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ABSTRACT

Modular multilevel converters (MMCs) have become an attractive technology for high

power applications. One of the main challenges associated with control and operation of the

MMC-based systems is to smoothly precharge submodule (SM) capacitors to the nominal

voltage during the startup process. The existing closed-loop methods require additional

effort to analyze the small-signal model of MMC and tune controlparameters. The existing

open-loop methods require auxiliary voltage sources to charge SM capacitors, which add

to the system complexity and cost. A generalized precharging strategy is proposed in this

thesis.

For large-scale MMC-embedded power systems, it is requiredto investigate dynamic

performance, fault characteristics, and stability. Modeling of the MMC is one of the chal-

lenges associated with the study of large-scale MMC-based power systems. The existing

models of MMC did not consider the various configurations of SMs and different operating

conditions. An improved equivalent circuit model is proposed in this thesis.

The solid state transformer (SST) has been investigated forthe distribution systems to

reduce the volume and weight of power transformer. Recently, the MMC is employed into

the SST due to its salient features. For design and control ofthe MMC-based SST, its op-

erational principles are comprehensively analyzed. Basedon the analysis, its mathematical

model is developed for evaluating steady-state performances. For optimal design of the

MMC-based SST, the mathematical model is modified by considering circuit parameters.

One of the challenges of the MMC-based SST is the balancing ofcapacitor voltages.

The performances of various voltage balancing algorithms and different modulation meth-

ods have not been comprehensively evaluated. In this thesis, the performances of different

voltage-balancing algorithms and modulation methods are analyzed and evaluated. Based

on the analysis, two improved voltage-balancing algorithms are proposed in this thesis.

For design of the MMC-based SST, existing references only focus on optimal design of

i



medium-frequency transformer (MFT). In this thesis, an optimal design procedure is devel-

oped for the MMC under medium-frequency operation based on the mathematical model

of the MMC-based SST. The design performance of MMC is comprehensively evaluated

based on free system parameters.
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Chapter 1

INTRODUCTION

1.1 Basics of Modular Multilevel Converter

The modular multilevel converter (MMC) is firstly proposed by R. Marquardt in 2003

[1], which became an attractive converter for high power applications due to its salien-

t features: 1) its modularity and scalability to meet high voltage requirements, 2) re-

duced voltage ratings and dv/dt stress of switches and capacitors, 3) high efficiency, 4)

improved power quality for filter-free applications, 5) inherent fault-tolerance capability

and 6) fault-blocking capacity to improve fault interruption performance of the MMC-

based high-voltage direct current (HVDC) systems. Therefore, the MMC has become the

basic building block for multi-terminal direct current(MTDC) systems and DC grids [2].

Fig. 1.1shows a schematic diagram of a three-phase MMC. The MMC consists of two

arms per phase leg. Each arm comprisesN series-connected submodules (SMs), and an

arm inductor. The SMs in each arm are controlled to generate the required arm voltage.

The arm inductor is utilized as an ac filter to suppress the high-frequency harmonics of the

arm current.

1.1.1 Typical Applications

The MMC is initially proposed for the HVDC systems. Recently, it has been em-

ployed into various high power applications, including thegrid integration systems of the

renewable energy sources (RESs), the medium-voltage motordrive systems, energy storage

systems (ESSs), the solid-state transformers (SSTs), etc.

• HVDC systems: The MMC is one of the competitive converters for the voltage

1
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Figure 1.1. Schematic diagram of MMC with various SMs.

sourced converter (VSC) based HVDC applications [3–9]. The MMC has been em-

ployed into several practical HVDC systems, which are listed in Table1.1 [10–15].

To improve the fault blocking capability of MMC, the fault-blocking SMs are pro-

posed in [2, 16]. Several improved topologies are proposed in [17–19] to increase

the voltage rating of dc side.

• Grid integration systems of RESs: During recent few years, the MMC is employed

into grid integration systems of RESs, such as offshore wind farms and large-scale

photovoltaic (PV) plants [20–31].

• AC motor drives: The MMC is also utilized as a medium-voltagemotor drive. Under

2



low-speed operating condition, the low-frequency voltagefluctuation of capacitor is

the main issue of the MMC-based medium-voltage motor drives. In [32–35], sev-

eral circulating current injection methods have been presented to suppress the low-

frequency voltage ripple of SM capacitor.

• Energy storage systems: During recent several years, the MMC is employed into

grid-tied battery energy storage system (BESS) [36–44], as well as the small scale

BESS in electric vehicle (EV) [45–47].

• Other applications: The MMC is also employed into other applications, such as S-

TATCOM and SSTs [48–53].

3
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1.1.2 Configurations and Topologies of Modular Multilevel Converters

A Submodule configurations and switching states

The SM is the basic building block of MMC. The half-bridge (HB) circuit is a dominant

configuration of SM in MMC. However, in case of a dc-side fault, the MMC consisting of

the HB SMs (HB-MMC) cannot block the fault currents fed from ac grid. Various SMs are

investigated to improve the fault-blocking performance ofMMC, such as full-bridge (FB),

unipolar-voltage full-bridge (UFB), clamp-double (CD), and three-level/five-level cross-

connected (3LX/5LX) SMs , which are denoted as fault-blocking SMs (FBL SMs) in the

following part of this thesis [8, 16, 54]. The configurations of various SMs are shown in

Fig. 1.2.

In [55, 56], for the HB SM, there are three operating state:

• Inserted: When the upper switch is turned on, while the lowerswitch is turned of-

f, the capacitor is inserted into arm. The charging and discharging of capacitor is

determined by the direction of arm current.

• Bypassed: When the lower switch is turned on, while the upperswitch is turned off,

the SM is bypassed.

• Blocked: When both switches are turned off, the arm current can only flow through

the anti-parallel diodes ofS1 andS2. When the arm current is positive, the capacitor

is charged. While when the arm current is negative, the SM is bypassed.

The various SMs are equivalent to the series-connected/parallel-connected HB SMs.

S1 is logically complementary withS2, while S3 is logically complementary withS4.

For the UFB SM, when the conducting switchS3 is turned on, it operates as the HB SM.

Similarly, for the FB SM, when the conducting switchS4 is turned on, it operates as the
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Figure 1.2. The configuration of various SMs: (a) HB SM, (b) UFB SM, (c) FB SM, (d)

CD SM, (e) 3LX SM, and (f) 5LX SM.

HB SM. For the CD and 3LX SMs, when conducting switch (S5) is turned on, they are

equivalent to two series-connected SMs. For the 5LX SM, whenS5 is turned on, the two

HB SMs are positively connected. WhenS6 is turned on, the two HB SMs are inversely

connected.

B Topologies of MMCs

The HB-MMC is the dominant topology for high-power applications. The MMC con-

sisting of FBL SMs are proposed for HVDC systems to improve the fault-blocking capa-

bility. By combining the HB SMs with FBL SMs in hybrid MMC, it can make a trade off

among the dc fault-blocking capability, efficiency, and cost [16].

To improve the performance of MMC, various modified topologies are proposed for

MMCs:

• Reduce capacitor size and voltage ripple: Generally, in traditional MMC, the bulky
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Table 1.2

Switching States of the Fault-Blocking SMs Under Normal Operating Condition

S1/S2 S3/S4 S5/S6 vo

UFB
1/0 1/- -/- vc

0/1 1/- -/- 0

FB

1/0 0/1 -/- vc

0/1 0/1 -/- 0

1/0 1/0 -/- 0

0/1 1/0 -/- -vc

CD

1/0 0/1 1/- 2vc

0/1 0/1 1/- vc

1/0 1/0 1/- vc

0/1 1/0 1/- 0

3LX

1/0 0/1 1/- 2vc

0/1 0/1 1/- vc

1/0 1/0 1/- vc

0/1 1/0 1/- 0

5LX

1/0 0/1 1/0 2vc

0/1 0/1 1/0 vc

1/0 1/0 1/0 vc

0/1 1/0 1/0 0

1/0 0/1 0/1 0

0/1 0/1 0/1 -vc

1/0 1/0 0/1 -vc

0/1 1/0 0/1 -2vc

capacitors are required to suppress the voltage ripple. Thelarge number of bulky

capacitors increase the cost and volume of MMC, reduce the power density, and limit

the widespread applications of MMC [57]. To reduce the capacitor size and voltage

ripple, a modified MMC is proposed in [57], which adds a middle SM in each phase

leg. Reference [58] proposed a new SM configuration integrated with the stacked
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switched capacitor (SSC) energy buffer architecture, which allows larger capacitor

voltage ripple and reduces the requirement of capacitor. Reference [59] proposed a

flying-capacitor MMC, which is characterized by the cross connection of the upper

and lower arms in one phase leg through a flying capacitor. Theflying capacitor can

redistribute the power between upper arm and lower arm, and hence it can mitigate

the capacitor voltage ripple. To reduce the capacitor voltage ripple, an active power

decoupling circuit is applied into the SM of MMC, as an activebuffer to absorb the

power ripple [60].

• Increase dc-link voltage: To increase the dc-link voltage rating and make the MMC

more suitable for high voltage application, several modified topologies are proposed

in [17, 19], in which the phase legs are connected in series.

• Reduce power losses: Due to the fewer SMs operating outside the main power path,

the power losses of parallel hybrid MMC (PHMMC) can be potentially reduced,

which have been investigated in [17, 18]. A lattice modular multilevel converter

(LMMC) has been proposed in [61], in which the arm consists of two HB SMs com-

bined with a cascade circuit. It provides lower power lossesand fault-handling capa-

bility.

• Reduce common-mode voltage: For medium-voltage motor drive applications, the

common-mode voltage is one concern, when designing the motor drive converters.

To solve this problem, an active cross-connected MMC and a flying-capacitor MMC

are proposed in [59, 62].
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1.1.3 Control Strategies

A Normal operating condition and control strategies

The steady-state operational principles of MMC have been analyzed in [2, 63, 64]. Each

arm can be equivalent to a voltage source. By controlling thearm voltages, the controlling

purposes are achieved.

Under normal operating condition, the control strategies of MMC are classified as

classical control strategies and model predictive controlstrategies [65]. The model pre-

dictive control strategies are classified as the finite control set model predictive control

(FCS-MPC), direct MPC (D-MPC), indirect MPC, and dual-stage MPC [65]. The classical

control strategies can be further classified as distributedcontrol strategy and centralized

control strategy.

To guarantee normal operating of MMC, the control strategy consists of modulation

methods, the ac-side and dc-side currents controller, the circulating current control algo-

rithms, and capacitor voltage-balancing algorithms.

• Modulation methods: The modulation methods for multilevelconverters can be gen-

erally classified into carrier-based pulse width modulation (PWM), space vector P-

WM (SV-PWM) and staircase modulation methods [66–71]. The carrier-based P-

WM methods for multilevel converter can be divided into phase-shifted carrier-based

PWM method [64, 72–74] and level-shifted carrier-based PWM methods [2, 69–

71, 75–78].

• Circulating current control strategies: The internal circulating currents do not have

impact on the ac-side voltages and currents. However, they can increase the peak and

root-mean-square (RMS) value of the arm currents, which consequently increase the

converter power losses as well as the ripple magnitude of theSM capacitor volt-
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ages. To attenuate the impacts of circulating currents, thecirculating current con-

trol strategies have been proposed, including passive filter-based methods [79–81],

modulation-based methods [82], controller-based methods [40, 60, 83–91], and pre-

dictive model based methods [92, 93].

• Capacitor voltage-balancing algorithms: To guarantee thenormal operating of MMC,

the capacitor voltages should be balanced by the voltage-balancing algorithms [83,

94–101].

B DC Fault Condition

• Fault blocking: Under dc fault condition, the current pathsof various SMs are shown

in Fig. 1.3. Under this condition, the HB SM is naturally bypassed, while the capac-

itors in the FBL SMs are charged by the fault current. Figure1.3shows the current
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Figure 1.3. The fault current paths of various SMs: (a)HB, (b) CD, (c) FB, (d) UFB, (e)

3LX, and (f) 5LX SM circuits.
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path of the hybrid MMC consisting of the HB SMs and the FB SMs. Under the dc

fault condition, the HB SMs in each arm are bypassed, while the capacitors in the FB

SMs are negatively inserted into the current loop and support the ac-side line-to-line

voltage. In this way, the fault current can be blocked. For various MMC configu-

rations, the current paths are similar. For the HB-MMC, the current flows through

the diodes and bypassed all SMs. Thus, the HB-MMC cannot block the fault curren-

t. For the MMCs consisting of various FBL SMs, all capacitorssupport the ac-side

line-to-line voltage to block the fault current.

• Fault-STATCOM operating mode: Under pole-to-pole dc faultcondition, the MMC

can provide reactive power to the ac grid when operating in the STATCOM mode.

Based on the FBL SMs, the MMCs can produce bipolar arm voltages. Thus, the

upper arms, the lower arms, or both lower and upper arms can perform STATCOM

function similar to the cascaded H-bridge converters. The fault-STATCOM control
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Figure 1.4. The equivalent circuit of fault-blocking MMC under fault-STATCOM

condition.
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strategy has been summarized in [50, 102]. Under fault-STATCOM condition, the e-

quivalent circuit of the fault-blocking MMCs is shown in Fig. 1.4. The fundamental-

frequency arm voltage is controlled to regulate the reactive power transfer. The ref-

erence of dc circulating current is set to be zero. The ac gridneeds to compensate the

power loss of MMC to maintain the capacitor voltage. The overall control is shown

in Fig. 1.5.
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Figure 1.5. The block diagram of the control strategy for thefault-blocking MMCs under

fault-STATCOM condition.

1.2 Literature Review and Statement of the Problem

1.2.1 Precharging Strategy of MMC-Based HVDC Systems

Before entering the normal operating condition, the SM capacitors in MMC should be

smoothly precharged to their nominal voltages during the converter startup process. Other-

wise, the inrush current might lead to the destroy of semiconductor devices and capacitors.

The existing precharging methods can be classified as:

• Closed-loop methods: In [55, 103], the closed-loop startup control methods are ap-

plied to charge the SM capacitors from ac or dc side. Reference [104] investigates

the startup issue of the CD SM-based MMC-HVDC system and proposes a grouping

sequentially controlled charge method. However, the method is specifically applica-
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ble to the MMC with the CD SMs and additional control effort is needed to group

and charge the SM capacitors.

• Open-loop methods: In [105] and [106], an auxiliary voltage source is employed to

charge the SM capacitors individually.

The closed-loop methods require additional effort to analyze the small-signal model

of MMC and to tune parameters of digital controller. The existing open-loop methods

require auxiliary voltage sources to charge the SM capacitors, which add to the system

complexity and cost. In addition, the existing open-loop methods did not consider various

configurations of SMs and topologies of MMC.

1.2.2 Equivalent Circuit Model of MMC

For large-scale MMC-embedded power systems, it is requiredto investigate dynamic

performance, fault characteristics, protection, and stability [ 107, 108]. Modeling of the

MMC is one of the main challenges associated with the study ofthe large-scale MMC-

based power systems. On the other hand, for the purpose of designing an MMC station

and its controller, highly efficient model is also needed with considering control param-

eters/strategies and accurate dynamics of arm voltage/current, dc current, and capacitor

voltage. The detailed switching model (DSM) of the MMC for electromagnetic transient

(EMT) simulation is time consuming due to large number of semiconductor switches. To

address this challenge, several MMC models have been developed to accelerate the EMT

simulation, including average-value models and equivalent circuit models (ECMs) [108–

123]. The problems of these models are briefly summarized as follows:

• SM configuration: In [109, 110, 112, 114, 119, 120, 123], the ECMs only considered

the HB SM, which are not capable of blocking fault current under dc-fault conditions.
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In [116], the ECM was developed based on hardware-in-loop (HIL) platform, which

considered the FB SM without verifying fault-blocking operations. In [113, 117], the

real-time ECMs were implemented by digital controllers, which only considered the

operating behaviors of the HB-MMC. In [118, 122], although the ECMs considered

the FBL SMs, the arm circuits are not optimal.

• Operating mode: In [108, 111], although the ECMs considered the operating behav-

ior of the FB SM, they did not consider fault-STATCOM operating conditions of the

MMCs based on the FBL SMs.

Therefore, there is still a lack of comprehensive considerations of various SM circuits

and different operating conditions.

In addition, the impacts of simulation time step on performances of simulation has not

been comprehensively analyzed. In [115, 124, 125], the simulation time step is assumed to

be equal to the sampling time step, which does not consider practical issues of an industrial

controller. In the practical MMC-based systems, the sampling period (or control period) of

an industrial controller depends on system requirements and limitations. When considering

the requirements of practical system, the simulation time step may not be equal to the sam-

pling period. When fixing the sampling period, the increasedsimulation time step will lead

to additional error. To accurately simulate these MMC-based systems with considering the

industrial controllers, the simulation time step must be properly determined, which signifi-

cantly affects simulation accuracy and computational efficiency. Moreover, the impacts of

the simulation time step on voltage-balancing strategies (e.g., sorting algorithm) have never

been investigated before.
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1.2.3 Control of Solid-State Transformer Based on MMC

The SST has been investigated for distribution systems to reduce the volume and weight

of power transformer [126–130]. Recently, the MMC has been employed for SST appli-

cations (MMC-based SST) due to its salient features, such asmodularity, scalability, high

efficiency, and high reliability [53, 131–134]. For instance, the isolated modular multilevel

dc-dc converter (IM2DC) is derived based on the dual-activebridge converter (DAB) and

shown in Fig.1.6. The MMC can generate an ac-link voltage with an arbitrary waveform

to energize the medium-frequency transformer (MFT), whichprovides more flexibilities of

controlling the SST while avoiding destructive dv/dt stress. To generate the multilevel ac-
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Figure 1.6. Schematic of MMC-based SST.
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link voltage, the phase-shift (PS) modulation method has been employed and investigated

[53, 133, 135]. However, the nearest-level control (NLC) modulation method, as one of

the popular modulation methods, which has not yet been comprehensively studied for the

MMC-based SST under medium-frequency operations.

One of the challenges of the MMC under medium-frequency operations for SST appli-

cations is capacitor voltage balancing. In [52], a single-step alternating voltage-balancing

algorithm is proposed to balance capacitor voltages by alternatively rotating gating signals

by one step in each switching period. This algorithm can be easily implemented without

voltage and current feedback. However, this single-step alternating voltage-balancing al-

gorithm leads to a low-frequency capacitor voltage ripple.When increasing the number of

SMs per arm, the low-frequency ripple will increase. On the other hand, the convention-

al sorting algorithms in [97] have not been comprehensively investigated for MMC under

medium-frequency operations. In summary, there are four control strategies, as listed in

Table1.3.

Table 1.3

Modulation Methods and Voltage-Balancing Algorithms for the MMC-Based SST

Modulation Voltage-balancing algorithm fac References

PS

Single-step alternating 20 kHz [53]

Sorting with rearranged phase-shift angles 40 kHz [136]

Sorting with voltage deviations 20 kHz [134]

NLC
Single-step alternating - -

Conventional sorting 250-400 Hz [131, 132]

Carrier-based PWM - 10 kHz [137]

Trapezoidal current

modulation
Single-step alternating 3 kHz [138, 139]
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1.2.4 Modeling and Optimal Design of MMC-Based SST

Existing references about the optimal design of the MMC-based SST only focus on

the optimal design of MFT [140–143]. However, for the MMC-based SSTs, due to large

number of passive components including capacitors, arm inductors, and heat sinks, the

volume of MMC dominates the total volume of the MMC-based SST. In addition, there are

large number of semiconductor devices in MMC, which might lead to high power losses.

For the optimal design of the MMC-based SST, the free system and circuit parameters

include fundamental frequency (fac) and ramping angle (θR) of ac-link voltage, number of

SMs per arm (NSM). In addition, the various modulation methods and voltage-balancing

algorithms are considered as free control options. However, their impacts on design of the

MMC under medium-frequency operation have not been comprehensively investigated.

To conduct optimal design procedure of the MMC-based SST, the system should be

solved by an efficient model with a high accuracy. Although the ECM is accurate and

efficient, it is inconvenient for optimal design of MMC due to theneed of manually setting

free parameters. If the searching space contains a lot of combinations of free parameters,

the ECM is not efficient for optimal design. Thus, modeling and formulating the MMC-

based SST is an essential part of the optimal design procedure.

1.3 Thesis Objectives

The objectives of this thesis are:

• To develop the generalized precharge strategy for the MMC-based HVDC systems,

which considers the various configurations of SMs and topologies of MMC.

• To develop the improved MMC equivalent circuit model, whichconsiders the vari-

ous SM configurations and operating conditions of MMC. In addition, the impact of
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simulation step time is investigated for the MMC-based HVDCsystems.

• To develop a mathematical model for optimal design of the MMC-based SST, which

considers circuit parameters.

• To develop the voltage-balancing algorithms based on various modulation methods

of the MMC-based SST to improve its operating characteristics, which is based on

analyzing the operating characteristics of the MMC-based SST.

• To develop the optimal design procedure of MMC under medium-frequency opera-

tion for SST applications, which is based on the proposed mathematical model.

1.4 Thesis Outline

Chapter 2 proposes a generalized precharging strategy for the MMC-based HVDC sys-

tem for the various SM configurations and topologies of MMC.

Chapter 3 proposes an improved equivalent circuit for modeling and simulation of the

MMCs based on various configurations and different operating conditions. Moreover, the

simulation time step is comprehensively investigated by considering the sampling period

of the industrial controller, capacitor voltage-balancing strategies, errors of current and

voltage level, and computational efficiency. The impacts of the simulation time step on

simulation accuracy and efficiency are analyzed and discussed.

Chapter 4 develops a mathematical model for optimal design of the MMC-based SST

based on detailed analysis of its steady-state operation.

Chapter 5 evaluates and develops various voltage-balancing algorithms based on P-

S modulation and NLC modulation to improve performances andcharacteristics of the

MMC-based SST.

Chapter 6 develops a systematically design optimization process for MMC under medium-

frequency operation for SST applications. The impacts of free parameters are comprehen-
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sively investigated.

Chapter 7 concludes this thesis and summarizes the contributions of this work. In addi-

tion, the future works are presented.
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Chapter 2

PRECHARGING STRATEGY AND STARTUP PROCESS OF MODULAR

MULTILEVEL CONVERTERS-BASED HVDC SYSTEMS

One of the main technical challenges associated with the control and operation of the MM-

C systems is to smoothly precharge the SM capacitors to theirnominal voltage during the

converter startup process. Otherwise, the inrush current might lead to the destroy of semi-

conductor devices and capacitors. The existing precharging methods can be classified as

closed-loop methods [55, 103, 104] and open-loop methods [105, 106]. The closed-loop

methods require additional efforts to analyze the small-signal model of MMC and to tune

parameters of digital controller. The existing open-loop methods require auxiliary voltage

sources to charge the SM capacitors, which add to the system complexity and cost. In ad-

dition, the existing open-loop methods did not consider various configurations of SMs and

topologies of MMC.

2.1 The Proposed Generalized Precharging Strategy for MMC-Based HVDC Systems

Generally, the precharging process of MMC includes two stages:

• Uncontrollable precharging (Stage I): During this stage, the SMs are uncontrollable

and all the switches are blocked. The charging current from either the ac or the dc

side flows through the anti-parallel diodes to charge the SM capacitors to an uncon-

trollable steady-state voltageVI,SS
C . Since the system is uncontrollable, to limit the

inrush charging current, a current-limiting resistor arranged in the dc side, ac side, or

the arm loops is employed [55, 104, 144].

• Controllable precharging (Stage II): After Stage I, when aninitial voltage built-up
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across each SM capacitor, the SMs can be controlled to be in the inserted, bypassed,

or blocked state.
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armi
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NN - 

Figure 2.1. The proposed precharging strategy for an arm.

The idea of the proposed precharging strategy is based on control of the number of

blocked and bypassed SM capacitors in conjunction with the conventional SM capacitor

voltage sorting algorithm. In this way, all SM capacitors can be charged to their nominal

voltageVnom
C . When the MMC is connected to a dc voltage source at its dc sideor to an ac

voltage source at its ac side, a steady-state voltageVarm is established across each arm, as

shown in Fig.2.1.

In detail, for the HB-MMC, during Stage I, the switches are uncontrollable. The ca-

pacitor is charged, when the arm current is positive. When the arm current is negative, the

charging current flows through the anti-parallel diode of S2. During Stage II, when all SMs

are controllable,NBLK SM capacitors out ofNC SM capacitors of each arm are blocked and

NBY (whereNBY = NC−NBLK ) SM capacitors are bypassed during startup process to charge

the SM capacitors.NC is the total number of SM capacitors in each arm, whereNC = NSM

for the HB-MMC systems. The relationship between SM capacitor numberNC and SM
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numberNSM of each arm is given by

NC =



NSM, HB, FB, UFB,

2NSM, CD, 3LX, 5LX.

(2.1)

During precharging process, the capacitor voltage is related to the number of blocked

SMs. To charge capacitors to the nominal voltageVnom
C , the corresponding reference value

of NBLK is given by

Nref
BLK =

Varm

Vnom
C

, (2.2)

whereVarm depends on various operating conditions and will be discussed in the follow-

ing sections. The correspondingNref
BY is equal to (NC − Nref

BLK ) . To balance the capacitor

voltages/energy during the startup precharging process, the conventional sorting algorithm

is employed [145].

2.2 Startup Procedures for Various MMC Configurations

Considering various SM circuits, a general startup precharging procedure is developed

and described in Fig.2.2, in whichVini
C is the initial voltage of SM capacitors for control-

lable startup. In case of the FBL SMs, the conducting switches are turned on. In this way,

all SMs are equivalent to the HB SMs and the SM capacitors can be controlled as either in

the blocked or the bypassed state. After all capacitor voltages reach their steady-state val-

ues, the current-limiting resistor is bypassed and the number of the blocked SM capacitors

NBLK is controlled fromNC to Nref
BLK smoothly in conjunction with the capacitor voltage

sorting algorithm, while the number of bypassed SM capacitors is changed from zero to

Nref
BY .
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2.2.1 DC-Side Startup

Due to a positive dc-bus voltage on the dc side of the MMC, a positive arm voltage is

generated and given by,

Varm =
Vdc

2
. (2.3)

Regardless of the SM circuit topology, the charging currentis positive to charge the S-

M capacitors. To charge the SM capacitors to their nominal voltage, the corresponding

reference number of the blocked SM capacitors is

Nref
BLK =

Varm

Vnom
C

=
Vdc

2Vnom
C

. (2.4)

Before starting up, during Stage I, all SM capacitors can be charged to the uncontrol-

lable steady-state voltageVI,SS
C . Then, when all SM circuits are controllable, the precharg-

ing process will enter into Stage II. Under this condition, the initial voltage of all SM

capacitors for controllable startup (Vini
C ) is equal toVI,SS

C , which is given by

VI,SS
C = Vini

C =
Vdc

2NC
, (2.5)

2.2.2 AC-Side Startup

When the ac side of the MMC is connected to an ac grid/voltage source, the arm voltage

is determined by the ac-side line-to-line voltage and the SMcircuit topologies.

• Startup Procedure for the HB-MMC: For the HB-MMC, the charging circuit can be

regarded as an uncontrolled rectifier. Whenvab is positive, the current flows from

phase-a upper arm to phase-b upper arm. Due to the HB SM circuit, the current

flows through the anti-parallel diodes of the SMs in the phase-a upper arm, charging

the SM capacitors of phase-b upper arm, as shown in Fig.2.3. Thus, the maximum

available charging voltage in each arm isVarm = VLL , whereVLL is the amplitude of

the ac-side line-to-line voltage.
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To charge the SM capacitors to their nominal voltage, the reference number of blocked

SM capacitors isNref
BLK =

VLL

Vnom
C

based on (2.2). For the HB-MMC, before starting up,

at the end of Stage I, all SM capacitors are charged to the uncontrollable steady-state

voltageVI,SS
C . Under this condition,VI,SS

C and the initial voltage of all SM capacitors

for controllable startup (Vini
C ) are equal, which are given by

VI,SS
C = Vini

C =
VLL

NC
. (2.6)

By properly controllingNBLK from NC to Nref
BLK , the SM capacitors can be smoothly

charged to their nominal voltages.
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Figure 2.3. HB-MMC charged from ac side.
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Figure 2.4. FB-MMC charged from ac side.

• Startup Procedure for the FB-MMC: For the FB-MMC, during Stage I, the ac-side
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current uncontrollably charges the SM capacitors in both phase-a and phase-b arms,

as shown in Fig.2.4. Thus, during uncontrollable precharging stage, when block-

ing all SMs, the maximum available charging voltage across each arm is
VLL

2
. The

steady-state SM capacitor voltage during Stage I is

VI,SS
C =

VLL

2NC
. (2.7)

After Stage I, when all SMs are controllable, the conductingswitches (i.e.,S4 in

Fig. 2.4) are turned on. The ac-side current flows through the anti-parallel diodes

of one arm and charge the SM capacitors in the other arm, whichhas similar charg-

ing behavior of the HB-MMC. The SM capacitors are charged to the initial voltage

Vini
C =

VLL

NC
for controllable startup, which is the same as that of the HB-MMC. Thus,

when all SM capacitors are charged to their nominal voltage,the corresponding ref-

erence number of the blocked SM capacitors is the same as thatof the HB-MMC,

i.e., Nref
BLK =

VLL

Vnom
C

. For the UFB, 3LX, and 5LX SMs in [16], similar procedures are

applied.

• Startup Procedure for the CD-MMC: For the CD-MMC, during Stage I, when the arm

current is negative, every two capacitors in each SM are charged in parallel, as shown

in Fig. 2.5. When the arm current is positive, the two capacitors in eachSM are in

series. The equivalent number of SM capacitors in charging loop is
NC

2
+NC = 1.5NC,

which support the line-to-line voltage. Thus, at the end of Stage I, all SM capacitor

voltages reach to the uncontrollable steady-state voltage

VI,SS
C =

VLL

1.5NC
. (2.8)

Subsequent to Stage I, when all SMs are controllable, all conducting switches (i.e.,

S5 in Fig. 2.5) are turned on, and the SM capacitors are charged to the initial voltage

Vini
C =

VLL

NC
for controllable startup, which is the same as that of the HB-MMC.

Therefore, the startup procedure for the CD-MMC is similar to that of the FB-MMC.

26



S1

_
+

S2

D1

D2

S1

_
+

S2

D1

D2

armi

S1

_
+

S2

D1

D2

S1

_
+

S2

D1

D2

armV

av bv

Phase-a

upper arm

Phase-b

upper arm

S3

S4

S5
C1

C2

D6

D7

_
+

_
+

S3

S4

S5 C2

D7

_
+

S3

S4

S5 C2

D7

_
+

S3

S4

S5 C2

D7

_
+

C1 C1

C1

D6 D6

D6

Figure 2.5. CD-MMC charged from ac side.

arm,aV

av
bv

arm,bV

Figure 2.6. Hybrid MMC charged from ac side.

• Startup Procedure for the Hybrid MMC: As shown in Fig.2.6, for a hybrid MMC

consisting ofNHB HB and NFB FB SMs in each arm [16, 146], the HB SMs are

charged only when the arm current is positive while the FB SMsare charged when

the arm current is either positive or negative during Stage I. Therefore, the capacitors

in the FB SMs are charged doubled compared to the other capacitors in the HB SMs.
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Consequently, the HB and FB SM capacitor charges are respectively expressed by,

QHBSM = Qp,HB + Qn,HB, (2.9)

QFBSM = Qp,FB + Qn,FB, (2.10)

where,Qp and Qn are the charges of the associated SM capacitor when the arm

current is in its positive and negative half cycle, respectively. For the same positive

arm current,Qp,HB = Qp,FB. Since the capacitor in the HB SM is bypassed when the

arm current is negative,Qn,HB = 0. Assuming that the charges of the HB and FB

SM capacitors are the same during positive and negative halfcycle, Qp,FB = Qn,FB.

Therefore, the uncontrollable steady-state capacitor voltage during Stage I can be

expressed by,

2VI,SS
C,HB = VI,SS

C,FB. (2.11)

Considering the steady-state condition, when phase-a current is negative, the capac-

itors in the FB SMs of phase-a and those in the HB and FB SMs of phase-b support

the line-to-line voltageVLL . Similar situation happens when phase-a current is pos-

itive. Thus, the second relationship of uncontrollable steady-state capacitor voltage

during Stage I is

NHBVI,SS
C,HB + 2NFBVI,SS

C,FB = VLL . (2.12)

Base on (2.11) and (2.12), the uncontrollable steady-state capacitor voltages of the

HB and FB SMs are respectively described by (2.13) and (2.14)

VI,SS
C,HB =

VLL

NHB + 4NFB
, (2.13)

VI,SS
C,FB =

2VLL

NHB + 4NFB
. (2.14)

Subsequent to Stage I, when all SMs are controllable, all conducting switches in

the FB SMs are turned on and, consequently, each SM capacitorcan be charged to

Vini
C =

VLL

NC
, which is the same as that of the HB-MMC.
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For other SM circuits, the startup procedure is similar to that of the HB-FB hybrid

MMC. The only difference is the uncontrollable steady-state SM capacitor voltage

VI,SS
C during Stage I, which depends on the number of various types of SMs and their

circuit topologies.

2.3 Startup Procedures for the MMC-HVDC Systems

(a)

av bv dcV

pV

nV

p,bV

n,bV

av

(b)

Figure 2.7. Schematic representation of the MMC-HVDC system: (a) single-line diagram

and (b) circuit diagram.
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In terms of the startup process of the MMC-HVDC systems, the ac side of MMC-1 is

connected to an ac grid/voltage source, as shown in Fig.2.7. Once MMC-1 starts up from

its ac side and the dc-bus voltage is built up, MMC-2 can startup from its dc side. Thus,

MMC-1 experiences an ac-side startup process while MMC-2 starts up from its dc side. A

generalized startup procedure for various MMC-HVDC systems is proposed as follows:

• Step 1, when an ac grid is connected to MMC-1, the SM capacitors in MMC-1 are

uncontrollably precharged to a steady-state voltageVI,SS
C,MMC1 during Stage I. At the

same time, a dc-bus voltageVI
dc generated by MMC-1 can charge the SMs in MMC-

2 to an uncontrollable steady-state voltageVI,SS
C,MMC2 =

VI
dc

2NC
based on (2.5).

• Step 2, when the SMs in MMC-1 become controllable after the steady-state voltage

VI,SS
C,MMC1 established, if there are FBL SMs in MMC-1, their conductingswitches

are turned on. Consequently, the new steady-state capacitor voltages of MMC-1

becomeVini
C,MMC1 =

VLL

NC
and the steady-state dc-bus voltage becomesVII

dc = VLL . The

established dc-bus voltage charges the SM capacitors of MMC-2 to a new steady-

state voltageVini
C,MMC2 =

VII
dc

2NC
=

VLL

2NC
based on (2.5).

• Step 3, when all SMs of MMC-1 and MMC-2 are controllable and all conducting

switches are turned on, the current-limiting resistor is bypassed and the number of

blocked (bypassed) SM capacitors is controlled fromNC to Nref
BLK to charge the SM

capacitors to their nominal voltages.

The uncontrollable steady-state capacitor voltage and dc-bus voltage during Stage I are

determined by the types of SM circuits and discussed in the following.

As shown in Fig.2.7, the steady-state dc-bus voltage is calculated by

Vdc = Vp,b − Vn,b, (2.15)
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where,Vp,b andVn,b are the sum of steady-state SM capacitor voltages within their corre-

sponding arms.

For the HB-MMC-HVDC system,Vp,b = VLL andVn,b = 0 based on the current direc-

tion of Fig.2.7. Thus, the dc-bus voltage during Stage I isVI
dc = VII

dc = VLL .

For the FB-MMC-HVDC system, when all conducting switches are off, Vp,b = Vn,b =

VLL

2
and, consequently,VI

dc = 0 based on (2.15). Thus, the SMs in MMC-2 cannot be

charged due to the zero dc-bus voltage. Once all conducting switches in MMC-1 are turned

on, a steady-state dc-bus voltageVII
dc = VLL is produced and the SMs in MMC-2 can be

charged from its dc side, which is similar with the HB-MMC-HVDC system. Similarly, for

the UFB, 3LX, and 5LX SMs, prior to turning on the conducting switches,VI
dc = 0.

For the CD-MMC-HVDC system, as shown in Fig.2.7, based on (2.15), the steady-

state voltage generated by MMC-1 during uncontrollable stage is calculated by

Vp,b = NCVI,SS
C,MMC1 = NC

VLL

1.5NC
, (2.16)

Vn,b =
NCVI,SS

C,MMC1

2
=

NC

2
VLL

1.5NC
, (2.17)

VI
dc = Vp,b − Vn,b =

1
3

VLL . (2.18)

The steady-state values of the dc-bus voltage, capacitor voltages, and the number of

blocked SM capacitors are summarized in Table2.1.

For the hybrid MMC-HVDC system consisting ofNHB HB SMs andNFB FB SMs, prior

to turning on the conducting switches in the FB SMs, based on (2.15), the dc-bus voltage

during Stage I is calculated by

Vp,b = NHBVI,SS
C,HB + NFBVI,SS

C,FB, (2.19)

Vn,b = NFBVI,SS
C,FB, (2.20)

therefore,

VI
dc = Vp,b − Vn,b = NHBVI,SS

C,HB. (2.21)
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Table 2.1

The Steady-State Values for Various MMC-HVDC Systems

HBSM FB/UFB/ 3LX/5LXSM CDSM

VI,SS
C,MMC1

VLL

NC

VLL

2NC

VLL

1.5NC

Vini
C,MMC1

VLL

NC

VLL

NC

VLL

NC

VI
dc VLL 0

VLL

3

VII
dc VLL VLL VLL

VI,SS
C,MMC2

VLL

2NC
0

VLL

6NC

Vini
C,MMC2

VLL

2NC

VLL

2NC

VLL

2NC

Nref
BLK,MMC1

VLL

Vnom
C

VLL

Vnom
C

VLL

Vnom
C

Nref
BLK,MMC2

VLL

2Vnom
C

VLL

2Vnom
C

VLL

2Vnom
C

The above analysis is applicable to the hybrid MMC-HVDC systems with other types of

SM circuits. Once all conducting switches are turned on, thecharging procedure becomes

similar to that of the HB-MMC-HVDC system.

2.4 Study Results

In this section, performance of the proposed strategy for various MMC-HVDC systems

with different SM circuits is evaluated based on simulation studies in the PSCAD/EMTDC

software environment. The study system parameters are the same as those used in [16].

2.4.1 Startup Process of an MMC from the DC Side

Figure2.8shows the startup process of the HB-MMC system from its dc side. During

Stage I, the SMs are uncontrollable and the current-limiting resistor is inserted to limit the
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charging current. The SM capacitor voltages are charged to their uncontrollable steady-

state voltageVI,SS
C =

Vdc

2NC
= 1.5 kV at t = 0.5 s. During Stage II, the SMs are controllable

and the current-limiting resistor is bypassed. Fromt = 0.5 s, as shown in Figs.2.8 (a)

and (c), the number of blocked SM capacitors is dynamically controlled fromNC = 20 to

Nref
BLK =

Vdc

2Vnom
C

=
60kV

2× 3kV
= 10 to charge the SM capacitors to their nominal voltage.

The arm currents are limited by the changing rate ofNBLK , as shown in Fig.2.8 (b). As

expected, the startup process of the MMCs and the hybrid MMCsbased on the SMs with

fault-blocking capability is similar to that of the HB-MMC.

2.4.2 Startup Process of an MMC from AC Side

In Fig. 2.9, the ac-side startup process of the HB-MMC system is shown. During

Stage I (prior tot = 1 s), the current-limiting resistor is inserted to limit thecharging

current. The SM capacitor voltages are charged to their uncontrollable steady-state voltage

VI,SS
C =

VLL

NC
= 2.1 kV. After Stage I, the SMs are controllable and the current-limiting

resistor is bypassed att = 1 s. The number of blocked SM capacitors is changed from

NC = 20 to Nref
BLK = 14 to charge the SM capacitors to their nominal voltage, as shown

in Figs. 2.9 (a) and (d). The arm and ac-side currents are limited by the changing rate

of NBLK , as shown in Figs.2.9 (b) and (c). After the startup process, the MMC starts to

transfer power between ac and dc sides att = 2.5 s.

The ac-side startup process of the FB-MMC system is illustrated in Fig. 2.10. During

Stage I (prior tot = 0.5 s), the SMs are uncontrollable and the SM capacitor voltages are

charged to their steady-state voltageVI,SS
C =

VLL

2NC
= 1.1 kV. After Stage I, all conducting

switches are turned on att = 0.5 s. Consequently, the SM capacitors are charged to their

new steady-state voltageVini
C =

VLL

NC
= 2.1 kV at t = 1 s, which is the same as that of the

HB-MMC. At t = 1 s, the current-limiting resistor is bypassed, and the number of blocked

SM capacitors is being dynamically controlled fromNC = 20 to Nref
BLK = 14 to charge
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Figure 2.8. DC-side startup process of the

HB-MMC system: (a) SM capacitor

voltages of the phase-a upper arm, (b)
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Figure 2.9. AC-side startup process of the

HB-MMC system: (a) SM capacitor

voltages of the phase-a upper arm, (b)

phase-a upper arm current, and (c) the

commanded number of blocked SM

capacitors within each arm.

the SM capacitors to their nominal voltage, as shown in Fig.2.10. The arm and ac-side

currents are limited by the changing rate ofNBLK . After the startup process, the MMC

starts to transfer power between its ac and dc side att = 1.8 s. For the UFB, 3LX, and 5LX

SM-based MMC systems, the startup process is similar to thatof the FB-MMC.
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Figure 2.10. AC-side startup process of the FB-MMC system: (a) SM capacitor voltages

of the phase-a upper arm and (b) the number of blocked SM capacitors per arm.

The startup process of the CD-MMC is also similar to that of the FB-MMC. However,

the uncontrollable steady-state capacitor voltage duringStage I is different. For the CD-

34



0.4 0.6 0.8 1 1.2 1.4 1.6
0

2

4

v ca
up

 (
kV

)

The fault−blocking SMs

The half−bridge SMs

Time(s)
(a)

N
B

L
K

Time(s)
(b)

Figure 2.11. AC-side startup process of the hybrid MMC system based on HB SM

(NHB = 12) and UFB SM (NUFB = 8): (a) SM capacitor voltages of the phase-a upper arm,

and (b) the number of blocked SM capacitors per arm.

MMC, VI,SS
C =

VLL

1.5NC
= 1.4 kV.

For the hybrid MMC consisting ofNHB = 12 HB andNUFB = 8 UFB SMs in each

arm, the uncontrollable steady-state voltages of the HB andUFB SMs respectively reach

VI,SS
C,HB = 0.96 kV andVI,SS

C,UFB = 1.9 kV aroundt = 0.5 based on (2.13) and (2.14), as shown

in Fig. 2.11. Subsequent to Stage I, when all conducting switches are turned on while

settingNBLK = NHB = 12 between 0.5 s and 0.6 s, the SM capacitors of the HB and UFB

SMs are charged to the same steady-state voltageVini
C = 2.1 kV at t = 0.6 s. After the SM

capacitor voltages reach the same value, the current-limiting resistor is bypassed andNBLK

is controlled fromNC = 20 to Nref
BLK = 14 to charge the SM capacitors to their nominal

voltage, as shown in Fig.2.11.

2.4.3 Startup Process of the MMC-HVDC System

Figure 2.12 illustrates the startup process of the HB-MMC-HVDC system.Prior to

t = 0.6 s, both MMC-1 and MMC-2 are in uncontrollable stage whileVI
dc = VII

dc = VLL = 42

kV, in which the SMs of the two MMCs are charged to the uncontrollable steady-stage

voltageVI,SS
C,MMC1 =

VLL

NC
= 2.1 kV andVI,SS

C,MMC2 =
VLL

2NC
= 1.1 kV, respectively, as shown in

Figs. 2.12(a) and (e). Aftert = 0.6 s, both SMs are controllable and the current-limiting

resistor is bypassed. The number of blocked SM capacitors isbeing changed fromNC = 20

to Nref
BLK (Nref

BLK = 14 for MMC-1 andNref
BLK = 7 for MMC-2) to charge the SM capacitors

to their nominal voltages, as shown in Figs.2.12(a), (d), (e), and (h). The arm and ac-
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Figure 2.12. The startup process of the HB-MMC-HVDC system:(a) SM capacitor

voltages of the phase-a upper arm of MMC-1, (b) and (c) phase-a upper arm and ac-side

currents of MMC-1, (d) the commanded number of blocked SM capacitors of MMC-1, (e)

dc current, (f) SM capacitor voltages of the phase-a upper arm of MMC-2, (g) and (h)

phase-a upper arm and ac-side currents of MMC-2, (i) the commanded number of blocked

SM capacitors of MMC-2, and (j) dc-bus voltage.

side currents are limited by the changing rate ofNBLK , as shown in Figs.2.12(b), (c), (d),

(f) and (h). Subsequent to the startup process, the MMC-HVDCsystem starts to transfer

power between two ac systems att = 1.8 s.

In Fig. 2.13, the startup process of the FB-MMC-HVDC system is shown. As shown in

Fig. 2.13(a), the SMs in MMC-1 are precharged to the uncontrollable steady-state voltage

VI,SS
C,MMC1 = 1.1 kV ( prior to t = 0.2 ), while the steady-state voltage of the SMs in MMC-2

is zero due toVI
dc = 0. After t = 0.2 s, the conducting switches of the SMs in MMC-1
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hybrid MMC-HVDC system with HB SMs
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the commanded number of blocked SM

capacitors of the phase-a upper arm of
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are turned on and the SM capacitors of MMC-1 are charged to thenew steady-state voltage

Vini
C,MMC1 = 2.1 kV aroundt = 0.8 s. At the same time, the steady-state dc-bus voltage

rises up toVII
dc = VLL = 42 kV, which charges the SMs in MMC-2 to the steady-state

voltageVini
C,MMC2 = 1.1 kV aroundt = 0.8 s, as shown in Fig.2.13(c). After t = 0.8 s,

the SMs in both MMCs are controllable and the current-limiting resistor is bypassed. The
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number of blocked SM capacitors is being controlled fromNC to Nref
BLK to charge the SM

capacitors to their nominal voltage, as shown in Fig.2.13. For the UFB, 3LX, and 5LX

SM-based MMC-HVDC systems, the startup process is similar to that of the FB-MMC-

HVDC system.

In Fig. 2.14, the startup process of the hybrid MMC-HVDC system is shown,which

consists ofNHB = 12 HB andNUFB = 8 UFB SMs. Att = 0.3 s, the SMs in MMC-1 are

precharged to the uncontrollable steady-state voltageVI,SS
C,HB = 0.96 kV for the HB SMs and

VI,SS
C,UFB = 1.9 kV for the UFB SMs based on (2.13) and (2.14), while the uncontrollable

steady-state voltage of the SMs in MMC-2 isVI,SS
C,MMC2 =

VI
dc

2NC
= 0.29 kV due toVI

dc = 11.5

kV based on (2.21), as shown in Figs.2.14 (a) and (e). Fromt = 0.3 s, all conducting

switches of the SMs in MMC-1 are turned on and the number of blocked SM capacitors of

MMC-1 is changed toNBLK1 = NHB = 12 so that the SM capacitors of the HB and UFB

SMs of MMC-1 are charged to the same steady-state voltageVini
C,MMC1 = 2.1 kV, as shown

in Figs. 2.14(a) and (b). Once the capacitor voltages of the HB and UFB SMs in MMC-1

reach the same voltage 2.1 kV,NBLK1 = 20. At the same time,VII
dc = VLL = 42 kV and,

consequently,Vini
C,MMC2 = 1.1 kV, as shown in Figs.2.14(c) and (e). Subsequent tot = 0.6 s,

the current-limiting resistor is bypassed and the number ofblocked SM capacitors is being

changed fromNC to Nref
BLK to charge the SM capacitors to their nominal voltage.
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Chapter 3

AN IMPROVED EQUIVALENT CIRCUIT MODEL OF MMC AND INFLUENCE

ANALYSIS OF SIMULATION TIME STEP

In this chapter, an improved equivalent circuit is proposedfor modeling and simulation of

the MMCs based on various configurations and different operating conditions. Moreover,

the simulation time step is comprehensively investigated by considering the sampling peri-

od of the industrial controller, capacitor voltage balancing strategies, errors of current and

voltage level, and computational efficiency. The impacts of the simulation time step on

simulation accuracy and efficiency will be analyzed and discussed.

3.1 Configurations and Operational Principles of the Proposed ECM

The proposed arm circuit and various SM circuit topologies are shown in Figs.3.1and

3.2, respectively. The operational principles of various SM circuits have been presented in

[16]. The MMC’s operating conditions mainly include precharing/startup process, normal

operating condition, and fault condition. Under dc fault condition, the HB-MMC cannot

block the fault currents fed from the ac grid. While the FBL SMs can block the fault

currents. In addition, the MMC based on the FBL SMs can work asa STATCOM under dc

fault conditions [50, 102].

3.1.1 Operational Principles of the Proposed Equivalent Arm Circuit

A The proposed generalized equivalent arm circuit

Under normal operating condition, the SM configurations of Fig. 3.2can be equivalent

to a single HB SM or combination of two individual HB SMs. The UFB SM has the

same behavior as the HB SM, while the CD SM and 3LX SM are consisted of two series-
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Figure 3.1. The proposed equivalent circuit of an arm.

connected HB SMs. The FB SM and 5LX SM have similar behaviors,which can generate

bipolar voltage. Under blocked condition, the FBL SMs have the same behavior as the FB

SM. Consequently, the FB circuit can be assumed as the generalized equivalent circuit.

B Switching states of the proposed equivalent arm circuit

The switching states of the proposed arm circuit of Fig.3.1depend on SM configura-

tions and operating conditions, as listed in Table3.1.
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The operating conditions include precharging, normal, fault-blocking, and fault-STATCOM

conditions. For the HB-MMC, under normal operating condition, the S1 and S4 of Fig.3.1

are turned on, i.e.,Tconf = 1, Tcharge = 0, Tnormal = 1, andTpolarity = 1. Under other con-

ditions, only S4 is turned on, i.e.,Tconf = 1, Tnormal = 0, andTpolarity = 1. For the MMCs

based on the FBL SMs, the details are described as follows:

• Precharging condition: In [56, 103], the startup process can be divided into uncon-

trollable precharging stage and controllable prechargingstage. Under uncontrollable

precharging condition,TNormal = 0. Under controllable precharging stage, the MMCs

based on various SM circuits operate as the HB-MMC. Thus, theS4 should be turned

on, andTcharge= 1.

• Normal and the fault-STATCOM conditions:TNormal = 1 andTcharge= 0. The switch-

ing states of Fig.3.1 are then determined by the arm voltage polarity, as listed in

Table3.1.

• Blocked conditions: The blocked conditions include the uncontrollable precharging

condition and dc fault-blocking condition. Under these conditions,TNormal andTcharge

are set as 0.

After determiningTconf, TNormal and Tcharge, the switching states of Fig.3.1 can be

determined by the arm voltage polarity. For the MMCs based onthe FBL SMs, under

normal and fault-STATCOM conditions, the arm voltage can bepositive and negative. To

generate the positive voltage, the S1 and S4 are turned on, and Tpolarity = 1. For the negative

voltage, the S2 and S3 are turned on, andTpolarity = 0.
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Figure 3.3. The MMC model with its controller based on the proposed equivalent arm

circuit.

3.1.2 The Developed Detailed ECM

A Overview of the developed detailed ECM

Based on the proposed equivalent arm circuit, the detailed MMC model can be devel-

oped with considering an industrial controller, as shown inFig. 3.3. When modeling the

MMCs based on the proposed ECM, the simulation time step is set for the whole system.

The control system can be divided into two parts: 1) the control strategy and modulation are

executed every sampling (or control) period; 2) the capacitor voltage balancing algorithm

(e.g., sorting) is executed every sorting period. The detailed steps are shown as follows:

• Step 1: Determination of simulation parameters: Firstly, the simulation parameters

and MMC configurations should be determined. Based on these parameters, the

switching states of Fig.3.1can be determined according to Section II(A).
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• Step 2: Execution of control algorithms: In the detailed ECM, the controller performs

the converter-level control algorithms, including capacitor voltage balancing, and

reactive power control, and circulating current control. Then, it generates the gating

signals to switch on/off the associated SMs.

• Step 3: Capacitor current calculation: The gating signals are used to derive the ca-

pacitor currents based on the arm current.

• Step 4: Capacitor voltage calculation: The capacitor voltages are derived based on

the capacitor current and the differential equations.

• Step 5: Arm voltage calculation: The arm voltage (varm) is derived based on the

gating signals and the capacitor voltages. The absolute value of arm voltage (|varm|)

is the input of the controlled voltage source, as shown in Fig. 3.3.

B Capacitor current and voltage

The dynamics of each capacitor voltage is described by

ici = C
dvci

dt
, (3.1)

wherevci represents the capacitor voltage andici refers to the capacitor current of thei th

SM.

The capacitor voltage at timetk can be derived from (3.1), which is given by

vci(tk) = vci(tk-1) +
1
C

∫ tk

tk-1

ici(τ)dτ. (3.2)

The capacitor voltage can be solved by numerical methods. Inthis paper, the Simpson

quadrature method is employed. To solve for the capacitor voltage, the capacitor current is

required, which depends on the SM circuit, SM switching state (inserted or bypassed), and

arm current.

For the HB SM, the capacitor current can be derived as follows:
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• Blocked condition: When all switches of the HB SM are turned off, the capacitor

current is determined by the direction of the arm current andgiven by

ici =



iarm, iarm > 0,

0, iarm < 0.

(3.3)

• Normal condition: ici depends on insertion and bypass of the SM, and can be ex-

pressed as

ici = SHBiarm, (3.4)

whereSSM is the switching function of the HB SM and defined by

SHB =



1, inserted,

0, bypassed.

(3.5)

For the FBL SMs, under normal operating conditions, they behave like the HB SM and

ic can be determined by (3.4), in whichSSM is their corresponding switching states. Under

fault operating conditions, for the UFB, FB, 3LX, and 5LX SMs, when all switches are

turned off, either positive or negative arm currents flow through the anti-parallel diodes to

charge the capacitors, andic = |iarm|.

For the CD SM, under blocked condition, when the arm current is positive, two HB

SMs in the CD SM are connected in series. When the arm current is negative, two HB SMs

are connected in parallel. Therefore, when the CD SM is blocked, the capacitor currents

can be calculated by

ic,1 = ic,2 =



|iarm| , iarm > 0,

0.5 |iarm| , iarm < 0,

(3.6)

whereic,1 andic,2 are the currents of two capacitors in the CD SM, respectively.

C Arm voltage

The voltage of the controllable voltage source (varm,abs) of Fig. 3.1 can be calculated

based on the number of the inserted SM capacitors. The numberof the inserted SM capaci-
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tors is determined by SM circuits and switching states, arm current direction, and operating

conditions.

• Normal operating condition: The UFB, 3LX, and 5LX SMs are equivalent to a s-

ingle HB SM or two series-connected HB SMs. Then, the arm voltage is generally

expresses as (3.7). The FB SM can be assumed as two parallel-connected HB SMs.

The arm voltage is expresses as (3.8). varm,absis the input to the controllable voltage

source, as shown in Fig.3.4.
varm =

∑
SHBivci, (3.7)

varm =
∑

(SHBi1 − SHBi2) vci, (3.8)

whereSHBi1 regulates the HB SM consisted of S1 and S2, whileSHBi2 regulated the

HB SM consisted of S3 and S4.

• Blocked conditions: For the HB-MMC, when the arm is positive, varm = Ninsertedvci,

whereNinserted is the number of capacitors in the blocked-state SMs per arm.Other-

wise, the arm voltage is zero. For the fault-blocking MMCs,varm is the sum of the

capacitor voltages in the blocked SMs regardless of the direction of the arm current,

as shown in Fig.3.5.

3.1.3 The Simplified ECM

To further improve the computational efficiency of the proposed ECM, the number of

state variables (i.e., capacitor voltages) can be reduced.This simplified ECM assumes that

all capacitor voltages are well balanced and only the average capacitor voltage of each arm

is considered to calculate the arm voltage.

Under normal operating condition, as analyzed in [119], the average capacitor current

is derived as
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Figure 3.4. The schematic of (a) HB-MMC, and (b) FB-MMC undernormal condition.

ic,avg=
1+ darm

2
iarm, (3.9)

wheredarm is the modulation reference, which is derived from grid current controller and

circulating current controller. The average capacitor voltage of an arm can be derived by
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Figure 3.5. The schematic of (a) HB-MMC, and (b) FB-MMC underblocked condition.

(3.2) and (3.9). The arm voltage is determined by the number of the insertedSM capacitors,

which is given by:

varm = Ninsertvc,avg, (3.10)

whereninsert is the number of the inserted capacitors, andvc,avg is the average SM capacitor
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voltage of an arm.

Under uncontrollable precharging and dc fault conditions,the capacitor currents of var-

ious SMs are still governed by (3.3) and (3.6). The arm voltage is determined by the SM

circuit and number of capacitors. Under controllable precharging condition, the average

capacitor voltage is determined by the equivalent capacitance per arm, which depends on

the SM circuits and the number of the inserted capacitors andhas been analyzed in [56].

Table 3.2

System Parameters of the MMC-HVDC System

Parameters Nominal Value

Rated power 100 MW

DC link voltage 110 kV

AC grid line-to-line voltage 60 kV RMS

Number of SMs per arm,NSM 20

Arm inductance 5 mH

Capacitance per SM 1000µF

Rated capacitor voltage per SM5 kV

DC line inductance 1 mH

DC line resistance 1Ω

DC line capacitance 100µF

3.2 Influence Analysis and Determination of Simulation TimeStep

The proposed ECM can be used to evaluate the dynamic performance of the MMC with

considering its industrial controller. However, the improperly selected simulation time step

may lead to additional errors and low computational efficiency during simulation. Thus,

the simulation time steptstep should be properly determined based on the sampling period

or control periodtsample, capacitor voltage balancing periodtsort, and simulation accuracy

and efficiency.

A point-to-point FB-MMC-HVDC system is selected as the study system and the sys-
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tem parameters are listed in Table3.2. Based on the DSM and proposed ECM technologies,

the models of the MMC-HVDC system are built and compared in the PSCAD/EMTDC

program environment. The simulation time step and samplingperiod of the DSM are set

as 10µs.

3.2.1 Influence of the Sampling Period

As shown in Fig.3.6, the increased sampling periodtsamplecauses the increased time

delay, loss of voltage level, and distortion in arm voltage,and consequently, leads to in-

creased harmonics in arm current and dc current. The maximumsampling period has been

investigated in [115, 124, 125], which is determined by the modulation index and the total

number of SMs per arm, as expressed in (3.11).

tsample=
1

πm f0NSM
, (3.11)

wherem is the modulation index,f0 is the fundamental frequency, andNSM is the number

of SMs per arm. When fixing the simulation time step at 10µs, the modulated waveform is

show in Fig.3.7. The increased sampling period leads to increased distortion.

3.2.2 Influence Analysis of the Simulation Time Step

In [115, 124, 125], the sampling period equals to the simulation time step, which may

not be proper when considering an industrial controller. The sampling period or controller

tsample

tstep

NLevel

t (ms)

NSM

Voltage
reference

Accurate stair-
waveform

Sampled stair-
waveform

Figure 3.6. The voltage levels of the MMC withtsample= 200µs.
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period depends on the practical system specifications and limitations. When using the

sampling period of the industrial controller for modeling and simulation, the simulation

time step is flexible to choose. When fixing the sampling period, the increased simulation

time step will lead to additional distortion. To ensure the system operating properly, the

influence of the simulation time step should be investigated. When fixing the sampling

period, the simulation time step should equal to or less thanthe sampling period, i.e.,

tstep≤ tsample. (3.12)

In this section, to investigate the influence of the simulation time step,tsampleis fixed at

100µs based on (3.11).
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Figure 3.7. The modulated waveform when fixing the simulation time step at 10µs.
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A Influence of tstepon capacitor voltage balancing

Since the capacitor voltage balancing periodtsort will significantly affect the switching

frequency of semiconductor devices and their power losses [97, 147]. To reduce power

losses of the MMCs, the reduced switching-frequency balancing methods are preferred.

Thus, the sorting period should be equal to or greater than the sampling period, i.e. [97,

147–150],

tsort ≥ tsample. (3.13)

For the given sampling period, if properly increasing the simulation time step, the per-

formance of capacitor voltage balancing is not significantly affected, as shown in Fig.3.8.
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Figure 3.8. The capacitor voltages withtsort = 500µs based on various simulation time

steps: (a)tstep= 10µs, (b)tstep= 50µs, and (c)tstep= 100µs.
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Figure 3.10. Errors of voltage level calculation for various simulation time steps.

B Influence of tstepon modulated arm voltage

As shown in Fig.3.9, when fixing the sampling period at 100µs, the increased sim-

ulation time step also leads to additional distortion. To evaluate simulation performance,

the errors are calculated for arm and dc currents with various simulation time steps. The

average error is calculated fromn-point differences between the voltages and currents of

the DSM and proposed ECMs, which is given by

eave=

n∑
i=1
| fECM(i) − fDSM(i)|

n ·max( fDSM)
× 100, (3.14)

wheren is the number of the selected points,fDSM and fECM denote the measured values

of the DSM and ECMs, respectively. When the simulation time step is much smaller than
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the sampling period, i.e.,tstep = 10µs, the voltage levels can be precisely represented.

However, whentstep increases, the lost voltage levels may lead to the increasederrors in

voltage level calculation, as shown in Fig.3.10.

C Influence of tstepon arm current and dc current

When increasing the simulation time step, the lost voltage levels lead to increased pulse

width of the arm inductor voltage, as shown in Fig.3.11. Due to the increased simulation

time step, the voltage of arm inductor has fewer switching actions than that of the DSM.

Consequently, the increased simulation time step causes wider pulse of the inductor volt-

age, leading to the increased arm current ripple. In Fig.3.11, VLm denotes the magnitude of

the inductor voltage. The fast Fourier transform (FFT) spectrum of arm and dc voltages and

currents are shown in Fig.3.12for various simulation time steps. The increased simulation

time step introduces more low-order harmonics in arm and dc currents. This means that the

equivalent switching frequency is reduced, and the distortion of arm voltage is increased.

Based on Fig.3.13, the increased simulation time step leads to the increased errors in arm

current, while the dc current is slightly influenced.

In addition, based on the results shown in Fig.3.12, more low-order harmonics are in-

troduced by sorting algorithm. For the detailed ECM, since the gating signals are ultimate-

ly generated by the sorting algorithm, which increases arm current and voltage distortions.

For the simplified ECM, the capacitor voltages are assumed tobe well balanced, and the

simulation results show lower distortions.

vL
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Figure 3.11. The arm inductor voltage.
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Figure 3.12. The FFT spectrum of (a) arm current of the detailed ECM, (b) arm current of

the simplified ECM, (c) dc current of the detailed ECM, and (d)dc current of the

simplified ECM.
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Figure 3.13. Average errors of arm current and dc current based on various simulation

time steps.

Figure 3.14. The total CPU runtime of the detailed ECM and simplified ECM based on

various simulation time steps.
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D Influence of tstepon performance evaluation of simulation efficiency

The system listed in Table3.2 is used to evaluate the computational efficiency based

on various simulation time steps. The sampling period and sorting period are fixed at 100

µs and the operating time is fixed at 1 s. Figure3.14shows the total CPU runtime of the

detailed ECM and simplified ECM for various simulation time steps.

Based on the aforementioned analysis, the increased simulation time step leads to high-

er computational efficiency and lower accuracy. The selection of the simulation time step

is a tradeoff between accuracy and computational efficiency. For the study system in this

paper, the maximum simulation time step of the proposed ECM could be equal to the sam-

pling period.

3.3 Performance Evaluation and Verification of the ProposedECM

To verify and validate the proposed ECM, a point-to-point MMC-HVDC system is s-

elected as the study system and built in the PSCAD/EMTDC program environment. The

parameters are listed in Table3.2. The simulation results of the proposed ECM are com-

pared with those of the DSM for various SM configurations and operating conditions.

3.3.1 The Proposed Detailed ECM

An HB-MMC-HVDC system is modeled and simulated based on the DSM and the pro-

posed detailed ECM, respectively. A dc fault occurs at 0.6 s and the HB-MMC cannot block

the fault current fed from the ac grid. The waveforms of the phase-a arm currents, dc cur-

rents, and capacitor voltages are compared, which coincideand demonstrate the accuracy

of the proposed ECM, as shown in Fig.3.15.

The MMCs based on the FBL SMs, such as the FB, UFB, CD, 3LX, and 5LX SMs, have

the similar behaviors under normal and fault operating conditions. Figure3.16shows the
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Figure 3.15. The simulation results of the

HB-MMC-HVDC based on the DSM and

the proposed detailed ECM withtstep= 10

µs: (a) arm currents, (b) dc currents, and (c)

capacitor voltages.
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Figure 3.16. The simulation results of the

FB-MMC-HVDC based on the DSM and

the proposed detailed ECM withtstep= 10

µs: (a) arm currents, (b) dc currents, and (c)

capacitor voltages.

phase-a arm currents, dc currents, and capacitor voltages of the FB-MMC-HVDC system

modeled by the DSM and the proposed detailed ECM withtstep = 10 µs under various

operating conditions. The simulation results demonstratethe effectiveness of the proposed

ECM for various operating conditions. Figure3.17 shows the dc current and capacitor

voltages withtstep= 100µs. Based on Figures3.16(b) and3.17(a), the larger simulation

time step leads to the increased dc current ripple.

Under dc-fault condition, the MMCs based on the FBL SMs can operate in the STAT-

COM mode to produce reactive power. The simulation results of the FB-MMC operating

in the STATCOM mode are shown in Fig.3.18.

3.3.2 The Proposed Simplified ECM

The simplified ECM has better efficiency by considering the average capacitor voltage

and neglecting the dynamics of each capacitor voltage.
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Figure 3.17. The simulation results of FB-MMC based on ECM with tstep= 100µs: (a) dc

current, and (b) capacitor voltages.
ECM Vcau DSM Vcau ECM Vcal DSM Vcal

V
o

lt
ag

e
(k

V
)

Time (s)
0.5 0.55 0.6 0.65 0.7 0.75 0.8

3.5

4.5

5.5

6.5

(a)
ECM icau DSM icau ECM ical DSM ical

C
u

rr
en

t
(k

A
)

Time (s)
0.5 0.55 0.6 0.65 0.7 0.75 0.8

-2

0

2

(b)

0
40
80

0.5 0.55 0.6 0.65 0.7 0.75 0.8
-2

0

2

Time (s)

V
o

lt
ag

e
(k

V
)

C
u

rr
en

t
(k

A
) Compensating reactive power

ECM DSM

-80

-40

(c)

Figure 3.18. The simulation results of the FB-MMC in the STATCOM mode with

tstep= 10µs: (a) capacitor voltages, (b) phase-a arm currents, and (c)ac-side phase current

and voltage.
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Figure 3.19. The simulation results of MMC1 of the HB-MMC-HVDC based on the DSM

and proposed simplified ECM withtstep= 10µs: (a) arm currents, and (b) capacitor

voltages.

The phase-a arm currents and capacitor voltages of the HB-MMC-HVDC system based

on the simplified ECM and DSM are compared and shown in Fig.3.19. For the FB-

MMC-HVDC, the arm currents and capacitor voltages under various operating conditions

are shown in Fig.3.20. Figure3.21 shows the STATCOM operation of the FB-MMC

during a dc fault. Figure3.22 shows the dc current and capacitor voltages withtstep =

100µs. Based on the simulation results, the voltage and current waveforms coincide and

the proposed simplified ECM is applicable to various MMC configurations and different

operating conditions.
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Figure 3.20. The simulation results of MMC1 of the FB-MMC-HVDC based on the DSM

and proposed simplified ECM withtstep= 10µs: (a) arm currents, and (v) capacitor

voltages.
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Figure 3.21. The simulation results of the FB-MMC in the STATCOM mode based on the

simplified ECM withtstep= 10µs: (a) capacitor voltages, (b) phase-a arm currents, and (c)

ac-side phase current and voltage.
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Figure 3.22. The simulation results of the FB-MMC based on the simplified ECM with

tstep= 100µs: (a) dc current, and (b) capacitor voltages.
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Table 3.3

Comparison of Simulation Runtime for Various MMC-HVDC Systems Based on the

DSM and the Proposed ECM.

Simulation settings

Simulation time step= 10µs ; System operating time= 1 s.

MMC configuration
DSM ECM runtime (s)

runtime (s) Detailed Simplified

HB 1656.21 30.67 11.52

FB 8512.72 31.34 11.73

CD 21877.39 30.31 12.38

3LX 29097.14 30.84 12.21

hybrid (HB and FB) 3179.83 30.56 11.94

3.3.3 Computational Efficiency

A The MMC-HVDC systems based on various SM circuits

To evaluate the efficiency of the proposed ECM, the simulation runtime for various

MMC-HVDC systems based on the DSM, detailed ECM, and simplified ECM is listed

in Table3.3. The system operating time is 1 s and the simulation time stepis 10µs. The

simulation is conducted on the operating system of Microsoft Windows 10 with a 2.60 GHz

Intel Core i7-6700HQ CPU and 8 GB of RAM.

As shown in Table3.3, the proposed ECM can significantly improve the computation-

al efficiency as compared with the conventional DSM while keeping high accuracy. The

increasing complexity of SM circuit topologies will severely reduce the simulation efficien-

cy of the conventional DSM. However, the simulation efficiency of the proposed ECM is

almost not affected by the complexity of SM circuit topologies.
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Table 3.4

Comparison of Simulation Runtime of the MMC-HVDC Systems with Various Voltage

Levels.

Simulation settings

Simulation time step= 10µs, System operating time= 1 s.

Number of SMs per arm
ECM runtime (s)

Detailed Simplified

20 31.34 11.73

40 37.11 12.03

60 43.89 12.45

80 47.80 12.71

100 54.62 13.12

200 96.56 16.29

B The high-level MMC-HVDC systems

Table 3.4 shows the simulation runtime for the MMC-HVDC systems with various

voltage levels. As the increasing of the number of SMs, although the simulation runtime of

the proposed ECM increases, it still much smaller than that of the conventional DSM.

3.4 Conclusion

In this chapter, a generalized ECM is proposed for modeling and simulating the MMCs

based on various SM circuits under different operating conditions. The proposed detailed

ECM considers internal state variables and can be used to evaluate the dynamic perfor-

mance of an MMC with considering a practical industrial controller. To further improve

simulation efficiency, the simplified ECM is derived by neglecting the dynamics of indi-

vidual capacitor voltage. The study results show that the selection of the simulation time

step influences simulation efficiency and accuracy. For the given study system, the max-

imum simulation time step could be equal to the sampling period (or control period) of
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the practical controller for highest simulation efficiency while keeping good accuracy. The

study results also show that the complexity of SM circuit topologies significantly affects

the simulation efficiency of the conventional DSM. However, the proposed ECM can keep

the same high-efficiency simulation for various SM circuits regardless of thecomplexity of

SM circuit topologies.
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Chapter 4

OPERATIONAL PRINCIPLES AND MATHEMATICAL MODEL OF MODULAR

MULTILEVEL CONVERTER-BASED SOLID-STATE TRANSFORMER

To model the MMC-based SST, the operational principles of IM2DC are analyzed in this

chapter. The IM2DC has similar operational principles withthe DAB converter. The dif-

ference is that the MMC can generate a controllable multilevel voltage waveform.

vac,pri nvac,sec

ia L

Vdc,pri
Vdc,sec

DC/AC AC/DC

Figure 4.1. The equivalent circuit of IM2DC.

Primary-side 
ac-link voltage

0

Secondary-side 
ac-link voltage

Primary-side 
ac-link current

Φ 
θR

(a)

Primary-side 
arm voltage

0

Primary-side 
arm current

α 

Gating signal

(b)

Figure 4.2. Theoretical waveforms of (a) primary-side and secondary-side ac-link

voltages, and primary-side ac-link current, and (b) arm voltage, arm current, and SM

gating signal.

Similar to the DAB converter, the IM2DC can be equivalent to acircuit shown in Fig.
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4.1. The ac-link currents and the transmitted power of the IM2DCare determined by the

phase-shift angle (Φ) between the primary- and secondary-side ac-link voltages. When the

secondary-side ac-link voltagevac,seclagging the primary-side ac-link voltage byΦ (Φ>0),

the power flows from the primary side to the secondary side. When the secondary-side ac-

link voltagevac,secleading the primary-side ac-link voltage byΦ (Φ < 0), the power flows

from the secondary side to the primary side. The phase-shiftangle should be less thanπ/2

(|Φ|6 π/2). The arbitrary ac-link voltages and current, as well as arm voltage and current

are shown in Fig.4.2.

4.1 Mathematical Model of Isolated Modular Multilevel DC-DC Converter

4.1.1 Arm Currents

The arm current can be derived from voltage drop on arm inductor. In this way, the arm

currents are expressed in (4.1).


Rarmixu + Larm
dixu
dt =

Vdc
2 − vxu − vx,

Rarmixl + Larm
dixl
dt =

Vdc
2 − vxl + vx,

(4.1)

where the subscriptx represents phase-lega, b, c andd. When {x = a, b}, the Rarm and

Larm represent resistance and inductance of primary-side arm inductor (Rarm,pri andLarm,pri).

When {x = c, d}, theRarm andLarm represent resistance and inductance of secondary-side

arm inductor (Rarm,secandLarm,sec). Similarly, when{x = a, b}, theVdc represents primary-

side dc-link voltage (Vdc,pri). When {x = c, d}, the Vdc represents secondary-side dc-link

voltage (Vdc,sec).

4.1.2 AC-Link and DC-Link Currents

Based on the basic operational principles of MMC, the upper-and lower-arm currents

are expressed as (4.2), which contain a circulating current and equally share ac-side current.
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ixu =
ix
2 + izx,

ixl = − ix
2 + izx.

(4.2)

When substitute (4.2) into (4.1), the dynamic performances of ac-link current and cir-

culating current can be expressed as:


Rarmix + Larm
dix
dt = (vxl − vxu) − 2vx,

Rarmizx+ Larm
dizx
dt =

Vdc − vxu − vxl
2 ,

(4.3)

The primary- and secondary-side dc-link currents are derived from corresponding cir-

culating currents, as expressed in (4.4), while (4.5) expressed the relationship between arm

voltages and ac-link current. 

idc,pri = iza+ izb,

idc,sec = izc+ izd.

(4.4)

[(val−vau)−(vbl−vbu)] −nT [(vcl−vcu)− (vdl−vdu)]
2

= (RT+Rarm,pri+n2
TRarm,sec)ia+(LT+Larm,pri+n2

TLarm,sec)
dia
dt
,

(4.5)

whereRT andLT denote the winding resistance and leakage inductance of ac-link trans-

former.

4.1.3 Capacitor Voltage and Arm Voltage

Based on the above analysis, the arm currents, ac-link current, and dc-link current are

regulated by arm voltages. The arm voltage is determined by voltages of inserted capaci-

tors. In this way, to determine arm voltage, the capacitor voltage should be derived from

arm current, as expressed in (4.6). The SSMi represents the switching function of thei th

SM, which is defined in (4.7). Finally, the arm voltage is the capacitor voltages of on-state

SMs.
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ici = iarmSSMi,

vci =
1
C

∫
icidt.

(4.6)

SSMi =



1, inserted,

0, bypassed.

(4.7)

varm =

NSM∑

i=1

vciSSMi, (4.8)

wherevSMi are the switching function and capacitor voltage of thei th SM in an arm, respec-

tively.

4.1.4 Implementation of Simulation System Based on Mathematical Model

Compared with circuit-based simulation models, such as detailed switching model and

equivalent circuit model mentioned in Chapter 2, the mathematical model or equation-

based models are more suitable for optimal design of converters and controllers. Because

the circuit parameters and controller parameters can be swept without frequently stop sim-

ulation and manually setting parameters.

To implement a simulation system of the MMC-based SST based on mathematical mod-

el, a flowchart is shown in Fig.4.3. Firstly, the system parameters, circuit parameters, and

simulation parameters are set for simulation model. Then, all variables are initialized. This

is considered as the first iteration of simulation. After that, the switching sequences and gat-

ing signals are determined by voltage-balancing algorithms and modulation methods. The

arm voltages are derived from switching functions and capacitor voltages, as expressed in

(4.8).

The derived arm voltages are substituted into (4.5) and (4.10) to solve ac-link current
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Figure 4.3. The flowchart of implementing mathematical model of MMC-based SST.

and circulating currents. Then, the dc-link current is derived from circulating currents.

ia(k) =
[val(k)−vau(k)−vbl(k)+vbu(k)]−nT [vcl(k)−vcu(k)− vdl(k)+vdu(k)]

2
[
(RT+Rarm,pri+n2

TRarm,sec)Ts + (LT+Larm,pri+n2
TLarm,sec)

] Ts

+
(LT+Larm,pri+n2

TLarm,sec)

(RT+Rarm,pri+n2
TRarm,sec)Ts + (LT+Larm,pri+n2

TLarm,sec)
ia(k − 1),

(4.9)
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wherek represents thekth simulation step.

izx(k) =
Larm

RarmTs + Larm
izx(k− 1)+

Vdc − vxu(k) − vxl(k)
2 [RarmTs+ Larm]

Ts. (4.10)

Then, the arm currents are derived from ac-link current and circulating currents based

on (4.2), and the capacitor currents and voltages are updated according to (4.6). To be

clearer, a pseudo code of implementing MMC-based SST appears in Table4.1.

Table 4.1

Pseudo Code of Implementing MMC-Based SST Based on Mathematical Model

SetSystem Parameters:Prate, Vdc,pri, Vdc,sec, fac, θR,Φ;

SetCircuit Parameters:C, Rarm, Larm, RT, LT, NSM;

SetSimulation parameters: number of simulation stepskmax, simulation time step;

Initialize Variables : phase currents, arm currents, dc-link currents, arm voltages, capacitor

voltages, gating signals;

FOR k = 2 tokmax

Voltage Balancing

[ID xu(k)]=Voltage balancing (Sorting options,vc,xu(k− 1));

% IDxu is a vector containing index of SMs in phase-x upper arm

[ID xl(k)]=Voltage balancing (Sorting options,vc,xl(k− 1));

% IDxl is a vector containing index of SMs in phase-x lower arm

Modulation

[Sxu(k), Vxu(k)]=Modulation (Modulation options,vc,xu(k− 1));

% Sxu is a vector containing gating signals of SMs in phase-x upper arm

[Sxl(k), Vxl(k)]=Modulation (Modulation options,vc,xl(k− 1));

% Sxl is a vector containing gating signals index of SMs in phase-x lower arm

Solve ac-link current and phase currents

[ia(k)]=Solve ac-link current(Vau(k):Vdu(k), Val(k):Vdl(k), ia(k− 1),

RT, LT, nT, Rarm, Larm, Ts); % Ts is simulation time step

ib(k) = −ia(k), ic(k) = −nTia(k), id(k) = −nTib(k);

Solve circulating currents

[izx(k)]=Solve circulating current(Varm,xu(k), Varm,xl(k), izx(k− 1), Rarm, Larm, Ts);

Solve arm currentsixu(k) = 0.5ix(k) + 0.5izx(k), ixl(k) = −0.5ix(k) + 0.5izx(k);

Update capacitor voltages

[vc,xu(k)]=Solve Capacitor Voltage(C, ixu(k), ixu(k− 1), Sxu(k), Ts);

% vc,xu is a vector containing SM capacitor voltages of phase-x upper arm

[vc,xl(k)]=Solve Capacitor Voltage(C, ixl(k), ixl(k− 1), Sxl(k), Ts);

% vc,xl is a vector containing SM capacitor voltages of phase-x lower arm

ENDFOR
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4.2 Modified Mathematical Model Considering Parameter Design of MMC-Based SST

To implement the above detailed mathematical model, all circuit parameters should be

provided in advance. However, for optimal design purpose, some circuit parameters, such

as SM capacitance, arm inductance, and leakage inductance of ac-link transformer, should

be determined based on system requirements. Thus, the mathematical model should be

modified for the optimal design of the MMC-based SST.

4.2.1 Total Inductance of MMC-Based SST

The ac-link voltages can be expressed as piecewise-linear equations (4.11) and (4.12)

based on the given system parameters, including rated power(Prate), nominal dc-link volt-

ages (Vdc,pri andVdc,sec), frequency of ac-link voltage (fac), phase-shift angle between primary-

side and secondary-side ac-link voltages (Φ), and ramping angle of ac-link voltage (θR). In

this section, theθR is assumed to be 06θR6 |Φ|6 π2. For other conditions and more detailed

derivations are shown in Appendix7.2.

vac,pri(ϕ) ≈ (val−vau)−(vbl−vbu)
2 =



2Vdc,pri

θR
ϕ − Vdc,pri, 0 < ϕ <θR,

Vdc,pri, θR < ϕ < π,

−vac,pri(ϕ − π), π < ϕ < 2π.

(4.11)

vac,sec(ϕ)
′
=nTvac,sec(ϕ)≈

nT [(vcl−vcu)− (vdl−vdu)]
2

=
nTVdc,sec

Vdc,pri
vac,pri(ϕ − Φ), (4.12)

wherevac,sec(ϕ)
′
is the reflected secondary-side voltage.

When ignoring winding resistances of arm inductor and ac-link transformer, the ac-link

current is derived from ac-link voltages based on (4.5). The primary-side ac-link current

(ia) can be expressed as (4.13) whenΦ>0 and (4.14) whenΦ<0, respectively.

Then, the dc-link current can be estimated from average ac-link power, which derived

from ac-link voltage and current, as expressed in (4.15). Based on (4.15), the total induc-
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ia(ϕ)=



Vdc,pri
ωLtot

(
ϕ2

θR
−ϕ+θR2 −

π
2

)
+

nTVdc,sec
ωLtot

(
ϕ−Φ−θR2 +

π
2

)
, 0 < ϕ<θR,

Vdc,pri
ωLtot

(
ϕ − θR2 −

π
2

)
+

nTVdc,sec
ωLtot

(
ϕ − Φ − θR2 +

π
2

)
, θR < ϕ<Φ,

Vdc,pri
ωLtot

(
ϕ−θR2 −

π
2

)
+

nTVdc,sec
ωLtot

(
− (ϕ−Φ)2

θR
+ϕ−Φ−θR2 +

π
2

)
, Φ<ϕ <Φ +θR,

Vdc,pri

ωLtot

(
ϕ −
θR

2
−
π

2

)
+

nTVdc,sec

ωLtot

(
−ϕ + Φ +

θR

2
+
π

2

)
, Φ +θR <ϕ <π,

−ia(ϕ − π), π <ϕ <2π.

(4.13)

ia(ϕ)=



Vdc,pri

ωLtot

(
ϕ2

θR
−ϕ+θR

2
− π

2

)
+

nTVdc,sec

ωLtot

(
−ϕ+Φ+θR

2
+
π

2

)
, 0 < ϕ<θR,

Vdc,pri

ωLtot

(
ϕ − θR
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2
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nTVdc,sec
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(
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π
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)
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ωLtot

(
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θR

2
−
π

2

)
+

nTVdc,sec

ωLtot

[
(ϕ−π−Φ)2

θR
−ϕ+Φ+

θR

2
+
π

2

]
, π+Φ<ϕ <π+Φ+θR,

Vdc,pri

ωLtot

(
ϕ−
θR

2
−
π

2

)
+

nTVdc,sec

ωLtot

(
ϕ−Φ−

θR

2
−

3π
2

)
, π +Φ +θR <ϕ <π,

−ia(ϕ − π), π <ϕ <2π.

(4.14)

tance of the MMC-based SST can be determined from system parameters. The rated power

corresponds to|Φ| =
π

2
.

Idc,pri=

∫ 2pi

0
vac,priiadϕ

2πVdc,pri
=



−
nTVdc,sec

πωLtot

(
θ2R

6
+ Φ2 −πΦ

)
, Φ>0,

nTVdc,sec

πωLtot

(
θ2R

6
+ Φ2 +πΦ

)
, Φ<0.

(4.15)

4.2.2 Submodule Capacitance of MMC-Based SST

According to (4.6), the capacitor voltage is related to arm current. Based on the above

analysis, the piecewise-linear equation of arm current canbe derived from (4.13), (4.14),

and (4.15). In addition, the (4.6) expresses relationship between capacitor voltage and

capacitor charge (Qc), whereQc is defined as integral of capacitor current. In this way, the

peak-peak ripple of capacitor voltage∆Vc,pp equals to
∆Qc,pp

C
, where∆Qc,pp is peak-peak
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ripple of capacitor charge. After determining∆Qc,pp, the SM capacitance can be determined

by
∆Qc,pp

∆Vc,pp
.

4.2.3 Arm Inductance of MMC-Based SST

In the analysis of Section4.2.2, the circulating current only contains half of dc-link cur-

rent. Theoretically, it also contains harmonics and current ripple. In this section, the peak-

peak current ripple is estimated to determine arm inductance. In the following analysis, the

circulating current is divided into two terms, the dc circulating current and harmonics as

expressed in (4.16).

izx = izx+ ĩzx =
Idc

2
+

∑
izx,hn, (4.16)

whereIdc represents primary/secondary-side dc-link current,izx,hn represents thenth order

harmonic of circulating current.

Similarly, the arm voltage is divided into two terms. One is derived from average value

of capacitor voltage, while the other is derived from capacitor voltage ripple, which are

defined in (4.17).

varm = varm+ ṽarm =

NSM∑

i=1

vciSSMi +

NSM∑

i=1

ṽciSSMi, (4.17)

wherevci denotes the average capacitor voltage of thei th SM, while ṽci represents capacitor

voltage ripple of of thei th SM.

When substituting (4.16) and (4.17) into (4.3), it can be modified as (4.18).

Rarm

(
izx+ ĩzx

)
+ Larm

dĩzx

dt
=

Vdc − vxu − vxl

2
− ṽxu + ṽxl

2
. (4.18)

In this way, the current ripple of circulating current is resulted from capacitor voltage

ripple. The voltage ripple crossing arm inductor can be estimated by
Vdc − vxu − vxl

2
−

Rarm
Idc

2
. When neglectingRarm, the current ripple of circulating current can be expressedas

ĩzx =
BLarm

Larm
=

1
Larm

∫
Vdc − vxu − vxl

2
− Rarm

Idc

2
dt, (4.19)

73



whereBLarm is flux density of arm inductor. In this way, after determining peak-peak ripple

of flux density∆BLarm,pp, the arm inductance can be estimated as
∆BLarm,pp

∆izx,pp
, where∆izx,pp is

peak-peak ripple of circulating current.

4.2.4 Implementation of Modified Mathematical Model Considering Parameter Design

According to analysis of Sections4.2.1to 4.2.3, all circuit parameters are determined

based on given system parameters. In addition, some variables are initialized, including

arm voltages and currents, capacitor voltages, and arm voltages. Then, these circuit param-

eters and initialized variables are substituted into mathematical model to solve steady-state

conditions of the MMC-based SST, as shown in Fig.4.4. To be clearer, a pseudo code of

implementing the MMC-based SST appears in Table4.2.
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Figure 4.4. The flowchart of implementing modified mathematical model of the

MMC-based SST considering circuit parameter design.
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Table 4.2

Pseudo Code of Modified Mathematical Model for Optimal Design of MMC-Based SST

SetSystem Parameters:Prate, Vdc,pri, Vdc,sec, fac, θR,Φ;

SetCircuit Parameters:NSM;

SetLimitations:∆Vc,pp, ∆izx,pp;

SetSimulation parameters: number of simulation stepskmax, simulation time stepTs;

Initialize Variables (k = 1): phase currents, arm currents, dc-link currents, arm voltages, capacitor

voltages, gating signals;

Determine Ltot by (4.15) ;

Determine SM capacitance

FOR k=2 to NSMNsamp% Nsampis number of sampling points per period1facTs

solveiarm(k) from (4.13), (4.14), and(4.15);

[SS M(k)]=Balancing (Sorting options,Qc(k− 1));

solve capacitor charge byQc(k)=Qc(k−1)+
iarm(k)SSM(k)+iarm(k−1)SSM(k−1)

2
Ts;

ENDFOR

Determine SM capacitanceC by
∆Qc,pp

∆Vc,pp
;

Determine Arm Inductance

FOR k=2 to NSMNsamp

[ID xu(k)]=Voltage balancing (Sorting options,vc,xu(k− 1));

[ID xl(k)]=Voltage balancing (Sorting options,vc,xl(k− 1));

[Sxu(k), Vxu(k)]=Modulation (Modulation options,vc,xu(k− 1));

[Sxl(k), Vxl(k)]=Modulation (Modulation options,vc,xl(k− 1));

solve flux densityBLarm by BLarm(k)=BLarm(k−1)+
Vdc−Vxu(k)−Vxl(k)

2
Ts;

solveixu(k), ixl(k) from (4.13), (4.14), and(4.15);

[vc,xu(k)]=Solve Capacitor Voltage(C, ixu(k), ixu(k− 1), Sxu(k), Ts);

[vc,xl(k)]=Solve Capacitor Voltage(C, ixl(k), ixl(k− 1), Sxl(k), Ts);

ENDFOR

Determine Arm InductanceLarm by
∆BLarm

∆izx,pp
;

Determine LT ;

Update Variables

FOR k = 2 tokmax
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Voltage Balancing

[ID xu(k)]=Voltage balancing (Sorting options,vc,xu(k− 1));

[ID xl(k)]=Voltage balancing (Sorting options,vc,xl(k− 1));

Modulation

[Sxu(k), Varm,xu(k)]=Modulation (Modulation options,vc,xu(k− 1));

[Sxl(k), Varm,xl(k)]=Modulation (Modulation options,vc,xl(k− 1));

Solve ac-link current and phase currents

[ia(k)]=Solve ac-link current(Varm,au(k):Varm,du(k), Varm,al(k):Varm,dl(k), ia(k− 1),

RT, LT, nT, Rarm, Larm, Ts);

ib(k) = −ia(k), ic(k) = −nTia(k), id(k) = −nTib(k);

Solve circulating currents

[izx(k)]=Solve circulating current(Varm,xu(k), Varm,xl(k), izx(k− 1), Rarm, Larm, Ts);

Solve arm currentsixu(k) = 0.5ix(k) + 0.5izx(k), ixl(k) = −0.5ix(k) + 0.5izx(k);

Update capacitor voltages

[vc,xu(k)]=Solve Capacitor Voltage(C, ixu(k), ixu(k− 1), Sxu(k), Ts);

[vc,xl(k)]=Solve Capacitor Voltage(C, ixl(k), ixl(k− 1), Sxl(k), Ts);

ENDFOR

4.3 Verifications of Mathematical Model for MMC-Based SST

4.3.1 Simulation Verification

To verify the accuracy of the detailed mathematical model and the proposed modified

mathematical model, an MMC-based SST is implemented based on different models. First-

ly, the circuit parameters are designed by the proposed modified mathematical model from

system requirements. Then, the MMC-based SST is implemented in PSCAD based on

the equivalent circuit model. The MMC-based SST based on detailed mathematical model

and proposed modified model are implemented in MATLAB. The system specifications

are listed in Table4.3, where the total inductance is determined by the proposed modified

mathematical model according to (4.15).
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Table 4.3

Parameters of the MMC-Based SST Simulation System Based on Different Models

Parameters Nominal Value

Maximum power 1 MW

Primary-side dc-link voltage 10 kV

Secondary-side dc-link voltage 10 kV

Frequency of ac-link voltage 10 kHz

Turn ratio of isolated transformer,nT 1:1

Number of SMs per arm 10

Ramping angle,θR 0.4π

Total inductance 1.06 mH

To verify the performance of the detailed mathematical model and the proposed modi-

fied mathematical model, both of the PS modulation and NLC modulation are considered,

while only the single-step alternating voltage balancing algorithm is considered, which was

proposed in [52]. Then, based on the above system parameters, the SM capacitance, arm

inductance, and leakage inductance of ac-link transformerare determined by the proposed

modified mathematical model according to analysis in Sections4.2.2and4.2.3. When de-

termining SM capacitor, the peak-peak ripple is limited to 2% of the nominal capacitor

voltage. When determining arm inductance, only the fundamental-frequency and double-

frequency circulating currents are considered, which limits the peak-peak ripple to 5% of

dc circulating current. Based on PS modulation, the SM capacitance is 305µF, while the

arm inductance is only 88µH. Based on NLC modulation, the SM capacitance is 213µF,

while the arm inductance is 137µH.

Based on PS modulation, figure4.5shows the arm voltages, arm currents, and capacitor

voltages of different models. In addition, figure4.7 compares the Fourier spectrum of

voltages and currents obtained from different models. Based on NLC modulation, the

voltages, currents, and their spectrum are shown in Figs.4.6 and4.8. To further verify
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Figure 4.5. The simulation results of

MMC-based SST based on PS modulation:

(a) arm voltages, (b) arm currents, and (c)

capacitor voltages.
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Figure 4.7. The FFT spectrum of MMC-based SST based on PS modulation: (a) arm
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Figure 4.8. The FFT spectrum of MMC-based SST based on NLC modulation: (a) arm

voltages, (b) arm currents, (c) circulating current, and (d) capacitor voltages.

performances of the MMC-based SST based on different models, the semiconductor losses

are compared in Table4.4, where the Infineon FF150R12RT4 is selected for calculating

semiconductor losses.

Table 4.4

Semiconductor Losses of the Simulation System Based on Different Models and Different

Modulations

Model
PS NLC

PSW (kW) Pcon (kW) PSW (kW) Pcon (kW)

ECM 6.085 12.904 6.009 13.034

Detailed math model 5.984 12.945 5.999 12.979

Modified math model 6.004 13.055 5.998 12.975

PSW is the switching loss of semiconductor devices;

Pcon is the conduction loss of semiconductor devices.

4.3.2 Experimental Verification

An experimental prototype of the single-phase MMC-based SST is built to evaluate its

performances, as shown in Fig.4.9. Its parameters are listed in Table4.5. The ramping

angle is fixed atθR=π/2.
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Figure 4.9. Experimental prototype: (a) schematic of experiment prototype, and (b)

photograph of experiment prototype.

Based on PS modulation, figure4.10compares the arm voltages, arm currents, and ca-

pacitor voltages of mathematical models with experimentalwaveforms. In addition, figure

4.12compares the Fourier spectrum of voltages and currents of mathematical models with

those of experimental waveforms. Based on NLC modulation, the corresponding results

are shown in Figs.4.11and4.13.
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Table 4.5
Parameters of the Experimental Prototype

Rated power,Prate 2.5 kW
DC-link voltage,Vdc,pri 350 V
Frequency of ac-link voltage,fac 20 kHz
Primary-side number of SMs per arm 6
Secondary-side number of SMs per arm 3
DC-link capacitance 500µF
SM capacitance,C 20µF
Arm inductance,Larm 20µH
Load resistance 75Ω
Semiconductor device FGH40T65UQDF
Transformer turns ratio 1:1
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with experimental waveform of

MMC-based SST based on PS modulation:
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capacitor voltages.
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Chapter 5

VOLTAGE BALANCING ALGORITHMS OF MODULAR MULTILEVEL

CONVERTER-BASED SOLID-STATE TRANSFORMER BASED ON DIFFERENT

MODULATION METHODS

In this chapter, firstly, the performances of PS modulation and NLC modulation are ana-

lyzed and evaluated for IM2DC. Then, the performances of single-step alternating voltage-

balancing algorithm and the conventional reduced switching-frequency (RSF) voltage-

balancing algorithm [97] are analyzed for IM2DC. Based on these analyses, the problems

of modulation methods and voltage-balancing algorithms are summarized. Finally, the im-

proved voltage-balancing algorithms are proposed in this chapter by rearranging capacitor

charging order.

5.1 IM2DC Operating Principle

According to analysis of Chapter4, the IM2DC has similar operational principles with

the DAB converter. The difference is that the MMC can generate a controllable multilevel

voltage waveform. In this chapter, the trapezoidal ac-linkvoltage is employed for the

analysis. The following analysis is performed for the primary-side MMC, which is also

applicable for the secondary-side MMC.

5.1.1 Modulation Methods

To generate the multilevel ac-link voltages, the PS modulation is widely used in IM2DC,

which has been analyzed in [52, 134]. The NLC modulation is also a popular method to

generate the multilevel ac-link voltage. Based on NLC modulation, firstly, the ac-link volt-

age determines the number of inserted SMs (Ninsert). Then, the gating signals are determined

based on the switching sequence.
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5.1.2 Characteristics of SM Capacitor Charging and Discharging

The SM capacitor charging and discharging performance varies with different modula-

tions. Figures5.1and5.2show the theoretical waveforms of arm voltage, arm current,and

gating signals of the MMC based on the PS and NLC modulation methods, respectively.
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Figure 5.1. Arm voltage, arm current, and gating signals of SMs in primary-side MMC

based on PS modulation: (a)Φ>0, and (b)Φ<0.
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Figure 5.2. Arm voltage, arm current, and gating signals of SMs in primary-side MMC

based on NLC modulation: (a)Φ>0, and (b)Φ<0.

During each switching period, the capacitor experiences both charging and discharg-
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ing processes and the total charge for each SM capacitor depends on the switching angle

(α) and ON-state time interval, as shown in Figs.5.1 and 5.2. For different modula-

tion methods, the switching angle and ON-state time interval vary. Without considering

voltage-balancing algorithms, for the PS modulation, the switching angle of thei th SM (αi)

is
(i − 1)θR

NSM
, while the duty ratio is 50%. For the NLC modulation shown in Fig. 5.2, the

switching angle of thei th SM (αi) is also
(i − 1)θR

NSM
, but the ON-state time interval of thei th

SM is π + θR − 2αi. The capacitor charge can be calculated by (5.1) and (5.2) for the PS

and NLC modulation methods, respectively.

Qc =

∫ π+α

α

iarm(ϕ)dϕ, (5.1)

Qc =

∫ π+θR−α

α

iarm(ϕ)dϕ, (5.2)

whereQc is the SM capacitor charge during one switching period.α is the angle between

the arm voltage and gating signal.iarm is the arm current of the primary-side MMC. There-

fore, the expression of the capacitor charge in terms ofα is given by (5.3) and (5.4) for the

PS and NLC methods, respectively.

Qc(α) =
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(5.3)

Qc(α) =
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2
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(5.4)

The total charge of an SM capacitor during one switching period varies with the switch-

ing angle, as shown in Fig.5.3. For the PS modulation, the SM capacitor is charged at a
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smaller switching angle and discharged at a larger switching angle regardless of the di-

rection of the power flow. For the NLC modulation, ifΦ > 0 (the power flows from the

primary side to the secondary side), the capacitor is charged at a smaller switching angle

and discharged at a larger switching angle. IfΦ < 0 (the power flows from the secondary

side to the primary side), the charging and discharging pattern is reversed, as shown in Fig.

5.3.
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Figure 5.3. Capacitor charge of an SM for the PS and NLC modulation methods

(θR=π/5).

In addition, the capacitor charges calculated by the mathematical model are shown in

Fig. 5.4 with changing the ramping angleθR from 0.2π to 0.5π. The increasedθR will

increase the net capacitor charges, resulting in larger voltage ripple. Comparing with the

NLC modulation, the PS modulation has larger net capacitor charges.
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Figure 5.4. Capacitor charge of SM based on different ramping angles.
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5.2 Analysis and Performance Comparison of Various Voltage-Balancing Algorithms

and Modulation Methods

In this section, the charging and discharging performance of the single-step alternating

voltage-balancing algorithm and the conventional sortingalgorithm with the PS and NLC

modulation methods are comprehensively analyzed and compared. Based on the analysis,

the characteristics of SM capacitor voltage ripple will be derived.

To evaluate performances of varies voltage balancing algorithms based on different

modulation methods, an IM2DC is built in PSCAD simulation environment. The system

specifications are listed in Table5.1. For all operating conditions, the absolute value of the

phase-shift angleΦ is fixed atπ/2.

Table 5.1

Parameters of the IM2DC Simulation System

Parameters Nominal Value

Maximum power 1 MW

Primary-side dc-link voltage 10 kV

Secondary-side dc-link voltage 10 kV

Frequency of ac-link voltage 10 kHz

Turn ratio of isolated transformer 1:1

Number of SMs per arm 9

SM capacitance 50µF

Arm inductance 50µH

Transformer leakage inductance 1100µH

5.2.1 Single-Step Alternating Voltage-Balancing Algorithm with the PS and NLC

Modulation Methods

In [52], the single-step alternating voltage-balancing algorithm has been investigated

based on the PS modulation, which alternatively changes theswitching angle of each S-
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Figure 5.5. Implementation of the single-step alternatingvoltage-balancing algorithm

based on: (a) the PS modulation, and (b) the NLC modulation.

M (α) step-by-step from 0 to
(NSM − 1)θR

NSM
. However, the single-step alternating voltage-

balancing algorithm can also be implemented based on the NLCmodulation by rotating

the switching order of the SMs, as shown in Fig.5.5 (b). The switching order is changed

by one step in each switching period. Thus, the charging-discharging period includesNSM

switching periods. The charging and discharging characteristics of an SM capacitor based

on the single-step alternating voltage-balancing algorithm with the PS and NLC methods

are shown in Figs.5.6and5.7, respectively.

Based on the analysis in Section5.1.2and Figs.5.6and5.7, the charging-discharging

period isNSM times the switching periodNSMTSW. The capacitor is charged during the

first half of the charging-discharging period and discharged in the last half period for the

single-step alternating voltage-balancing algorithm with the PS modulation, as shown in

Fig. 5.6. While the capacitor is charged during the last half period and discharged in

the first half period for the single-step alternating voltage-balancing algorithm with the

NLC modulation, as shown in Fig.5.7. Therefore, for the single-step alternating voltage-

balancing algorithm with either the PS or the NLC, there is a low-frequency capacitor

voltage ripple with the period ofNSMTSW.
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Figure 5.6. Charging and discharging characteristics of SMcapacitor in the primary-side

MMC based on the single-step alternating voltage-balancing algorithm with the PS

modulation: (a) gating signal and arm current, and (b) capacitor charges.
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Figure 5.7. Charging and discharging characteristics of SMcapacitor in the primary-side

MMC based on the single-step alternating voltage-balancing algorithm with the NLC

modulation: (a) gating signal and arm current, and (b) capacitor charges.

During thekth switching period in the charging-discharging period, the SM capacitor

voltage variation can be determined by (Qck=C∆vck). To evaluate the peak-to-peak value

of the low-frequency capacitor voltage ripple (∆vc,pp), all positive charges in a charging-

discharging period are added and the total positive chargesare expressed by (5.5). Figure
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5.8 shows the capacitor voltage ripple based on the PS modulation. When fixing SM ca-

pacitance as 50µF, the increasedNSM leads to linearly increased capacitor voltage ripple.

∆vc,pp=

NSM∑
k=1
|Qc (αk) |

2C
. (5.5)
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Figure 5.8. Capacitor voltage ripples for differentNSMs withθR = π/5: (a) capacitor

voltage ripples from the simulation model based on the single-step alternating

voltage-balancing algorithm with the PS modulation (Φ>0), and (b) the peak-peak values

of the low-frequency ripple.

5.2.2 The Conventional Sorting Algorithm

The conventional sorting algorithms, i.e., the RSF voltage-balancing algorithms, have

been investigated in the MMC-based systems under low-frequency operations [97, 149].

However, they have not yet been comprehensively investigated for the MMC under medium-

frequency operation [134, 151].
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Figure 5.9. Implementation of the conventional sorting algorithm.

For the conventional sorting algorithm, theNinsert is determined by the reference arm

voltage regardless of the modulation methods. When all SMs are inserted (Ninsert = NSM)

or bypassed (Ninsert = 0), the capacitor voltages are sorted in the ascending order, as shown

in Fig. 5.9. The gating signals are determined by the polarity of arm current. When

the arm current (iarm) is positive, the SMs with the lowest voltages are inserted.When

iarm < 0, the SMs with the highest voltages are inserted. If the current direction changes at

Ninsert =0 or Ninsert = NSM, the conventional sorting algorithm does not lead to additional

switching actions. On the other hand, if the current direction changes at 0<Ninsert<NSM, the

additional switching actions occur only when the directionof arm current changes. Since

the capacitor voltages are sorted only once and the arm current direction only changes twice

every switching period, there are no significantly additional switching actions.

Based on the simulation model with the parameters listed in Table5.1, the arm volt-

age/current and gating signals of the IM2DC are shown in Figs.5.10and5.11 for θR at

π/5 andπ/2, respectively. As shown in Figs.5.10and5.11, the SM capacitors are charged

and discharged alternatively in the switching cycles. In this way, there is no significant

low-frequency ripple of the SM capacitor voltages.

Based on conventional sorting algorithm, when increasingNSM, the peak-peak value of

the low-frequency capacitor voltage ripple is just slightly increased, as shown in Fig.5.12.
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Figure 5.10. Charging and discharging characteristics of the primary-side MMC based on

the conventional sorting algorithm (θR=π/5 andΦ=π/2): (a) arm voltage and current, (b)

gating signal and arm current, and (c) capacitor charges of an SM.

5.2.3 Summary of Voltage-Balancing Algorithm

Based on the above analysis, the single-step alternating voltage-balancing algorithm is

a sensor-less voltage-balancing algorithm, which does notneed capacitor voltage feedback.

However, the single-step alternating voltage-balancing algorithm has low-frequency ripple

of capacitor voltage due to continuously charging or discharging SM capacitors for multiple

switching cycles. If the number of SM capacitors is increased, the SM capacitance also

needs to be increased to attenuate the voltage ripple.

For the conventional sorting algorithm, the arm current andcapacitor voltages should

be measured to perform the algorithm. However, there is no significant low-frequency

capacitor voltage ripple since the SM capacitor is charged and discharged alternatively

during switching cycles. However, the slightly additionalswitching actions occur due to

the changing of arm current direction.
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Figure 5.11. Charging and discharging characteristics of the primary-side MMC based on

the conventional sorting algorithm (θR=π/2 andΦ=π/2): (a) arm voltage and current, (b)

gating signal and arm current, and (c) capacitor charges of an SM.
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Figure 5.12. Capacitor voltage ripple based on conventional voltage-balancing algorithm

for differentNSMs.
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5.3 The Proposed Voltage-Balancing Algorithms

To attenuate the low-frequency voltage ripple and avoid theadditional switching ac-

tions, two new voltage-balancing algorithms are proposed in this section.

5.3.1 The Proposed Multi-Step Alternating Voltage-Balancing Algorithm

According to [52], the single-step alternating voltage-balancing algorithm rotates the

gating signals of each SM to its adjacent SM by one step in eachswitching period. How-

ever, this single-step method leads to the low-frequency voltage ripple. To attenuate this

low-frequency ripple, a multi-step alternating algorithmis proposed, as shown in Fig.5.13.

Based on the analysis in Section5.1, the SM capacitor is charged at the smaller switching

angles and discharged at the larger switching angles, as shown in Fig. 5.3. To charge and

discharge the capacitor alternatively, the switching angle should be changed between the

smaller angles and the larger angles alternatively. Thus, the proposed method rotates the

gating signals byNrot steps in each switching period, as shown in Fig.5.13. The switching

order of the SMs depends on the index number. For example, theSM1 is the first inserted

SM and the index number is 1. During the next switching cycle,the switching sequence

rotates byNrot steps and the index number of SM1 becomes (Nrot + 1)th. The algorithm

repeats for the following cycles. AfterNSM switching cycles, the SM1 will rotate back to

its original position.

SMNSM1

N-Nrot+11

Index

NN-Nrot

SMN-Nrot+1N-NrotSM

SMNSM1 SMN-Nrot+1N-NrotSM SM1 N-NrotSM

Nrot+11 NNrot

t=0

t=TSW

Index

Figure 5.13. Schematic of the proposed multi-step alternating balancing algorithm.

In this section, one possible method to determineNrot is presented and summarized by
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(5.6). Nrot should be properly selected so that each SM experiences all switching angles

from 0 to
(NSM − 1)θR

NSM
afterNSM switching periods, which is important to maintain the av-

erage capacitor voltage [52]. In the first switching period, the switching angle vector rotates

by Nrot steps. Afterk cycles, the total rotating steps arekNrot. If the switching angle vector

returns to its initial sequence afterk cycles, the remainder of
kNrot

NSM
should be zero. Only

whenk = NSM, each SM experiences all switching angles from 0 to
(NSM − 1)θR

NSM
. Based

on the proposed method of selectingNrot, an SM capacitor can be charged and discharged

alternatively so as to avoid continuously charging or discharging, and then suppress the

low-frequency voltage ripple. Figure5.14shows an example of the switching sequences of

the MMC with 8 SMs per arm. Based on Fig.5.14, when selectingNrot to be 5, each SM

can experience all switching angles from 0 to
(NSM − 1)θR

NSM
.

Nrot =



NSM − 1
2
, NSM is odd,

NSM

2
+ 2, NSM is even and

NSM

2
is odd,

NSM

2
+ 1, NSM is even and

NSM

2
is even.

(5.6)

In practice, when implementing the proposed multi-step alternating voltage-balancing

algorithm with the PS modulation, the initial switching angles are applied to the SMs based

on the switching sequence. For instance,αi = (i−1)θ is applied to thei th SM to be inserted.

Similarly, for the NLC modulation, the SMs are inserted based on the switching sequence.

Figures5.15and5.16show the switching states and capacitor charges of the SMs in

the primary-side MMC based on the proposed multi-step alternating voltage-balancing al-

gorithm for the PS and NLC methods, respectively. The SM capacitor is not charged or

discharged for several continuously switching cycles. Therefore, the capacitor voltage rip-

ple can be reduced.
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Figure 5.14. Switching sequence of MMC consisted of 8 SMs perarm based on multi-step

alternating algorithm.
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Figure 5.15. Charging and discharging performance of the primary-side MMC based on

the proposed multi-step alternating voltage-balancing algorithm with the PS modulation:

(a) gating signal and arm current, and (b) capacitor charges.
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Figure 5.16. Charging and discharging performance of the primary-side MMC based on

the proposed multi-step alternating voltage-balancing algorithm with the NLC

modulation: (a) gating signal and arm current, and (b) capacitor charges.

5.3.2 Proposed Current-less Sorting Algorithm

The proposed algorithm is based on the analysis in Section5.1. As shown in Fig.5.3,

the SM capacitor is charged at the smaller switching angle and discharged at the larger

switching angle for the PS modulation. The proposed algorithm sorts the SMs in the as-

cending order whenNinsert = 0 and assign the smaller switching angles to the low-voltage

SMs and the larger switching angles to the high-voltage SMs,as shown in Fig.5.17(a).

In this way, the SM capacitors can be charged at one switchingcycle and discharged at the

next cycle, as shown in Fig.5.18. Therefore, the capacitor voltage ripple can be reduced.

For the NLC modulation, the SM capacitor is charged at eithersmaller or larger switch-

ing angle dependent on the phase-shift angleΦ, as shown in Fig.5.3. The proposed method

performs the conventional sorting algorithm atNinsert= 0, as shown in Fig.5.17(b). When

the phase-shift angle (Φ) is positive, for the primary-side MMC, the SMs with the lowest

voltages are inserted at first since the SM capacitors are charged at the smaller switching

angles. While the SMs with the highest voltages are insertedat first whenΦ is negative.
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Figure 5.17. Schematic of implementing the proposed current-less sorting algorithm based

on: (a) the PS modulation, and (b) the NLC modulation.

For the secondary-side MMC, the pattern is reversed. In thisway, the proposed current-

less sorting algorithm does not need to measure the arm-current direction so that there is no

additional switching action. Moreover, the SM capacitors can be charged and discharged

cycle by cycle, and then the capacitor voltage ripple is reduced, as shown in Fig.5.19.
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Figure 5.18. Charging and discharging performance of the primary-side MMC based on

the proposed current-less sorting algorithm with the PS modulation: (a) gating signal and

arm current, and (b) capacitor charges.
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Figure 5.19. Charging and discharging performance of the primary-side MMC based on

the proposed current-less sorting algorithm with the NLC modulation: (a) gating signal

and arm current, and (b) capacitor charges.

5.4 Simulation and Experimental Verification

5.4.1 Simulation Results

To verify and evaluate the performances of various voltage-balancing algorithms, an

IM2DC is built in PSCAD simulation environment based on the parameters listed in Table

5.1. The phase-shift angleΦ is fixed atπ/2, while fixing the ramping angle (θR) atπ/2.

Figure5.20shows the capacitor voltages of the primary-side MMC based on the con-

ventional sorting algorithm. WhenNinsert reaches to zero, the capacitors are sorted by

voltage in the ascending order. The capacitor voltages are well balanced with little low-

frequency ripple.
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Figure 5.20. Capacitor voltages of the primary-side MMC based on the conventional

sorting algorithm.
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Figure5.21shows the capacitor voltages of the primary-side MMC based on the PS

modulation, which are corresponding to different voltage-balancing algorithms. From Fig.

5.21, the single-step alternating voltage-balancing algorithm leads to the low-frequency

ripple of capacitor voltage. For the proposed multi-step alternating voltage-balancing algo-

rithm, the low-frequency capacitor voltage ripple is significantly reduced. For the proposed

current-less sorting algorithm, the low-frequency ripplecan be further reduced, which has

the similar performance with the conventional sorting algorithm.
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Figure 5.21. Capacitor voltages of the primary-side MMC based on the PS modulation:

(a) the single-step alternating voltage-balancing algorithm, (b) the proposed multi-step

alternating voltage-balancing algorithm, and (c) the proposed current-less sorting

algorithm.
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Figure5.22shows the capacitor voltages of the primary-side MMC based on the NLC

modulation. The proposed multi-step alternating voltage-balancing algorithm and current-

less sorting algorithm can significantly reduce the low-frequency ripple while keeping ca-

pacitor voltages balanced.
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Figure 5.22. Capacitor voltages of the primary-side MMC based on the NLC modulation:

(a) the single-step alternating voltage-balancing algorithm, (b) the proposed multi-step

alternating voltage-balancing algorithm, and (c) the proposed current-less sorting

algorithm.

The FFT spectrum of capacitor voltages are shown in Fig.5.23for different voltage-

balancing algorithms and modulation strategies. The single-step alternating algorithm leads

to large low-frequency ripple and its frequency is determined by
fac

NSM
= 1.11 kHz, where

the fundamental frequency of ac–link voltage isfac= 10 kHz and the number of SMs per

arm isNSM = 9. When employing other voltage-balancing algorithms, thelow-frequency
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ripple can be reduced, which demonstrates the aforementioned analysis. When increasing

the NSM to 20, the low-frequency voltage ripple further increases at 0.5 kHz, as shown in

Fig. 5.23(c).
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Figure 5.23. Spectrum of capacitor voltage based on: (a) theNLC modulation, (b) the PS

modulation, and (c) different number of SMs per arm.
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The SM gating signals as well as the equivalent switching frequency (feq) for various

voltage-balancing algorithms and modulation methods are shown in Fig. 5.24. Based on

Fig. 5.24, the conventional sorting algorithm has more switching actions than the others.

In addition, the Infineon FF150R12RT4 is selected for the simulation model to estimate

the conduction loss and switching loss. The estimated powerlosses are listed in Table5.2.
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Figure 5.24. Gating signals based on: (a) the NLC modulation, and (b) the PS modulation.
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Table 5.2

Switching Frequency and Semiconductor Losses of the Simulation System Based on

Different Modulation Strategies and Voltage-Balancing Algorithms

Modulation Balancing algorithm
Switching

frequency

PSW

(kW)

Pcon

(kW)

NLC

Single-step alternating 10 kHz 12.75 5.28

Multi-step alternating 10 kHz 12.82 5.28

Currentless sorting 10 kHz 12.94 5.28

Conventional sorting 12.22 kHz 13.42 5.29

PS

Single-step alternating 10 kHz 13.13 5.37

Multi-step alternating 10 kHz 12.92 5.35

Currentless sorting 10kHz 12.98 5.36

PSW is the switching loss of semiconductor devices;

Pcon is the conduction loss of semiconductor devices.

Based on Table5.2, the conventional sorting algorithm has the highest switching loss due

to the additional switching actions.

5.4.2 Experimental Results

An experimental prototype of the single-phase MMC-based dc-dc transformer is built

to verify the effectiveness of the proposed methods, as shown in Fig.4.9. Its parameters

are listed in Table4.5. The ramping angle is fixed atθR=π/2.

Figure5.25shows the ac-link voltages, ac-link current, arm voltages,and arm currents.

The phase-shift angle between the primary-side voltage andsecondary-side voltage isΦ=

π/2.

Figure5.26shows the arm voltage, SM output voltage, capacitor voltages of the upper

arm based on the conventional sorting algorithm. Accordingto Fig. 5.26, the capacitor

voltages are well balanced with low ripple but additional switching actions.
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(a)

(b)

Figure 5.25. Experimental results of the single-phase MMC-based dc-dc transformer: (a)

the primary- and secondary-side ac-link voltages, dc load current, and ac-link current

(from top to bottom), and (b) the primary-side arm voltages and current.

Additional switching actions

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =4.8 V Capacitor voltages 10 V/div

Time 40 μs/div

Figure 5.26. Experimental results of the conventional sorting algorithm: the capacitor

voltages, arm voltage, and SM output voltage (from top to bottom).
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Charging-discharging period

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =7.8 V Capacitor voltages 10 V/div

Time 40 μs/div

(a)

Charging-discharging period

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =6.2 V Capacitor voltages 10 V/div

Time 40 μs/div

(b)

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =4.7 V Capacitor voltages 10 V/div

Time 40 μs/div
(c)

Figure 5.27. Experimental results of capacitor voltages based on the PS modulation: (a)

the single-step alternating voltage-balancing algorithm, (b) the proposed multi-step

alternating voltage-balancing algorithm, and (c) the proposed current-less sorting

algorithm.
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Figures5.27 and5.28 show the experimental results of the upper-arm voltages, SM

output voltages, and capacitor voltages based on the PS and NLC modulation methods, re-

Charging-discharging period

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =6.7 V Capacitor voltages 10 V/div

Time 40 μs/div

(a)

Charging-discharging period

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =5.2 V Capacitor voltages 10 V/div

Time 40 μs/div

(b)

Arm voltage 100 V/div

SM output voltage 50 V/div

Δvc =4.9 V Capacitor voltages 10 V/div

Time 40 μs/div
(c)

Figure 5.28. Experimental results of capacitor voltages based on the NLC modulation: (a)

the single-step alternating voltage-balancing algorithm, (b) the proposed multi-step

alternating voltage-balancing algorithm, and (c) the proposed current-less sorting

algorithm.
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spectively. Based on the experimental results, the single-step alternating voltage-balancing

algorithm leads to the low-frequency ripple of capacitor voltage. While the proposed multi-

step alternating voltage-balancing algorithm and current-less sorting algorithm can signif-

icantly reduce the voltage ripple. Figure5.29shows and compares the capacitor charges

from the experimental test and the mathematical model. The proposed methods ensure

to charge and discharge the capacitors cycle by cycle so thatthe continuous charging or

discharging as well as the low-frequency ripple can be avoided, as shown in Fig.5.30.
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Figure 5.29. Error of capacitor charges based on the mathematical model and

experimental test: (a) capacitor charges, and (b) errors ofthe capacitor charges.

Figure 5.31 shows the Fourier spectrum of capacitor voltages for various modula-

tions and voltage-balancing algorithms based on the simulation and experimental studies.

Comparing with the single-step alternating voltage-balancing algorithm, the proposed two

methods can significantly reduce the low-order harmonics inthe capacitor voltages. Fur-

thermore, the proposed current-less sorting algorithm with the NLC modulation has the

best performance in reducing the low-frequency ripple without introducing the additional

switching loss.
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(a)

(b)

Figure 5.30. Capacitor charges based on: (a) the PS modulation, and (b) the NLC

modulation.

Based on the experimental test, the equivalent switching frequencies and power loss-

es for different modulation strategies and voltage-balancing algorithms are measured and

shown in Table5.3. As shown in Table5.3 and Fig. 5.26, the conventional sorting algo-

rithm has the additional switching actions and, consequently, the highest power losses as

compared to other methods. The power loss is measured by WT500 power analyzer. The

primary-side dc voltage and dc current are measured to obtain the primary-side dc power.

The primary-side ac-link voltage and ac-link current are measured to obtain the average

power at the ac side. Therefore, the power losses can be obtained by evaluating the differ-

ence between the measured dc-side power and ac-side power, which include semiconductor

losses, arm inductor loss, SM capacitor loss, and filter capacitor loss. Since the dc/ac volt-

ages and currents are very similar due to the same operating condition, the losses of arm

inductor and filter capacitor are similar for different voltage-balancing algorithms. The SM

capacitor loss is negligible due to the application of film capacitors with negligible equiva-
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Figure 5.31. FFT spectrum of capacitor voltage based on : (a)the PS modulation, and (b)

the NLC modulation.

lent series resistances (ESRs). Therefore, the differences of power losses between different

algorithms are mainly caused by the switching loss of semiconductor devices.

5.5 Conclusion

This chapter investigated modulation methods and voltage-balancing algorithms of the

MMC under medium-frequency operations for SST applications. The performance of vari-

ous methods/algorithms is evaluated and compared theoretically and experimentally. Based

on the analytical and experimental results, the existing single-step alternating voltage-
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Table 5.3

Switching Frequency and Power Losses for Different Modulation Strategies and

Voltage-Balancing Algorithms Based on the Experimental Test

Modulation Balancing algorithm
Switching

frequency

Power loss

(W)

NLC

Single-step alternating 20 kHz 264.3

Multi-step alternating 20 kHz 263.8

Currentless sorting 20 kHz 264.9

Conventional sorting 27.5 kHz 274.2

PS

Single-step alternating 20 kHz 262.2

Multi-step alternating 20 kHz 260.2

Currentless sorting 20kHz 260.8

balancing algorithm leads to a low-frequency capacitor voltage ripple and this issue will

become worse when the number of SMs increases. While the conventional sorting algo-

rithm has much smaller voltage ripple but introducing the additional switching actions as

well as more switching loss. To reduce the low-frequency voltage ripple and avoid the addi-

tional switching actions and loss, two new voltage-balancing algorithms are proposed and

investigated, i.e, the multi-step alternating voltage-balancing algorithm and the current-less

sorting algorithm. The study results demonstrate satisfactory performance of the proposed

capacitor voltage-balancing algorithms. Among the evaluated methods/algorithms, the pro-

posed current-less sorting algorithm with the NLC modulation has the best performance in

terms of reducing the voltage ripple and avoiding the additional switching actions.
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Chapter 6

OPTIMAL DESIGN OF MODULAR MULTILEVEL CONVERTER FOR

MMC-BASED SSTS

In this chapter, a procedure is developed for optimal designof the MMC under medium-

frequency operation for SST applications. There are several free system parameters and

circuit parameters providing more flexibilities for optimal design, which include frequency

( fac) and ramping angle (θR) of ac-link voltage, and number of SMs per arm (NSM). In

addition, the modulation methods and voltage-balancing algorithms also impact the steady-

state performance of the MMC-based SST.

• Number of SMs: In MMC, there are large number of SMs consisting of capacitors,

semiconductor devices, and heat sinks. In this way, the volume of SM capacitors and

heat sinks dominate the total volume of the MMC-based SST. Inaddition, due to the

large number of semiconductor devices, the semiconductor losses might dominate

the overall power loss of the MMC-based SST. Thus, theNSM greatly influences

design of MMC.

• Frequency of ac-link current: Theoretically, by increasing ac-link frequency, the SM

capacitance and arm inductance are reduced, while the semiconductor losses and

core loss of arm inductor are increased. In this way, by reducing SM capacitance,

the volume of capacitor can be reduced. However, the increased semiconductor loss

requires large heat sink to limit the maximum junction temperature.

• Ramping angle of ac-link voltage: By increasingθR, it avoids high dv/dt of ac-link

transformer. However, it reduces the RMS value of ac-link voltage, hence increases
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ac-link current. It will increase power loss of SM capacitor, conduction losses of

semiconductor devices, and winding loss of arm inductor.

Thus, in this chapter, the impacts of free parameters are investigated for the optimal

design of the MMC-based SST.

6.1 Overview of Optimal Design Procedure

In Section4.2, a modified mathematical model has been developed for optimal design

of the MMC-based SST, which considers the circuit parameterdesign of MMC. Figure

6.1 shows the optimal design procedure of the MMC-based SST based on the proposed

modified mathematical model.
Model

1. System Parameters and Control Parameters

Fixed paramters: Prate,  Vdc,pri, Vdc,sec, Φ 

Free parameters: fac, θR, modulation method

voltage-balancing algorithm 

2. Circuit Parameters

Free parameters: NSM,pri, NSM,sec

Derived parameters: Cpri, Csec,  Larm,pri, 

(Section 4.2)            Larm,sec, LT,

3. Mathematical Model of MMC-based SST

Variables: vci, ici, iarm, SSMi 

Select and Evaluate Capacitors
1. Capacitor rating: Ic,rms, VC

2. Free parameters: ns, np 

3. Constraints:1.1Ic,rms<npIci,rate<2Ic,rms

                       1.1VC       <nsVci,rate<1.5VC

                       C  npCnom/ns<1.1C

4. Calculate power loss and volume

Capacitor Database 
1. Film capacitor
2. Electrolytic capacitor

Select and Evaluate Semiconductor Devices

1. Switch rating: ISW,rms, VC

2. Free parameters: np 

3. Constraints:

   1.1ISW,rms<npISW,rate<2ISW,rms

   1.1VC       <VSW,blk<1.5VC

4. Calculate power loss and volume

Semiconductor Device 
Database 
1. Si IGBT
2. Si MOSFET
3. SiC MOSFET

Multi-objective Optimization of Arm Inductor

1. Inductor rating: Iarm,rms

2. Free parameters: core dimensions, 

number of turns, winding dimensions, 

core materials

3. Objectives: minimize Volume

                       minimize  Power Loss

Core Material Database
1.Ferrite
2.Amorphous
3. Nanocrystalline 

Separate Design

Post-process and Evaluate Overall Efficiency 

and Power Density of MMC

nom nom

nom

nom

nom

nom

Figure 6.1. The flowchart of optimal design of MMC-based SST.

Firstly, all state variables are solved by the mathematicalmodel based on system re-

quirements. Then, the rated voltages and currents of main circuit components (including

SM capacitors, arm inductors, and semiconductor devices) are derived from arm current,

gating signals, and capacitor voltages. Based on design criteria and constraints, the ca-
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pacitors and semiconductor devices are selected from database, while the arm inductor is

designed by the elitist non-dominated sorting genetic algorithm (NSGA-II). Finally, the

non-dominated solutions of each design are combined to evaluate overall efficiency and

power density of MMC.

6.2 Capacitor Selection

Based on analysis of Section4.2, the SM capacitance is estimated from peak-peak

ripple of capacitor charge (
∆Qc,pp

∆Vc,pp
), where∆Vc,pp is 2% of the nominal SM capacitor voltage

(Vnom
C =

Vdc

NSM
).

The SM capacitor is constructed by combinations ofns series- andnp parallel-connected

capacitors to reach the required capacitance and rated current, while reducing volume and

power losses (resulted from ESR) to optimize the design. Both film and electrolytic ca-

pacitors are considered. The rated voltage (nsVci,rate) is 1.1 to 1.5 times of the nominal SM

capacitor voltage, while the current (npIci,rate) of selected capacitor is 1.1 to 2 times of RMS

current of SM capacitor, whereIci,rate is the rated current of single capacitor.

To estimate power losses of SM capacitors, the ESR is estimated by (6.1) in terms of

frequency and nominal capacitance.

ESR=
tanδ
ωC
, (6.1)

where tanδ is tangent of loss angle, which is available from datasheet.Then, the power loss

and volume are evaluated to identify the non-dominated solutions of selected capacitors.

6.3 Semiconductor Devices

When selecting IGBT and MOSFET from database, the blocking voltage (VSW,blk) ranges

from 1.1 to 1.5 time of the nominal SM capacitor voltage, while the current rating (npISW,rate)

is 1.1 to 2 times of required RMS current of semiconductor device (ISW,rms). To reach
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required current rating, the SM is constructed by combinations ofnp parallel-connected

IGBTs/MOSFETs, wherenp is no more than 4.

6.3.1 Power Losses

A Power losses of IGBT

The power losses of the semiconductor devices include the conduction loss of IGBT

(PconT) and diode (PconD), the switching loss (Eon, Eoff) of IGBT, and the reverse recovery

loss (Erec) of diode. Based on [152], the power losses of IGBTs can be estimated based on

the parameters from datasheets, which are calculated by


PconT = Vce (ic) · ic =
(
c0 + c1 · ic + c2 · i2c

)
· ic,

PconD = Vf

(
i f

)
· i f =

(
d0 + d1 · i f + d2 · i2f

)
· i f ,

(6.2)



Eon =
(
aon0+ aon1 · ic + aon2 · i2c

) Vnom
C

VCEN
,

Eoff =
(
aoff0 + aoff1 · ic + aoff2 · i2c

) Vnom
C

VCEN
,

Erec =
(
arec0+ arec1 · i f + arec2 · i2f

) Vnom
C

VCEN
,

(6.3)

whereVce is the on-state collector-emitter voltage of IGBT;Vf is the forward voltage drop

of anti-paralleled diode; the collector current (ic) and free-wheeling diode current (i f ) are

derived from the arm current and switching function;VCEN is the ratedVce under test condi-

tion; the coefficientsc0 ∼ c2, d0 ∼ d2, aon0∼ aon2, aoff0 ∼ aoff2, andarec0∼ arec2 are extracted

from datasheets using the curve fitting method.

B Power Losses of MOSFET

For MOSFET, equation (6.2) is still applicable for estimating conduction loss of MOS-

FET. However, most datasheets do not provide curves ofEon, Eoff, and Erec. Thus, the

switching losses should be estimated from rise- and fall-time of current and drain-source
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voltage (tri , tru, t f i, t f u ), which are determined by drain-source voltage and gate-driver

circuit parameters, including gate resistanceRg, gate threshold voltageVgs,th, gate plateau

voltageVgs,plat, the on-state and off-state gate-driver voltagesVdr,on and Vdr,off, MOSFET

input capacitanceCiss, and MOSFET gate-drain capacitanceCgd. The MOSFET input ca-

pacitanceCiss is defined as the sum of gate-source capacitance and gate-drain capacitance

(Cgs+ Cgd) [153–155]. TheErec of body diode is estimated byQrr Vds,off, whereQrr can be

obtained from datasheet [154, 156].


tru = (Vds,off − Vds,on)
RgCgd

Vgs,plat− Vdr,off
,

t f u = (Vds,off − Vds,on)
RgCgd

Vdr,on− Vgs,plat
,

(6.4)

whereVds,off equals to nominal SM capacitor voltage.



tri = RgCissln

(
Vdr,on− Vgs,th

Vdr,on− Vgs,plat

)
,

t f i = RgCissln

(
Vdr,off − Vgs,plat

Vdr,off − Vgs,th

)
.

(6.5)

Then, the turn-on and turn-off energy are estimated as:



Eon = Vds,offIds
tri + t f u

2
,

Eoff = Vds,offIds
t f i + tru

2
,

Erec = Qrr Vds,off.

(6.6)

6.3.2 Thermal Analysis and Volume of Heat Sink

Based on the analysis proposed in [157, 158], the heat-sink volume can be estimated

from its thermal resistance, as expressed in (6.7), where the cooling system performance

index (CSPI) is assumed to be 3.0 (natural air cooling),Vhs is the estimated volume of heat

sink. In this way, to estimate the volume of heat sink, the thermal resistance of heat sink

should be estimated based on thermal analysis. In this chapter, an HB SM is assumed to be
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mounted on one heat sink. The total loss of an HB SM is calculated to estimate the thermal

resistance of heat sink. The ambient temperature is set as 40◦C.

Vhs [litre] =
1

Rhs

[
K
W

]
CSPI

[
W

K·litre

] , (6.7)

The thermal model of IGBT/MOSFET has been investigated in [159, 160], which is

shown in Fig. 6.2. The thermal resistance of heat sink is determined by allowable heat

sink temperature, which can be derived from semiconductor loss and maximum junction

temperature. The maximum junction temperature is obtainedfrom manufacturer datasheet

of semiconductor devices.

Ploss,T Ploss,D

Tj

Zjc,T

Rch

Rhs

Tj

Zjc,D

Tc

Ths

Ta

Tj : junction temperature
Tc : case temperature

Zjc,T , Zjc,D : thermal impedance 
between junction and case of 
IGBT/MOSFET and diode
Rch : thermal resistance 
between heat sink and case

Ths : heat sink temperature
Ta : ambient temperature

Rhs : thermal resistance  of 
heat sink

Figure 6.2. Thermal model of semiconductor devices.

Ths = Ta + PlossRhs, (6.8)

wherePloss is the power loss of a single semiconductor device. To determine the maximum

Rhs, the maximum surface temperature of heat sink is estimated as:

Ths,max= Tj,max− PlossRch −max
{
Ploss,TZjc,T,Ploss,DZjc,D

}
, (6.9)

whereZjc,T andZjc,D are junction-case thermal impedances of IGBT/MOSFET and body

diode;Rch is thermal resistance of thermal pad or thermal grease. Similarly, the power loss

of semiconductor devicePloss can also be divided into power loss of IGBT/MOSFETPloss,T

and that of body diodePloss,D.
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The dynamic variation of junction temperature is considered for thermal analysis [160,

161].


∆T j(tn−1) = Ploss(tn−1)
∑

Rth,i

(
1− e

− ∆t
τth,i

)
,

∆T j(tn) =
∑
∆T j(tn−1)e

− ∆t
τth,i + Ploss(tn)

∑
Rth,i

(
1− e

− ∆t
τth,i

)
,

(6.10)

whereRth,i andτth,i are thermal resistance and time constant corresponding to the i th ele-

ment of chain-type thermal equivalent circuit (Foster network), which can be found from

datasheet of semiconductor devices.

6.4 Arm Inductor Design

Based on the NSGA-II, the detailed multi-objective optimization procedure has been

developed for dc inductor in [162]. In this section, similar design procedure is employed for

designing arm inductor of the MMC-based SST. To formulate problem, firstly, the geometry

of arm inductor is defined, and the magnetic equivalent circuit (MEC) is developed based on

defined dimensions. Then, the winding loss and core loss are analyzed separately. Finally,

an overview of design procedure is presented.

6.4.1 Geometry and Magnetic Equivalent Circuit of Inductor

In this section, the UI core is selected for arm inductor, as illustrated in Fig. 6.3.

According to analysis in [162], its MEC is shown in Fig. 6.4, which can be solved by

numerical method. The reluctances are defined as:
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Figure 6.3. The architecture of UI-core inductor.



Ric(Bic) =
ws + we

wi lcµ0µr(Bic)
,

Rbuc(Bbuc) =
ws + we

wblcµ0µr(Bbuc)
,

Rluc(Bluc) =
2ds+ wb

2welcµ0µr(Bluc)
,

Rgap =
g

welcµ0
,

(6.11)

whereRic is reluctance of I-core,Rbuc is reluctance of base of U-core,Rluc is reluctance of

a leg of U-core,Rgap is reluctance of air gap,µ0 is the permeability of free space (µ0 =

4π × 10−7 H/m). In addition, reference [162] analyzed a more detailed MEC of UI-core by

considering fringing flux and leakage flux linkage, which is not repeated in this section.

The volume of UI-core inductor is estimated by sum of core volume (Volcore) and vol-

ume of winding coil (Volwind) laying outside of magnetic core, which is expressed as

Voltot=Volcore+Volwind

= [(wi + wb)(ws + 2we) + 2dswe] lc + wwdw(πdw + lc + 2wb). (6.12)
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6.4.2 Winding Loss

In this section, when constructing arm inductor, the multi-strand wire or litz wire is

considered. The essential dimensions of litz wire include cross-sectional area of single

stand, number of strands, outer diameter, and length of lay (also known as pitch length).

A DC winding resistance and loss

To estimate dc resistance, the length of bundled wire is derived from UI-core dimen-

sions, which is expressed as (6.13) [162].

lwire =
wwdw(πdw + 2lc + 2wb)kpf

Awire
= (πdw + 2lc + 2wb)Nturn, (6.13)

wherekpf andNturn are packing factor and number of turns of winding coil,Awire is cross-

sectional area of bundled wire. Thekpf is defined as
NturnAwire

wwdw
.

To estimateAwire, according to suggestions of litz wire manufacturer, the outer diameter

of unserved litz wire (dwire) is estimated from diameter of single strand (dstr) and number

of strands (Nstr) by kp
√

Nstrdstr, wherekp is the packing factor of litz wire. Thekp typically

ranges from 1.25 to 1.28 depending onNstr [163].

As shown in Fig.6.5, the single strand is similar to a helical coil. In this way, the length

of single strand is longer than the length of bundled litz wire, which leads to increasing of
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Figure 6.5. Diagram of litz wire.

dc winding resistance. To estimate the length of single strand, the length of lay describes

the distance which a single wire needs for one complete rotation around the litz wire cir-

cumference [164]. In this section, the length of lay is estimated byNstrdstr. When assuming

the length of bundled litz wire islwire, the length of single strand is estimated by (6.14)

[165]. 

lstr = l litz , Nstr = 1,

lstr =
lwire

Nstrdstr

√
(Nstrdstr)2 + d2

wire, Nstr > 1.
(6.14)

Then, the dc winding resistance is expressed as

Rwire,dc =
lstr

NstrAstrσw
=

Rstr,dc

Nstr
, (6.15)

whereAstr is cross-sectional area of single strand,σw is conductivity of conductor. The dc

winding loss is calculated from dc current of inductor and dcwinding resistance, which is

expressed as
Pwind,dc = I2

L,dcRwire,dc, (6.16)

whereIL,dc is dc current of inductor.

B AC winding resistance and loss

Based on analysis of [162], both skin effect and proximity effect lead to increased ac

winding resistance, which can be analyzed separately.

• Skin effect: For single solid conductor or single strand of litz wire, the ac impedance

caused by skin effect is estimated by (6.17) [162].

Zstr,skin= −
lstrJB

(
dstr

2κ

)

πdstrκσwJ′B

(
dstr

2κ

) , (6.17)
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whereJB is Bessel function of order zero,κ is defined as

√
j

ωσwµ0
. Then, the ac

impedance of bundled wire caused by skin effect is estimated asZwire,skin = Zstr,skin/Nstr.

• Proximity effect: For single solid conductor, the ac resistance caused byproximity

effect can be estimated by Dowell’s formula [166–169]. When considering litz wire,

the Dowell’s formula is modified as (6.18) [170, 171].

Fprox =
Rstr,prox

Rstr,dc
=∆str

sinh(2∆str) + sin(2∆str)
cosh(2∆str) − cos(2∆str)

+ ∆str

2
(
N2

dN2
str,lay− 1

)

3
sinh(∆str) + sin(∆str)
cosh(∆str) + cos(∆str)

(6.18)

where the litz wire has multiple layers of strands andNstr,lay is number of layers in

bundled litz wire,Nd is the number of layers of winding coil. The∆str is normalized

diameter respect to skin depthδw, which is defined as

∆str =

(
π

4

)0.75 dstr

δw

√
η, (6.19)

whereη represents the porosity factor typically ranging from 0.4 to 0.7. In this sec-

tion, η is fixed at 0.7. The skin depth is estimated asδw = (πµ0σw f )−0.5.

Then, the ac-resistance of bundled litz wire caused by proximity effect is estimated

as

Rwire,prox =
Rstr,dcFprox

Nstr
= Rwire,dcFprox. (6.20)

The ac winding loss is estimated from RMS value ofnth order harmonic and correspond-

ing ac winding resistances caused by skin effect and proximity effect, which is expressed

as

Pwind,ac(n) = I2
L,rms(n)

[
Rwire,prox(n) + Rwire,skin(n)

]
, (6.21)

whereRwire,skin(n) is ac winding resistance caused by skin effect of nth order harmonic,

which is real part ofZwire,skin(n). TheIL,rms is RMS value of inductor current.
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6.4.3 Core Loss

The improved General Steinmetz Equation (iGSE) is a popularmethod to estimate core

loss induced from nonsinusoidal excitations, which is express as (6.22). The coefficients

Kc, α, andβ are obtained from datasheet.

Pv =
1
T

∫ T

0
ki |∆B|β−α

∣∣∣∣∣
dB(t)

dt

∣∣∣∣∣
α

dt
kW
m3

(6.22)

where coefficientki is defined as (6.23).

ki =
Kc

2β−1πα−1
∫ 2π

0
|cos(θ)|αdθ

(6.23)

The core lossPcore is calculated byPvVolcore.

6.4.4 Optimal Design Based on Nondominated Sorting GeneticAlgorithm

The optimization of arm inductor has two objectives, the minimizations of volume

(Vol tot) and power loss (Ploss). The NSGA-II algorithm is implemented by a MATLAB-

based genetic optimization toolbox known as GOSET, which isprovided by [162, 172].


min f1 = min Voltot,

min f2 = min Ploss,

(6.24)

where Voltot can be solved by (6.12), while the total loss of design inductor is the sum of

winding loss and core loss.

A Parameters for optimization

The first step of this optimization design is identifying proper free parameters. One

choice of selected free parameters is listed in (6.25).

Parameters=


IDcore IDcd g lc we wi wb cd cw︸                  ︷︷                  ︸

core dimensions

Nturn Nd Nw Nstr Astr︸                    ︷︷                    ︸
winding dimensions


, (6.25)
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where IDcore is the index of core material in database, IDcd is the index of conductor mate-

rial, Nw is the number of bundled wires per layer of winding coil.

The variables are classified as:

• continuous: core dimensions are considered as continuous variables. TheNturn, Nw,

Nd, Nstr are regarded as continuous variables and then rounded to nearest integer

[162]. The Astr is also a continuous variable, which is different from actual cross-

sectional area of practical conductor. Hence, it is roundedto the closest available

wire gauge from Standard Wire Gauge list, which determinesdstr.

• discrete: the magnetic core materials and conductor materials in database are con-

sidered as discrete selections. In database,the magnetic materials include the mag-

netic materials include TDK N87 [173], Ferroxcube 3C90 [174], Metglas 2605-SA1

[175], and Hitachi FT-3M [176]. Informations of other ferrite materials are available

in [162]. Only the copper material is considered for winding coil.

Then, other variables are derived from these parameters. The outer diameter of bundled

wire is estimated fromNstr anddstr, which determine dimensions of winding coil by


ww = dwireNw,

dw = dwireNd.

(6.26)

Other dimensions of UI core are determined as


ws = ww + 2cw,

dw = dw + cd.

(6.27)

B Inequality constraints for optimization

In this section, some inequality constraints are defined foroptimization of UI-core in-

ductor:
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• inductance: The inductance of designed arm inductor shouldbe higher than the re-

quired arm inductance. In this section, the incremental inductance is calculated from

flux linkage around dc operating point, as expressed in (6.28).

Linc =
λ|iarm,dc+∆i − λ|iarm,dc−∆i

2∆i
, (6.28)

where theλ is solved by MEC. Thus, the incremental inductance is limited by in-

equality constraintLarm ≤ Linc.

• number of turns: TheNturn, Nd, andNw are related to number of turns of winding coil.

Theoretically,Nturn should equal toNdNw. In this section, it is limited by inequality

constraintNturn ≤ NdNw.

• current density: The current density is estimated from RMS value of arm current

rather than dc current, which isJw =
Iarm,rms

NstrAstr
. Based on analysis of [162], the max-

imum current density of copper can reach to 7.5× 106 A
m2 . Thus, theJw is less than

7.5× 106 A
m2 .

• flux density: To avoid saturation of magnetic core, the maximum flux density of

magnetic core (Bmax) is less than the saturation flux density of magnetic material

(Bsat).

6.4.5 Case Study

In this chapter, the arm inductor is only designed to suppress circulating current har-

monics at fundamental frequency and double frequency. Based on PS modulation, when

fixing fac andθR at 10 kHz and 0.4π, the arm inductance is 88µH.
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A Evaluation of different core materials

Figure6.6compares core losses of arm inductors based on different magnetic materials.

The parameters for estimation of core loss are listed in Appendix C, which are obtained by

curve-fitting method. Based on these results, the nanocrystalline material (Hitachi FT-3M)

causes lowest power loss and small volume of arm inductor. The amorphous material

(Metgals 2605-SA1) leads to highest power loss due to its high saturation flux density.

Although ferrite materials (3C90 and N87) also lead to acceptable core loss, the volume of

arm inductor is larger than that based on nanocrystalline material.
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Figure 6.6. Volume and power loss of arm inductor based on different core materials

( fac = 10 kHz,NSM =10,θR = 0.4π).

B Effects of stranded litz wire

When constructing winding coil by single solid wire, the ac winding loss is much higher

than that of litz wire, as shown in Fig.6.7. In this way, for medium-frequency or high-

frequency operating conditions, the winding loss can be reduced by employing stranded

litz wire into arm inductor.

6.5 Overall Optimization

For optimal design of the MMC-based SST, the fixed system parameters are listed in

Table6.1. In this design, the secondary-side MMC is assumed to have similar behavior with

primary-side MMC. In this way, only the primary-side MMC is designed by the optimal
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Figure 6.7. Total power loss and winding loss of arm inductorbased on single solid wire

and stranded litz wire (fac = 10 kHz,NSM =10,θR = 0.4π).

design procedure. Then, the same procedure is also applicable for secondary-side MMC,

which is not repeated. To evaluate impacts of various free parameters, under each condition,

the non-dominated solutions are selected for each component. Figure6.8 is an example of

the non-dominated solutions of SM capacitors. Then, the overall efficiency and power

density of the primary-side MMC are evaluated by combining the non-dominated solutions

of designed capacitors, semiconductor devices, and arm inductors.

Table 6.1

Fixed Parameters for Optimal Design of the MMC-Based SST

Parameters Nominal Value

Maximum power 1 MW

Primary-side dc-link voltage 10 kV

Secondary-side dc-link voltage 10 kV

Turn ratio of isolated transformer,nT 1:1

Phase-shift angle for power regulation,Φ
π

2

6.5.1 Impacts of Number of SMs and Ramping Angle of AC-Link Voltage

To investigate impacts ofNSM andθR, other free parameters are fixed, wherefac is 1

kHz. The single-step alternating algorithm and PS modulation are selected to generate

switching signals of SMs.
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Figure 6.8. Diagram of non-dominated solutions of selectedcapacitors (fac = 1 kHz,
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Figure 6.9. Capacitance based on variousNSM andθR ( fac =1 kHz).

When fixing fac at 1 kHz, the SM capacitance is greatly increased by increasing num-

ber of SMs and ramping angles of ac-link voltage as shown in Fig. 6.9. When constructing

the SM capacitors by film capacitors and electrolytic capacitors, the film capacitor is only

available for low-capacitance and high-voltage designs, while the electrolytic capacitors

are suitable for high-capacitance and low-voltage designs. Because, comparing with elec-

trolytic capacitors, film capacitors have lower capacitance and higher voltage rating. When

comparing their volume and power losses, the film capacitor results in low power losses

due to low ESRs, while electrolytic capacitors lead to smaller volume of SM capacitor, as

shown in Fig.6.10.

B Semiconductor devices

Based on various number of SMs per arm, figure6.11shows the blocking voltages of

available semiconductor devices. Figure6.12shows the semiconductor losses of silicon
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Figure 6.10. Capacitor volume and power losses of MMC-basedSST atfac = 1 kHz: (a)

volume, and (b) power losses.
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Figure 6.11. Blocking voltages of available semiconductordevices based on various

number of SMs.

(Si) insulated gate bipolar transistor (IGBT) and metal-oxide-semiconductor field-effect

transistor (MOSFET). Initially, when increasingNSM, the semiconductor loss is reduced

due to reduction of switching loss. Generally, the low-voltage semiconductor devices have

better switching performances than high-voltage ones. However, when further increasing

NSM, the conduction loss is greatly increased due to increased number of semiconductor

devices. Under low-frequency operating conditions, the hybrid IGBTs and the silicon car-
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Figure 6.12. Semiconductor loss of Si devices atfac = 1 kHz: (a) IGBT, and (b) MOSFET.

bide (SiC) MOSFETs lead to limited reduction of switching loss, while even lead to higher

conduction loss as shown in Fig.6.13.
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Figure 6.13. Semiconductor loss of SiC devices atfac = 1 kHz: (a) IGBT, and (b)

MOSFET.

The high semiconductor loss requires large volume of heat sink to dissipate heat and
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Figure 6.14. Total Volume of semiconductor devices and heatsinks atfac = 1 kHz: (a)

IGBT, and (b) MOSFET.

limit junction temperature. Thus, it has similar trend as semiconductor loss, as shown in

Fig. 6.14.

C Arm inductors

Based on the single-step alternating voltage-balancing algorithm, the increasedNSM

leads to reduced arm inductance, as shown in Fig.6.15(a). Because, based on single-

step alternating voltage-balancing algorithm, when increasingNSM, the greater SM capaci-

tance is required to suppress low-frequency capacitor voltage ripple. At the same time, the

fundamental-frequency and double-frequency capacitor ripples are further reduced, and

hence could lead to lower circulating current ripple. Similarly, when increasingθR, the

increased SM capacitance also help reduce circulating current ripple to reduce arm induc-

tance. As shown in Fig.6.15(b), the volume of inductor is reduced by increasingθR, while

the power loss is not greatly reduced. Based on increasedNSM, the power loss can be

reduced, while the volume is not obviously reduced.
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D Total power loss and volume

Based on differentNSM andθR, the total power losses and volume of MMC are shown in

Fig. 6.16. Under this condition, the semiconductor loss dominates the total loss, while the

capacitor volume dominates the total volume. By increasingNSM, initially the total power

loss and volume are reduced. While, when further increasingNSM, they are increased. In

addition, as shown in Fig.6.16, when increasing theθR from 0.1π to 0.9π, the power loss

and volume are increased.

6.5.2 Impacts of Frequency on Design of MMC

In this subsection, the single-step alternating algorithmis still selected to balance ca-

pacitor voltages, which is based on PS modulation. TheθR is fixed at 0.1π.
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Figure 6.15. Arm inductances, power losses, and volume of inductors based on different

number of SMs and ramping angles (fac = 1 kHz): (a) inductance, and (b) power loss and

volume.
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Figure 6.16. Total power losses and volume of MMC atfac = 1 kHz: (a) power losses, and

(b) volume.
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Figure 6.17. Capacitance, volume and power loss of SM capacitors based on variousfac

(θR = 0.1π): (a) capacitance, and (b) power losses and volume .

A SM Capacitors

When increasingfac from 1 kHz to 100 kHz, the SM capacitance is greatly reduced,

as shown in Fig.6.17(a). However, this does not guarantee lower power loss and small-
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er volume. Initially, when increasingfac, the reduced SM capacitance results in smaller

volume and lower power loss, as shown in Fig.6.17(b). When further increasingfac, the

volume does not significantly reduce. However, the power loss is increased. Because,

when increasing ac-link voltage frequency, the low-capacitance film capacitors are select-

ed to construct SM capacitor. Generally, the low-capacitance film capacitor has high ESR,

which leads to high power loss. For differentNSM, the trend is similar.
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Figure 6.18. Total volume and power losses of semiconductordevices and heat sinks

based on various frequencies (NSM = 10 andθR = 0.1π).
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Figure 6.19. Total volume of non-dominated solutions basedon various frequencies and

number of SMs: (a) Power losses, and (b) volume (θR = 0.1π).
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B Semiconductor devices

When increasingfac from 1 kHz to 10 kHz, the volume and power losses of selected

semiconductor devices and heat sinks are compared in Fig.6.18. The increasedfac results

in increased total volume of semiconductor devices and heatsinks, and increased power

losses of semiconductor devices. In detail, the conductor losses and switching losses of

non-dominated solutions are compared in Fig.6.19(a). Based on increased frequency, the

conduction loss is not greatly increased, while the switching loss is greatly increased. Thus,

the increased heat sink volume is induced from increased switching loss, as shown in Fig.

6.19(b).

C Arm inductor

When increasingfac from 1 kHz to 20 kHz, the arm inductance is greatly reduced, as

shown in Fig.6.20(a). Initially, the power loss and volume of arm inductor arereduced.

While, when further increasingfac, the power loss and volume are not greatly reduced.
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Figure 6.20. Inductance, volume and power loss of an arm inductor based on variousfac

(θR = 0.1π): (a) inductance, and (b) power losses and volume.
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In detail, based on variousfac, the core loss and winding loss are compared in Fig.6.21.

The increasedfac greatly increases core loss of arm inductor, even though reduces volume

magnetic core. The dc winding loss keeps low, while the ac winding loss is not greatly

influenced by increasedfac due to employment of litz wire.
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Figure 6.21. Power losses of an arm inductor based on variousfac (θR = 0.1π).

D Total power loss and volume

Based on different fac andNSM, the total power losses and volume of MMC are shown

in Fig. 6.22. Initially, the increasedfac results in greatly reduced volume, while the total

power loss is neither greatly increased nor reduced. When further increasingfac, the total

volume is not greatly reduced, while the total loss is increased. Thus, the optimal frequency

should be determined by trade-off between total volume and power loss.
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In detail, the volume and power loss of selected components are compared in Fig.6.23.

Under all conditions, the semiconductor loss dominates total loss of MMC. Under low-

frequency operating condition, the capacitor volume dominates the total volume. When
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Figure 6.23. Total power losses and volume of each components based on variousfac

(θR = 0.1π): (a) power losses, and (b) volume.

increasingfac, the volume of SM capacitors is greatly reduced, while the volume of heat

sinks increases and dominates the total volume.

6.5.3 Overall Power Loss and Volume of MMC in MMC-Based SST

Based on variousfac, NSM, andθR, the efficiency and power density of primary-side

MMC are evaluated to identify the optimal solutions, as shown in Fig. 6.24. The non-

dominated solutions can be regarded as optimal solutions. While among them, an optimal

solution results in highest power density (27.65 kW/L) and acceptable efficiency (99.28%),

where the total loss is 7.192 kW, and the volume is 36.17 L. Thecorresponding specifi-

Figure 6.24. Efficiency and power density of primary-side MMC based on different fac,

NSM, andθR.
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cations of selected components are listed in Table.6.2. The correspondingfac andθR of

ac-link voltage are 20 kHz and 0.1π. There are 13 SMs in each arm. The SM capacitor

is constructed by 5 paralleled 20µF film capacitors. The SiC MOSFETs are selected to

construct SM. The arm inductor is designed based on the nanocrystalline material from

Hitachi.
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Table 6.2

Specification of Selected Components for Optimal Design of MMC

Parameters Nominal Value

System Parameters

Maximum power 1 MW

Primary-side dc-link voltage 10 kV

Secondary-side dc-link voltage 10 kV

Frequency of ac-link voltage,fac 20 kHz

Turn ratio of isolated transformer,nT 1:1

Phase-shift angle for power regulation,Φ
π

2
Ramping angle,θR 0.1π

Circuit Parameters

Number of SMs,NSM 13

SM capacitance,C 97.42µF

Arm inductance,Larm 166.88µH

Control Options

Modulation phase-shift modulation

Voltage-balancing algorithm single-step alternating

Selected Capacitor

Part No. MKP1848C62090JP*

Number of series-connected capacitor,ns 1

Number of paralleled capacitors,np 5

Total volume 11.53 L

Total loss 118.12 W

Selected Semiconductor Devices

Part No. C3M0030090K

Number of paralleled semiconductor devices,np 4

Total volume 22.16 L

Total loss 5.438 kW

Arm Inductor

Core material Hitachi FT-3M

Winding dimensions
Nd: 1, Nw: 7, Nstr 3284,

Strand AWG: 41,Astr: 0.00397 mm2

Core dimensions

g: 0.765 mm,lc: 28.2 cm,wb: 12.84 mm,

we: 16.35 mm,wi : 12.38 mm,

ds: 4.89 mm,ws: 33.98 mm

Total volume 2.48 L

Total loss 1.636 kW
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Chapter 7

SUMMARY AND FUTURE WORK

7.1 Summary

The main focuses of this thesis are design, modeling and control of MMCs for high-

power applications. The state-of-art of MMC-based applications and the objectives of this

thesis are presented in Chapter 1.

The main contributions of this thesis are listed as follows:

• A generalized precharging strategy is proposed for the MMC-based systems built

upon various SM circuits under ac- and dc-side startup conditions.

• An improved equivalent circuit model (ECM) of MMC is proposed for large-scale

MMC-based HVDC or MTDC system, which improves the computational efficiency

and considers the various SM configurations and different operating conditions of

MMC. The impacts of simulation time step are also analyzed and determined for the

proposed ECM.

• The operational principles and mathematical model of MMC-based SST are analyzed

in this thesis. A modified mathematical model is proposed foroptimal design of the

MMC-based SST by considering circuit parameters. Then, theproposed mathemati-

cal models are verified by simulation results and experimental results.

• The performances of different modulation methods and voltage-balancing algorithms

are comprehensively analyzed and evaluated for MMC-based SST. Based on the anal-

ysis, two improved voltage balancing algorithms are proposed for IM2DC or MMC-

based SST. The proposed algorithms are verified by PSCAD simulation results and
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experimental results.

• Based on the proposed modified mathematical model of MMC-based SST, an optimal

design procedure is proposed for MMC in the MMC-based SST. The impacts of

free system parameters on design performance of the MMC for SST applications

have been comprehensively investigated. The overall efficiency and power density of

MMC have been evaluated to identify the optimal solutions.

7.2 Future Work

The following items are suggested for the future research:

• In this thesis, only the MMC is optimized for the MMC-based SST. In the future,

the optimal design of MFT should be embedded into optimal design procedure of the

MMC-based SST. Then, the overall efficiency and power density of the MMC-based

SST should be comprehensively evaluated by considering both of MMC and MFT.

• The performances of SSTs based on various topologies shouldbe compared and

evaluated to identify the optimal topology.
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APPENDIX A

DETAILED DERIVATIONS OF PIECE-WISE LINEAR EQUATIONS FOR

MMC-BASED SST
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A.1 Derivations of AC-Link Current and Transmitted Power

A.1.1 Condition of 0< Φ <
π

2
andθR < Φ

The primary-side ac-link voltage is expressed in (A.1). When reflecting secondary-side
ac-link voltage to primary-side, it is expressed asv

′

ac,secin (A.2).

vac,pri(ϕ) =



2Vdc,pri

θR
(ϕ −Φ) − Vdc,pri, 0 < ϕ <θR,

Vdc,pri, θR < ϕ < π,

−vac,pri(ϕ − π), π < ϕ < 2π.

(A.1)

v
′

ac,sec(ϕ) =



−nTVdc,sec, 0 < ϕ <Φ,
2nTVdc,sec

θR
ϕ − nTVdc,sec, Φ < ϕ <Φ + θR,

nTVdc,sec, Φ + θR < ϕ < π,

−v
′

ac,sec(ϕ − π), π < ϕ < 2π.

(A.2)

Then, the ac-link current is dominated by differential equation and is derived as

vac,pri(ϕ) − v
′

ac,sec(ϕ) =
Ltot · dia

dt
. (A.3)

ia(ϕ) =



1
ωLtot

∫ ϕ

0

2Vdc,pri

θR
ϕ − Vdc,pri+ nTVdc,secdϕ + I0, 0 < ϕ <θR,

1
ωLtot

∫ ϕ

θR

Vdc,pri+ nTVdc,secdϕ + I1, θR < ϕ <Φ,

1
ωLtot

∫ ϕ

Φ

Vdc,pri+nTVdc,sec−
2nTVdc,sec

θR
(ϕ−Φ) dϕ+I2, Φ < ϕ <Φ + θR,

1
ωLtot

∫ ϕ

Φ+θR

Vdc,pri− nTVdc,secdϕ + I3, Φ + θR < π,

=



Vdc,pri

ωLtot

(
ϕ2

θR
− ϕ

)
+

nTVdc,sec

ωLtot
ϕ + I0, 0 < ϕ <θR,

Vdc,pri

ωLtot
(ϕ − θR) +

nTVdc,sec

ωLtot
(ϕ − θR) + I1, θR < ϕ <Φ,

Vdc,pri

ωLtot
(ϕ−Φ)+

nTVdc,sec

ωLtot

(
−

(ϕ − Φ)2

θR
+ϕ−Φ

)
+I2, Φ < ϕ <Φ+θR,

Vdc,pri

ωLtot
(ϕ −Φ − θR) +

nTVdc,sec

ωLtot
(−ϕ + Φ + θR) + I3, Φ + θR < π,

(A.4)
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whereI0 to I3 are derived as:


I0 =
1
ωLtot

[
Vdc,pri

(
θR

2
− π

2

)
+ nTVdc,sec

(
π

2
−Φ − θR

2

)]
,

I1 =
1
ωLtot

[
Vdc,pri

(
θR

2
−
π

2

)
+ nTVdc,sec

(
π

2
−Φ +

θR

2

)]
,

I2 =
1
ωLtot

[
Vdc,pri

(
Φ −
θR

2
−
π

2

)
+ nTVdc,sec

(
π

2
−
θR

2

)]
,

I3 =
1
ωLtot

[
Vdc,pri

(
Φ +
θR

2
− π

2

)
+ nTVdc,sec

(
π

2
− θR

2

)]
.

(A.5)

In this way, whenΦ > 0, the ac-link current is expressed as (A.6).

ia(ϕ)=



Vdc,pri

ωLtot

(
ϕ2

θR
−ϕ+θR2 −

π
2

)
+

nTVdc,sec
ωLtot

(
ϕ−Φ−θR2 +

π
2

)
, 0 < ϕ<θR,

Vdc,pri

ωLtot

(
ϕ − θR2 −

π
2

)
+

nTVdc,sec
ωLtot

(
ϕ − Φ − θR2 +

π
2

)
, θR < ϕ<Φ,

Vdc,pri

ωLtot

(
ϕ−θR2 −

π
2

)
+

nTVdc,sec
ωLtot

(
−(ϕ−Φ)

2

θR
+ϕ−Φ−θR2 +

π
2

)
, Φ<ϕ <Φ+θR,

Vdc,pri

ωLtot

(
ϕ − θR

2
− π

2

)
+

nTVdc,sec

ωLtot

(
−ϕ + Φ + θR

2
+
π

2

)
, Φ +θR <ϕ <π,

−ia(ϕ − π), π <ϕ <2π.

(A.6)

The average power at dc-side can be derived from ac-link voltage and ac-link current.

Pdc =

∫ π
0

va(ϕ)ia(ϕ)dϕ

π
. (A.7)

The detailed calculations ofPdc are as follow:

1
π

∫ θR

0
vac,pri(ϕ)ia(ϕ)dϕ

=

∫ θR

0

Vdc,pri

π

(
2ϕ
θR
− 1

) [
Vdc,pri

ωLtot

(
ϕ2

θR
− ϕ

)
+

nTVdc,sec

ωLtot
ϕ + I0

]
dϕ

=
nTVdc,priVdc,sec

πωLtot

θ2R

6
, (A.8)

1
π

∫ Φ

θR

vac,pri(ϕ)ia(ϕ)dϕ

=

∫ Φ

θR

Vdc,pri

π

[
Vdc,pri

ωLtot
(ϕ − θR) +

nTVdc,sec

ωLtot
(ϕ − θR) + I1

]
dϕ

=

(
V2

dc,pri− nTVdc,priVdc,sec

) (
Φ2 − πΦ + πθR− ΦθR

)

2πωLtot
, (A.9)
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1
π

∫ Φ+θR

Φ

vac,pri(ϕ)ia(ϕ)dϕ

=

∫ Φ+θR

θR

Vdc,pri

π

[
Vdc,pri

ωLtot
(ϕ−Φ)+

nTVdc,sec

ωLtot

(
−

(ϕ −Φ)2

θR
+ϕ−Φ

)
+I2

]
dϕ

=

V2
dc,pri

(
−
πθR

2
+ ΦθR

)
+ nTVdc,priVdc,sec

(
πθR

2
−
θ2R

3

)

πωLtot
, (A.10)

1
π

∫ π

Φ+θR

vac,pri(ϕ)ia(ϕ)dϕ

=

∫ π

Φ+θR

Vdc,pri

π

[
Vdc,pri

ωLtot
(ϕ − Φ − θR) +

nTVdc,sec

ωLtot
(−ϕ + Φ + θR) + I3

]
dϕ

=

(
V2

dc,pri+ nTVdc,priVdc,sec

) (
−Φ

2

2
+
πΦ

2
− ΦθR

2

)

πωLtot
. (A.11)

Then, thePdc is calculated by summing (A.8) to (A.11), which is expressed as:

Pdc =

nTVdc,priVdc,sec

(
−Φ2 −

θ2R

6
+ πΦ

)

πωLtot
. (A.12)

A.1.2 Condition of−π
2
< Φ < 0 andθR < |Φ|

v
′

ac,sec(ϕ) =



nTVdc,sec, 0 < ϕ <π +Φ,

−
2nTVdc,sec

θR
(ϕ − π − Φ) + nTVdc,sec, Φ < ϕ <Φ + θR,

−nTVdc,sec, π+Φ + θR < ϕ < π,

−v
′

ac,sec(ϕ − π), π < ϕ < 2π.

(A.13)

ia(ϕ) =



Vdc,pri

ωLtot

(
ϕ2

θR
− ϕ

)
−

nTVdc,sec

ωLtot
ϕ + I0, 0 < ϕ <θR,

Vdc,pri

ωLtot
(ϕ − θR) −

nTVdc,sec

ωLtot
(ϕ − θR) + I1, θR < ϕ <π+Φ,

Vdc,pri

ωLtot
(ϕ−π−Φ)+

nTVdc,sec

ωLtot

(
(ϕ−π−Φ)2

θR
−ϕ+π+Φ

)
+I2, π+Φ<ϕ<π+Φ+θR,

Vdc,pri

ωLtot
(ϕ−π−Φ−θR)+

nTVdc,sec

ωLtot
(ϕ−π−Φ−θR)+I3, π+Φ+θR<π,

(A.14)
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whereI0 to I3 are derived as:



I0 =
1
ωLtot

[
Vdc,pri

(
θR

2
− π

2

)
+ nTVdc,sec

(
π

2
+ Φ +

θR

2

)]
,

I1 =
1
ωLtot

[
Vdc,pri

(
θR

2
− π

2

)
+ nTVdc,sec

(
π

2
+ Φ − θR

2

)]
,

I2 =
1
ωLtot

[
Vdc,pri

(
π

2
+ Φ − θR

2

)
− nTVdc,sec

(
π

2
− θR

2

)]
,

I3 =
1
ωLtot

[
Vdc,pri

(
π

2
+ Φ +

θR

2

)
− nTVdc,sec

(
π

2
−
θR

2

)]
.

(A.15)

ia(ϕ)=



Vdc,pri

ωLtot

(
ϕ2

θR
−ϕ+
θR

2
−
π

2

)
+

nTVdc,sec

ωLtot

(
−ϕ+Φ+

θR

2
+
π

2

)
, 0 < ϕ<θR,

Vdc,pri

ωLtot

(
ϕ − θR

2
− π

2

)
+

nTVdc,sec

ωLtot

(
−ϕ + Φ + θR

2
+
π

2

)
, θR < ϕ<π+Φ,

Vdc,pri

ωLtot

(
ϕ−θR

2
−π

2

)
+

nTVdc,sec

ωLtot

[
(ϕ−π−Φ)2

θR
−ϕ+Φ+θR

2
+
π

2

]
, π+Φ<ϕ<π+Φ+θR,

Vdc,pri

ωLtot

(
ϕ−
θR

2
−
π

2

)
+

nTVdc,sec

ωLtot

(
ϕ−Φ−

θR

2
−

3π
2

)
, π +Φ +θR <ϕ <π,

−ia(ϕ − π), π <ϕ <2π.

(A.16)

The detailed calculations ofPdc are as follow:

1
π

∫ θR

0
vac,pri(ϕ)ia(ϕ)dϕ

=

∫ θR

0

Vdc,pri

π

(
2ϕ
θR
− 1

) [
Vdc,pri

ωLtot

(
ϕ2

θR
− ϕ

)
−

nTVdc,sec

ωLtot
ϕ + I0

]
dϕ

= −
nTVdc,priVdc,sec

πωLtot

θ2R

6
, (A.17)

1
π

∫ π+Φ

θR

vac,pri(ϕ)ia(ϕ)dϕ

=

∫ π+Φ

θR

Vdc,pri

π

[
Vdc,pri

ωLtot
(ϕ − θR) −

nTVdc,sec

ωLtot
(ϕ − θR) + I1

]
dϕ

=
V2

dc,pri

πωLtot

(
Φ2

2
+
πΦ

2
−
ΦθR

2

)
+

nTVdc,priVdc,sec

πωLtot

(
Φ2

2
+
πΦ

2
−
ΦθR

2

)
, (A.18)
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1
π

∫ π+Φ+θR

π+Φ

vac,pri(ϕ)ia(ϕ)dϕ

=

∫ π+Φ+θR

π+Φ

V2
dc,pri(ϕ−π−Φ)
πωLtot

+
nTVdc,priVdc,sec

πωLtot

[
(ϕ−π−Φ)2

θR
−ϕ+π+Φ

]
+

Vdc,priI2

π
dϕ

=
V2

dc,pri

πωLtot

(
πθR

2
+ΦθR

)
+

nTVdc,priVdc,sec

πωLtot

(
θ2R

3
−
πθR

2

)
, (A.19)

1
π

∫ π

π+Φ+θR

vac,pri(ϕ)ia(ϕ)dϕ

=

∫ π

π+Φ+θR

Vdc,pri

π

[
Vdc,pri

ωLtot
(ϕ−π−Φ−θR)+

nTVdc,sec

ωLtot
(ϕ−π−Φ−θR)+I3

]
dϕ

= −
V2

dc,pri− nTVdc,priVdc,sec

πωLtot

(
Φ2

2
+
πΦ

2
+
πθR

2
+
ΦθR

2

)
. (A.20)

Then, thePdc is calculated by summing (A.17) to (A.20), which is expressed as:

Pdc =

nTVdc,priVdc,sec

(
Φ2 +

θ2R

6
+ πΦ

)

πωLtot
. (A.21)

A.1.3 Condition of 0< Φ ≤
π

2
< θR andπ < Φ + θR

v
′

ac,sec(ϕ) =



−
2nTVdc,sec

θR
(ϕ + π − Φ) + nTVdc,sec, 0 < ϕ <θR +Φ − π,

−nTVdc,sec, θR +Φ − π < ϕ <Φ,
2nTVdc,sec

θR
(ϕ −Φ) − nTVdc,sec, Φ < ϕ < π,

−v
′

ac,sec(ϕ − π), π < ϕ < 2π.

(A.22)

ϕc =
nTVdc,sec(Φ − π)
Vdc,pri+ nTVdc,sec

+
θR

2
. (A.23)
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ia(ϕ) =



Vdc,pri

ωLtot

(
ϕ2

θR
−ϕ

)
+

nTVdc,sec

ωLtot

[
(ϕ+π−Φ)2

θR
−

(π−Φ)2

θR
−ϕ

]
+I0, 0 < ϕ <ϕc,

Vdc,pri

ωLtot

(
ϕ2

θR
−ϕ −

ϕ2
c

θR
+ ϕc

)

+
nTVdc,sec

ωLtot

[
(ϕ+π−Φ)2

θR
−

(ϕc+π−Φ)2

θR
−ϕ+ϕc

]
+I1, ϕc<ϕ<Φ+θR−π,

Vdc,pri

ωLtot

[
ϕ2

θR
−ϕ − (Φ+θR−π)2

θR
+(Φ+θR−π)

]

+
nTVdc,sec

ωLtot
(ϕ+π−Φ −θR)+I2, Φ+θR−π<ϕ<Φ,

Vdc,pri

ωLtot

(
ϕ2

θR
−ϕ−Φ

2

θR
+Φ

)
+

nTVdc,sec

ωLtot

[
−(ϕ−Φ)

2

θR
+ϕ−Φ

]
+I4, Φ<ϕ<θR,

Vdc,pri

ωLtot
(ϕ−θR)+

nTVdc,sec

ωLtot

[
−

(ϕ−Φ)2

θR
+

(θR−Φ)2

θR
+ϕ−θR

]
+I5, θR<ϕ<π.

(A.24)

whereI0 to I5 are derived as:


I0 =
1
ωLtot

[
Vdc,pri

(
θR

2
− π

2

)
+ nTVdc,sec

(
(π − Φ)2

θR
− 3π

2
+ Φ +

θR

2

)]
,

I1 =
1
ωLtot

[
Vdc,pri

(
ϕ2

c

θR
−ϕc+

θR

2
−
π

2

)
+nTVdc,sec

(
(ϕc+π−Φ)2

θR
−ϕc−

3π
2
+Φ+

θR

2

)]
,

I2 =
1
ωLtot

[
Vdc,pri

(
(Φ+θR−π)2

θR
−Φ− θR

2
+
π

2

)
+nTVdc,sec

(
θR

2
−π

2

)]
,

I3 =
1
ωLtot

[
Vdc,pri

(
Φ2

θR
−Φ−π

2
+
θR

2

)
+ nTVdc,sec

(
π

2
− θR

2

)]
,

I4 =
1
ωLtot

[
Vdc,pri

(
θR

2
−
π

2

)
+ nTVdc,sec

(
−
Φ2

θR
+Φ+

π

2
−
θR

2

)]
,

I5 =
1
ωLtot

[
Vdc,pri

(
π

2
−
θR

2

)
+ nTVdc,sec

(
−

(π − Φ)2

θR
+

3π
2
−Φ −

θR

2

)]
.

(A.25)

The idc is expressed as (A.26).

idc =
nTVdc,sec

πωLtot

(
Φ4−2π3Φ−2πΦ3+3π2Φ2

3θ2R
+
π4

6θ2R
(A.26)

+
6π2Φ−6πΦ2−2π3

3θR
+π2+Φ2+

θ2R

6
−πΦ−2πθR

3

)
.
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Table B.1
Selected Capacitors

Manufacturer Series/Type
TDK B2562

B2563
B2568
B2569
B43541
B43548

KEMET C4AE
C4AQ
C44U
C44P

Vishay MKP1848
Nichicon LGW

LNC

Table B.2
Selected IGBTs

Manufacturer Series/Type Manufacturer Series/Type
Infineon FZ250R65KE3 IXYS IXYL40N250CV1

FF200R33KF2C IXYL50N170CV1
FF150R17KE4 IXYN30N170C1
FF200R17KE3 IXYN50N170CV1
FF200R17KE4 IXYK30N170CV1
FF225R17ME4 IXGH32N90B2D1
FF225R17ME4P IXYH40N90C3D1

FF50R12RT4 IXYN80N90C3H1
FF75R12RT4 IXXX100N75B4H1
FF100R12KS4 ITF48IF1200HR
FF100R12RT4 IXA33IF1200HB

FF150R12KE3G IXA37IF1200HJ
FF150R12KS4 IXA45IF1200HB

FF150R12KT3G IXA60IF1200NA
FF150R12MS4G IXGH40N120C3D1
FF150R12RT4 IXGT30N120B3D1
FF200R12KE3 IXGT40N120B2D1
FF200R12KE4 IXYB82N120C3H1
FF200R12KE4P IXYH30N120C3D1
FF200R12KS4 IXYH40N120B3D1
FF200R12KS4P IXYH40N120C3D1
FF200R12KT3 IXYN82N120C3H1
FF200R12KT4 IXYN100N120C3H1
FF225R12ME4 IXYR50N120C3D1
FF225R12ME4P MII75-12A3
FF225R12MS4 MII100-12A3

IKQ40N120CH3 MII145-12A3
IKQ40N120CT2 MII150-12A4
IKQ50N120CH3 MII200-12A4
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IKQ50N120CT2 MII300-12A4
IKQ75N120CH3 IXXH30N65B4D1
IKQ75N120CS6 IXXH40N65B4D1
IKQ75N120CT2 IXXH40N65B4H1
IKW40N120CS6 IXXH40N65C4D1
IKW40N120H3 IXXH60N65B4H1
IKW40N120T2 IXXH80N65B4D1

IKW40T120 IXXH80N65B4H1
IKY40N120CH3 IXXN110N65B4H1
IKY40N120CS6 IXXN110N65C4H1
IKY50N120CH3 IXXR110N65B4H1
IKY75N120CH3 IXXX110N65B4H1
IKY75N120CS6 IXXX140N65B4H1
AIKW40N65DF5 IXYH40N65C3H1
AIKW40N65DH5 IXYH50N65C3D1
AIKW50N65DF5 IXYH50N65C3H1
AIKW50N65DH5 IXYH75N65C3D1

IHW30N65R5 IXYH75N65C3H1
IHW40N65R5 IXYN75N65C3D1
IHW50N65R5 IXYN100N65B3D1

AIKW30N60CT IXYN120N65B3D1
AIKW50N60CT IXYN120N65C3D1
AIKW75N60CT IXYQ30N65B3D1
AUIRGP4063D IXYQ40N65B3D1

AUIRGPS4070D0 IXYQ40N65C3D1
FF200R06KE3 IXYX100N65B3D1
IKQ100N60T IXYX100N65C3D1
IKQ120N60T IXDH35N60BD1

IKW30N60DTP IXGH48N60C3D1
IKW30N60H3 IXGH60N60C3D1
IKW30N60T IXGN72N60C3H1

IKW40N60DTP IXGR72N60B3H1
IKW40N60H3 IXGX72N60B3H1

IKW50N60DTP IXXH30N60B3D1
IKW50N60H3 IXXH30N60C3D1
IKW50N60T IXXH50N60B3D1

IKW60N60H3 IXXH50N60C3D1
IKW75N60H3 IXXH75N60B3D1
IKW75N60T IXXH75N60C3D1

Dynex DIM100PHM33 IXXN200N60B3H1
DIM125PHM33-TL IXXN200N60C3H1
DIM125PHM33-TS IXXR100N60B3H1

DIM200PHM33 IXXX100N60B3H1
ABB 5SNG0150P450300 IXYH50N120C3D1

5SNG0150Q170300 IXYN100N65C3H1
5SNG0200Q170300 IXGA30N60C3C1

Powerex QIC6508001 IXGH36N60B3C1
QID4515002 IXGH48N60B3C1
QID4515004 IXGH48N60C3C1
QID4520002 IXGR60N60C3C1
QID3310006
QID3320002 SemiQ GPA030A135MN-FDR
QID3320004
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MITSUBISHI CM200HG-130H
CM75DY-34A
CM75DY-34T

CM100DY-34A
CM100DY-34T

CM150DX-34SA
CM150DY-34A
CM150DY-34T

CM200DX-34SA
CM200DY-34A
CM200DY-34T

CMH100DY-24NFH
CMH150DY-24NFH
CMH200DU-24NFH

Table B.3
Selected MOSFETs

Manufacturer Series/Type Manufacturer Series/Type

Infineon SPW55N80C3 IXYS IXFB44N100Q3
IPB65R050CFD7A IXFB70N100X

IPBE65R050CFD7A IXFN70N100X
IPP65R045C7 IXFX52N100X

IPP65R050CFD7A IXFB52N90P
IPT65R033G7 IXFN56N90P
IPW65R019C7 IXFB90N85X

IPW65R035CFD7A IXFN66N85X
IPW65R037C6 IXFN90N85X

IPW65R041CFD IXFT50N85XHV
IPW65R048CFDA IXFX66N85X
IPW65R050CFD7A IXFB50N80Q2

IPP60R040C7 IXFB60N80P
IPT60R028G7 IXFB62N80Q3
IPW60R017C7 IXFN50N80Q2

IPW60R024CFD7 IXFN60N80P
IPW60R024P7 IXFN62N80Q3

IPW60R031CFD7 IXFX44N80Q3
IPW60R037P7 IXFB150N65X2
IPW60R040C7 IXFH46N65X2

IPW60R040CFD7 IXFH60N65X2
IPW60R041P6 IXFH60N65X2-4

IPW60R045CPA IXFH80N65X2
IPW60R045P7 IXFH80N65X2-4
IPW60R060P7 IXFN100N65X2
IPW60R070P6 IXFN120N65X2
IPZ60R017C7 IXFN150N65X2

IPZA60R024P7 IXFN170N65X2
AIMW120R045M1 IXFN90N170SK
IMW120R030M1H IXFN50N120SiC
IMZ120R030M1H IXFN70N120SK
IMW120R045M1 IXFT60N50P3
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IMZ120R045M1 IXFX94N50P2
IMW65R027M1H IXFX80N50Q3

Cree C2M0045170D IXFT60N65X2HV
CAS300M17BM2 IXFT80N65X2HV

C2M0025120D IXFX100N65X2
C2M0040120D IXFX120N65X2
C3M0016120D IXTH48N65X2
C3M0021120D IXTH52N65X
C3M0021120K IXTH62N65X2
C3M0032120D IXTH64N65X

CAS120M12BM2 IXTH80N65X2
C3M0030090K IXTN102N65X2
C3M0015065D IXTR102N65X2

Rhom BSM080D12P2C008 IXTX102N65X2
BSM120D12P2C005 IXTX120N65X2
BSM180D12P2C101 IXFX48N60Q3
BSM180D12P2E002 IXFT50N60P3
BSM180D12P3C007 IXFH60N60X
BSM250D17P2E004 IXKH70N60C5

SCT3022KLHR IXFX80N60P3
SCT3030KLHR IXFX90N60X
SCT3040KLHR IXFB110N60P3

SCT3040KR IXFB132N50P3
SCT3017ALHR IXFB120N50P2
SCT3022ALHR IXFB100N50Q3
SCT3030ALHR

SCT3030AR
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APPENDIX C

SELECTED MAGNETIC MATERIAL DATA
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C.1 B-H Curve Fitting

To describe the characteristics of magnetic materials, an approach has been developed
in [162]. The anhysteretic relationship between flux densityB and field intensityH is
expressed as a function ofH or as a function ofB.

B = µH(H)H

µH(H) = µ0 +

K∑

k=1

mk

hk

1
1+ |H/hk|nk

(C.1)

B = µB(B)H

µB(B) = µ0
r(B)

r(B) − 1

r(B) =
µr

µr − 1
+

K∑

k=1

αk|B| + δkln
(
εk + ζke

−βk|B|
)

δk =
αk

βk
, ε =

e−βkγk

1+ e−βkγk
, ζk =

1
1+ e−βkγk

. (C.2)

Based on this method, the characteristic of Hitachi FT-3M isillustrated in Figs.C.1
andC.2. The parameters of TDK N87, METGLAS 26605-SA1 can be found in[177, 178].
More parameters are of ferrite materials available in [162], including MN8CX, MN60LL,
MN67, MN80C. For other magnetic materials, the parameters are listed in TablesC.1and
C.2.

B
 (

T
)

H (A/m)
0 50 100 150 200

0

0.5

1

1.5

Data of datasheet
Curve fitting

Figure C.1. B-H curve of Hitachi FT-3M magnetic material.

C.2 Steinmetz Equation Parameters

The parameters of Steinmetz equations are also available bycurve fitting method, which
are listed in TableC.3. More parameters are of ferrite materials available in [162], including
MN8CX, MN60LL, MN67, MN80C.
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(b)
Figure C.2. Permeability of Hitachi FT-3M magnetic material as function of (a) flux

densityB, and (b) field intensityH.

Table C.1

Parameters of Permeability (µH)

Magnetic Material mk nk hk

3C90 2.0019×10−6 0.002 912.5709

0.3274 2.2513 60.2897

0.3525 0.0023 138.1937

0.2734 2.2504 133.0681

FT-3M 1.4026 1.6163 13.4186

0.4543 3.3356 4.3085

1.268 1.0246 46.428

0.1294 13.2479 1.8823
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Table C.2

Parameters of Permeability (µB)

Magnetic Material µr αk βk γk

3C90 7828.1 0.00027312 0.0583 0.4246

0.0024 12.8364 463.0486

12.2122 27.6667 0.6858

1.6423 0.0709 173.3499

FT-3M 242040 3.804 4.5276 38.132

1.4566×10−5 29.5438 0.4945

2.6198 29.47267 1.5268

10.7855 7.497 2.6978

Table C.3

Steinmetz Equation Parameters for Estimation of Core Loss

Magnetic Material Kc α β

3C90 0.6415 1.566 2.7107

N87 60.0771 1.1299 2.3426

METGLAS 2605-SA1 0.8228 1.5353 1.7368

Hitachi FT-3M 3334.22 0.5012 2.1355
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