by further simplifying the IGBTs and diodes

into switchable two-value resistors Ron and Roff, Neglecting the transient states. Type 3 is also used
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for the validation of simplified models, and for the investigation of abnormal SM actions. Although
Type 3-SRM is significantly faster than Type 2, solving large numbers of electrical nodes still
takes a long simulation time. For a better computation time, Type 3-SRM requires a solver

algorithm to deal with the rapid nonlinear switching.

Type 4-DEM is based on the SRM, but uses a more computationally efficient method. In order
to obtain a simple circuit while maintaining the model's accuracy, the internal electrical nodes are
eliminated, and a Thevenin equivalent circuit is obtained. The Thevenin equivalent circuit
increases simulation speed significantly [72]-[74]. Type 4-DEM is mainly used for investigating
the Electromagnetic Transient Process (EMTP) and for designing the low-level controls, e.g.,
voltage balancing controls [86]-[87]. Since the simulation equations for each SM are calculated
separately, Type 4-DEMs are employed in multiple-parallel CPUs for real-time implementation
[75]-[77].

To further simplify the model to investigate transient studies on AC grids and design high-
level control systems, the proposed Type 5-AVM neglects details regarding switching, and uses
controlled voltage and current sources with the harmonic components to model DC and AC
dynamics. It assumes that the voltages of capacitors in each SM are equality distributed [72]-[73].

Type 5-AVM is used to investigate transients on AC grids and to design high-level control systems.

It should be pointed out that all simulations are based on numerical integration of the ordinary
differential equation of an inductor or a capacitor. There are as many as a hundred sub-modules in
one arm of one MMC phase. Each sub-module has a capacitor C. Detail simulation is slow because
hundreds of ordinary differential equations of the capacitors C have to be numerically integrated.
Recently, the formulation based on the ordinary differential equations (ODE) of [78] has increased
the simulation speed significantly. The ODE of [78] treats each arm of the n(t) series-connected
SM as having an equivalent capacitor of size C/n(t). The method based on the ordinary differential
equations (ODE) of [78] has only 12 equations to integrate numerically. (Each phase has one
equation for the upper arm of the equivalent capacitor C/ny(t), and one equation for the lower arm
of the equivalent capacitor C/ni(t). One KVL equation of the AC-side and one KVL of the dc-side).

Further speed increase, which comes from the coarser integration step-size, can be used [79]-[80].

Type 6-SAVM s also called as the Phasor Model, the fundamental frequency model, or

electro-mechanical models. By assuming that all harmonics are neglected and an ideal sinusoidal
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output is produced, the controlled voltage and current sources are represented in the phasor domain
to model DC and AC dynamics. This type of model is mainly applied for medium-term (400ms to
10s) and long-term (10s to several mins) studies, including transient and voltage stability, long-
term stability and daily load evolutions [67]. The first MMC dynamic PM is proposed in [81].
Several improved PM models are proposed considering the following aspects: second-order terms
with Circulating Current Suppression Control (CCSC) [82]; dominant harmonic components with

extended frequency range [83]; shifted PM in Real-Time implementation [84].

Type 7-LFM is mainly used for power flow studies in large hybrid AC/DC systems, including
normal system conditions and contingency system conditions. Similar to Type 6-SAVM,
harmonics are ignored, and an ideal sinusoidal output is assumed. Therefore Type 7-LFM cannot

be applied to converter controller design, harmonics analysis or internal investigations of MMC.

1.2.3 Power Oscillation of Damping (POD)

Power System Stabilizers (PSS) [88] were proposed in the early 1960s to maintain the stability of
power grids. At the level of an individual generator, stability centers around excitation system
tuning [89]. As power systems grew in size, oscillatory modes in the lower frequency range of
0.01-0.08 Hz are encountered. Poor damping in modal oscillations of wide-area systems is
investigated through the eigenvalues of linearized [A]-matrix [90]. The low frequencies are beyond

the frequency range of the existing PSS design [91].

Although there are several variations of the classical PSS [92], the basic structure remains the
same. The input is frequency deviation Aw,- measured by a speed transducer on the rotor. The
output is the current of the field winding of the generator. Between the input and the output are
Lead-Lag blocks and a Washout block.

To cope with the extended frequency range reported in [91], the multi-band approach is
explored in [93][94].

1.2.3.1 Literature of POD by Power Electronic Controllers

Because controllers of the HVDC and the Flexible AC Transmission Systems (FACTS) [95] do
not have information of frequency deviation Aw, measured from speed transducers of the
generators' rotors of the power system, measurements have to be taken from the AC voltage
terminals of the HVDC or the FACTS station.



13

Taking Mercury Arc Technology to be the 1st generation of HVDC, the LCC thyristor HVDC
of the 2nd generation made use of terminal voltage measurements to suppress a negatively damped
1/3 Hz oscillation in Pacific AC Intertie [96]. This stabilization allowed the rating of Pacific AC
Intertie to increase from 2100 MW to 2500 MW. An analysis of the controls is given in [97].
Research of the Pacific AC Intertie continues, for example, in multi-terminal subsystem validation
[98].

Advancing to the 3rd generation of 2-level VSC, the major reference is [99]. From sample
publications, applications of power oscillation damping include: wind farms [100]-[104], wide
area control (WAC) [105]-[108], sub-synchronous resonance instability (SSR) [109]-[112], and
Flexible AC Transmission Systems (FACTS) [113][114]. Selected control methodologies for
WAC are treated in [115][116].

Moving on to the recent 4th generation of IGBT-based modular multilevel converters (MMC),

research in power oscillation damping is pioneered in [117]-[121].

1.2.3.2 Literature of POD Control in Classical Power System Stabilizer (PSS)

Power oscillation damping control of the 2", 3" and 4" generations is adapted from the classical
PSS of generators [92]. But in most cases, there is no rotor to measure frequency deviation Aw,.
Although there is no long-time delay of the field winding, many researchers continue to retain
Lead-Lag blocks [100]-[108]. Analysis of Pacific DC Intertie [97] states that a differentiator is

required for the damping.

As there is no guidance as to how damping is achieved for HVDC stations, Section Il presents
an analysis showing that damping power must be proportional to the derivative of voltage angle ¢,
which is do/dt. Time differentiation is, from a theoretical viewpoint, not realizable. Numerical
derivatives introduce noise, which requires filtering by a low-pass filter. As low pass filtering

consists of integration, it requires skillful design to avoid nullifying the numerical derivative.

1.2.3.3 Literature of POD using Phase-Locked Loop (PLL)

Heeding frequently repeated warnings to avoid differentiation, the paper turns to the phase-locked
loop (PLL) [122]-[130]. HVDC experts are already familiar with the 3-phase phase-locked loop
(PLL) because it was first introduced to the HVDC in [131]. Engineers, who use the decoupled P-
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Q control, have already applied the PLL to measure the voltage angle @ to transform the a-b-c to
the d-q reference frame. The PLL is also used in the HVDC to maintain synchronization with weak
AC transmission [132].

1.2.4 Damping Sensitivity to Parameters

As the author is treading new ground in exploring how damping of MMC HVDC is affected by
the choice of the sizes of capacitor, inductance, resistance and other parameters the prior references
are limited [133]-[136].

1.3 Problem Statement

The MMC HVDC is now a favoured hardware choice for HVDC applications because it is
economical and efficient. However, there remain 3 issues which are addressed in the thesis. The
first issue is how to analyze the stability of the MMC. Secondly, to investigate the capability of
MMC-HVDC to increase the stability to the powers system by operating as a power system
stabilizer (PSS) to damp power oscillation. With the integration of renewable energy technologies
(especially offshore wind farms), and with the capability of the MMC-HVDC to be connected in
parallel with the DC-side as Multi-Terminal MMC-HVDC (MTDC-MMC-HVDC), power system

engineers require software for planning, operations and protection studies.
The thesis undertakes to address the challenges by providing the following:

i. A fastand accurate simulation model for a single MMC station and the MTDC system.

ii. Ananalytical method to design parameters to improve the stability of the MMC.

iii. The MMC with the capability to damp the power oscillation and increase the transient stability
for AC grid.

1.4 Objectives and Contributions

This thesis is focused on the modeling and stability analysis techniques of MMC and its control

strategies. The main objectives of this thesis are listed as follows:

i. Todevelop a fast and accurate analytical model for single MMC stations and MTDC systems.
ii. To use the proposed model to improve stability and damping.
iii. To design a control strategy for MMC-HVDC to damp power oscillation and improve the

transient stability of connected AC grids.
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This thesis developed the model proposed in [78] to form a fast and accurate analytical

simulation model of MMC based on Ordinary Differential Equations (ODE). Aprille and Trick

method [133] and Lyapunov-Floquet Theorem [135] are studied and applied to the proposed ODEs

Model for steady-state investigation and stability analysis. The proposed ODEs model is extended

to a four-terminal HVDC system with stochastic wind farm connection. The four-terminal system

will be used for future studies on hybrid AC/DC grids with renewable energy integrations. In

addition to the developed MMC models, a universal control strategy including the POD control,

the decoupled PQ control, the deadbeat control, the second-order circulating current control, is

proposed for MMC which is integrated into two-bus one generator systems.

The original contributions of this thesis are summarized as follows:

A fast and accurate analytical model based on the ODE is developed for a single MMC station
and extended to MTDC systems. The proposed models are evaluated and validated by the
Detail Equivalent Model (DEM) in RT-LAB.

I. By linearizing and manipulating the proposed MMC model, the Aprille and Trick method is

applied for fast convergence to the steady-state of MMC. The Floquet-Lyapunov Theorem is
applied to compute the damping coefficients of MMC transients.

Innovative application of the phase-locked loop (PLL) to extract the frequency and the phase
angle from electrical signals at the AC-terminals is proposed and investigated. Simulation
results show that MMC HVDC can provide POD by applying the extracted signal of the PLL.

. A universal control has been proposed including the POD control, the decoupled PQ control,

the deadbeat control and the CCSC. The deadbeat control enables MMC to survive

destructively large AC fault currents to improve the transient stability of AC grids.

1.5 Methodology

The methodology consists of two parts: (1) mathematic analysis; (2) simulation tools.

1.5.1 Mathematic Analysis

The author follows the original algebraic MMC model proposed in [78] to develop the ODEs and
equivalent circuits of MMC for both the DC and the AC sides. The ODEs model of MMC-HVDC
station is obtained and extended to a Multi-Terminal MMC HVDC system.
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The challenge in MMC research is to find a systematic approach to design a fast response with
high damping. The algebraic equations are nonlinear. Normally, the answer is found through
linearized equations. Small perturbation linearization requires the steady-state to be solved first.
Numerical integration requires the transients to be damped out leaving the steady-state. To avoid
the long wait for transients to subside, the Aprille and Trick method [133] is applied. The limit
cycle is reached within one cycle of 50 or 60 Hz. The linearized equations are characterized by the
periodic matrix [A(t)]=[A(t+T)] where T is the period of 50 or 60 Hz. The Floquet-Lyapunov
Theorem is found to be the entry point to the development of a method by which the size of circuit
parameters, such as resistances, inductances and capacitors are chosen in order to arrive at a good

damping.

Further analysis shows that the nonlinearity is classified as bilinear, and that the state-variables
are multiplied by the forcing function. Because of the bilinearity, dynamic characteristics of small

disturbances apply to large disturbances.

Poor damping does not come from a poor choice in parameter sizes only. The MMC-HVDC
station encounters power oscillation from the AC grid. The research tackles this external problem
by measuring the oscillations at the point-of-common coupling and using the signal as feedback
so that the MMC-HVDC station produces active power to damp the power oscillations. The signal

is extracted from a phase-locked loop (PLL).

1.5.2 Simulation Tools
Two tools are used in this thesis. The proposed ODEs models and corresponding control strategies

are simulated in MATLAB/SIMULINK. The second tool is RT-LAB, which is a real-time
simulation software developed by OPAL-RT. RT-LAB offers the most complex model-based
design [137].

1.6 Thesis Outline
Chapter 2 presents a brief introduction of 3-phase modular multilevel converters. Configurations,
operation principles and the nearest level modulation technique are discussed. The equivalent

circuit for both AC and DC sides are developed through the circuit analysis.

Chapter 3 presents the MMC model derived from ordinary differential equations. The circulating
current suppression control is discussed. The dynamic performance of the proposed ODE MMC

model is compared and validated by the Detailed Equivalent Model (DEM).
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Chapter 4 introduces two useful techniques applied to the MMC. The first one is the method of
Aprille and Trick by which the steady-state is solved within one period of 50 or 60 Hz, without
having to wait for transients to be damped out. The second one is the Floquet-Lyapunov Theorem
by which graphs of the damping coefficients of transients are computed to guide system designers
in choosing the best size of circuit parameters. The steady-state and stability analysis are studied

and discussed.

Chapter 5 presents a Multi-Terminal MMC-HVDC system (4 terminals). It exemplifies the
accurate and fast digital simulation platform, which power system engineers want for design,
operation and planning studies on the large hybrid (AC-DC) grids in the foreseeable future. The
steady-state and dynamic performance of the ODE model of the MTDC-MMC system are
compared and validated through the DEM of the MTDC-MMC system.

Chapter 6 presents the capability of MMC HVDC to provide Power Oscillation Damping (POD).
Small signal analysis is applied to confirm that the requisite power to implement POD is
proportional to do/dt, where ¢ is the voltage angle. An innovative passive local control method is
proposed based on a three-phase, phase-locked loop (PLL) which measures the signal do/dt
without differentiation. The damping provided by MMC-HVDC is applied to increase the transient
stability limit and thereby increase the active power transmissibility of the AC transmission lines.
A Universal Control Strategy is proposed. The Universal Controller includes the POD control, the
decoupled PQ control, the second-order circulating current control, and the reference current
control deadbeat to protect MMC from AC side short circuit faults. The Universal Controller is, in
fact, functioning because the controls of the MMC-HVDC are fitted with the Universal Controller

in the simulation tests in this chapter.

Chapter 7 summarizes the main conclusions of the thesis and addresses future work.
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Chapter 2. Modular Multilevel

Converters

2.1 Introduction

High-voltage direct current (HVDC) is more efficient and economical than high-voltage
alternating current (HVAC) in long-distance, bulk power transmission systems. Because it has
desirable features (modularity, flexibility, reliability and high efficiency), the modular multilevel

converter (MMC) is the most attractive converter topology.

This chapter first introduces the basic configuration of a 3-phase MMC system made up of the
half-bridge sub-module (HBSM) connected in series in the upper arm and the lower arm of each
of the three phases. The basic operation principle of the HBSM-MMC is described. The widely
used modulation technique in the MMC-HVDC, the Nearest-Level Modulation (NLM), is briefly
explained. The equivalent circuit for both the AC and DC side of MMC is obtained from the circuit
theory.

2.2 MMC Topologies

The topology of modular multilevel converters (MMC) was first proposed by professor Marquardt
in 2001 [17]. The basic schematic of MMC is shown in Fig. 1-1 in Chapter 1. Sub-Modules (SMs)
connected in series enable the voltage and power to be increased. Some topologies of MMC being
developed are shown in Fig. 1-1 in chapter 1, and they include: the Half-bridge SM (HBSM), the
Full-bridge SM (FBSM) and the Clamped Double-Cell Sub-Module (CDSM) [23]. Although the
topologies of the FBSM and the CDSM are briefly discussed in this chapter, only the HBSM-based
MMC is studied throughout this thesis. Therefore, SM refers to HBSM hereafter in the thesis.

The configuration of the 3-phase MMC, including the detailed internal structure of the HBSM,

is shown in Fig. 2-1. An MMC is composed of three phases and each phase includes two arms, the
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Fig. 2-1 Schematic of the 3-phase HBSM-MMC.

upper arm and the lower arm. Each arm includes N identical SMs connected in series with one arm
inductor Ly, and one equivalent resistor Rm, which presents the losses of SMs. The arm inductor
L facilitates suppression of circulating current and limits the AC/DC fault current. In Fig. 2-1, iqgc
is the DC-link current. Both the voltage between the positive pole to the ground and the ground to
the negative pole are Uqc/2.The total dc voltage between the positive and negative poles is Uqgc.
The symbols ujand ij (j=a,b,c) represent the output three-phase voltages and currents respectively.
Taking phase-a as an example, iua represents for the current in the upper arm while ija represents
for the current in the lower arm. uya stands for the total SMs’ capacitor voltages inserted in the

upper arm and uia stands for the total SMs’ capacitor voltages inserted in the lower arm.
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Model Mode 2 Mode 3

Mode 6

(a) (b) (c)
Fig. 2-2 SM operation states: (a) state 1: T1 and T are off, ism is flowing through D1 or D3; (b)
state 2: T1 is on, Tz is off, ism is flowing through T1 or D1; (c) state 3: T is off, T2 ison, ism is
flowing through T or D2

To withstand the same DC voltage, HBSM is the most economical structure comparing to the
FBSM and the CDSM, because it includes the least number of IGBTs, which makes it the
favourable choice with regard to HVDC applications. Each HBSM consists of two IGBTs (T1 and
T2), which are connected in series. Two freewheeling diodes D; and D, are connected in
antiparallel with T1 and T, respectively. A capacitor C is connected across Ti and T,. The voltage
across C is defined as uc. usm stands for the output voltage of each individual SM and isw stands
for its current. By controlling T, and T alternately, each individual SM has six different modes as

shown in Fig. 2-2.

Based on the current flowing directions and gate signals, the six operating modes could be
divided into 3 states. To better explain the operation states, the positive direction of the SM current
ism is defined as flowing into the SM from ‘+’ to °-’, and as negative as the reverse direction as

shown in Fig. 2-2.

State 1 is shown in Fig. 2-2 (a). It includes Mode 1 and Mode 4. In this state, T1 and T are
applied with turn-off signals and both of them are off. When isw is positive, the SM operates in
Mode 1. ism flows through the anti-parallel diode D1 and charges the capacitor C. D is reverse-

biased. Therefore, uc increases, and the output voltage of SM usw equals uc.
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When iswm is negative, the SM operates in Mode 4; ism is flowing through the anti-parallel diode
D2 and the capacitor C is bypassed. Therefore, uc remains the same value and the output voltage

of SM usw is equal to zero, neglecting the forward voltage drop on Da.

State 1 is also named as the block state. The blocking state can only be applied in the pre-
charge process, or during the DC-fault protection. In the pre-charge process, both T1and T» are
switched off, and the capacitors are charging through the an-parallel diodes. During the DC-fault
protection process, both T1 and T» are required to be turned off in order to block the fault current
and bypass the capacitors in a cooperative operation with the DC breaker. During the normal

operations, the block state should be precluded in order to avoid abnormal states.

State 2 is presented in Fig. 2-2 (b). It consists of Mode 2 and Mode 5. While in this state, T1
is applied with a turn-on signal, and T is applied with a turn-off signal. Both T,and D, are off. ism
flows through T or D1, depending on the current directions. When isw is positive, the SM operates

in Mode 2. ism is flowing through the anti-parallel diode D1 and charging the capacitor C.

When isv is negative, the SM operates in Mode 5; isw is flowing through T1 and discharging
the capacitor C. D1 is blocked by an applied reverse-biased voltage. In this case, uc decreases and

the output voltage of SM usw is still equal to uc. State 2 is also called as ‘on state’ or “insert state’.

State 3 is presented in Fig. 2-2 (c). It includes Mode 3 and Mode 6. During this state, T1 is
applied with a turn-off signal and T is applied with a turn-on signal. Both T, and Dy are off. ism
flows through T» or D2, depending on the current directions. When iswm is positive, the SM operates
in Mode 3. ism is flowing through T2 and bypassing the capacitor C. D1 is blocked by an applied
reverse-biased voltage. Therefore, uc remains the same value, and the output voltage of SM usm

equals zero.

When ism is negative, the SM operates as illustrated in Mode 6. ism is flowing through the anti-
parallel diode D and bypassing the capacitor C. Although T2 is applied with a turn-on signal, the
applied reverse-biased voltage keep it turned off. In this situation, uc decreases and the output

voltage of SM uswm is equal to zero. State 3 is also called as ‘off state’ or ‘bypass state’.

Therefore, state 2 (on state) and state 3 (off state) are the two operating states during the
MMC’s normal operations. The details of the above three states are summarized in Table 2-1. In

the table, ‘1’ represents a turn-on gate signal is applied and ‘0’ refers to a turn-off gate signal.
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Table 2-1 Summary of the Operating States of the Sub-Module

Gate Signal On/Off _
State Ism Uc Usm
T1 T2 T1 T2 D: D2
off off on off ism >0  charge  usm=Uc
Block 0 0 _
off off off on ism <O  bypass  usu=0
off off on off ism >0 charge  usm=Uc
Insert/on 1 0
on off off off ism <O discharge usm=Uc
off on off off ism>0 bypass  usu=0
Bypass/off 0 1

off off off on ism <0  bypass  usm-=0

Regardless of the gate signals and current flow directions, only one component is allowed to
conduct during each state. When the gate signal of T,; and T, are 0, the SM is blocked and
uncontrollable. When the gate signal of Ty is 1 and T2 is O, the SM is inserted in the arm. The
capacitor voltage is either charging or discharging, based on the current flow directions. When the
gate signal of Ty is 0, and the one of Tz is 1, the SM is bypassed in the arm. During the normal
operation of the MMC, and by controlling the gate signals of T1 and T2, each SM is either inserted
or bypassed in the six arms to generate the arm voltages uy; and uj; (j=a,b,c) so to produce the

required 3-phase output voltages u;j (j=a,b,c), as shown in Fig 2-1.

2.3 MMC Operation Principle

2.3.1 Operation Principle
The basic principle of MMC operation is to generate a series of gate signals to insert an SM or

bypass an SM to join a series string of capacitors, which constitutes the upper arm or the lower
arm of one phase. The objective is to generate 3-phase AC voltages which meet the total harmonic

distortion (THD) requirement from the voltages across the string of capacitors.

In order to illustrate the operation principle, the N submodule configuration of Fig. 2-1 is
reduced to a five-level configuration in Fig. 2-3. Each arm of the five-level MMC is composed of
six SMs, which can be connected in series by “inserted” or “bypassed” by switching the IGBTSs.
In Fig. 2-3, uc represents for the balanced capacitor voltage in each SM, and Ugc denotes the pole
to pole DC voltage. uyj (j=a,b,c) is the total capacitor voltage inserted in the upper arm of phase-j,
and ujj (J=a,b,c) corresponds to the total capacitor voltage inserted in the lower arm of phase-j. The

three-phase output AC voltage is u; (j=a,b,c) generated by uy;and uj;.
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Fig. 2-3 Illustration of the operation of a five-level MMC.
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Fig. 2-4 Illustration of the phase-a operation of the 5-level MMC.

Since the operation principle of the phase-b and the phase-c are the same as the phase-a, except
for a 120-degree phase-shift, only the waveforms of uya, Ula and ua in Fig. 2-3 are presented in Fig.
2-4. In Fig. 2-4, a full cycle of 50 Hz is divided into eight time divisions (I, I1, II1,... VII, VIII). A

coarse representation of the sinusoidal output voltages is shown in Fig. 2-4.

In section | of Fig. 2-4, all SMs in the upper arm are inserted (on state) in the arm while all
SMsin the lower arm are bypassed (off state) in the arm. The ‘on state’ and ‘off state’ are displayed
in the phase-a of Fig. 2-3. Based on the circuit theory, the AC terminal voltage ua is -Ugc/2. The
detail operation information of the eight subsections and the generated output voltages are

summarized in Table 2-11.

The results in Fig.2-4 and Table 2-11 clearly show that an MMC with four SMs in each arm
will produce a five-level output voltage on the AC side. A more general conclusion is that for an
MMC with N SMs connected in each arm will generate an N+1-level AC voltage, where N is the
total number of SMs connected in one arm. Therefore, N ‘on state’ or inserted SMs produce the
DC voltage Ugc, that is,

Uge = N X u, (2-1)

The quality of the output AC voltage u;j (j=a,b,c) will improve if N increases.
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Table 2-11 Phase-a operation sequence of the upper arm and lower arm SMs.

Subsections

I I i v \ VI Vil VI
Number of on state SMs
_ 4 3 2 1 0 1 2 3
in the upper arm nya
Number of on state SMs
) 0 1 2 3 4 3 2 1
in the lower arm nj,
Number of on state SMs
_ 4 4 4 4 4 4 4 4
in one phase
. 3 1 1 1 1 3
Upper arm inserted voltage Uua ~ Use  ;Usc  JUde  ZUdo 0 JUdie  Uda Uk
. 1 1 3 3 1 1
Lower arm inserted voltage Uja 0 ZUdc EUdC Zudc Udc ZU"C EU"C ZUdC
Output voltage Ua '%Udc -iUdc 0 iUdc %Udc iUdc 0 -iUdc
DC bUS VOItage Udc Udc Udc Udc Udc Udc Udc Udc

To ensure that the MMC works in the normal state, a constant DC voltage on the DC side
should be maintained. Taking phase-a as an example, in order to generate a constant DC bus
voltage, the total SMs inserted, or the in ‘on state’ in phase-a has to be equal to N, shown in (2-2):
(2-2)

where nya and ni, denote the total number of SMs inserted in the upper arm and the lower arm

Nuat Nia=N

of phase-a, respectively.

Substituting(2-1) into (2-2), we have

Ug Ug
uc — C — C
N NyatNig

(2-3)
Based on (2-3), a Nearest-Level-Modulation (NLM) is proposed, which the subsequent section

discusses.

2.3.2 Nearest Level Modulation (NLM) Method

The Pulse Width Modulation (PWM) and the Staircase Modulation are two common modulation

methods for different MMC applications [138]. The Nearest Level Modulation (NLM) is one
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Fig. 2-5 Operation principle of the NLM method.

popular method of the Staircase Modulation. It is preferred in HVDC applications because the
converter with the NLM is switched at the fundamental frequency, thus reducing the switching
loss significantly. The quality of the output waveform of the NLM is poor if the level number is
small. However, in HVDC applications, the total harmonic distortion (THD) of the generated
three-phase output voltage is less than 1% since hundreds of SMs are connected in each arm. In
addition, the NLM method is easy and simple to extend for the MMC with different SMs number.
With low switching loss, a small THD and a simple algorithm, the NLM method is the most widely

used modulation approach in MMC-HVDC applications.

The detail operation process of the NLM is illustrated in Fig. 2-5. Taking Fig. 2-5 to represent
the phase-a as an example, phase-b and phase-c are similar, except for phase shifts of -120 and -
240 degrees, respectively. The red curve ua.ref in Fig. 2-5 is the reference signal of phase-a, which
is decided by control objectives, i.e., active power, reactive power and DC voltage. The blue
staircase curve ua represents outcome of Nearest Level Modulation (NLM) Method. During each
cycle T, thatis 0.02s corresponding to a 50Hz line frequency, each SM will be inserted or bypassed
only once. By inserting or bypassing one SM each time, the output voltage will either increase or

decrease by uc, which is the capacitor voltage of one SM.

Because the IGBT switching inserts or bypasses one SM at a time, the switching loss is low.
The number of the SMs instantaneously inserted or bypassed in the upper arm and lower arm are

as follows:

ua

u
n :%—round( arel) (2-4)

c
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Fig. 2-6 Output voltage of the MMC phase-a: (a) 21-level; (b) 41-level; (c) 61-level

u
n, :%Hound( arel

a

(2-5)

c

where N is the total number of the SMs connected in each arm, and round ("—f) presents the

Uc

Ug-ref

nearest integer around —.

Ue

The reference voltage of the phase-a is

1
Upr =7 m,U, cos( ot +¢) (2-6)

where m, is the magnitude with a range of [-1,1], and w (27 f) is the system angular frequency,

and ¢ is the control angle.
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Fig. 2-7 FFT of the output voltage of the MMC phase-a: (a) 21-level; (b) 41-level; (c) 61-level

Substituting(2-6) and (2-1) into (2-4) and (2-5), we have

N, = % —round {%-ma cos (et + go)}

N, = % +round {%-ma cos (ot + (p)}

(2-7)

(2-8)

Since —1 < macos(wt + @) <1, (2-9) is always satisfied during the modulation operations

0<n_,n. <N

ua'''la —

(2-9)
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Fig. 2-8 Simplified circuit of a three-phase MMC

Fig. 2-6 (a) (b) (c) presents the ideal output voltage ua for the 21-level, 41-level and 61-level
MMC, respectively, and the corresponding total number of SMs inserted in one arm (N) is 20, 40

and 60. Fig. 2-6 clearly shows that with an increasing N, the quality of output voltage ua improves.

Fig. 2-7 (a) (b) (c) shows the Fast Fourier Transform (FFT) results of the 3™ order to the 400t
order harmonics of u, at the 21-level, 41-level and 61-level MMC. In Fig. 2-7 (a), the THD at 21-
level is 3.90%. The magnitudes of individual harmonics are less than 1.2% of the magnitude of
the fundamental component. In Fig. 2-7 (b), the THD for 41-level is 1.98%. The magnitudes of
individual harmonics are less than 0.45% of the magnitude of the fundamental component. In Fig.
2-7 (c), the THD at 61-level is 1.33%. The magnitudes of individual harmonics are all less than
0.35% of the magnitude of the fundamental component. It can be easily concluded that the THD
of the output voltage decreases proportionally with level increases. Generally speaking, there are
hundreds of levels in MMC-HVDC projects. Taking the world first MMC-HVDC, the Trans Bay

Cable, as an example, 200 SMs are connected in each arm, that is, 201-levels in total.
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2.4 MMC Equivalent Circuit

The three-phase MMC of Fig. 2-1 becomes amenable to analysis when modeled as Fig. 2-8. As
indicated by arrows, the currents include: the AC current ij (j=a,b,c), the differential current igis;
(j=a,b,c), and the DC current iqc. An important current is the circulating current icirj(j=a,b,c), hidden
in igitsj(j=a,b,c). Section 2.4 develops the equivalent circuit. In Fig. 2-8, the AC lines terminate in
a WYE, with a neutral voltage un, which is not zero when not grounded. Section 2.4.1 is devoted
to solving the neutral voltage un so that the Kirchhoff’s Voltage and Current Laws can be used to
establish simplified models. Section 2.4.2 unravels a property of the circulating current
icirj(j=a,b,c). With this knowledge, Circulating Current Suppression Control (CCSC) is
implemented in chapter 3.

During a MMC operation, SMs are either inserted or bypassed during the normal operation.
The capacitor voltages of all the SMs in one arm can be equivalent as one controlled voltage source.
In Fig. 2-8, idifj (j=a,b,c) represent the differential current of phase-j (j=a,b,c) between the upper
and the lower arm. During the normal operation, the upper arm and the lower arm of the j phase
(j=a,b,c) share half of the AC current i; (j=a,b,c). The upper arm and the lower arm carry the
differential current igitj(j=a,b,c). The differential current igirj(j=a,b,c) consists of i4./3 and the

circulating current icirj(j=a,b,c).

A .

iy =§|j+|diffj (j=a,b,c) (2-10)
i 1. . .
I :—§|J.+|diffj (J=a,b,c) (2-11)
. 1. . .
Lt :éldc +1y; (j=a,b,c) (2-12)

2.4.1 Derivation of Neutral Voltage

The 3-phase lines on the ac side usually terminate as an open WYE to exclude the zero sequence.
This section derives un, the voltage of the neutral point. When applying Kirchhoff's voltage law

(KVL) for the AC loop for the upper arms and lower arms, the results are as follows:

1 i di,; ] di. )

_EUdC +Uy + R+ L d—t‘+ Ralj + Ly d—t‘+vj +u, =0 (j=a,b,c) (2-13)
1 - diIj - dl] .
EUdc_ulj —le,j _L'"EJF Raclj +Laca+vj +u, =0 (j=ab,c) (2-14)
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Adding (2-13) and (2-14), we have

di di,
uuj—ulj+Rm(iuj—i”)+Lm(d:J - LIJ)+2R i +2L,, . —+2v;+2u, =0(j=a,b,c) (2-15)
Substituting (2-10) and (2-11) in (2-15)
. di. . di. .
uuj—u,j+Rm|j+Lmd—t’+2RaC|j+2Lacd—t‘+2vj+2un:0 (j=ab,c)  (2-16)

Rewriting (2-16) as a-b-c terms

U, — U, + Rl + L, %+ 2R, 1, +2L,, di, +2v,+2u, =0 (2-17)
dt dt
di,
Uy — Uy, + Ril Iﬂﬂ +2Raclb+2L ot —2+2v,+2u, =0 (2-18)
. di, A di,
U, —U.+RI.+L, ot +2R I, +2L,, m +2v,+2u, =0 (2-19)

Summing (2-17), (2-18) and (2-19)

di,
¥ (uy—ug )+ (R +2R) Y i +(L, +2L,) Y $+2 > v, +6u,=0 (j=ab,c) (2-20)

j=a,b,c j=a,b,c j=a,b,c j=a,b,c

For a balanced three-phase system

. di. _
=0, d—t’zo,_z u,=0 (=abc) (2-21)
j=ab,c j=ab,c j=ab,c
Substituting (2-21) in (2-20)
> (uy—uy)+6u, =0 (=a,b,c) (2-22)
j=a,b,c
Therefore, the neutral voltage is
:__I: ula _ulb)+(uuc —U ):I (2-23)
2.4.2 AC and DC Equivalent Circuit
Subtracting (2-14) from (2-13)
L dij di )
Uy +Uy +Uy + Ry +1) + L ( ot +E) =0 (j=a,b,c) (2-24)

Substituting (2-10) and (2-11) in (2-24)
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Fig. 2-9 AC side equivalent circuit of a three-phase MMC
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Fig. 2-10 DC side equivalent circuit of a three-phase MMC

di..
—U g + Uy Uy + 2R g + 2L, (;"'[“J -0 (j=a,b,c) (2-25)

Two terms Umme_j_ac and Ummc_j_dc (J=a,b,c) are defined to represent the equivalent AC or DC
voltage generated by MMC, shown in (2-26) and (2-27)

U“- - qu

Unme_j_ac = 5 (Jj=a,b,c) (2-26)

Ummc_j_dc = uuj +ulj (j:a,b,C) (2-27)

When substituting (2-26) to (2-16), the equation of the AC side equivalent circuit of the MMC

is defined as

di.
Ummc_j_ac +(0.5L, + Lac)d—t’+ (0.5R, + Rac)ij +V;+U, = 0 (j=a,b,c) (2-28)

Substituting (2-27) into (2-25), the equation of the DC side equivalent circuit of MMC is
defined as

iy
Voo U j o+ Rylag +2L, — £=0  (=abc)  (2-29)
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Based on (2-28) and (2-29), the AC side and the DC side equivalent circuit of a three-phase
MMC are developed and shown in Fig. 2-9 and Fig. 2-10 respectively.

From Fig. 2-10
Laita + Taitro + laitre = lac (2-30)
According to (2-12),
lgitta T Lo + e = lgc + Z Teir (2-31)
j=a,b,c
Therefore,
> i =0 (2-32)

j=a,b,c

(2-32) is applied in the Circulating Current Suppression Control (CCSC) in chapter 3.

2.5 Chapter Summary

The 3-phase HBSM-based MMC system has been introduced in this chapter. By triggering the
gate signals of the IGBTSs in a submodule with respect to the current directions, three operation
states are controlled. Among the three states, one state represents the block state, which is applied
during the pre-charge process, or, short circuit fault protection. The other two states (‘on state’ or
‘off state’) stand for normal operation into which the SM is either inserted or bypassed from the

upper or lower arm of one phase.

The basic operation principle of the HBSM-MMC was studied next. In order to ensure that the
MMC operates with a constant DC voltage, the total number of ‘on state’ SMs in the upper and
lower arms must equal to the total number of the SMs connected in each arm. This ensures that
the sum of the capacitor voltages of the SMs is equal to the DC voltage across the DC bus at all
times. While observing this constraint, the Nearest-Level Modulation (NLM) method is
implemented. NLM switching at a fundamental frequency produces output voltages that replicate
the modulation signal with a high THD. The illustration of waveforms, when the level number is
small, was given. However, in MMC-HVDC application, when the number is high enough, the

harmonics are neglected because of their small magnitudes.

In using Kirchhoff’s voltage and current laws of circuit theory, the equivalent circuits for both
the AC and DC sides of the MMC have been generated. The equivalent circuits will be applied to

the investigations of later chapters.
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Chapter 3. Modular Multilevel

Converter Model Based on Ordinary
Differential Equation (ODE)

3.1 Introduction

Apart from laboratory prototyping, research and design rely on digital simulations that are
computation-intensive for MMCs. This is because detail simulation is based on the numerical
integration of ordinary differential equations, that is, one set of equations for one sub-module (SM).
But there are as many as a hundred sub-modules in one MMC phase. The turnaround computation
time is reduced by parallel processing and averaging methods [72]-[74][139]. In the last two
decades, the formulation based on the ordinary differential equations (ODE) of [78] has increased
in speed, since it requires only 12 ordinary differential equations (ODE) for one MMC-HVDC

station. There is a further speed increase due to the use of a coarser integration step-size [79][80].

Inherent nonlinearity in the MMC produces circulating currents, which appear as voltage ripples.
The ripples need to be eliminated to satisfy the THD standard. The frequency of the circulating
currents corresponds to twice the line frequency. The circulating current can be reduced by large
sub-module capacitors, but they are bulky and costly. Pioneering efforts [43]-[45][50] to reduce
the circulating currents are based on singling out its second harmonic by means of an
electronic/digital filter and through applying the negative feedback in order to eliminate the
second-harmonic as an error. Compared to the overall cost of the MMC HVDC, the cost of
electronic/digital filters is negligibly small. For reliability, however, it is preferred to avoid adding
electronic or digital filters since they complicate the system equations; therefore, analysis to ensure
that they will not lead to instability [140] is challenging. The innovative method proposed in this
chapter reduces the probability of hidden instability, because it does not require an

electronic/digital filter.

In this chapter, the capacitor modulation theory is introduced first given that it leads to the MMC
model based on the ordinary differential equation (ODE) of [78]. Next, the circulating current

suppression control (CCSC) is proposed. The method is validated through simulation results.
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The third part of this chapter tests the grounded WY E connection of the ac-side of the MMC-
HVDC model. This third part contains a long explanation. The circulating current is undesirable
because it proliferates the 3'-order and odd harmonics on the AC side [141]. Most MMC-HVDC
designs have the AC-side connected in open-wye so as to prevent the flow the 3"-order and odd
harmonics. Protection engineers prefer a grounded WYE to detect the zero-sequence. By
suppressing the circulating current by the CCSC method, grounding the WYE connection of the

AC-side transformer test will not prevent the flow of 3"-order and odd harmonics.

The proposed MMC ODE model is validated by comparing its simulation results with the results
obtained by the MMC Detail Equivalent Model (DEM), both of which are simulated in RT-LAB.

3.2 MMC ODE Model

3.2.1 Capacitor Modulation Theory

The schematic of the phase-a is depicted in Fig. 3-1. In Fig. 3-1; the upper arm and lower share
half of the AC current and the voltage across the capacitor are assumed to be equal in all SMs. nya
and nja stand for the total number of the inserted SMs in the upper and lower arms, which are

determined by the modulation signals mya and mja.

Uy cue @Nd Uy cr, are defined to represent the voltages across N capacitors in the upper and lower
arms, respectively. uya and uia symbolize the voltage across the upper and lower arm, respectively:

Uua= Nualycua @Nd Uja= Ula Uy o

The operation of the upper arm in Fig.3-1 is illustrated in Fig. 3-2. Fig. 3-2 (a) shows the
modulating signal mya(t). From the Nearest Level Modulation algorithm presented in Chapter 2
section 2.3.2, the modulation signal mya(t) (0<mua(t)<Uqc) connects nua(t) (O<nua(t)<N) capacitors
(each of size C) in series, as illustrated in Fig. 3-2 (b). When the total number of capacitors in each
arm is N, and when the voltage across the DC buses is Uqc, the instantaneous, connected number
is

N
- — -1
Nya (8) = 7 Mia (1 3-1)

dc

The output voltage ua is illustrated in Fig. 3-2 (c).
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Fig. 3-1 Phase-a of the MMC show nya capacitors string in the upper arm and nj, capacitors

string in the lower arm.

The equivalent capacitor size is C/nua(t). From circuit theory, the electric charge q(t) of a
capacitor of size C/nya(t) is related to the voltage u(t). If u(t) is the voltage of the arm, we have:

C

q(t) = u(t) (3-2)

nua
The electric current iya is:

da(t) _ Cdu(t)  Cu(t) dn,,(t)

3-3
dt  n,(t)dt n, ()" dt (3-3)

Iy (1) =

Research results based on retaining only the first term on the right side of (3-3) have been
validated by simulations and a limited number of experimental tests [141][142]. In spite of the
validation, there is still concern over the treatment of switching noise in the theoretical derivation.

This section shows that switching noise is accounted for in the term containing dnya(t)/dt in (3-3).
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Fig. 3-2 (a) Modulation signal mya(t); (b) nua(t), number of capacitors, connected in string in upper

arm as commanded by mya(t); (c) output voltage ua

The variation of nya(t) in the MMC operation is shown in Fig. 3-2 (b). Between two switching
instants, nya(t) is a constant and therefore dnya(t)/dt=0 in (3-3). Non-zero dnya(t)/dt occurs at the
instant when one or more capacitors are connected to or disconnected from the string of capacitors.
Mathematically, the differentiation of step functions leads to impulse functions. As (3-3) is an
equation of current terms, the non-zero dnya(t)/dt terms constitute impulse currents. In (3-3), the
current impulses are integrated back as successive step voltage functions which account for the
granularity of the voltage uua(t), as illustrated in Fig. 3-2 (c). Since the switching occurrences are
at high frequencies, they have been disregarded as switching noise in the ODE formulation of [79].

Disregarding the dnya(t)/dt term in (3-3), the remaining term is:

C du(t) .
—_— 3'4
@ ot i (1) (3-4)
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Substituting (3-1) in (3-4)
C du@n i, (Mm, )
N d¢ U

dc

(3-5)

Considering iua(t)mua(t)/Uqc is the current flowing through one capacitor. The voltage u(t)

across a single capacitor is solved by

1 .
c 'O i, Om, 0

3-6
dt u, (3-9)

The voltage across N capacitor in the upper arm of phase-a is
u,, (H)=Nu'(t) (3-7)

The value of N capacitors connected in series is C/N. Thus, the voltage in (3-5) is Us.q(t), and

the voltage across N capacitors connected in series (3-5) is rewritten as

Cdu(® i,®Om. @O

= 3-8
N dt U, (3:8)
The voltage across the string of nya(t) capacitors is:
N, (t) m,, (t)
U, = N Uscua (t): U Uscua (t) (3'9)

dc

3.2.2 Single-Phase MMC ODE Model

Because phase-b and phase-c are similar to phase-a, and to simplify the analysis, only phase-a of
the MMC is discussed in this section. Based on Fig. 2-9 and Fig. 2-10, the AC and DC sides
equivalent circuits of the MMC phase-a are shown in Fig. 3-3 and Fig. 3-4, respectively.

According to the modulation strategy, the modulation signals for the upper and lower arms are

u
mua = 1 L 'Udc (3_10)
2 U,
1 ure a
m, :[T Udfc j-udc (3-11)

where Ureta IS the phase-a reference signal for modulation.
Substituting (3-10) and (3-11) in (3-9), we have
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Fig. 3-3 AC side equivalent circuit of the MMC phase-a
Ugc idiffa 2L 2R Ummc_a_dc
A < Y Y YN AN @

Fig. 3-4 DC side equivalent circuit of the MMC phase-a
1 urefa
U = E_U_dc Uscua

u
ula: 1+Lfa ucha
2 U,

Substituting(3-12) and (3-13) in (2-26) and (2-27), we have:

u u
Ummc a_ac 1_'_"_9%‘ ucha - 1_ e 'chua
- 4 22U, 4 22U,

u u
Ummc_a_dc = 1+ o ucha + l_ A chua
2 U, 2 U,

Revising (2-28) and (2-29):

iI‘m_'_l‘ac dizummc a ac_(iRm_'_Rac]ia_Va_un
2 dt = 2

dldiffa

2L,
dt

:Udc_U _2Rmidiffa

mmc_a_dc

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

According to (3-8), the total capacitor voltage in the lower arm of phase-a is:

d t N .
“:(;_.;() = F iy (M, (1)

de

(3-18)

Rewrite (2-10) and (2-11), the upper and lower arm currents for phase-a are
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i = % I + o (3-19)
ila = _1 ia + idiffa (3-20)
2
Applying the modulated capacitor model and substituting (3-19) and (3-20) in (3-8) and (3-
18):
d u .
c Mrae _ [ L Ure (iua +|dmaj (3-21)
dt 2 U, )\2

e Qzon _ [ L U (—li T j (3-22)

dt 2 Udc 2 a diffa

Substituting (3-14) and (3-15) in (3-16) and (3-17):

- u u
%: - 1 I:(l_,.ﬂ]uzcla_[l_ﬂ].uzCua—(lRm+Racjia—va—un:| (3-23)
t (LmH_) 4 20, 4 22U, 2
2 ac

J:_ U Y S reta u _| = _ Trefa u —2R i 3_24
dt 2Lm |: @ (2 Udc zela 2 Udc Zcua m diffa ( )

(3-21) to (3-24) represent the single-phase MMC ODE Model.

AssUme X=[x1,52.53,%4 )= (U5 puatts ciavidgigiasia), (3-21) to (3-24) are rewritten as:

dX1 1 1 urefa 1
i A | X, + =X 3-25
dt carm(z udcj(3 2“] (3:29)
u
a1 (1 U, ,[XS_EXJ (3-26)
dt Carm 2 Udc 2
%zi Ug 1+ Urera X, - 1 U % —R_X, (3-27)
dt L,| 2 4 22U, 4 22U,
u u
%:i i+ refa X, - 1_ refa - ¥, — RegX, =V, —U, (3-28)
dt L |4 20, 4 2y
C
where C, = N’ L, = 05L,+L,, Ry = 05R +R_,u =0

Combining(3-25) to (3-28), the ODE model for MMC single phase is rewritten as the

following nonlinear equation:
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X=f(xut)

where x present for the system state variables and u are the system inputs.

3.2.3 Three-Phase MMC ODE Model

(3-29)

The three-phase MMC ODE model is extended based on the single-phase MMC ODE Model

discussed in the previous section.

let x= [X], e le]:[uZ auar WY, cubs WY, cuer WY, clar Uy, cibr UY, cles idifiv idiﬁ‘br idif'ci Lgy Ip) ic] , the equations

for the three-phase MMC ODE model are shown as following:

g _ 1 (1 U .(X 21
it c, 2 u,  (T2"

arm

P 1 [1 e
dt C

o _ 11, U] ( 1

dt C,. \2 U, 2
%_i % 1+ urefa X4— 1_ urefa —RmX7
dt L, 2 (4 2u, 4 20U, |
d_xgzi_udc B 1 urefb Xs_ 1_ urefb X —R Xg
d L,| 2 (4 2u, 4 2u, ) "
d_ngi Udc _(14_ urefc jxﬁ_[i_ urefC j'X3_RmX9

t L2 (4 20, 4 22U, |

dx,o (

(3-30)

(3-31)

(3-32)

(3-33)

(3-34)

(3-35)

(3-36)

(3-37)

(3-38)

(3-39)
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an 1 | 1 urefa 1 urefb

e L P X, — R X, —V, —U 3-40

dt L, _(4 2udcjx*" (4 zudc] 2~ ™Y "] (3-40)
- U U -

%:i £+ refc X6_ i_ refc R X12 c_un (3_41)

dt L [\4 20, 4 20U, |

ac’  eq ac ! ua

where Carm=% L, =05L,+L, R, =05R +R,,u, ——;[(u ~u,)+(u, -y, )+ (u, —u,)] or

0, urei (j=a,b,c) are the three-phase reference signals for modulation.

3.3 Circulating Current Suppression Control (CCSC)

3.3.1 Principle of CCSC

The feedback reduction methods of [43][45][50] depend on using an electronic/digital filter to
identify the circulating currents that are used as an error to be eliminated by negative feedback. In
the MMC-HVDC, the cost of the filters is negligibly small. But the addition of sub-systems of any
kind leads to a complexity instability analysis. Since the method described here does not add an
electronic/digital filter, it is more reliable.

Feedback is introduced through the signals &(j=a.b,c), which are added in the contents of Ures

(j=a,b,c) from (3-30) to (3-41). The references of phase-a, phase-b and phase-c are:

Uy = M COS(at + ) + &, (3-42)
U, = M COS(a,t =120 +8) + &, (3-43)
U, = M cOS(apt — 240" + 8) + &, (3-44)

where M is the magnitude control, w, is the angular frequency, and ¢ is the voltage angle
control.
The sections below strictly show the isolation of the circulating currents to form the feedback

signals &(j=a,b,c). In Fig. 3-1, for phase-a, the portion of the ac-current is defined as:
=1, cos(apt + ¢) (3-45)

a

where ¢ is the phase angle and lac equates to the magnitude of the AC current.
: 1. < .
lifta = 3 Iy + Z l,; coS(2 jart + 11;) (3-46)
j=1

where iqc is the current measured in the DC bus, and where the circulating current icira IS

expressed as a Fourier Series through the formula:
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0

s = Z l,;coS(2 jat + 14;) (3-47)

=1

The currents flowing through the three-phase upper arm capacitors of Fig. 3-1 are:

.1 1. & .
ha= 5 I oc COS(wt+¢)+ 3 I+ 1, COS(2 jooyt+4t;) (3-48)
j=L
.1 o 1. & . .
=5 |, COS(@yt+¢-120 )+§ it 1,;€08(2 (wpt-120")+4,) (3-49)
=1
.1 oy 1. & . o
I“°:E | 5c COS(aw,t+¢+120 )+§|dC+ZI2j cos(21(w0t+120 )+,uj) (3-50)

i1
Adding (3-48), (3-49) and (3-50), the upper DC bus current is:
S T I (3-51)
This is because:
I 5c COS(pt + @) + | o COS(wpt + 9 —120") + I, cos(apt ++1207) =0 (3-52)
C0S(2 jat + p1;) +COS[(2 j (et =1207) + 11,1+ COS[(2 j(ewyt — 240") + 11,1 =0 for j=1,2...0 (3-53)
From (3-45) to (3-50), it follows that the three-phase circulating currents can be obtained by

subtracting portions of the DC-side and the AC-side currents so that filters are not required.

. . 1 1.
lira =la — E Iac COS(&)Ot + (0) - é Idc (3'54)
. . 1 on 1.
liro = lup — E Iac COS(a)Ot to -120 ) - § Idc (3'55)
. . 1 R
leire = lye — > | c COS(apt ++120 ) — 3 Iy (3-56)

The signals &(j=a,b,c) added to the modulating signals of (3-42) to (3-44) are the outputs of

P-1 blocks. Kp is the proportional gain and K; expresses the integral gain of the circulating currents
from (3-54) through (3-56):

ga = KPicira + KI J._t icira (T)df (3_57)
& = Kolgey + K, [ gy ()7 (3-58)

£ = Kplge +K, [ iy (1) (3-59)
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3.3.2 CCSC Tests
The three-phase MMC ODE model with CCSC has been implemented in MATLAB-SIMULINK.

The results shown in Fig. 3-5, Fig. 3-6 and Fig. 3-7 are from the same simulation run, which
has reached steady-state at t=3.0s without feedback reduction of the circulating current. At t=3.0s,
the feedback elimination method is applied. At t=3.25s, the steady-state is reached. The
measurements for 2.95 < t < 3.0 should be compared with those for 3.25 < t < 3.3s. The three
figures show effective reductions of the circulating current by means of the CCSC.

Fig. 3-5 shows the circulating currents of (3-54), (3-55) and (3-56), which are different from
igitr Of Fig. 3-6 because iqc/3 is added. The reduction of circulating currents means that conduction
and switching losses in the IGBTSs are reduced.

Fig. 3-7 shows the voltage across the capacitor of a single sub-module. In this example, 2kV
is the designed average voltage. For C=9mF, the overvoltage of about 11.5% is reduced to about
4%, which is when the circulating current is eliminated. The dominant fluctuation in Fig. 3-7 is
the line frequency of 50 Hz. The distortion is due to the circulating current, which when reduced,
lowers the voltage peaks. IGBTs are more prone to failure from overvoltage than from over-current.

Parameters used for this experiment are shown in Table 3-I.

Table 3-1 Parameters used in CCSC tests

Parameters Values
DC Grid Voltage Uqc 400kV
AC Grid Voltage 220kV
Number of Sub-modules per Arm N 200
Sub-module capacitor voltage uc 2kV
Arm Inductance L 40mH
Arm Equivalent Resistance Ry, 0.1Q
SM Capacitance C 9mF
AC Equivalent Inductance Lac 50mH
AC Equivalent Resistance Rac 0.1Q
Control Parameters Kp 05
Control Parameters K| 5
Nominated Power Prated 400MW

Frequency f 50Hz
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Fig. 3-7 Capacitor voltage in the phase-a upper arm.



46

Tabc(KA)

R 9.92 994 996 9.98 10
()

time(s)

Fig. 3-8 Simulations of 3-phase AC currents when AC-side transformers have a grounded WYE
connection. (a) without CCSC; (b) with CCSC.
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Fig. 3-9 Simulations of current flowing in the ground wire (a) without CCSC; (b) with CCSC.
3.4 Grounding WYE Connection of AC-Side Transformers Tests

MMC-HVDC has the AC-side transformers connected in delta or in open WYE [143]. Protection
engineers prefer to ground the WYE and use the ground current to detect the presence of phase
faults in the MMC. From the algebraic formulas of [141], the 2" harmonic causes the even

harmonics in the circulating current in igirj(j=a,b,c) and the 3™ order harmonic in the AC currents.
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Fig. 3-10 FFT of phase-a AC currents when the AC-side transformers have a grounded WYE
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Fig. 3-11 FFT of current flowing in the ground wire.

In the simulation test, the neutral of the WYE of the AC-side transformers is grounded. As
shown in Fig. 3-8 (a), the AC-currents indeed have a 3" order harmonic distortion, giving rise to
an unacceptable THD of 4.92%. Fig. 3-8 (b) shows that, with the CCSC reducing the circulating
current, the 3™ order and odd harmonic distortion is mitigated. THD is 1.09%. Besides validating

the innovative method, the simulation results of Fig.3-8 (b) validate the algebraic formulas of [141].

Fig. 3-9 shows the 3" order harmonics current in the ground wire for: (a) without circulating
current reduction; (b) with circulating current reduction. The magnitude of 3™ order harmonics

decreases from 235A to 42A peak-to-peak after incorporating the circulating current reduction.

Fig. 3-10 shows the FFT analysis result of phase A when AC-side transformers have a
grounded WYE connection. The blue bar constitutes the result without circulating current

reduction while the red bar is enabled. The magnitude is divided by fundamental components
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(50H2z) to per unit. The fundamental component is not presented as its magnitude is 1. In Fig. 3-
10, the third-order harmonics (150 Hz) decreased from 0.05 to 0.01 after triggering the circulating

current reduction.

Fig. 3-11 shows the FFT of the current flowing in the ground wire. The magnitude is divided
by the rated value of the AC current to per unit. The 3™ order harmonics (150Hz) constitutes the
predominant part. The magnitude of the 3 order harmonics decreased from 0.16 to 0.03 after that

circulating current reduction has been activated.

3.5 SM Capacitor Size Tests
3.5.1 Over-Voltage Tests

Considering overvoltage is important when choosing the voltage rating of IGBTs. In Fig. 3-7,
the voltage across the IGBT in a sub-module reaches as high as 2230 V, although it is designed
for an average voltage of 2000 V. The overvoltage is about 11.5 percent for the capacitor size of
C=9mF. Designers need information such as the one given in Fig. 3-12, which posits the
percentage overvoltage as a function of C for two cases: with (enabled) and without (disabled)

circulating current reduction through the feedback.

For C=15 mF, the overvoltage is 3.25% in the disabled case, and 2.25 % in the enabled case.
Without the feedback elimination, the overvoltage climbs to a resonant peak of 113.25% when C
is reduced to around 6.5 mF. The overvoltage drops to around 20.75% at 5mF. The possibility of
resonance has been predicted in [141]. With the feedback elimination, resonance does not exist

and the overvoltage at 5 mF is about 10.5%.

3.5.2 Root Mean Square (RMS) Current Tests

IGBTSs have to be rated so that the current flowing through them does not exceed the thermal limit.
The thermal limit is based on the RMS value of (3-48) to (3-50), which consists of half of the AC
current, one-third of the DC bus current and the circulating current flowing through the IGBT.

The RMS of the AC current is plotted in Fig. 3-13 as a function of the capacitor size.

3.6 Model Validation Tests
In order to validate the proposed MMC ODE model, the Detail Equivalent Model (DEM) of the
3-phase MMC shown in Fig. 2-1 is simulated in the RT-LAB as the benchmark. In the simulations,
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Fig. 3-12 Percentage Over-Voltage of the IGBT in the SM.
1800 -

-e-Disabled
-= Enabled

1600
1400
1200

<
%1000
>
D:I

0 | | \8 | ]\-O ]\.1 | | | |

. Capacitance (mF)

Fig. 3-13 RMS value sub-module current as a function of C.

NLM is used as the modulation method. The capacitor voltages in each individual SM are balanced

by means of applying a sorting algorithm [17]. The parameters of the main circuit are shown in
Table 3-11.

Fig.3-14 to Fig.3-19 present the simulation results of the MMC DEM and the ODE Model.
The blue line stands for the results of the MMC DEM and the red dashed line shows the results of
the MMC ODE model. The MMC ODE Model is simulated in the MATLAB/SIMULINK. The
MMC DEM Model is simulated in the RT-LAB. The blue curves obtained from the DEM Model
coincide with those from the MMC ODE Model, thus validating the correctness of the ODE model.
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Table 3-11 Parameters used in Model Validation Tests.

Parameters Values
DC Grid Voltage Ugc 60kV
AC Grid Voltage 46kV
Number of Sub-modules per Arm N 12
Sub-module capacitor voltage uc 5kV
Arm Inductance L 5mH
Arm Equivalent Resistance Rm 1.1Q
SM Capacitance C 18mF
AC Equivalent Inductance Lac 2mH
AC Equivalent Resistance Rac 0.1Q
Frequency f 50Hz

Fig.3-14 to Fig. 3-17 present the comparison results of the four state variables
US cua, US cla Ldiffw 1o Trom (3-30) (3-33) (3-36) and (3-39). Fig. 3-18 shows the circulating current
icira. Fig. 3-18 shows the circulating current which has dominant 2" order harmonics. Fig. 3-19
shows the output AC voltage ua of MMC. In Fig. 3-19, the staircase waveforms are generated
through the Nearest Level Modulation (NLM).

3.7 Chapter Summary

The Ordinary Differential Equation (ODE) Model of MMC with the Circulating Current
Suppression Control (CCSC) is developed and validated in this chapter. The Capacitor Modulation
Theory is introduced first to present the relationship between the total voltage and the time-varying
capacitance of a string of capacitors. Based on the Capacitor Modulation Theory, a single-phase
MMC ODE is proposed and has been extended to a three-phase MMC ODE Model. In order to
reduce the inherent circulating current, a circulating current suppression control (CCSC) without
the electronic/digital filter is developed. After applying the CCSC, the magnitude of the circulating
current is reduced by 2500%. To further present the performance of the CCSC, the neutral of the
WYE connection of the AC-side transformer is grounded. The effect of the size of the SM
capacitor has been investigated. The results show that CCSC is capable of significantly reducing

the 3 order harmonics in the AC current and the RMS value of the arm current. The simulation
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results from the MMC DEM Model (RT-LAB), shown in blue, and from the MMC ODE Model
(MATLAB SIMULINK), shown in red, have been compared. The lines lie on top of each other.

The coinciding lines prove the correctness of the MMC ODE model.
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Chapter 4. Dynamic Characteristics

Analysis of Modular Multilevel

Converters

4.1 Introduction

The existing approach to system design is based on iterative tuning of circuit parameters. For
Modular Multilevel Converters (MMC), repetitive simulation runs are very time-consuming. The
design is seldom thorough because the waiting time of each iteration are long and tedious. In order
to facilitate design, two useful techniques are introduced in this chapter: (1) the method of Aprille
and Trick [133], by which the steady-state is solved within one period of 50 or 60 Hz, without
having to wait for the transients to be damped out; (2) the Floquet-Lyapunov Theorem [134][135],
by which graphs of the damping coefficients of the transients are computed to guide system

designers to choose the best size of the circuit parameters.

The nonlinear and linearized model of the MMC is discussed. By linearizing the model of the
MMC based on the ordinary differential equations developed in Chapter 3, a linearized time-
varying periodic matrix [A(t)]=[A(t+T)] is obtained. The state-transition matrix ®(7,0) of the
periodic matrix [A(t)] is constructed, and the eigenvalues of ®(7,0), where T equals to the period,
are solved. With the availability of ®(7,0), the method of Aprille and Trick [133] is then applied,
which arrives at the steady-state solution in only one period of 50 or 60 Hz of the supply frequency.

Therefore, it is no longer necessary to wait for transients to be damped out.

To guide system designers, graphs of the damping coefficients are plotted against the MMC
circuit parameters to facilitate the choice for the best damping, and to avoid force-resonance. The
damping coefficients represent the magnitudes of the eigenvalues of the state-transition matrix
®(T,0) of the periodic linearized [A(z)]=[A(¢+T)] matrix. The damping coefficients are plotted as

functions of (C,,,.., Lyes L» Ry.) to guide the choice of parameters.

In this chapter, the nonlinear and linearized model of the MMC is discussed first. The results of

the fast steady-state solutions of Aprille and Trick are presented in the second section. The graphs
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of damping coefficients as functions of MMC circuit parameters and how they are applied to guide

designs are presented in the third section. The summary comes in the last section.

4.2 Nonlinear and Linearized Models of MMC

4.2.1 Nonlinear MMC ODE Model
The schematic of one MMC phase is shown in Fig. 3-1. (3-25) to (3-28) are the ODE equations of
one-phase MMC. Based on (3-29), the ODE equations are written as:

dax _ 4-1
= fw) (4-1)

where f (x,u) is a 4-tuple nonlinear function of the vectors of state-variables x and inputs u. The 4

states of the ODE equations are x=[us .a, U5 cia» idifias 1a) -

4.2.2 Model Linearization

Linearization consists of defining x=X ()+Ax where X, is the vector of steady-state solution and

Ax is the vector of perturbation state-variables. Substituting x=X (£)+Ax in (4-1)

of (x,u " f(x,u
X, 9%y 0+ 18D s TS g
t X Xy 0.5 0) L )
where n=2,34...
In (4-2), because
dX, )
a th) uo(t)) (4'3)

According to ODE (3-25) to (3-28), for small AX for n>2, one assumes that

0" f(x,u)

| n
L e

=0 (4-4)

Substituting(4-3), (4-4) in (4-2), what is left is the first-order term, which is the linearized equation:

dAX _ 6f(x u)|

= 4-5
m AX =[A@)]AX (4-5)

|(X0 (£).up (1))
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Although (4-1) to (4-5) follow the standard procedure of small perturbation linearization, an
examination from (3-25) through (3-28) show that the nonlinearity is classified as bilinear. The
product terms consist of the multiplication of state variables with forcing functions. A truly
nonlinear function consists of multiplications of state-variables, for example, x12 or Xixe.
Bilinearity means that there is no requirement for the perturbation vector Ax(t) to be small to apply

linearity. In (4-4), the left side of the equation equals zero. There is no requirement that Ax(¢#)—0.

Since the 4 ordinary differential equations modeling its dynamic performance are (3-25) to (3-

28), linearization based on (4-2) yields (4-5), where

u u
0 0 1 (1_ refa) 1 (1_ refa)
Com 2 U, 2C,., 2 U,
u
0 0 (_ refa) _ 1 ( 1 + refa)
2 Udc 2Carm 2 Udc (4_6)
[A()] =
1 urefa 1 1 urefa 1
G- G+ -5 2R, 0
2|_ 2 U, 2L 2 U, 2L,
1 1 urea rea 1
“E G TG 0 —(Ry)
eq dc Leq 4 2Udc Leq

where C,, :%, Leg =0.5L, + Ly, Ry =0.5R, + R,

4.2.3 Periodic [A(D)]=[A@+T)] Matrix
Because Urefa(t) in (4-6) is periodic in T at 50Hz or 60Hz of the system frequency, it follows that
[ADF[AED].

After forming the linearized matrix, transient response is determined by the damping of the
perturbation vector Ax(z) from the initial state Ax(0) at /=0. For asymptotic stability, it is required
that ||Ax(2)||—0 when t—co. For the periodic [A(£)]=[A(#+T)] matrix, there is no known analytical

relationship between Ax(0) at =0 with Ax(f) when —o.

4.2.4 State-Transition Matrix &(T,0).
For the linearized equation Ax(9)=[A(?)]Ax(?), the state transition matrix ®(z,0) is constructed to

enable Ax(t) at time t to be related to its initial value Ax(0) at t = 0. The relationship is through
Ax(t) =[®(t, 0)]JAx(0) (4-7)
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In general, ®(z,0) consists of K columns of K-tuple vectors Ax,,(t) (n=1, 2..., K), asin:

@(t,0) = [Aﬁ(t)\%(t)\...% (t)\ , ...,\Ax_K ] (4-8)

As Ax(?) and Ax(0) are the solutions of Ax(#)=[A(¢)]Ax(¢), the KxK state-transition matrix ®(z,0)

satisfies
LGN _paeyta(o, 0 (4-9)
When each column of (4-8) satisfies (4-9), it follows that Ax(1)=[A(¢)]Ax(¢) is satisfied because:
W =[A®Q) AX (1) AQ)AX, (@), | A AR, (1)] (4-10)

Consider the initial state of the n'" column vector (written as a row to save space):

AX(0)" =[0,0,...1, ,0,s---0,0] (4-11)

dAx

Apply numerical integration of dt_n:[A(t)]A)—Cn of the n' column from initial the condition of (4-

11) to time =T.
The numerical solution takes the form
A)_(n (t)T = [Axln 4 AX2n """ AxKn] (4‘12)

Putting the columns of numerical solutions together

[AX, Ax, . Ax, Ax, | [1 0 . 0 0]
AXyy  AX,, . AXy,  AXy 01 . 0O
[Eol=. . . . (4-13)
AX, AX, . AX,,  AXy 00 . 10
| AXy  AX, Ay Mg ] [0 0 . 0 1]

The relationship between Ax(¢) and the initial state Ax(0) is

AX(t) =

AXy,
AXy,

AX

nl

| Ax

AXy,
AX,,

AX

n2

AX

AX,
AX

2n

AX,,
AX

Kn

AX
AXyye

AX

nK

AX

Ax(0)= [D(t,0)]Ax(0) (4-14)
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4.2.5 Dynamics of Discrete-Time System
This section shows that Ax(#) and the initial state Ax(0) are related by ®(7,0) in

AX(t) =[©(t, MT)][@(T, 0)]" Ax(0)

Once ®(T,0) is constructed, a property of the state transition matrix is given by (4-14).

When t=T
AX(T) =[®(T, 0)]Ax(0)
For 7< ¢ <2T, one can construct
AX(t) =[@(t, T)IAX(T)
Substituting (4-16) in (4-17)
AX(t) =[D(t, T)I[D(T, 0)]Ax(0)

Because of periodicity: A()=[A(++7)]

[O(MT,(M -DT)]=,...,=[P@T, 2T)] =[P(2T,T)] =[D(T,0)]

where M=0,1,2,3,..., positive integers.

For 27<t<3T

AX(t) =[@(t, 2T)]AX(2T) =[D(t, 2T)][P(2T, T)]AX(T)
=[@(t, 2N)][@(2T, T][D(T, 0)]Ax(0)

It follows from (4-19) and (4-20) that for MT<t<(M+1)T

AX() =[D(t, MT)][O(MT, (M -1)T)]...[®(3T, 2T)][D(2T, T)][D(T,0)]Ax(0)

Therefore, for MT<t<(M+1)T

AX(t) =[@(t, MT)][(T,0)]" Ax(0)
4.2.6 Asymptotic Stability Based on Geometric Series
For asymptotic stability, one requires |Ax(#)|—0, when t—co.
This is satisfied when

[T, 0)]" |- 0for M — o

The state transition matrix ®(7,0) can be diagonalized as

(4-15)

(4-16)

(4-17)

(4-18)

(4-19)

(4-20)

(4-21)

(4-22)

(4-23)
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[Im]
Ya
Y2
R=1
[Re]
Y1
Y3
Fig. 4-1 Eigenvalues of ®(7,0) and the unit circle
[©(T,0)]=[S]I[TI[S]™ (4-24)
N
where [[]= 72 (4-25)
V3
Va
It follows that
(71)M
[(T,0)]" =[S] LA [s] (4-26)
(7/3)
(74)M

In general, yk=\yk\ef‘9k, as illustrated in Fig. 4-1. The magnitude of each arrow representing the
phasor of y, is proportional to |yk|, and the angle made the real axis is 6,.. When the eigenvalues are
complex, they come as conjugate pairs, making angles +6; and —6,. When the eigenvalue is real,
0, = 0 or 2m. Although there is no known analytical relationship between at t = 0 with Ax(#) when
t—oo, the dynamics of the periodically sampled perturbation states: Ax(0),Ax(T),Ax(2T),
.., Ax(MT) is determined by the eigenvalues ykefek, k=1,2,3,4 of ®(T,0). Fig. 4-1 illustrates
phasors representing two complex conjugate eigenvalue pairs (k=1, k=2) and (k=3, k=4) in the
complex s-plane.

The magnitudes of the periodic samples of modes (k=1, k=2) or (k=3, k=4) are determined by the
geometric series of y,e/%, k=1,2,3,4. In order to be stable, ye/’%—0, and y}e7"%—0; for M—oo,

it is required that all the eigenvalues of ®(7,0) must lie within the unit circle shown in Fig. 4-1. The
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magnitude is significant even though the system is stable, because a large value of y, indicates poor

damping.

4.3 Fast Convergence to Steady-State by the Method of Aprille And Trick

In solving (4-1), if the initial value x(0) is guessed correctly; that is, equal to the steady-state value
Xo(?), then numerical integration would immediately yield the correct steady-state value x(t) =
X, (t) for £0. In general, this guess is wrong, and the waiting time for the transients to damp out is

long. The method of Aprille and Trick shows that, once the state-transition matrix ®(7,0) has been

computed, Xo(1) can be reached in only one time period T out of a wrong guess. The theory of Aprille
and Trick’s method is described in the following paragraphs.

The method exploits periodicity in T. On numerically integrating (4-1) from an initial value
x'=%(0) to the end of the period x(#)=%(T), if, by luck, £(0) is found to be equal to X(7), the integration
will yield the steady-state Xo(2).

In general,

%(0) = X(T) (4-27)
It is necessary to compensate for the wrong guess x(0) by adding another algebraic unknown

vector ¢ to improve the guess
X" (0) = R(0) +¢ (4-28)
Treating ¢ asan initial state of (4-14), its value at t = T is ©(7,0)¢. Because of bilinearity, there

is no requirement that ¢ has to be small for linearity to hold. If the improved guess of the initial

value is given by (4-28), at =T,

X(T)=X(T)+[®(T,0)] (4-29)
Periodicity requires that x(T) of (4-29) is equal to the initial state x7"°v¢(0) of (4-28), that is
X(T)+[O(T, 0] = X(0)+¢ (4-30)

Solving ¢ from (4-30)
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Fig. 4-2 Convergence to steady-state Xo(t) by t=T=0.02s using the method of Aprille and Trick

06 0.08 0.1

&={[11-[o(T, 01} "[*(T) - 2(0)] (4-31)
Writing x'=%(0), substituting (4-31) in (4-28), the next initial value is

X=X H{[1-[O(T, 0]} [&(T) - x] (4-32)
The algorithm has 2 steps:
Step 1) Step 1. From an initial value x* = £(0), integrate (1) until at = T, £(T) is reached.
Step2) If [|£(7)-2(0)||<e (¢ is set to e'° in this paper), the iteration is stopped and the steady-

state solution is obtained as (7). If |[2(7)-2(0)||>e, (4-32) is substituted as the next initial

value until the steady-state solution is obtained.

The more general algorithm of Aprille and Trick [133] for proceeding from the i to (z‘+1)’h

iteration is
X*(0) ={[1]-[@(T,0)]x' ()} {x'(T) ~[®(T,0)]x' (0)} (4-33)
Because of (4-4), there is no requirement that in (4-28), ” ¢ ” has to be small to apply linearity .

The computation required is up to time =T, which occurs as soon as x(7) is obtained from the

numerical integration from any initial value x(0) of /=0.
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To illustrate fast convergence to the steady-state of Aprille and Trick’s method, the initial states
of each phase are set to x(0) =[uy cuq» Us cla» Laiffas i,]* = [0,0,0,0]". Fig. 4-2 shows the simulations
of x(t) for t = 0. The curves in green, blue, and red correspond to the first, second and later periods.
It is found that ||Ax(7)-Ax(27)||<e®. According to the theory above, this implies that the correct

steady-state solution X, () is already found in =0.02s=T. The convergence in only one period is a

consequence of (4-4), which says that Ax(¢) does not have to be small for linearity to be applied to
(4-29).

4.4 Graphs of Damping Coefficients

This section presents the damping coefficients taken from the eigenvalues of ®(7,0), and the state-
transition matrix of the linearized [A(#)] matrix. Considering the discrete-time dynamics, the
transients are examined in the sampled time, t=T, 2T, 3T,..., NT. At the N sample, the state
transition matrix is ®(7,0)". There are 4 eigenvalues (ykefgk, k=1,2,3,4) with their magnitudes
(> k=1,2,3,4). In the sampled time, t=T, 2T, 3T,..., NT, the magnitudes change according to a
geometric series: yi, (V)% V)3, -..(vi)\. The system is stable when the magnitudes lie within the
Unit Circle of Fig. 4-1, because (y,)" —0 as N—oo. Fast damping corresponds to a low value in y,.
The parameters used in the MMC tests are listed in Table 4-I.

The MMC designer begins with an initial set of parameters, that is, (C;,m= 0.416mF,
L,=5SmH,L,=5mH,R,.=0.1Q). Fig. 4-3 to Fig. 4-6 display the magnitudes of (y,, &=1,2,3.4) as
functions of parameters, centered around the initially chosen parameters. When eigenvalues are
complex conjugates, their magnitudes are equal and the colour of one line is hidden by the other.

Poor damping corresponds to the damping coefficient close to 1.0. In each graph, the duration of
a transient is determined by least damped eigenvalue (highest y,). The designer has to consider Fig.

4-3 to Fig. 4-6 together. The choice is the minimum of the (highest y,,); from Fig. 4-3; Carm is selected
as 0.2mF; from Fig. 4-4 and Fig.4-5, Lac is selected as 50mH and Ly, is selected as 50mH. In Fig. 4-

6, Rac is selected as 0. From the choice, the design changes from the initial values (C,,,,n, Loe.LonRoc)

” "

to a new operating point (C,.,,» Lc.Lon,R..). A new set of figures similar to Fig. 4-3 to Fig. 4-6 can

" "

be constructed to guide the designer to (C;;m,Lac,L,',’,',Ra’c). The iterative design proceeds until his

objective is met.
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Table 4-1 Parameters used in MMC Dynamic Characteristics Tests

Symbol Quantity Values
Ubc DC Voltage 60kV
N Numbers of SMs per Arm N 12
Un SM Capacitor Voltage 5kVv
Rm Arm Equivalent Resistance 0.05Q
Lm Arm Inductance 5mH
C SM Capacitance 5mF
Carm Arm Equivalent Capacitancec (C/N)  0.4167mF/arm

Lac AC System Inductance 5mH
Rac AC System Resistance 1.25Q
® power angle 9.7°
Vac Grid Voltage (magnitude) 30.6kV

4.4.1 Validation of Method

The benchmark used in validation of the method consists of the simulations of (4-1), which are
graphically coloured blue. The Floquet-Lyapunov Theorem takes the method to the eigenvalues
vrelPrand y, e 70 of the state-transition matrix. Their predictions are graphed as periodic sample
values in the form of red bars. Validation consists of showing that the blue benchmark simulations
touch the periodic red bars.

For clarity in the validation, the technique of exciting only one selected eigen-mode at a time
is implemented. The eigenfunction software which computes the eigenvalues y,, k = 1,2,3,4 of
®(T,0) also computes the eigenvectors py, + jqx, k = 1,2,3,4. The k™ mode is exclusively excited

by the initial condition x(0) = apy + bqy, where a and b are scalars chosen to determine the size
of the transient.
In Fig. 4-3 to 4-6, there are graphs where two eigenvalues are depicted as a single line. The

single line represents the magnitude of the complex conjugate eigenvalues y,e/%kand y, e /.

The Mt periodic sample Ax, (M) of the (yl, yz) mode take the form:
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AX;,(M)=G,,7," cosMg,M =1,2,3... (4-34)

The M™ periodic samples of the (y5, y,) mode take the form

Axy4(M)=Gy,p5' COSMO,M =1,2,3... (4-35)
where G12and Gs4are proportionality constants, M is a positive integer.

Fig. 4-7 shows an example of exciting exclusively mode y; , = —0.4608 + j0.6627. The red
bars consist of periodic samples of the state variable uy ., taken from (4-34). The blue line shows
the solution of Ax(t) = x(t) — ﬁ(t),where x(t) is obtained from the simulation of (4-1). The
red lines show the periodic samples of y,, whose tips touch the blue line, thus validating the theory.
The red lines change polarity because cosM8 changes the polarity signin MO,M = 1,2,3.... The
important conclusion is that the magnitude y;, determines how quickly the transient is damped out.
The procedure for generating an exclusive mode, such as Fig. 4-7, Fig. 4-8 and Fig. 4-9, is through

the following steps:

1) Solve the steady-state X,(t) using the method of Aprille and Trick, and keep X,(¢t) in
memory.
2) Choose the initial time t = 0, where X,(0) = X,(T). In order to excite the k™ mode

exclusively, choose an initial value
x(0)=X,(0)+ap, +bq, (4-36)

and solve (4-1), which consists of (3-25) through (3-28). The solution is x(t) for t>0.

3) The exclusively excited mode is:

Ax (1) = x(t) - X. () (4-37)

where AX, ®= [chua,k ®, Uzda* ®), idiff k ®, ia,k (t)]T (4'38)

The solid line in Fig. 4-7, Fig 4-8 and Fig 4-9 are displays of (4-38). The red lines are
Ax(0),Ax(T), Ax(2T), ..., Ax(MT), obtained from (4-22), which is

AX(MT) = [(T, 0)]" Ax(0) (4-39)

Fig. 4-8 shows the case of y1=0.837, which belongs to the bifurcated region in Fig. 4-3. There

is no imaginary part to the eigenvalue. Thus, there is no oscillation on the red bars.
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Fig. 4-9 Mode of y, = 0.7478 (Cam =0.367mF/arm)

Fig. 4-9 shows the case of y,=0.748, which, again, belongs to the bifurcated region in Fig. 4-

3. As there is no imaginary part to the eigenvalue, there is no oscillation on the red bars.

The graphical agreement in Fig. 4-7 to Fig. 4-9 is very strong proof for the correctness of the

method.
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Fig.4-12 Upper arm voltage uy... showing force-resonance because C/N is chosen around peaks

of Fig. 4-10 and Fig.4-11

4.4.2 Bifurcated Regions
Fig. 4-3 and Fig. 4-6 show bifurcated regions where single lines divide into two. One way to

understand its occurrence is to remember that eigenvalues are the same as poles of a transfer
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function. In the method where partial fractions are used to find the poles, the denominator of the
partial fraction takes the form aS? + bS + c. When b? — 4ac > 0, the poles are real and take two

— NI _b—Vp2—
values: =+ :a 49 and 2 ;’a 29¢ For example, when the line of the (y;,7,) mode divides into

two, the periodic samples are:
A% (M) =G, ", M =1,2,3... (4-40)
and Ax,(M)=G,», M =1,2,3... (4-41)

where G1 and G2 are proportionality constants. There is no oscillation in the periodic samples.
Fig. 4-10 and Fig. 4-11 show uy,, when the modes of y; = 0.8371, and y, = 0.7478 are

exclusively excited, respectively.

Unlike Fig. 4-7, the red lines in Fig. 4-8 and Fig. 4-9 do not change polarity. Fig. 4-8 is lightly

-b+Vb%-4ac

a | and Fig. 4-9 is slightly more heavily damped because y, =

damped becausey; = |

| 2 ~bvbi-4ac | . As the overall damping is determined by the lightly damped mode, the bifurcated

region is to be avoided if improving the damping is the goal.

The bifurcated region occurs because cosM6 = 1. It corresponds to m8 = 2mm or 0, where
m is an integer. In the complex plane of Fig. 4-1, there is an angle 6 of the complex phasors
representing the eigenvalues. The phasors of the bifurcated region with the angle M are aligned

along the positive real axis.

Inspection of the waveforms of Fig. 4-8 and Fig. 4-9, which is confirmed by FFT measurements,
reveals that 50, 100, 150 Hz, and higher harmonics are present in Ax(t). This has led the authors
to investigate the FFT of the exclusively excited modes for Carm between 0.36 and 0.39 mF in Fig.
4-3. Fig. 4-10 and Fig. 4-11 show that the magnitudes of the FFT of 50Hz and 100 Hz of eigenvalue

1 display resonance characteristics.

The resonance characteristics in Fig. 4-10 and Fig.4-11 can give rise to force-resonance,
causing overvoltage across the sub-modules which exceed the rating of the IGBTs. To confirm
this possibility, (4-1) has been numerically integrated with Carm Set around the resonance peaks.
Fig. 4-12 shows the upper capacitor voltage uy.... Whereas initial transients are damped out, as

illustrated in Fig. 4-7 to Fig. 4-9, the force-resonance causes the voltage magnitude to build up
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from 60 kV (design value) to about 74 kV at a steady-state. Therefore, the bifurcated regions are

to be avoided because they constitute regions where forced-resonance can occur.

[141] shows that the second harmonic of single-phase AC power causes a harmonic voltage
proliferation to dc, f,, 2f,, 3f,, ..., mf,,m=1,23...inthe MMC. The frequency proliferation

appears in the bifurcated regions. Further investigations conducted by the authors, addressing
bifurcated regions of another parameter combination, confirm that dc, f;, 25, 3fo, ..., mfy are

present in FFT measurements.

4.5 Chapter Summary

This chapter introduces two useful analytical techniques: (1) the method of Aprille and Trick, by
which the steady-state is solved within one period of 50 or 60 Hz, without having to wait for
transients to be damped out; (2) the Floquet-Lyapunov Theorem, by which graphs of the damping
coefficients of transients are computed to guide system designers in choosing the best size of circuit
parameters. Implementation of the two techniques follows the steps: (a) modeling MMC by ordinary
differential equations (ODE); (b) linearization of the ODE equations to yield the linearized time-
varying periodic matrix; (c) construction of the state transition matrix of the periodic matrix; (d)
solving the eigenvalues of the state transition matrix which contain the damping coefficients; (e)
graphing the damping coefficients against MMC circuit parameters to facilitate the choice for the

best damping, and to avoid force-resonance.
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Chapter 5. Hybrid AC-DC Platform
Using MM C-HVDC Based on the ODE
Model

5.1 Introduction

Power system engineers require accurate and fast digital simulation platforms for design, operation
and planning studies on large hybrid (AC-DC) grids. Because of the low loss, the DC grids will
be based on modular multilevel converters based high-voltage direct current (MMC-HVDC)
system in the foreseeable future. Super-grids, with the MMC serving as the transmission backbone
of the future, have already been proposed [144]. Super-grids will be a hybrid grid with the AC

network interconnected with the DC network of MMC stations.

Firstly, it is necessary to address the issue of the simulation platform’s accuracy. The proposed
multi-terminal MMC-HVDC (MTDC-MMC) is based on extending the ODE model suggested in
Chapter 3. Second in importance is the simulation speed. It is well known that the simulation
according to the DEM(Detail Equivalent Model) of the MMC is computationally intensive. Well-
funded research groups make use of parallel computation in RTDS, OPAL-RT, HYPERSIM, etc.,
to accelerate simulations. As the system dimension increases, the number of parallel CPUs
increases as well. Platforms that serve high dimension multi-terminal MMC-HVDC will be costly.
As a super-grid may have several MTDC-MMC lines, the high system dimension requires an
examination if there is a limit to using parallel central processing units (CPUs). This limit is due
to the time that is required to pass the simulation result of each integration step from one processor
to another. From past experience with regard to using the Krylov cluster in a supercomputer [145],
speedup met with diminishing returns after 40 to 80 CPUs were used in parallel computation. The
theoretical speedup limit comes under Amdahl’s Law [146]. Supercomputers can have speedup

when using the ODE model.

Research on the hybrid AC-DC platform for super-grid begins in this chapter by considering a
modest-sized DC grid with four-terminal MMC-HVDC stations simulated according to the

ordinary differential equation (ODE) model. The simulation results from a single MMC station in
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chapter 3 has shown the accuracy of MMC ODE model when compared to the Detail Equivalent
Model (DEM) in RT-LAB. In order to solve the power system equations, an inductance matrix has
to be inverted. This chapter introduces a simple stray capacitor technique [147], which enables the
MMC stations to be decoupled without that inversion poses.

This chapter presents multiple control features: (i) coordinating the 4 MMC-HVDC stations to
operate harmoniously as Power Dispatchers, DC Voltage Regulator, infinite AC bus controller to
receive stochastic power from wind farm, (ii) circulating currents suppression control. The
multiple controls are implemented using the modulation signal in the standard MMC command
for the upper and the lower arms.

In order to compare the model’s accuracy and simulation speed, the four-terminal MMC-
HVDC systems based on the ODE models and the DEM are simulated by the same software with
RT-LAB. Simulation results show that the ODE model is 10 times faster than the DEM model
without losing accuracy.

This chapter is organized as follows: Section 5.2 presents the multi-terminal MMC-HVDC
based on the ODE model. Section 5.3 presents the Stray Capacitor Technique to integrate multiple
units of the MMC-HVDC connected by their DC sides, and it describes how they are integrated
by assigning them the roles of power dispatcher and DC voltage regulator. Section 5.4 describes
specific functional controls: acquire stochastic power of renewable power technologies; and,

implement circulating currents suppression control. Section 5.5 illustrates the simulation results.

5.2 Multiterminal MMC-HVDC System Based on ODE Model
The radial four-terminal MMC-HVDC system of Fig. 5-1 is presented as a benchmark for MTDC-
MMC-HVDC research.

In this chapter, the subscripts j stands for the phase-j, where j=a, b, ¢ and the subscripts n or -
n stand for the MMC station number, where n=1,2,3,4. Fig.5-2 shows phase-j (j=a, b, c) of the
n(n=1,2,3,4) MMC-HVDC station. Uy and Uy are defined to represent the sum of the total
capacitor voltages in the upper and lower arms of phase-j for the n'" MMC, respectively. uyj.n and
Ujj-n denote the total inserted capacitor voltage of the upper and the lower arm, respectively. nyj-n
and njj., symbolize the total number of inserted SMs in the upper and lower arms, which are decided
by the modulation signals mgj.n and mjn.

When looking at (3-10) and (3-11), the commands of the upper and lower arms of the j" phase
of the n" MMC station are:



72

DC-line 1 DC-line 2 DC-line 3 Y
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Fig. 5-1 Radial Multi-Terminal MMC Stations n=1,2,3,4
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Fig. 5-2 Schematic of phase-j (j=a, b, c) of the n" MMC
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Referring from (3-42) to (3-44), the modulating reference signals for the upper and lower arms

of phase-j of the n'" MMC station are
2
Uretin = M, COS(at — (£ —1) x 3 T+0g ) (5-3)

where ¢=1,2,3 corresponding to j=a,b,c, respectively. w, is the angular frequency, and dr-n IS
the voltage control angle for the nth MMC station (n=1, 2, 3, 4). My is the voltage amplitude.

Substituting(5-3) to (5-1) and (5-2), the commands for the upper and lower arms of the ji phase
of the nth MMC station are

M, cos(wpt — (¢ —-1) ><§7Z+ Or_n)

rnuj—n =l 5 . Udc—n (5-4)
2 U dc—n
2
M, cos(ot —({ ) x — 7+ ,,)
mlj—n = E - U 3 ‘U dc—n (5-5)
dc—n

The modulation reference signals m,,;.,(¢) and my,_,(¢) connect n,;_,(¢) and n;.,(¢) capacitors
(each of size C) in series strings as illustrated in Fig. 5-2. The currents i, and i, charge the
capacitors of sizes C/n,;.,(t) and C/ny;.,(t) in the upper and lower string. The upper arm voltage
us cyj-n » and the lower arm voltage uy .;;., consist of the sum of the voltage across each sub-module

in the strings. The voltages uy .., and uy ., are charged by (5-6) and (5-7), respectively.

dchuj—n 1 ij—n - 1 urefj—n

St R o Y Vi ) 5-6
dt C,. 5 )G U, . ) (5-6)

dchuj—n _ i (_ ij—n T )(1 n urefj—n ) (5_7)
dt Carm 2 e 2 Udc—n

where Cam=C/N and N is the total number of sub-modules in each arm.
From Kirchhoff’s Voltage Law along the branches containing iz, and i;.,,, their differential
equations are

di. u . u..
i-n _ 1 1_'_ refi-n Us.jn — l_ﬂ “Useiin _(1 R,+ Racjij—n -V, (5-8)
dt ( 1. j 4 2U, . 4 22U, 2

m ac
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Fig. 5-3 Application of voltage of Stray Capacitor Method for Station n (n# 2)
dl iffi—n 1 1 ure j—n 1 ure j—n H -
% = EI:U de—n — [E + ﬁj uchj—n - (E - ﬁj ' chujfn - 2Rm|diffjnj| (5 9)
Twelve ODEs (4 for each of the 3-phases) are applied to the simulations of each of the 4 MMC
HVDC stations of Fig. 5-1.

5.3 Integrating Multi-Terminal MMC-HVDC

5.3.1 Stray Capacitor Technique
As illustrated in Fig. 5-3, the DC line is modeled by an inductance Lnn+1)and a resistance Rng+1)
between the n' and the (n+1)" MMC stations. To obtain the first-order standard form suitable for
numerical integration, the stray capacitor technique of [147][148] is used. A stray capacitor Cpp
(with damping resistor Rpp) is placed in shunt across the n'" MMC station. The voltage across Cpp
is a state variable. There is no inductance matrix to be inverted in order to formulate first-order
standard form suitable for numerical integration.

Cop is very small in nature. In the simulation, the size should be big enough so that very small
simulation step-size does not have to be used. However, Cy, must be sufficiently small so as not

to cause inaccuracy.

5.3.2 Modulation Signal Control by M and dr

The MMC control of this chapter is structured after the voltage source converter (VSC) control of

[53]. Active power P of an AC line is:

2

Ve
P :Ysm(és ~03) (5-10)
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where ds and Jr are, respectively, the voltage angles of the sending-end and the receiving-end
of a transmission line whose reactance is X (resistance is neglected). Extensive research since [53]
shows that it is sufficient to have two kinds of stations: power dispatchers, and the DC voltage

regulators which operate the multi-terminal VSC-HVDC.

5.3.2.1 Multi-terminal VSC-HVDC

5.3.2.1.1 Power Dispatcher

For a power dispatcher, active power admitted to the VSC is measured and compared with the
reference setting Prer. The error (after passing through a P-I gain block) is applied to the receiving-
end angle Jr to put the error to zero through a negative feedback. Based on (5-10), active power is

drawn from the AC-side to satisfy the power reference Prer.

5.3.2.1.2 DC Voltage Regulator

The voltage across the DC terminals is measured and compared with the reference Vyc.rer. The error
(after passing through a P-1 gain block) is applied to the receiving-end angle or to put the error to
zero through a negative feedback. Based on (5-10), active power is drawn from the AC-side to charge

the DC-side to maintain the reference voltage Vic-rer.

5.3.2.2 MTDC-MMC-HVDC

The control of the MMC is achieved through the commands of (5-1) and (5-2) of the ji phase of the
nt station. The power dispatcher and the DC voltage regulator control the angle dr-nto reach Prerand
Vdc-ref.

5.3.2.3 AC Voltage Control

The terminal AC voltages are measured and compared to the AC voltage reference. The error after

passing through a P-1 block is applied to the magnitude My in (5-3).

5.4 Control of Multi-Terminal MMC-HVDC Platform
In the test system of Fig.5-1, the MMC1 and the MMC4 are assigned the role of power dispatchers.
The MMC3 is connected to a stochastic power source. The MMC2 is assigned the role of the DC

voltage regulator.

54.1 DC Voltage Regulator

The DC voltage regulator is the power slack which ensures power balance in the DC bus:

P,=-R, PR =[R+P,+P,]+ohmic loss (5-11)
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The DC Voltage Regulator can be used for trading in collaboration with the Power Dispatchers.

5.4.2 Station to Receive Stochastic Power

Renewable energy technology is exemplified by wind farms. From experience gained in research on
double-fed induction generators (DFIGs) [149][150], the MMC station is controlled to operate as an
infinite AC bus. It has the features of an ideal voltage source supplying 3-phase AC voltages of
constant magnitude and constant frequency to the DFIGs. As infinite AC bus, the MMC station
accepts stochastic wind power sent by the DFIGs. Therefore, the upper and lower modulating signals
are (5-12) and (5-13)

2
M, cos(ot —({ - x—m+ 9,
O i - Kl U, (5-12)
o 2 Udc—n o
2
M, cos(at —({ 1) x =7+ S5 ,,)
my_, = E_F U 3 Ugeon (5-13)
dc—n

where M, and w, are held constant and £=1,2,3 corresponding to j=a,b,c, respectively.

Some wind farm owners may want to trade wind power by using pitch control of turbine blades
to spill wind power above the contracted level. If Prer control is used with the VSC connected to the
wind farm, there will be an unavoidable mismatch. By using infinite AC bus control of (5-12) and
(5-13) instead of Pref control, wind farm owners can still fulfill contractual requirements despite pitch

controls being used to fulfill the contract.

5.4.3 Circulating Currents Suppression Control

As seen in Fig. 5-2, the current passing through the upper string of capacitors of the phase-a of the
n" HVDC station is:

. 1, .
Lyg-n™ 5 la-n+ld1ffa-n (5'14)

The component iz, consists of the share of DC current from the DC line and the circulating

current:

. 1. .
Ldiffa-n— 3 Lgc-nTeira-n (5'15)
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where iy, is the DC current measured at the DC bus and i;,,.,is the circulating current.

Therefore

. 1. 1. .
lyg-n= 5 lgnT E Lic-neira-n (5_16)

Using the same arguments, the equivalent of (5-16) for the b-phase and the c-phase are:

. 1, 1, .
Lub-n— 5 IpnT 3 lde-ntlcirb-n (5'17)
. . 1. .
Lye-n™ 5 et 3 Lge-nTlciren (5-18)
Because of the balanced 3-phase operation:
ia—n+ib—n+ic—n:0 (5-19)
As phase angles of the circulating currents are integral multiples of (47/3)
icira-n+icirb-n+icirc-n:0 (5'20)
From the sum of (5-16), (5-17) and (5-18)
iua-n+ iub-n+ iuc-n:idc-n (5-21)
Therefore
. . 1. 1.
Leira-n™a-n~ 5 La-n~ 3 Lde-n (5'22)
For the j (j=a,b,c) phase
. . 1. 1.
Leirj-n ™ tyj-n~ 5 Lin~ 3 Yde-n (5-23)

In order to suppress the circulating current of the j phase, the current of (5-23) is compared to
zero. The error is passed through P-I blocks (proportional gain Kp., and integral gain K.,). Upon
rewriting (3-57) to (3-59), we have

£ () = Ko iy O+ K, [ iy o (2)dz (5-24)

The signal is &, (¢), inserted in the modulating signals of the j" phase of the n" MMC station.

Referring to (3-42) to (3-44) and (5-3), the reference signals for the upper and lower arms of

phase-j of the n™" MMC station are

u =M, cos(a)ot—(f—l)><§7z+5R_n)—.§j_n (5-25)

refuj—n

u

reflj—n

—M, Cos(wot—(ﬁ—l)x§ﬂ+5Rn)+§jn (5-26)

where ¢=1,2,3 and j=a,b,c . w, is the angular frequency and Jr-n is the voltage control angle
for the n™" MMC station (n=1, 2, 3, 4).
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In substituting (5-25) for (5-1) and (5-26) for (5-2), the modulation signals of the upper and

lower arms of the j™ phase of the n'" MMC station are

1 M, cos(ayt —({-1)27/3+5_,) =&, (1)

m, () =L - ¥ 1V, (5-27)
dc—n
M t—((-1)27/3+9, o (t
m._ (t) — [1_ n Cos(a)o ( ) T + R—n)+§]—n( )]U ) (5-28)
lj—n 2 Ud dc—n

Revising (5-6) to (5-9), the ODE Model with CCSC is obtained, shown from (5-27) to (5-30)

dus...; I Ureryi
vain L N gy L Yeion (5-29)
d C,, 2 72 U,
dchujfn 1 ijfn . 1 ureflj—n
Wyogn _ 1l L Yo (5-30)
d¢ C,, 2 72 U,
di. ' ]
Ij—n _ 1 l+ ureflj—n chIj—n _ E_M 'chuj—n _(1 Rm + Racjij—n _Vj—n (5-31)
e (G SRR C e R

didiff'—n 1 1 ureﬂ'—n 1 urefu'fn .
dtJ N 2L |:Udcn _[E-’- u J Usetjn — E_ U : “Uscyjn _2Rm|diffj7n (5-32)

m dc—n dc—n

5.5 Simulation Results
The tests are organized primarily to test the accuracy of ODE against DEM used as a benchmark.
The simulation results in Fig. 5-4 to Fig. 5-7 (ODE Model—Dblue, DEM--red), and it shows that the

blue and red lines overlap, demonstrating the very high accuracy of the ODE model.

Both ODE and DEM have feedback suppression of circulating current implemented. The
capability of the ODE to implement the suppression of the circulating current is very important
because the circulating current proliferates even harmonics inside the MMC controller and odd

harmonics on the AC side.

The test includes step-reversal of power in the command of a power dispatcher to demonstrate

agreement in the transients.

The tests are also organized to validate the controls of: (a) a method to receive Stochastic Power;

(b) a regulated power dispatch; (c) a DC voltage regulator to maintain a DC grid balance of power.
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The windfarm power in the test is contrived. The magnitude and frequencies have been chosen
so that power from MMC3 does not interfere visually in reading the curves of MMC1, MMC2 and
MMC4. Waveforms from wind farms in service are very different from the contrived waveform used
in the test. Fig. 5-4 to Fig. 5-7 together shows the interaction of power dispatchers, DC voltage
regulators and stochastic power station of Fig. 5-1 along the same time axes. Parameters used in the
test of MTDC-MMC-HVDC are shown in Table 5-I.

5.5.1 Test Scenario

Fig. 5-4 shows the output active power of the MMCL1 to the MMC 4. Stochastic power is shown in
Fig. 5-4 (c). The stochastic power of Fig. 5-4 (c) is passed to the DC-side of Fig. 5-1, and it is
noticeable in the waveforms of Fig. 5-4 (a), (b) and (d). At t=6s, Pre.1 of the MMCL1 is given a step
change to reverse the inverter operation to a rectifier operation. In Fig. 5-4(a), after the transient has
subsided, it continues to maintain the power regulation at the new Prer.1as shown in Fig. 5-4 (a). The
transient affects the other stations. Pret-4 1S not changed, and, therefore, Fig. 5-4(d) continues to rectify
its assignment. The average level of the power of Fig. 5-4(c) does not change either. The MMC1 is
accommodated by the MMC2, the DC voltage regulator, which operates as a power slack to maintain
the power balance of the DC grid. Fig. 5-4 (a) and Fig. 5-4 (b) show that power balance is

maintained.

Fig. 5-5 shows the DC currents from the 4 MMC stations to the DC grid. Fig. 5-6 shows the DC

line currents between the MMC stations.

Fig. 5-7 shows the DC voltage of the MMC1, MMC2, MMC3, and the MMCA4. The DC voltages
along the DC grid are maintained by the MMC2, the DC voltage regulator. Because the y-axis scale
of the graphs in Fig. 5-7 ranges from 50 kV to 70 kV, the DC voltages are overshadowed by high-
frequency noise, which arises from the stochastic wind power of the MMC3 through using the y-
axis scale from 58 kV to 62 kV.

Fig. 5-8 isan enlargement of Fig. 5-7. The simulation results of the ODE and the DEM do not lie
on top of each other. The voltage differences in Fig. 5-8 are due to voltage drops in the current of
the stochastic power of the MMC3 across the impedances of DC-line 1, DC-line 2 and DC-line-3 in
Fig. 5-3. The disagreement is outside the ODE model and the DEM.

The graphs of the DEM model overlap with those of the ODE model in Fig. 5-4 to Fig. 5-8

showing the accuracy of both methods. The accuracy of the ODE model is validated.
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Fig. 5-4 Output active power of the MMC1 to the MMC 4.
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Fig. 5-9 Simulation by the ODE (a) iqifr , differential current of a, b and c phase of the MMC2 (b)
icir, circulating current of the a, b and ¢ phases of the MMC2. No suppression t < 0.8s. Suppression
enabled: t > 0.8s
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Table 5-1 Parameters used in MTDC-MMC-HVDC Test

Quantity Value

DC Grid Voltage Uqgc 60 kV

AC System nominal voltage 46 kV

Number of Sub-modules per Arm, N 30

Sub-module capacitor voltage 2kV
Arm Inductance L 30mH
SM Capacitance C 3 mF

AC Equivalent Inductance Lac 20mH
AC Equivalent Resistance Rac 0.1 Q
Arm Equivalent Resistance Ry, 0.3Q
Transmission Line Resistance Rnn+1) 0.1Q

Transmission Line Inductance Lnn+1) 31.8mH
Stray capacitor technique Capacitance Cpp 1F
Damping resistance Rpp IMQ

Table 5-11 Comparisons of the computing time between the ODE model and the DEM, obtained
from MATLAB/ SIMULINK

Computing Times (s)

Number of SMs/arm DEM ODE Model Speed-up Ratio (%)
10 171 28.38 602.54
20 235 28.58 822.25
30 288 28.64 1005.59
40 331 28.68 1154.11

55.2 Circulating Currents in Validation Test
Fig.5-9 shows the capability of the ODE model: (a) to represent igirt and circulating current igr for t

< 0.8s and (b) to represent feedback suppression for t > 0.8s. The test was performed on the MMC2.
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It must be added that the simulation results of Fig. 5-4 to Fig.5-8 have circulating current

suppression applied to both the ODE model and the DEM.

5.5.3 Simulation Speed Comparison

The simulation results of Fig. 5-4 to Fig. 5-8 have the circulating current suppression control that is
applied to both the ODE and the DEM methods. The simulation time comparing the ODE and DEM
models, obtained from MATLAB/ SIMULINK, are shown in Table 5-1I. When DEM is simulated
using the optimized standard software RT-LAB in MATLAB/SIMULINK, the speedup time gain is
10.

5.6 Chapter Summary

A four-terminal MMC-HVDC system based on the ODE model is developed in this chapter. The
stray capacitor method is introduced as a fast and convenient method to integrate the MMC HVDC
stationsina DC grid. The circulating current suppression control (CCSC) to eliminate the inherent
2" order harmonics is embedded in the proposed ODE model, as well as in the DC voltage control
strategy. By comparing the simulation results of the ODE model and the Detail Equivalent Model
(DEM) in multiple tests on a multi-terminal MMC-HVDC system, which include stochastic power
control and the CCSC, the ODE Model is capable of accelerating the simulation speed by a factor
of 10 while maintaining high accuracy. The ODE model has the necessary speed and accuracy to
form the simulation platforms for planning, operation and protection studies on a hybrid AC-DC

power system.
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Chapter 6. Damping Capability of
MMC-HVDC Based on the ODE
Model

6.1 Introduction

The HVDC has passed through several generations of technology: the 1%*-generation mercury arc
rectifier, the 2"-generation line-commutated thyristor, the 3"-generation VSC-IGBT, and the 4t"-
generation MMC-IGBT. The 3™ and 4" generations are economical at low power ratings so that
they can serve renewable energy technologies, especially in off-shore wind farms where DC
transmission favours underwater crossing. Since the MMC is the latest invention, it has received

intensive research lately.

This chapter shows that the MMC can provide Power Oscillation Damping (POD). The first
step consists of applying small-signal analysis to confirm that the requisite power to implement
the POD is proportional to the frequency of power oscillation, that is, do/dt, where ¢ is the rotor
angle. Time differentiation with respect to time, is from a theoretical viewpoint, not realizable.
The numerical derivative introduces noise that requires filtering by means of a low-pass filter. As
low pass filtering consists of integration, it nullifies the derivative operator. An innovative passive
local control method is proposed based on a three-phase phase-locked loop (PLL), which measures
the signal do/dt without differentiation. After successfully showing that the MMC-HVDC can
provide Power Oscillation Damping (POD), this chapter proceeds to use the damping to exceed
the transient stability limit, thereby increasing active power transmissibility. However, one
obstacle in implementing POD lies in line-to-ground faults in the transmission line. As the MMC-
HVDC operates as a voltage source, the very low impedance of the AC line-to-ground fault results
in destructively large fault currents, which destroy the IGBTs of the HVDC station, thus making
the MMC’s power oscillation damping useless. Hence, it is necessary to convert the MMC that
operates under reference voltage control to reference current control. Under the individual phase
deadbeat control[151], which is the name of the reference current control used in this thesis, only

the reference controlled current flows although the AC terminal voltage drops during the AC line-
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ground faults. When protected by the reference current control (Deadbeat), the POD capability of
the MMC-HVDC station can be applied to exceed the Transient Stability Limit. Simulation results
show that, with the proposed control method, an MMC-HVDC station can not only damp power

oscillation, but also increase the active power transmissibility of the AC line.

In this chapter, analysis has been conducted first to confirm that the damping power must be
proportional to the frequency of the power oscillation. Secondly, a three-phase Phase-Locked Loop
(PLL) is applied to obtain the frequency of power oscillation. For readers unfamiliar with the

operation of a three-phase Phase-Locked Loop (PLL), this chapter includes a brief revision.

The method incorporating the frequency obtained by the PLL the MMC modulation signals is

described.

The simulation test system consists of a radial AC transmission line with a turbine-generator
at one end, and an infinite bus at the other end. The MMC-HVDC station is connected in shunt to
the AC line. The MMC-HVDC is simulated by the ODE Model in MATLAB SIMULINK. The
effect of damping on the transient stability of the test system is evaluated, and the simulation results

are presented.

It should be pointed out that the simulation results contain the multi-function control capability
embedded in the ODE model. They are:

(1) The Power Oscillation Damping capability;
(2) The Circulating Current Suppression Control (CCSC);
(3) The Deadbeat control (Reference Current Control) of [151] to protect against short circuit

faults.

6.2 Property Required for Damping

Literature research shows that existing methods of implementing damping are based on the lead-
lag transfer function blocks and a washout block of [152]. However, there is no explanation on
how and why they are used. This section returns to the first principle to show that the damping
power must be proportional to w=dAd/dt, where @ presents the power oscillation frequency, and

o0 is the voltage angle.

For the turbine torque 7, to drive the moment inertia J against generator counter-torque 7,, the

equation according to Newton’s Law of Motion is:
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do

—2=T-T,
dt

do

— =
dt

(6-1)

(6-2)

Substituting the generator counter-torque 7,=V*sind/Xw,, where X is the equivalent

transmission line impedance of the radial transmission line connecting the generator to an infinite

AC bus, (6-1) and (6-2) are compacted as:

VZ2sins

@Dc

Jd*s/dt=T, -

where w, is the line frequency.

6.2.1 Small Signal Linearization
Writing ¢ = d,+Ad, (6-3) becomes

Jd?(5, +AS)/dt =T, —
Xa,

(6-4) decomposes into two terms by neglecting the 2" and higher-order terms of Ad.

-
Jd?(@)/dt =T, -0

c

~ (V?cos6,)AS
X,

C

Jd?(Ad)/dt =

From (6-5), steady-state operation is when

_VZsin(5,)
X,

T

Taking the Laplace Transform of (6-6)

~ (V*c0s5,)AS(s)
X,

C

S*AS(s) =

The solution requires finding the roots of

& _(V?cossy)
N)q0)

c

The time-domain solution is:

Ao(t) = Acos(a, t) + Bsin(a,, t

0sC 0sC

VZsin(g, + AS)

(6-3)

(6-4)

(6-5)

(6-6)

(6-7)

(6-8)

(6-9)

(6-10)
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where a)mz\/(V2 cos dy)/JXo,. . In this case, no damping has been applied.

6.2.2 Dynamics Small Signal Linearization with Damping

In order to damp the oscillation, a do/dr term is added to (6-3) so the new equation is

)
Jd2s/dt =T — L SN0 49 (6-11)
X, dt
where C is the damping coefficient.
Following the same small signal linearization, (6-6) becomes
2
JdZ(A5)/dt:—(v cos&)As  CdAs (6-12)
X, dt
Taking the Laplace Transform of (6-12), one has
2
s2A5(s) =SB RIAIES) _C oo (6-13)
Xao, J
The characteristic roots are solved from
2
g2+ Cg VCOS%) (6-14)
J Xao,
The roots of the quadratic equation are:
C . [(V’coss,) ,C
s=-— j [05%) Gy (6-15)
2] Xao, J
The time-domain solution is
AS(t) =[Acosa,, ,(t)+Bsinm, ,(t)]e™ (6-16)

where A and B are constants of integration and the damping factor is o =C/2J and w,. =

\/(VZ cos 6y)/JXwe— (C/])?.

Damping comes from the exponentially time-decaying term e (*3//* in (6-16) which originates
from (-Cdo/dr) added to (6-3). The conclusion is that damping requires the injection of active power

proportional to dAJd/ds term.



89

6.3 Damping Power Implementation

For MMC-HVDC, dAd/dt has to be obtained from the terminal voltages v,(2),v,(£),v,.(¢) at the
point-of-common-coupling (PCC) with the AC grid. A phase-locked loop (PLL), as illustrated in

Fig.6-1, extracts this information without differentiation.

6.3.1 Principle of PLL Operation

The PLL tracks the voltage angle 6, of the grid voltages v,(2), v, (9, v.(¢) by negative feedback.
Negative feedback requires having an error ¢ (shown in Fig. 6-1) which is obtained by the Detector.
The error ¢ activates a VVoltage Controlled Oscillator (VCO) to increase the output angle 6, until the
error is zero, whereupon 6, = 6, so that the angle of v,(), v,(2), v.(¢) is tracked. This requires that,

in Fig. 6-1, 6, increases monotonically with non-zero error .

6.3.1.1 Detector
At the point-of-common-coupling (PCC), v,(2), v, (t), v.(¢) are measured and transformed into 2-
phase v, (£),vg(¢), which are the inputs of Fig. 6-1. The details of the transformation between the a-

b-c frame to an a-p frame is presented in Appendix A.

The detector obtains the error € with the help of functions siné, and cosé, formed from the
output angle 6, in Fig. 6-1. The signal sind, is multiplied by v, (¢). Likewise, cosé, is multiplied by

vg(#). Their products are subtracted to form the error e.

The feedback error is based on the trigonometric identity sin(A4-B)=sin 4 cos B- cos 4 sin B.

£=V,c086, —V,sing,=Vsing cosg, -V cosg,sing, =V sin(g, —6,) (6-17)

Sin |«
COC
v ;
+ Ol inns
i ! \ ] -
'[ 1+1TLs 4’@7_»
+
oS |

Fig. 6-1 Three-phase Phase-Locked Loop (PLL)
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In (6-17), sin(6y-6,) is a monotonically increasing function of (6,-6,) within the region
-90°<(6,-6,)<90°.

6.3.1.2 Voltage Controlled Oscillator (VCO)
The P-I block (proportional gain Ky and integral gain Kj) serves the same function as the traditional
Voltage Controlled Oscillator (VCO). This is because a positive error ¢ causes the frequency w,, to

increase so that one has effectively a VCO.

The constant frequency w.=2xf, (f,=50Hz, 60Hz) is added by PLL designers to increase the

range of frequency acquisition, and to improve the transient response.

Their sum w,, is the input of an integrator block whose output is #,. The trigonometric functions

cosf, and sind, are formed and multiplied to v, () and v (¢) to produce the error in (6-17).

As sin(6,-0,) in (6-17) is a monotonically increasing function within the region -90°<(6,-
0,)<90°, the output increases until the error =0 is reached when 6,-6,=0. The PLL has then tracked

the input phase angle 6,.

6.3.2 Frequency of Power Oscillation

The angle 0, is the output of the integration block in Fig. 6-1, whose input is frequency ,. In the
presence of a power oscillation, the sought-after signal @w=dd/dt is contained in w,,. When there is
no power oscillation, the sought-after signal w=do/dt=0 is also contained in w,,. It is necessary to

distinguish @=dd/dt, (which arises because of a fault), from the grid frequency w,,.; (which has a

low frequency close to 50 Hz). When there is no power oscillation, m,=w,,.; .

To extract g4, w,, is passed through a low pass filter so that @y =[1/ (1+T,9)], . The

signal to implement damping is obtained from the difference, @=w,-w,,4, Which is shown as output

in Fig.6-1.
6.4 Damping by Modular Multilevel Converter (MMC)

6.4.1 MMC-HVDC and Modulating Signals
Fig. 6-2 illustrates the three phases of the MMC-HVDC connected to the DC voltage U,.. The
control for the MMC is based on modulating signals of the upper and lower arms. For phase-a,

they are:
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Fig. 6-2 Schematic of three phases of the MMC-HVDC
1 M
My, (t) =] = ———cos(@,t + Spe ) |- Uge (6-18)
2 U,
1 M
m, (t) = [E +U—cos(th + Ot )] Uy (6-19)
dc

where M and Jr control the voltage magnitude and the voltage angle of the AC voltage output
of the phase-a, respectively. The phase-b and phase-c have the same modulating signals as (6-18)
and (6-19) except for phase shifts of -120 and -240 degrees.

From power system engineering practice [153], d and M in (6-18) (6-19) are used to control the

active power and the voltage magnitude, respectively.

6.4.2 Incorporating Signal for Power Oscillation Damping
In order to incorporate active damping power, the modulating signals of (6-18) and (6-19) are

modified to:

1 M
My, (t) = [E TR COS(@yt + Spep + kgw)] Uy, (6-20)
de

1 M
m, (t)= (E +U—cos(th + Oyt + kgw)j Uy (6-21)

dc
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where ky represents the damping control gain.
In (6-20) and (6-21), kew is added to drer to output the active power for damping.

In the control based on the Decoupled P-Q control, ke is added to Prer.

6.5 Multiple Control Capability in MMC-HVDC

In order to operate in the power system, the MMC-HVDC must have multiple control capability.
The MMC-HVDC naturally operates under voltage control. One desirable controllability consists
of changing the control of the MMC-HVDC station from the voltage control to regulated current
control so that the IGBTSs are not destroyed by detrimental large fault currents. Fig. 6-3 shows all
the multi-function control of the MMC HVDC station in this chapter. The multi-function control
implements (i) damping, (ii) individual phase deadbeat for protection and (iii) decoupled P-Q

control. The AC lines of the MMC station, in Fig. 6-3, are connected in shunt to the AC grid.

6.5.1 Damping control
The voltages vecc, after transformation to the a-f frame are fed to the PLL in Fig.6-1, which has
2 outputs @ and 6,. The signal @ is passed through the gain block k. The signal k4 to produce

damping power is added to idrer, the output of the decoupled P-Q control block.

6.5.2 Decoupled P-Q Control

Decoupled P-Q control is implemented in the d-q frame. The output 6, from the Phase Locked
Loop (PLL) of Fig.6-1 is applied to form cos 6, and sin 6,, which are used in the a-f to d-q
transformation, and inversely from d-q back to a-B. Complex power references are Pref, Qref,
incorporating the feedback measurements Ps, Qs. From the PLL, phase-a equates phase-d.
Transformation yields the voltage vq and vq=0. In Decoupled P-Q Control as vq=0, idrer=P/v4 and

Iqref=Q/Vg.

6.5.3 Regulated Current Control

The MMC is naturally a voltage reference controller. The AC voltages are commanded by Uref in
the modulating signal (3-10) and (3-11). The first step in regulated current control consists of
measuring the voltages vecc at the point-of-common-coupling (PCC) in Fig. 6-3. The voltages vecc
vary as the grid voltage. During short circuit faults, the vecc drops to very low voltages, close to

ground potential. The voltages vecc at the PCC differ from the voltages outputted by the
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Fig. 6-3 Multi-Function Control Diagram of the MMC

modulating signals (3-10) and (3-11), and by the voltage drops of the injected currents ia, in and ic
across Lac and Rac. Thus, if irer is to be the regulated current, it is a matter of using urer in the
modulating signal (3-10) and (3-11) to produce the sum of vpcc, and the voltage drops of the
injected currents irer Of the a-, b- and c-phase across Lac and Rac. As the feed-forward voltage from

the PCC is Va=Vpcc _a, the resultant voltage Urer is Va +Le diyop/dt+ Ryclyessy:

As the d/dt operation is inherently noisy and therefore inaccurate, the current irera iS passed
through the deadbeat block, which is simple to implement because it contains a gain Ky in parallel
to another gain K> with a time delay block. The digital closed-loop deadbeat controller is briefly

introduced in Appendix B.

In Fig. 6-3, Urer for the 3-phases are Urefa, Urefb, Uretc. The measured PCC voltages are feed-
forwarded as Vecc a, Vecc b, Vecc ¢ The voltage drops across internal resistance Rac and inductor
Lac are added from the Deadbeat control block. In the deadbeat control, each reference current irefa,

irefb, Irefc N@s 2 branches. The references are multiplied by gain constants K; and K. The branch of
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Fig. 6-4 Test system of a radial transmission line with the MMC-HVDC station connected in a
shunt.

K> has a time delay. The combinations of the two branches are added to the feedforward voltages

Vpcc a, Vpcc b, Vpcc c to form the MMC voltage references Urefa, Uretb, Urefe. INdividual Phase

Deadbeat ensures that asymmetrical faults can be dealt with.

Deadbeat is applied because the method bypasses the need to differentiate in the term Lacdires/dt.

In addition, there is no time delay associated with the time constant Lac/Rac.

The AC output voltages of the MMC-HVDC consist of the voltage drops of Rac and Lac by the
regulated current and the feed-forward PCC voltages. The MMC-HVDC outputs the regulated
current irrespective of the voltages of the PCC. When there is a 3-phase short-circuit-to-ground
fault, the voltages of the PCC are at ground potential, but the MMC-HVDC continues to output

regulated current.

6.6 Simulation Results

6.6.1 Simulation Test Platform

Fig. 6-4 shows the single-line diagram of a radial power system planned for transient stability tests.
The test line transmits power from a turbine-generator to the infinite bus. In the transients, the
rotor angle ¢ of the turbine-generator “swings” against the infinite bus. MATLAB SIMULINK is

used as simulation software.

Appendix C lists the detail parameters of the generator (GENROU). The models, taken from
IEEE, are: turbine-governor system (1981 IEEE type 2), field excitation system (IEEE type 1), and

transformers. Transmission Lines 1 and 2, are both of a length of 150 km. They are modeled by
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Fig.6-5 Response to load increase (12.5%) at t=0.5s. (a) rotor speed pu (ac grid frequency); (b)
voltage angle d;(c) MMC active power output (pu); (d) MMC reactive power output (pu).

distributed pi-sections, with each pi-section representing a length of 150 km. The generator is

driven by a speed-regulated DC motor (for the turbine).

The MMC-HVDC is connected in shunt to the AC transmission line. The HVDC station
belongs to a point-to-point HVDC system. Each phase of the MMC-HVDC station is modeled

with 200 sub-modules per arm.

6.6.2 Damping Capability Tests
After the steady-state has been reached, a step increment of a load of 12.5% at t=0.5s is given to

excite power oscillation. In Fig. 6-5, the blue and red lines of the simulation results are with and
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without damping by the MMC-HVDC, respectively. The red line shows that the power oscillations
are damped by the MMC-HVDC. Fig. 6-5 (a) displays the rotor speed which is proportional to the
power oscillation frequency. The constant rotor speed of 1.0 pu corresponds to the grid frequency
wgrig- Fig. 6-5 (b) shows the generator voltage angle 6 with respect to the infinite bus. Fig. 6-5 (c)
and (d) show the active and reactive power outputted by the MMC-HVDC station. The reference
of the active power of the MMC-HVDC is set to zero in all tests. This enables the active power

required to implement damping to be studied in isolation.

The parameter settings of the generator, the turbine-governor system, and the field excitation

system are listed in Appendix C.

6.6.3 Transient Stability Test Conditions and Results
This section investigates if damping can increase the transient stability limit, thereby allowing for
more power to be transmitted.

In the transient stability limit test, a 3-phase line-to-ground fault is simulated in the mid-point
of Line 2 of Fig. 6-4 at t=0.5s. The voltages at the fault location collapse to ground potential.
Between the incidence of the fault and the opening of circuit breakers, there is a delay of 5 AC
cycles. It is critical that the IGBTs of the MMC-HVDC station are not destroyed by the fault
current. The MMC-HVDC station must have the deadbeat protection [151] in addition to the
damping capability.

After 5 cycles (100ms), the circuit breakers of Line 2 (CB1 and CB2) open. The transmission

line voltages recover. Power is transmitted through transmission Line 1.

Damping control is determined by ke, the damping control gain of (6-20) and (6-21). Results,
in which there is no MMC-HVDC damping, are identified by ke=0. Negative ko indicates that the
MMC-HVDC station removes the power oscillations from the AC-side by rectifying it to DC.

Table 6-1 summarizes the test conditions of Fig. 6-6 and Fig. 6-7. As the results on transient
stability tests are new, they are presented to familiarize readers with: (i) the waveforms of ¢ and
transmitted active power Pe; (ii) the roles played by ko and Pe in determining stable operation. It
should be noted that Pe is the active power through the transmission line because the active power
of the MMC- HVDC is set to zero.
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Table 6-1 Transient Stability Test

Pe  ko(blue) No damping ko (red)  with damping
Fig.5(a) and Fig. 6(a) 0.4 0 Stable -0.6 Stable
Fig. 5(b) and Fig. 6(b) 0.7 0 Unstable -0.6 Stable
Fig. 5(c) and Fig. 6(c)  0.85 0 Unstable -0.6 Unstable
) ) Unstable (with
Fig. 5(d) and Fig. 6(d) 0.75 -0.6 _ -0.8 Stable
damping)

Table 6-11 Power Transmissibility Gain from Damping

Damping Transient Stability Limit Power Angle Power Transmissibility Gain
Constant Transmitted Power (pu) Per Unit Gain
o(degree)
(ko) Pbase=800MW Base Power: 0.53>800MW
0 0.53 72.85 1.00
0.1 0.56 76.55 1.06
-0.2 0.59 80.04 1.17
0.3 0.62 83.54 1.30
0.4 0.65 87.14 1.23
0.5 0.68 90.82 1.28
-0.6 0.71 94.83 1.34
0.7 0.73 97.48 1.42
0.8 0.75 100.45 1.42
-0.9 0.75 100.45 1.42

Fig. 6-6(a) and Fig. 6-7(a) show for P. =0.4pu, the system is stable. Fig. 6-6(b) and Fig. 6-7(b)
show that, in raising the active power to Pe =0.7 pu, the system becomes unstable when there is no
MMC damping. However, it is stabilized by the damping of the MMC-HVDC. Fig. 6-6(c) and Fig.
6-7(c) show that, when Pe is raised above 0.85pu, MMC-HVDC damping fails to stabilize the
system. Fig. 6-6 (d) and Fig. 6-7 (d) show that, for P, =0.75pu, the system is unstable when the
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MMC damping ke¢=-0.6. But, by changing ks to -0.8, the system is stabilized. The maximum

transmitted power obtained when ks =-0.8.

From Fig. 6-6(b), Fig. 6-6(c) and Fig. 6-6(d), instability is characterized by a steep ascending
ramp in ¢. From Fig. 6-7 (b), Fig. 6-7(c) and Fig. 6-7(d), instability is characterized by Pe(t) having
a high-frequency oscillation. Fig. 17.16 (a) and (b) provide validation on page 1143 in [152],
respectively, because the waveforms of voltage angle ¢ and Pe in Fig. 6-7, are similar in terms of

stable and unstable operation.

6.6.4 Increasing Power Transmissibility by MMC-HVDC Damping

As the simulations of Fig. 6-6 (b) to Fig. 6-6 (d) and of Fig. 6-7(b) to Fig.6-7(d) show that the
transient stability limit can be increased by MMC-HVDC damping, a systematic study has been
pursued to evaluate the increase of power transmissibility by increasing the magnitude of the
damping constant ke. Table 6-11 summarizes the results. Table 6-11 keeps a record of the power

angle for future research on nonlinearity associated with sino of (6-3).

The power angle ¢ at the transient stability limit increases from 72.85 degrees to 100.45 degrees.
The results are unfamiliar because conventional wisdom sets 90 degrees as the steady-state
stability limit. The power angle ¢ constitutes the angle difference between the voltage behind the
reactance of the generator and the voltage of the infinite bus. The output voltage at the terminals

of the generator is regulated at 1.0 pu by the feedback through field excitation.

In Table 6-11, the transient stability limit increases with ke decreases. The maximum power
transmitted (0.75pu) within the transient stability limit is obtained when ky=-0.9, which is 42%
more compared to k=0 (0.53pu).

6.6.5 Impact of Damping Power on Ratings of MMC Components

Test results in Fig.6-8 show that in increasing the transient stability limit, the ratings of the MMC
components are not exceeded. In the tests, the active power reference setting is set to zero, that is

Pret=0. This enables the active power required by damping to be evaluated in isolation.

Fig. 6-8 (a) shows the magnitude of the AC voltages across the point-of-common coupling of
the MMC-HVDC station. From Fig. 6-8 (b), the peak values of currents from the MMC-HVDC
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Fig. 6-8 Voltages, currents, active and reactive power of the MMC-HVDC during the transient
stability test.

station is less than 0.20 pu during the fault. This is because regulated current control, by means of
the deadbeat control [127][128], has been incorporated into the control. From Fig. 6-8(c), the
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capacitor voltage across the sub-modules rises to 1.01 pu from 1.0 pu (SM voltage 2 kVdc).
Because the active power is regulated at zero, Fig. 6-8(d) shows that the DC current spikes, at 0.14
pu at most in the DC bus. Fig.6-8(e) shows the deviations of active power in the 0.05 pu range.
Fig.6-8(f) shows the reactive power drawn to support the AC voltage magnitude specified by M in
(6-18) and (6-19).

6.7 Chapter Summary

This chapter shows that the MMC can provide Power Oscillation Damping (POD). Small signal
analysis is applied to show that damping power must be proportional to the frequency of the power
oscillation. An innovative passive local control method is proposed based on a three-phase phase-
locked loop (PLL), which measures the frequency of the power oscillation without differentiation.
The damping provided by the MMC to increase the active power transmissibility and transient
stability is investigated. Furthermore, a universal control strategy is proposed and discussed,
including the POD control, decoupled PQ control, second-order circulating current control, and
reference current control deadbeat to protect the MMC from the AC side short circuit fault. A two-
bus-one-generator system integrated alongside the MMC-HVDC is implemented in MATLAB
SIMULINK as the test system through the ODE Model. The effect of damping the transient
stability of the test system is evaluated, and the simulation results are presented. Results show that
the MMC-HVDC can damp power oscillation and increase the transient stability limit so that
power transmissibility is increased by 42%. Further, the results also prove that the employed
deadbeat control is capable of protecting the MMC from the destructively large fault current

induced by the AC system’s short-circuit fault.
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Chapter 7. Conclusions and Future
Work

7.1 Conclusions

Modular-Multilevel-Converter (MMC)-based High Voltage Direct Current (HVDC) is the
topology of choice for long-distance, bulk power transmission, and for underwater cable
transmission, such as off-shore wind farms. This thesis focuses on the fast simulation capability
of and control strategies for the MMC-HVDC. The main objectives are: (1) to develop a fast and
accurate simulation model of a single MMC station and models of multi-terminal stations (MTDC);
(2) to investigate design parameters for high damping; (3) to design a MMC-HVDC that has power
oscillation damping (POD) capability.

In meeting the objectives, the following original contributions have been made:

i. A fast and accurate analytical model based on Ordinary Differential Equations (ODES) is
developed for a single MMC-HVDC station and extended to Multi-Terminal systems (MTDC).
Using the detail equivalent model (DEM) as a benchmark, the ODE model has the accuracy so
that its simulation results lie under those of the DM model. The simulation is faster by a factor
of 10.

ii. The ODE model is nonlinear. Obtaining the steady-state solution requires the simulation to be
long enough for the transients to have damped out. The Aprille and Trick method is applied
for fast convergence to the steady-state (limit cycle) in one period of the system frequency of
50 or 60 Hz.

iii. Small signal perturbation about the limit cycle yields a time-periodic characteristic matrix
[AM]=[A(t+T)]. The small perturbation vector Ax(#) is shown to be related to the state-
transition matrix Ax(#)=[®(z,0)]Ax(0). By applying the Floquet-Lyapunov Theorem, the state-
transition matrix ®(z,0) is constructed from [A(t)]. The dynamic properties of the MMC-
HVDC are embedded in the eigenvalues of ®(7,0). To be useful to designers, graphs of
Damping Coefficients are prepared as functions of parameters (Carm, Lm, Lac, Rac). From the
graphs, designers can choose parameters sizes which optimize damping, and choose to avoid

bad sizes which lead to instability caused by resonance.
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iv. The requisite signal to implement Power Oscillation Damping is dd/dt. The signals at the AC-

Vi.

terminals are functions of the voltage angle ¢. The requisite signal is obtained through
innovative application of the phase-locked loop (PLL) which extracts dd/dt, without incurring

the noise associated with digital differentiation.

The MMC-HVDC must have multi-function control capability. Many operators prefer to work
with decoupled P-Q control. The MMC-HVDC must have a CCSC to suppress circulating
current inside the sub-modules and the odd harmonics proliferated by circulating current on
the AC-side. The MMC-HVDC can operate as the Power Oscillation Damper (POD). The
MMC-HVDC must be protected from short-circuit AC-faults and the individual-phase
Deadbeat control can achieve it. The schematic of such a universal controller is given. The
capability of the universal controller is proven by simulations in which: (a) the harmonic
proliferation is absent because of the CCSC; (b) power oscillation damping is introduced; (c)
protection against short circuit fault is secured through the Deadbeat control.

Because of Deadbeat protection, the MMC-HVDC station survives destructively large AC-
fault currents so that its Power Oscillation Damping capability is put to use so to extend the
transient stability limit and thereby increasing the line transmissibility by a factor bigger than
20%.

7.2 Future Work

The thesis has explored several new ideas which have promise and are worth pursuing in further

research. They are:

(a) Developing the ODE model for simulation platforms for planning, operation and protection

studies of a large hybrid AC-DC power system.

(b) Universal control of multiple functions;

(c) Study of stability and damping coefficients of the grid-connected VSC-HVDC or MMC-

HVDC in accordance with the Floquet-Lyapunov Theorem.
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Appendix A. Clarke and Park

Transformation

Appendix A provides the theory of Clarke and Park transformation in Chapter 6.

With a-b-c to a-f transformation (also known as the Clarke transformation), variables of the

stationary a-b-c frame can be converted into their equivalent variables of the stationary a-f frame:

L1
f f 2 2
f, |=[C]| f, |, where [C]:% 0 ? —g (A-1)
WLk 111
_2 2 2 |
where [C] is the Clarke transformation matrix.
This inverse transformation is
1 0 1
fa fa \/_
f, [=[C]"| f, |, where [C]" = —% 73 1 (A-2)
f f
° y LBy
L 2 2

where [C]? is the inverse Clarke transformation matrix.

For a balanced three-phase system, f,=0. Therefore, the simplified a-b-c to a-f transformation is

f 1 1

f : 2/t 2 2
{fj:[cs] ]fcb , Where [CS]:§ . NG (A-3)

i 2 2

where [Cg] is the simplified Clarke transformation matrix.

The simplified inverse transformation is
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1 0
é | f .
f, =[Cs]l{fj,where [C.]" = —% —g (A-4)
° 1B
L 2 2 |

where [Cs]™ is the simplified inverse Clarke transformation matrix.

With a-b-c to d-q transformation (also known as the Park transformation), variables of the stationary

a-b-c frame can be converted into their equivalent variables of the rotational d-g frame:

i i cos(wt) cos(a)t—120°) cos(a)t+120°)
f.1=[P]l T, ,where[P]:% —sin(wt) —sin(a)t—120°) —sin(wt+120°) (A-5)
hl Lk 1 E E
2 2 2 J
where [P] is the Park transformation matrix.
This inverse transformation is
f, f, cos(t) —sin(wt) 1
f, |=[P]"| f, |, where [P]" =|cos(wt-120") -sin(wt-120") 1 (A-6)
fe fe cos(t+120°) —sin(at+120') 1

where [P] 1 is the inverse Park transformation matrix.

For a balanced three-phase system, fo=0. Therefore, the simplified a-b-c to a-f transformation is

|:fd:| f, Zros(a)t) cos(a)t—120°) cos(cot+120°)
f

=[P || f, |, where |P,|=— . ’ AT
[ ] fb [ ] 3 —Sin(a)t) —sin(wt—lZO) —sin(wt+120) (A

q
¢

where [Ps] is the simplified Park transformation matrix.

The simplified inverse transformation is

f, f cos(t) —sin(wt)
f, =[PS]'{fd}, where [R,]" = cos(a)t—120°) —sin(wt—120°) (A-8)
f q cos(t+120°) —sin(wt+120')

where [Ps] * is the simplified inverse Clark transformation matrix.
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Appendix B. Digital Closed-Loop
Deadbeat Control

Appendix B illustrates the digital closed-loop deadbead control in Chapter 6.

Fig. B-1 shows the block diagram of a digital closed-loop deadbeat control system. In Fig. B-
1, irefa(t) and ia(t) stand for the reference current and for the measured feedback current for phase-
a in time domain separately. Two control paths are included in the control diagram: a forward
path and a feedback path. The forward path includes a control block G¢(z), a computation delay
block Gp(z), a zero-order-hold (ZOH) block Gzon(z), and the system plant block Gp(z). The
feedback path includes the control block Gr(z). G2(z) is defined as the combination control blocks
of computation delay, ZOH, and the plant block. Since the overall discrete transfer function for a
digital deadbeat controller is z2, and since the system plant block Gp(z) is decided by the system
configurations, the main idea to design of the digital closed-loop deadbeat controller is to design
a proper control block G¢(z) and feedback control block Gr(z2).

The MMC plant circuit is shown in Fig. B-2. Lac and Rac represent the arm impedance and
arm resistance, respectively. Therefore, in the continuous frequency domain, the ZOH block and

the plant (L-R) in Fig. B-1 are:

b
GP (S) = m (B'l)
Gron (8) =15 (B-2)

where, a=Rac/Lac, b=1/Lac, AT is the delay period. Taking the Z transform of (B-1) and (B-2)

Gp (Z)GZOH (2)= Z(GP (S)GZOH (s)) = g% ! (B'3)

The transfer function for the delay block is
Gy(2)=12" (B-4)
Therefore, the defined G2(z) is the combination of (B-3) and (B-4),

b 1_ efaAT b 1_ efaAT
G,(2) =G, (2)G,(2)G,., () =z1= 7t== 2 B-5
,(2) =Gy (2)Gp (2)Gyon (2) T Al o] (B-5)
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The main idea is to design a G¢(z) and Gg(z), so that

G(2) = 1(2) _ G, (2)G,(2) _z72
It (2) 1+ G (2)G, ()G, (2)

z?> means a total delay of two sampling period will be introduced.

(B-6)

irefa (K S(k) S(k-1) ia(t)
J‘ GC(Z) GD(Z) EE— GZOH(Z)'_> Gp(Z) 2 »-
Irefa (t) T
- G:) P
- 2 >
ia(K)
Gr(2)

Fig. B-1 Schematic of digital current feedback of deadbeat control block.

-V})C%“ /VE?EY‘\ Re "'/u% -
O MWh—)
= Vpeob * Lac R Up
)< YN v A
O W——)
— Ypcec T Lac R Uc —
- )< Y Y ac A" -
Can W——)

Fig. B-2 Three-phase MMC plant circuit.

Defining N(z) and D(z), as the numerator and denominator of a transfer function, respectively,

_Nc(2) R
G.(0)= et &)

_N:(2) .
GF(Z)——DF(Z) (B-8)

Substituting (B-7) and (B-8) in (B-6)

b
N, (z)D; (z)[l—ewj
G(2) = G (2)G, (1)  _ a

1+ G: (2)G, (2)G,(2) - D, (2)D, (2) (1_e—aAT 2—1) 724 N¢ ()N, (2) (Zl_e-aﬂ j

7'=7% (B-9)

Therefore,
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N, (z)D, (z)(gl— e 2T j =1

De @)D, (@) (1-€*72*)* +Nc<z)NF(z)(§1‘emj=zz

Setting Dr(z)=1 [154], and substituting Dge(z) in (B-11)

Ne (2) :[gl—e*a“j -

Substituting Dr(z)=1 and (B-12) in (B-11)
D, (2)(1-e*72")2" + N, (2) = 7*
When D(z) is defined as
D, (2)=1+e 7 72
Substituting (B-14) into (B-13)
Ne(z)=e™"

Substituting (B-14) and (B-15) in (B-7) and (B-8),

a 1
bl_e—aAT
G.(2)=
C() 1+e—aATZ—1

GF (Z) — efZaAT

(B-10)

(B-11)

(B-12)

(B-13)

(B-14)

(B-15)

(B-16)

(B-17)
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Appendix C. Parameters used in
MMC-HVDC Damping Tests

Appendix C lists all the corresponding parameters used in MMC-HVDC damping tests in Chapter

6.
i)

2)

3

4)

5)

6)

Generator (Standard GENROU Synchronous Machine)

S = 800MW, V; = 230KV, fz = 50Hz, H = 4.00, 1, = 0, x4 = 1.41pu, x; = 0.3 pu,
xq = 0.2pu, x4 = 1.35pu, x; = 0.6 pu, x4 = 0.2pu, x;, = 0.12pu, Ty, = 0.5s, Ty, =
0.05s, Tq’o = 0.7s, Tq’(’, = 0.1.

Turbine-Governor System (1981 IEEE type 2 turbine-governor model)

K = 20,T; = 50sec, T, = 10sec, T3 = 1sec, T, = 0.1sec, Ppin = 0, Ppax = 1.5pu

Field Excitation System. (IEEE type 1 synchronous machine voltage regulator combined to
an exciter)

T, = 0.02sec, T, = 0, T, = 0, K, = 200, T, = 0.001s, Ef;nin = 0, Efynax = 12.3pu, K, =
0,Kr=0,T;=0

Transformers (A/Y -Q)

R, = 0.005pu, L, = 0.05pu, R, = 0.005pu, L, = 0.05pu.

Transmission Line (Distributed Pi Section)

Line 1 length:150km

Line 2-A length:75km, Line 2-A length:75km

r=0.0529Q/km, /=0.0017H/km, ¢=1.0535e-08F/km

MMC

DC grid Voltage Uqc: 400kV

AC system nominal voltage: 230 kV

Number of Sub-modules per Arm N :200

Sub-module capacitor voltage:2kV

Arm Inductance Lm: 40mH

Arm Equivalent Resistance Ry: 0.1 Q
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SM Capacitance Csm: 9mF
AC Equivalent Inductance Lac: 20mH
AC Equivalent Resistance Rac: 0.05Q
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