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ABSTRACT

Power systems are undergoing significant changes for two reasons which
are the widespread and growing use of power electronic based equipment
and the fast penetration of renewable energy sources and distributed gen-

eration systems which have unpredictable generating nature. Whilst these are
beneficial for meeting the forever increasing power demand and environmental
requirement, they bring problems of injecting harmonics into the power lines and
proliferating unbalanced current flow. Combining these with the usual issues of
power systems such as faults caused by voltage distortion and unbalance, reso-
nances, line impedance mismatch, etc, maintaining high quality power supply to
customers can be challenging. Flexible AC Transmission Systems (FACTS) have
been applied for reactive power compensation, voltage control and power flow
regulations. Recent development also demonstrates the attention of engineers and
researchers being moved toward deploying FACTS devices for harmonic cancella-
tion and reactive power compensation under unbalanced grid voltage conditions.
Nevertheless, effective control techniques capable to track and eliminate the power
line voltage/current distortions and harmonics accurately, in real-time are yet to
be developed.

This work investigates advanced harmonic measurement and control tech-
niques for both Static Compensator (STATCOM) and Synchronous Series Compen-
sator (SSSC), to realize high performance harmonic cancellation and unbalanced
voltage/current compensation. The converter topologies explored are all based on
modular multilevel (voltage/current) types without a transformer. The work has led
to the development of a new adoptive harmonic cancellation scheme for Modular
Multilevel cascaded converter STATCOMs. This scheme uses the discrete wavelet
packet transformation (DWPT) algorithm to identify dominant harmonic elements
in the measured non-stationary load current in real-time. To overcome the limita-
tions of DWPT due to the effect of data array boundary, a data expansion technique
is proposed. By applying the identified harmonics to update the parameters of a
chain of notch-filters, the reference currents are generated for MMCC-STATCOM
to inject into the grid thus eliminating the unwanted current elements.
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Operating under an unbalanced current, the sub-module capacitor voltages of
an MMCC-STATCOM may become unbalanced and hence not able to function. A
novel technique to mitigate such a problem is created which relies on injecting
a common mode voltage to the phase current models when applying the model
predictive control (MPC) method. Not only this approach ensures each modules’
capacitor voltages are at the required level, it also extends the unbalanced current
compensation range. Meanwhile when implementing MPC, an adjusted branch
and bound (B&B) algorithm is proposed to minimize the cost function in order to
find the optimal solution. This method has been shown able to produce accurate
results whilst giving reduced computational burden compared with traditional
methods.

The final contribution in this work lies in the area of SSSC for power flow
control. A new SSSC topology – the parallel Transformer-less SSSC is investigated
which has the advantages of increased power rating and control capability, fast
dynamic response and high efficiency. To suppress the current circulating between
parallel converter branches associated with this topology, a novel MPC is proposed
for the current control. This inserts a differential current term in the cost function
apart from the common reference current tracking terms. This scheme has been
validated successfully when two parallel converter branches are used.
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I NTRODUCTION

1.1 Background

R
ecent decades have seen signi�cant changes in electrical power systems

due to an unpresidented rise in power demand, and rapid proliferation of

renewable energy sources, and hence the growth of distributed generators

and microgrids. These raise challenges to the conventional power networks as their

designed generation and transmission capacities may not be able to cope with

such changes, hence leading to problems such as overloading transmission lines,

instability, and degrading power quality. Furthermore, the adverse effect of the

current surge in power electronics application to the network operation cannot

be overlooked. For their bene�ts in the �exibility of voltage/current control and

improved energy ef�ciency, there has been a signi�cant increase in the number of

switched-mode power electronic devices connected to utility distribution systems.

In addition, the rapid growth in renewable energy sourced power generators will

press further demand on power converters. These, however, have brought about
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issues of non-sinusoidal current �ow within electrical networks which can cause

detrimental effects including electro-magnetic interference (EMI), over-loading

of conductors/transformer windings and the malfunction of connected equipment.

The presence of multiple non-linear loads in combination with the input of power

from a host of small, renewable generators will inevitably affect the power quality

problems such as voltage �uctuations, and three-phase unbalance.

Taking all above into account, it has been paramount to develop and deploy

advanced technologies for managing the voltage and power �ow of the network.

Since the construction of new power lines is very expensive, any cost effective

solutions derived should use the existing lines to their maximum thermal limit to

ensure controllable the required import/export power �ow from different sources

and regions, and prevent circulating power. Ultimately, the techniques employed

should be able to mitigate all above stated defects hence improving system power

quality and maximizing the capability and ef�ciency of the distribution network

infrastructure.

Flexible AC transmission systems (FACTS) are ideal for meeting the aforemen-

tioned requirements. The construction of the latest generation of FACTS devices

is based on the use of power semiconductor switching devices with sophisticated

con�gurations to behave as voltage sourced converters. With advanced control

schemes, they offer high �exibility voltage and power control, hence very effec-

tive in improving the reliability, controllability, operating performance and power

quality of transmission and distribution systems.

The two most well-known FACTS devices are the Static Compensator (STAT-

COM) for reactive power compensation and the Synchronous Series Compensator

(SSSC) for line impedance variation. The combination of these two devices forms

the Uni�ed Power Flow Controller (UPFC) which aims for simultaneous power

�ow and bus voltage control. The investigation of these devices for power quality
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enhancement and power �ow control under balanced voltage/current has been car-

ried out for decades and FACTS devices have been installed in some distribution

grids.

However, effective power quality control by FACTS device under the line con-

ditions of voltage and/or current imbalances and harmonic distortions poses chal-

lenges. These include requiring fast and accurate data processing techniques

to extract the unbalance/harmonic elements from measured power line signals,

advanced controllers plus switching schemes for driving the power converters

in the FACTS devices. Recently for applications in medium/high power system,

transformer-less FACTS devices such as modular-multilevel cascaded converter

(MMC) for STATCOM and parallel inverters for transformer-less SSSC are ex-

plored. However, they either have the problems of stacked module DC voltages

being imbalanced or current circulating between the inverter cells causing extra

power losses. These problems may exist in normal balanced operation conditions,

and exacerbate when facing unbalanced/distorted lines. Research in these areas is

active [1]–[5], but novel effective schemes are yet to be developed. This PhD work

sets out to address all these challenges.

1.2 Literature Review

1.2.1 Facts Devices

To address the above stated challenges, knowledge and understanding of FACTS

devices are required, covering their types, structures and topologies, operation

features, control schemes and up-to-date development. A detailed literature review

is thus given below. Initially, power electronics were used in DC transmission

systems to achieve fast power regulation. The technology has yielded remarkable

results. Therefore, researchers want to apply it to AC transmission, so as to increase

3
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the safety margin and reduce the transmission cost. Hence, FACTS technology has

emerged which can be classi�ed into three types: parallel, series and integrated

devices. According to the different connection modes between FACTS devices and

transmission lines, they are also divided into the transformer and transformerless

modes.

1.2.1.1 Shunt Compensator

FACTS devices connected in parallel with transmission lines include the SVC

(Static Var Compensator) and STATCOM, which are mainly used for voltage

control and reactive power control.

SVC refers to a reactive power compensation system composed of a �xed capac-

itor bank, a thyristor controlled capacitor bank (TSC) and a reactor bank (TCR)

[6]–[8]. By adjusting the TCR and TSC, the reactive output of the entire device

is continuously changed, the voltage is kept within a certain range statically and

dynamically, and the stability of the system is improved.

The conventional circuit of a STATCOM (Fig.1.2 (a)) is principally composed of

three phase DC-AC inverter with a DC capacitor, a step down transformer and low-

pass �lters [9], [10]. It is a reactive power compensation system completely different

from the traditional SVC principle. Instead of using conventional capacitors and

reactors to achieve reactive power compensation, it uses a three phase inverter

to compensate reactive power. The aim of the step-down transformer is to reduce

the system voltage vs from high/medium level to low level which is slightly lower

than the DC capacitor voltage value. Therefore, through three phase inverter,

STATCOM output voltage vC can be higher or lower than step-down sending-end

voltage so that compensation current i C can realize two-way �ow.

Recent development has seen modular multilevel cascaded converters-based

STATCOM (MMCC-STATCOM) as shown in Fig.1.2 (b). This topology has multiple
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Figure 1.1: Static VAR Compensator

serially connected converter modules per phase. In Star connection, one end of a

phase chain is connected to the transmission line via an R-L �lter, while the other

end is connected with the other two phases forming a neutral point N. With this

modular structure, the MMCC can reach required voltage levels without step-up

transformers, also it offers the bene�ts of scalability, high fault tolerance and good

waveform quality at the low switching frequency.

The equivalent circuit of STATCOM is shown in Fig.1.3. The three-phase AC

output voltage vC from the inverter is synchronized with the system voltage vs at

the point of common coupling (PCC) which is set as the reference voltage, vs0 is

the voltage generated from the grid side. Reactive power is adjusted by controlling

i C which can be calculated by (1.1).

i C Æ
vS ¡ vC

j ! L
(1.1)
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Figure 1.2: Static synchronous compensator (a)conventional STATCOM
(b)MMCC-STATCOM

Figure 1.3: The equivalent circuit of STATCOM

The reactive power output by STATCOM can be expressed as (1.2).

Q ÆIm (S) ÆIm (vC ¤ i C) ÆIm (vC ¤
vS ¡ vC

j ! L
) ÆvC ¤

vC ¡ vS

! L
(1.2)

When vC È vS, it outputs capacitive reactive power, Q È 0; when vC Ç vS, it

outputs inductive reactive power, Q Ç 0. The phasor diagrams are shown in Fig.1.4.

Therefore, the device's reactive power is adjusted by its compensated current i C. It
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has no impact on the response at start-up, a large continuous adjustment range,

fast response speed, and low loss.

Figure 1.4: (a)Phasor diagrams when vC È vS (b) phasor diagrams when vC Ç vS

1.2.1.2 Series Compensator

Series FACTS includes Thyristor Controllable Series Compensation (TCSC) and

GTO-based Synchronous Static Series Compensator (SSSC). They are mainly used

for active power �ow control for transmission lines, system transient stability and

suppression of system power oscillations.

TCSC (Fig. 1.5) usually refers to a series reactive power compensation system

consisting of a thyristor-controlled shunt reactor and a series capacitor bank. By

changing the �ring angle of the thyristor, the shunt reactor current is adjusted to

make the equivalent impedance of the series compensator change continuously,

smoothly and rapidly, so the TCSC can be equivalent to a continuously variable

capacitor. Under a given voltage and phase angle across the line, fast and contin-

uous control of the power from the transmission line can be achieved to adapt to

dynamic interference, and to improve the transient stability limit of the system

[11].

SSSC (Fig. 1.6 (a)) refers to a series compensator including a three phase in-

verter with a DC element which can be a DC capacitor, energy storage or renewable

7
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Figure 1.5: Thyristor Controlled series capacitor

energy source. Its basic structure is similar to the STATCOM, except that the

device is connected in series with the transmission line through a transformer. The

SSSC can be equivalent to a voltage source. The con�guration is shown in Fig.1.6

[12]–[14].

Figure 1.6: The con�guration of Static synchronous series compensator

According to Fig.1.7 which is the equivalent circuit of SSSC, considering the

sending end voltage vS as the reference, the transmission line current equation

8
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Figure 1.7: The equivalent circuit of Static synchronous series compensator

can be shown as:

i C Æ
vS ¡ vR ¡ vC

RS Å jX S
(1.3)

The phasor diagram of SSSC is shown in Fig.1.8

Figure 1.8: The phasor diagram of SSSC

The compensated voltage can be adjusted by controlling the inverter. The

amplitude and phase angle are continuously changed based on reference values.

Thereby the transmission line current can be maintained at the required level

realizing power �ow control, the suppression of system power oscillations and the

improvement of the system transient stability limit.

9
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1.2.1.3 Integrated Compensator-UPFC

The representative third generation FACTS device is the UPFC (Uni�ed Power

Flow Controller) which is the integrated product combining a shunt device STAT-

COM and a series device SSSC [15]. A typical UPFC topology normally contains

two back-to-back connected Voltage-Sourced inverters sharing one DC capacitor.

Inverter 1 is connected to the system through transformer T1 which can be con-

sidered to be a STATCOM. It can both realize reactive power compensation and

absorb or supply required power to inverter 2 through the DC capacitor. Inverter

2 can be regarded as an SSSC connected in series with the transmission line

by a transformer T2. Hence, inverter 2 can inject a compensation voltage with

controllable amplitude and phase angle into the transmission line so that real

and reactive power �ow control can be realized. Therefore, UPFC is the most

effective and powerful device to reduce the burden and increase the capacity of the

transmission line. The basic con�guration of a UPFC is shown in Fig.1.9 (a) .

Figure 1.9: The con�guration of Uni�ed Power Flow Controller

The phasor diagrams of the Uni�ed Power Flow Controller can be seen in

Fig.1.11.
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Figure 1.10: The equivalent circuit of Uni�ed Power Flow Controller

Figure 1.11: The phasor diagram of UPFC

1.2.2 Control Techniques

1.2.2.1 Phase Locked Loop (PLL) Techniques

The Phase Locked Loop Technique has already become an indispensable control

part for power electronics converter devices to operate properly in the power system.

It is a closed loop frequency and phase synchronization control system realized

by the feedback control. Its function is to synchronize the signal output to the

circuit with its external reference signal. When the frequency or phase of the

output signal changes, the phase-locked loop will detect this change and adjust the

output frequency through its internal feedback system. Normally, a PLL includes

a phase detector (PD), a loop �lter (LF) and a voltage controlled oscillator to form
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a feedback loop which can be seen in Fig.1.12.

Figure 1.12: The basic block diagram of a PLL

The Phase detector (PD) compares the voltage signal v and the reference signal

to obtain the error which's then sent into the Loop �lter (LF). The LF removes the

high frequency part, and only the DC component of the error ! t
0
is preserved. The

voltage controlled oscillator then outputs a periodic signal µ controlled by that DC

component ! t
0
. This periodic signal is �nally sent back to the phase detector to

realize closed-loop control. Nowadays, researchers mainly improve the phase-locked

loop technology based on the following points.

1. Track the grid side voltage frequency and phase accurately and quickly.

2. Detect the frequency and phase variation when a frequency oscillation exists

in the power system

3. Remain synchronized with the grid side voltage when the grid side voltage

has voltage sag and swell, harmonics or even becomes unbalanced.

There are many kinds of PLL technologies. In this subsection, examples includ-

ing SRF-PLL, DDSRF-PLL and CDSC-PLL are discussed below.

The SPF-PLL is the simplest structure of the various PLL techniques. It usually

works well with a pure sinusoidal grid side voltage. The control diagram of the

SRF-PLL is shown below.

The grid side voltage vabc �rst needs to be transformed into the dq rotating

reference frame with the Park and Clark transformations. Usually, the phase angle

of grid side voltage is set as 0 degree and the fundamental frequency for that is 50

Hz, hence the abc-dq0 transformation formula is shown as (1.4).
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Figure 1.13: The control diagram of SRF-PLL
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(1.4)

The q component of grid side voltage vq is chosen as the input signal. As the PLL

is to be synchronous to the measured grid voltage, vq should be 0. Therefore, the

reference signal is set as 0. The error sent into the PI controller is then transformed

into the frequency variation f 0. Finally, through the angle generator, the phase

angle µ can be obtained for power electronic converters to generate output voltage

synchronized with the grid voltage.

However, if the grid side voltage is unbalanced or has harmonic elements, the q

component of grid side voltage vq contains not only a DC element, but also an AC

part including a double frequency harmonic introduced by the negative sequence

voltage or other order harmonics caused by the grid side harmonic voltages. This

AC element will seriously affect the PLL output signals. To solve this problem,

�lters can be used such as those shown in Fig.1.14.

Figure 1.14: The control diagram of SRF-PLL with �lter
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A suitable �lter will result in a more accurate detected phase angle from the

PLL. The optional �lters are a low pass �lter (LPF) [16], a moving average �lter

(MAF) [17], a resonant �lter [18] and a notch �lter [16]. However, the use of �lters

means an extra delay will be introduced caused by these �lters which will slow

down the transient response capability.

The Decoupled Double Synchronous Reference Frame- Phase Locked Loop

(DDSRF-PLL) proposed in reference [19] adopts a double synchronous reference

frame which is a positive reference frame rotating with angular velocity ! and a

negative reference frame with ¡ ! respectively. The control diagram is shown in

Fig.1.15.

Figure 1.15: The control diagram of the DDSRF-PLL

In Fig.1.15, v§ 1
d (k) and v§ 1

q (k) are the positive and negative sequence dq com-

ponents which contain double sequence oscillation. v§ 1
d (k) and v§ 1

q (k) represent

only the DC element for positive and negative sequence dq components. In fact,

the DDSRF-PLL is the extension of the SRF-PLL. Only the positive sequence q

component vÅ1
q (k) is used in the SRF-PLL to obtain the desired phase angle of the

input voltage signal.

The basic principle for the Cascaded Delay Signal Cancellation- Phase Locked
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Loop (CDSC-PLL) proposed in reference [20] is to use a delayed signal to cancel

speci�c order harmonics. For example, to eliminate the second order harmonic,

the principle is shown in Fig.1.16. The original signal only contains second order

frequency component. This signal is delayed by a quarter cycle to get a delayed

signal which becomes the anti phase of the original signal. Then combing these

two signals, the second order frequency part is canceled. However, if there are

other harmonics existing in the original signal, they stack up to double their

previous magnitude. Hence, a gain block of 0.5 is necessary to halve the signal.

From Fig.1.16, the second order harmonic part can be eliminated in this way.

Figure 1.16: Demonstrating how the 2nd harmonic part is cancelled by DSC

The control diagram of the CDSC-PLL is shown in Fig.1.17. It is also an exten-

sion of the SRF-PLL. After the Park and Clark transformations, the harmonics

existing in the q component of grid side voltage vq need to be canceled using a

cascaded delay signal cancellation method. In Fig.1.17, 1st, 2nd and 3rd order

signals are eliminated by delays of the half cycle, quarter cycle and one-sixth cycle

respectively. It can be used for unbalanced voltage since the double frequency

oscillation can be canceled by the DSC method. However, in real life, the harmonic

information can not be known so accurately removing all harmonics becomes a

serious problem. If there are harmonics that are not eliminated, the result will
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affect the accuracy of the phase angle detected from the PLL technique. In addition,

the more frequencies that need to be eliminated means the longer the chain for

the cascaded delay signal cancellation method. It also inevitably causes a system

delay.

Comparing the three above methods, the SRF-PLL is the most suitable PLL

technique used for a balanced and pure sinusoidal grid side voltage. The DDSRF-

PLL and CDSC-PLL can be used for an unbalanced situation. However, since the

frequency information needs to be removed accurately in time, the CDSC-PLL

will obtain an imprecise result. It is worth noting that the DDSRL also uses a

low pass �lter which may reduce the response speed in the transient part. In this

thesis, the SRF-PLL is used in chapter 2 since the grid side voltage is balanced

and has no harmonic. The DDSRF-PLL is used in chapters 3, 4 and 5 because of

the unbalanced conditions.

Figure 1.17: The control diagram of the CDSC-PLL

1.2.2.2 Current Control Strategies

Since the fundamental frequency of the supply side voltage is obtained by a phase

locked loop (PLL), the next important step is to calculate the desired output

voltage of the FACTS device for realizing reactive power compensation and other

aims. Current control is a practical way and its essence is to adjust the FACTS

device's output voltage through the error between the measured and reference

control currents. In the existing current control strategies, two current controllers
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which are the proportion integration (PI) controller and proportional resonant (PR)

controller are very well-known, easily implemented and often used.

A PI controller is a linear controller whose input is the error of the reference

value from the actual measured value. The controller linearly combines this error's

proportional and integral to the desired control quantity for the control object. It

should be noted that the PI controller mainly performs error-free tracking on the

DC quantity, but the current and voltage of most power systems are AC. Hence,

before using the PI controller, the AC voltage and current need to be transformed

into DC through Park and Clark transformation. The transfer function of the PI

controller is expressed as:

TPI (s) ÆK P Å
K i

s
(1.5)

From (1.5), there are two parameters which are the proportional gain K p and

the integral gain K i . The values of these two parameters determine the current

tracking performance of the PI controller. The bode diagrams are shown in Fig.1.18.

Figure 1.18: Bode diagram of PI controller (a)with different K p and constant K i (b)
with different K i and constant K p

In Fig.1.18 (a), K i is constant which is 10. The blue line is for K p=1. The red one
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is K p=10 and the yellow one is for K p=100. For Fig.1.18 (b), the blue, red and yellow

lines are for K i =1, 10 and 100 respectively. The increase of K p cause the increased

gain margin of the frequency part which is higher than 0.1 rad/s so that control

precision is improved and tracking speed is faster. From Fig.1.18 (b), the increase

of K i mainly increases the gain margin of the DC value which can reduce system

steady state error. However, if the proportional gain is too large, the stability of the

system will be degraded and it will eventually become uncontrollable. An Excessive

K i value will reduce the dynamic response speed. It is clear that a PI controller

only has a large gain margin for the low frequency part, especially for that less

than 100 rad/s. It means, for tracking waveform whose frequency is equal or larger

than 314.15 rad/s (ie 50Hz), the low frequency noise will be ampli�ed leading to

poor tracking performance of the PI controller.

The current control diagram for a PI controller is shown in Fig.1.19.

Figure 1.19: The current control diagram for a PI controller

where ! Li d and ! Li q are the cross coupling terms. The presence of these cross

coupling terms is due to the voltage drop formula on the transmission line inductor.

The matrix equation for these is shown in (1.6)
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In AC systems, the PI controller does not have a good tracking frequency for AC

signals. Hence, PR controller [21], [22] is proposed to eliminate speci�c frequency

components in an AC system. The transfer function of the PR controller is shown

as:

TPR ÆK P Å
K rh s

s2 Å ! 2
h

(1.7)

where K p is the proportional gain and K rh is the resonant gain for the hth order

frequency. The ! h is the cut-off frequency for the hth order harmonic. If the 3rd

order harmonic which is about 942.45 rad/s needs to be eliminated, the bode

diagram of the PR controller with different K p values is shown in Fig.1.20 (a), (b)

is the bode diagram with different K rh values.

In Fig.1.20 (a) and (b), there is a large gain margin when the cut-off frequency

is about 942 rad/s. It proves that the PR controller can have a good tracking

performance for 3rd order harmonic. The role of K p is still to adjust the control

precision and tracking speed. The increase of K r is to raise the gain margin at

the cut-off frequency so that it can reduce the steady state error for the cut-off

frequency part. The PR controller can be used in an AC system so that the control

diagram is shown in Fig.1.21
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Figure 1.20: Bode diagram of PR controller (a)with different K p and constant K r

(b) with different K r and constant K p

Figure 1.21: The current control diagram by PR controller

1.2.3 Modular Multilevel Converter (MMC)

Traditional FACTS devices basically use a three-phase voltage-sourced inverter,

which is composed of multiple semiconductor switches, diodes and a capacitor

or DC power source, to control the output voltage's amplitude and phase angle.

Therefore, low conversion ef�ciency, limited voltage withstand capability of a single

component, and poor output waveform are inevitable. In order to solve these

problems, the MMC was proposed and continues to be developed to this day. Its

easy scalability allows multiple sub-modules to be connected to each phase as
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required to achieve output voltages up to medium/high voltage levels without

the application of a transformer. At the same time, the voltage distributed to

each sub-module will not exceed the maximum acceptable voltage range of its

components. The superposition of multi-level voltages also improves the output

waveform. However, even with these excellent performance features, there are

still some non-negligible challenges such as higher cost and the complexity of the

controls for MMC topologies.

In this subsection, Several alternative MMC sub-module topologies will be

introduced. The well-known sub-module topologies contain a three-level single

phase H-bridge converter (HB), a �ve-level �ying capacitor converter (FCC) and a

�ve-level neutral point clamped converter (NPC).

1.2.3.1 Three-level Single Phase H-bridge Converter (HB)

The con�guration of three level single phase H bridge converter (HB) is shown in

Fig.1.22 (a). Several H bridge converters connected in series in one phase are called

a cascaded H bridge (CHB) which was proposed in [23]. For this sub-module, if S1a

and S4a are on, S2a and S3b are off, the output voltage of sub-module 1 is + VDC . If

S1a and S4a are off, S2a and S3b are on, that from sub-module 1 is - VDC . Hence,

for one three level single phase H bridge converter, the available voltage levels

are 0, +VDC and -VDC (Fig.1.22 (b)). If there are M series-connected sub-modules,

the voltage level value can reach 2M+1 due to the shared 0 voltage level. Each

sub-module has a capacitor that charges or discharges all the time. Hence, the

balancing of each capacitor voltage is a major challenge that deserves the attention

of researchers
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Figure 1.22: (a) Three-level single phase H bridge converter (HB) circuit (b)
Voltage level

1.2.3.2 Five-level Flying Capacitor Converter (FCC)

Meynard and Foch proposed the topology of the �ying capacitor converter in

1992 [24]. As can be seen in Fig.1.23 (a). 8 switches are divided into four groups

(S1a, S4a), (S2a,S3a), (S1b,S4b) and (S2b,S3b). Two switches in each group are

complementary. The function of the parallel anti-diode is to prevent the current

from �owing back and destroying the electronic components. Each sub-module can

output 5-level voltages which are 0, + VDC , -VDC , +2VDC , -2VDC (Fig.1.23 (b)). For

M sub-modules in one phase, the total output voltage levels can be 4M+1. The two

inner capacitors C in 1 and C in 2 which are called the “�ying capacitor” are connected

parallel with the complementary switch group ( S2a,S3a) and (S2b,S3b) respectively.

If the voltage value for the inner capacitors C in 1 and C in 2 are set as VDC , the outer

capacitor voltage value is twice the inner capacitor voltage value which is 2 VDC .

The combination of the �ying capacitor converter switch states is very complex

up to 32 groups to generate different output voltage levels. Hence, compared with

other sub-module topologies, FCC has more switching options so that it can more

evenly distribute the switching pressure to each electronic component.
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Figure 1.23: (a) Five-level Flying Capacitor Converter (FC) circuit (b) Voltage level

1.2.3.3 Five-level Neutral Point Clamped Converter (NPC)

The application of the �ve level neutral point clamped converter for the sub-module

of the MMC was introduced by Nabea et al [25]. In Fig.1.24 (a), two capacitors are

connected in series, and there is a middle point between them called the “neutral

point”. Similar to the topology of the �ying capacitor converter, there are four

complementary switch groups. However, two inner capacitors are replaced by two

clamping diodes. These two diodes in each arm clamp their own mid point to the

neutral point. This neutral point clamped converter can also generate �ve voltage

levels which have been shown in Fig.1.24 (b). The 4M+1 voltage levels can be

output by M sub-modules in one phase. However, the disadvantage of high cost

makes this topology less attractive.

1.2.4 Multilevel Pulse Width Modulation Techniques

The pulse width modulation (PWM) techniques are well-known for controlling

the switching state of voltage source converters (VSC) to generate desired output

waveform equivalent to the desired output waveform. However, to cope with the
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Figure 1.24: (a) Five-level Neutral Point Clamped Converter (NPC) circuit (b)
Voltage level

medium/high voltage levels, the FACTS devices usually need to be expanded to

modular multilevel cascaded converters based devices. It is impossible for the

traditional PWM scheme to generate enough PWM control signals to control each

sub-module switch. Therefore, two multilevel pulse width modulation schemes are

introduced in this subsection, one is phase shifted-PWM (PS-PWM) and the other

is phase dispose-PWM (PD-PWM).

1.2.4.1 Phase Shifted-PWM

The basic operation of this scheme is to use multiple triangular carrier waves to

synthesize sinusoidal reference signal [26]. For a (2M+1)-level cascaded H-bridge

(CHB) having M sub-modules in a phase chain, each sub-module is modulated by

M sets of triangular carrier waves respectively. These carrier waves have the same

frequency fc and amplitude -1 to 1, but the phases are sequentially different by a

�xed angle, so that each sub-module's output pulses are staggered from each other

by a certain angle. The superimposed pulse waves �nally form a multi-level ladder

wave. The phase displacement angle µd between each carrier wave is calculated as

180/M.
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Figure 1.25: The con�guration of 9-level CHB

Thus taking a 9-level CHB as an example which is shown in Fig.1.25, the phase

displacement angle between each carrier wave is uniformly 45 °. Therefore, the four

carriers need to be delayed by 0 °, 45°, 90°, and 135°, respectively. Hence desired

PWM signals can be generated by comparing carrier waves with reference signals.

Note there are two anti-phase sinusoidal modulation signals Vre f and -Vre f which

share the same modulation index M a used as reference. These offer the bene�t

of reducing output waveform harmonics compared with using a single reference

waveform [27]. Fig.1.26 (a) below shows the PS-PWM scheme by using 4 carrier

waves to synthesize two sine waves. The resultant four switching pulse trains for

four switches, S1a,S2a,S3a,S4a , respectively in one sub-modules are shown in

Fig.1.26 (b).

The �rst carrier wave (wave orange) which is delayed by 0 ° is to control four

switches S1a,S2a,S3a,S4a in the �rst sub-module SM 1. This carrier wave compares

with the reference signal Vre f with modulation index M a to generate complemen-
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tary pulse signals for switches S1a and S2a in the left bridge. It also needs to

compare with the reference signal - Vre f to obtain control signals for S3a and S4a in

the right bridge. The other three carrier waves control the rest three sub-modules

SM 2¡ 4 respectively in the same way.

Figure 1.26: PS-PWM (a) Four carrier waves with the reference signals for
nine-level CHB and (b) Pulse signals generated for the �rst sub-module

The advantage of PS-PWM is that the ladder wave formed by the superposition

of the output pulse waves of each sub-module can effectively reduce the harmonic

elements in the output voltage and current. Hence, the �lter requirements can be

reduced.

26



1.3. MOTIVATION AND OBJECTIVES

1.2.4.2 Phase Disposed-PWM

The Phase disposed PWM is also called level shift PWM. It consists of several

groups of triangle waves with the same phase and frequency symmetrically dis-

tributed above and below the zero level [28].

For a 9-level CHB circuit, the number of triangle carriers is 4. Since these

four groups of carrier waves are symmetrically distributed in the space of -1 to

1, The amplitudes of the four carriers are -1 to -0.5, -0.5 to 0, 0 to 0.5 and 0.5 to

1, respectively. They are compared with two reference signals Vre f and -Vre f to

control the switch patterns of the sub-modules. Four switches ( S1a,S2a,S3a,S4a)

in the �rst sub-module SM 1 are controlled by the PWM control signals generated

by the �rst carrier wave (-1 to -0.5) which is the orange wave and two anti-phase

reference signals shown in Fig.1.27. The second carrier wave (-0.5 to 1) is used for

controlling the switches in the sub-module SM 2. Another two carrier waves control

the remaining two sub-modules SM 3 and SM 4 in one arm.

It is noticeable that in one cycle which is determined by a fundamental fre-

quency of 50Hz, each switch only works in one half cycle and has signi�cantly

reduced operations compared with that for PS-PWM so that PD-PWM has less

switching loss. However, PD-PWM cannot make the pulse wave overlap. The har-

monic distortion performance of PD-PWM will be worse than that of PS-PWM.

1.3 Motivation and Objectives

The motivation of this research is to investigate FACTS devices (main focus is on

STATCOM and SSSC) for power �ow control, harmonic cancellation and unbal-

anced voltage/current compensation. The key objectives required to achieve this

research motivation are

1. Investigating new harmonic cancellation methods for MMCC-STATCOM
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Figure 1.27: PD-PWM (a) Four carrier waves with the reference signals for
nine-level CHB and (b) Pulse signals generated for the �rst sub-module

to eliminate the harmonic components of the load current. The resultant method

should be able to identify and extract harmonic elements accurately and in real

time.

2. Exploring control techniques for MMCC-STATCOM in order to make it

capable to eliminate unbalanced load current hence compensating reactive power

as required.

3. Developing optimization algorithms that can be ef�cient and effective and

computationally ef�cient in minimizing quadratic cost functions with constraints.

4. Investigating control schemes for transformer-less SSSC to realize power

�ow control which is suitable for balanced and unbalanced situations. Moreover,
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with the developed control algorithm, TL-SSSC can protect other system parts

when faults happen at different locations in a power system.

5. Proposing a novel topology for transformerless SSSC with a capacitor instead

of a DC input source for not only realizing reactive power control and extending

the controllable range, but also realizing active power control simultaneously.

6. Developing a novel transformer-less UPFC topology by combining the novel

transformer-less-SSSC and MMCC-STATCOM. Validating the feasibility of this

new UPFC topology.

1.4 Publications and Thesis Structure

1.4.1 Publications

The materials presented in this thesis are supported by the publications listed

below:

1.X. Pan, L. Zhang, Y. Li, K. Li and H. Huang, "Modulated Model Predictive

Control With Branch and Band Scheme for Unbalanced Load Compensation by

MMCC-STATCOM," in IEEE Transactions on Power Electronics, vol. 37, no. 8, pp.

8948-8962, Aug. 2022, doi: 10.1109/TPEL.2022.3152407.

2.X. Pan, L. Zhang and H. Huang, "Harmonic Cancellation by Adaptive Notch

Filter Based on Discrete Wavelet Packet Transform for an MMCC-STATCOM," in

IEEE Transactions on Power Delivery, vol. 37, no. 3, pp. 1834-1844, June 2022, doi:

10.1109/TPWRD.2021.3099201.

3.X. Pan, L. Zhang , "Control of A Transformerless- static synchronous series

compensator for Unbalance Voltage Compensation," in IEEE Transactions on

Power Delivery(submitted)

Other publications which are not used in this thesis:
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1.X. Pan, L. Zhang and Y. Li, "Modulated Model Predictive Control with Com-

mon Voltage Injection for MMCC-STATCOM Under Unbalanced Load," 2021 IEEE

12th International Symposium on Power Electronics for Distributed Generation

Systems (PEDG), 2021, pp. 1-7, doi:10.1109/PEDG51384.2021.9494216.

2.X. Pan, H. Huang and L. Zhang, "Power Flow Control using a Bidirectional

Z-source Inverter–based Static Synchronous Series Compensator," 2020 22nd Eu-

ropean Conference on Power Electronics and Applications (EPE'20 ECCE Europe),

2020, pp. P.1-P.10, doi:10.23919/EPE20ECCEEurope43536.2020.9215650.

3.L. Zhang, Y. Shi, X. Pan and K. Li, "Analysis of Harmonic Ampli�cation in AC

Traction Systems Using LCL Filter with Active Damping," The 10th International

Conference on Power Electronics, Machines and Drives (PEMD 2020), 2020, pp.

1013-1018, doi: 10.1049/icp.2021.0957.

1.4.2 Thesis Structure

Chapter 2: This chapter introduces the problems associated with harmonics, har-

monic limits and international standards. The harmonic current suppression de-

vices which are passive and active �lters are reviewed in this chapter. The next part

is the description of reference signal extraction methods for harmonic problems

and wavelet based- harmonic identifying methods. The published paper follows an

adaptive harmonic current extraction scheme which is the combination of notch

�lters and modi�ed discrete wavelet packet transform (DWPT) for the MMCC-

STATCOM to generate compensating current to offset harmonic components of

load current. The modi�ed DWPT with data expansion technique is for eliminating

the impact of boundary effects. The simulation results prove the feasibility of the

proposed method for harmonic detection and �ltering performance in real time.

Chapter 3: This chapter reviews the problems associated with unbalance, the

international identi�cation and standards for unbalance and the reference signal
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extraction methods for unbalanced situations. For the MMCC-STATCOM dealing

with unbalanced problems, sub-module capacitor voltage balancing is an interest-

ing topic to be solved. This chapter introduces the related methods proposed by

other researchers. Moreover, the model predictive control is also reviewed in this

chapter. The paper attached in this chapter proposes a novel modulated Model-

Predictive Control (MMPC) scheme for MMCC-STATCOM to compensate unbal-

anced load current and regulate reactive power �ow. The common mode voltage is

added into the model predictive current equation for extending the compensation

range and maintaining sub-modules' capacitor voltages at the required level. The

adjusted branch and bound method is proposed for cost function minimization. The

experimental results are presented.

Chapter 4: This chapter presents a deadbeat control scheme allowing an LC

�ltered transformerless SSSC to compensate voltage distortions arising from faults

at different locations while maintaining power �ow control. The delay compensator

incorporated in the control algorithm mitigates the control signal errors arising

from the computational latency. Then to prevent the TL-SSSC operating over

its current/voltage ratings when mitigating voltage distortion, an analysis of the

power controllable ranges for a TL-SSSC under different unbalanced voltage

ratios is performed. The experimental results realized by a TI-SDP and a typhoon

604 Hardware-In-Loop (HIL) emulator show that the TL-SSSC can protect other

system parts when faults happen at different locations which are the sending end

side, the receiving end side and the output terminals of the grid tied converters.

In addition, the proposed model predictive control method has a better dynamic

response performance compared with traditional unbalance voltage compensation

methods.

Chapter 5: This chapter proposes a per phase model predictive control for

power �ow control of parallel TL-SSSC. The model predictive current equation is
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analyzed �rstly to form the cost function. To prevent the circulating current in

two branches, the circulating current term is added in the cost function equation.

Then, the cost function minimization with equal and unequal reference currents

are described in the following part. This proposed method can be used for the

balanced and unbalanced cases and the only difference between these two cases is

the reference current generation. The simulation results show the feasibility of the

proposed method in balanced and unbalanced cases. The circulating current can be

suppressed with equal reference current and circulating current terms in the cost

function. Moreover, the parallel TL-SSSC can protect systems without in�uencing

the unbalanced voltage appearing at the sending end side, the receiving end side

or the distributed generators terminals side.

Chapter 6: In this chapter, a critical discussion and conclusion are given and

some future plans related to the author's research work are suggested.

Fig. 1.28 shows the contents and organisation of the thesis related with the

methods utilised in blue.
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Figure 1.28: Thesis Organisation
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2.1 Introduction

S
TATCOM [1]–[3], as a well-known effective device for voltage regulation

and reactive power compensation, is also highly �exible in harmonic

mitigation. Recent research in harmonic current cancellation has resulted

in various algorithms and control schemes being developed for STATCOMs to

separate the harmonic current components from the fundamental one. With the

advances in the STATCOM structure from a two-level three-phase Voltage Source

Inverter connected in parallel with the power line via a coupling impedance or a

transformer, to the modular multilevel cascaded converters (MMCC) [4] for medium

and high voltages - these newly developed harmonic mitigation techniques must

be adaptable, robust, and ef�cient [5]–[8]. Their good performance is essential
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in facilitating the applications of the STATCOM of any structure to maintain

high-quality power �ow control in the power networks [9], [10].

This chapter will present a novel adaptive harmonic current extraction scheme

being developed by the author. This scheme uses notch �lters combined with

a modi�ed discrete wavelet-packet transform (DWPT). The scheme is applied to

control an MMCC-STATCOM which cancels the harmonic current on the power line.

The result obtained has demonstrated highly desired performance in comparison

to some conventional algorithms.

The development of this new scheme stems from various existing harmonic

extraction methods, thus this chapter will start by giving a thorough review of the

main harmonic mitigation techniques including passive and active �lters; reference

signal extraction methods using a low/high pass �lter or a notch �lter. Importantly,

various wavelet schemes effective for harmonic identi�cation will be presented.

Their basic algorithms, implementation methods, advantages and shortcomings in

a practical application will be highlighted.

2.2 Harmonic Issues and International Standard

2.2.1 The Problems Associated with Harmonics

The growing use of the power electronic controlled-equipment, such as uncontrolled

recti�ers, grid-tied converters for renewable sourced generators [11], and large

traction drives [12], results in a signi�cant level of harmonic current components

drawn at the Point of Common Coupling (PCC). Consequently, they cause PCC

voltage distortion owing to the �ow of harmonic current through the �nite line

impedance. The voltage and current harmonics degrade the quality of power

supplied to customers, the power system operating stability, and the ef�ciency. The

main problems are classi�ed into �ve aspects as follows:
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(1) Harmonics cause additional losses in the public power grid, reducing the

ef�ciencies of power generation, transmission and electrical equipment. Also, high

magnitudes of the 3rd order harmonic and its multiples �owing through the neutral

line may cause a line overheating or even extreme case of causing a �re.

(2) Harmonics affect the normal operation of various electrical equipment. The

in�uence of harmonics on the motor not only causes additional losses, but also

produces mechanical vibration, noise and overvoltage, which will cause severe

local overheating of the transformer. Harmonics make capacitors, cables and other

equipment overheat, and can cause the insulation to age, shorten life, or even

damage it.

(3) Harmonics will cause the local parallel and series resonance in the public

power grid, thereby amplifying the harmonics, which greatly increases the harm of

the above (1) and (2), and even causes serious accidents.

(4) Harmonics may cause a malfunction of the relay protection and the auto-

matic devices, and impair the accuracy of the electrical measuring instruments.

(5) Harmonics may interfere with adjacent communication systems. It will

generate noise and reduce the communication quality. Even under the severe

situation, it will lead to the loss of the communication objects and make the

communication system unable to work normally.

2.2.2 The International De�nition and Standard for

Harmonics

The harmonic voltage or the current components have frequencies at the low-order

multiples of the line frequency as shown by the Fourier series decomposition of

periodic non-sinusoidal waveforms. The level of harmonic distortion is de�ned by

the Total Harmonic Distortion (THD) expressed by (2.1).
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THD Æ

q
Q2

2 Å Q2
3 Å ...Å Q2

n

Q2
1

(2.1)

where the Q1 is the r.m.s (voltage, current and �ux) value of the fundamental-

frequency element, and the n is the maximum harmonic order measured by the

Fourier series decomposition. The Q2. . . Qn are the r.m.s magnitudes from the

harmonic order 2 to n.

It should be noted that the allowable total harmonic distortion level is different

according to the different environments and the sensitivity of the equipment used.

The allowable THD levels of the international standard for harmonics have been

shown in IEC 61000-2-4 proposed in 2002 [13]. This �le de�nes and divides the

electromagnetic environment into three classes.

Class 1: The equipment and power supplies used in the laboratories which need

to be protected and are sensitive to disturbances.

Class 2: The points connected to the public supply network. The compatibility

level of these points is determined by the public network authority.

Class 3: This class is only for the points connected to a network in the industrial

environment. The compatibility level is higher than that of class 2.

The allowable level for each harmonic order and the total harmonic distortion

levels for the three classes are shown in table 2.1-2.2.

2.3 Harmonic Current Suppression by

MMCC-STATCOM

Harmonic mitigation techniques have been actively researched for decades [14],

[15]. The simplest ones are the passive power �lters ranging from the simple line

reactors in series with the supply, to the shunt L-C �lters tuned to a particular
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Table 2.1: The allowable harmonic levels of the odd harmonics for three classes

Order h Class 1 Uh% Class 2 Uh% Class 3 Uh%

3 3 5 6
5 3 6 8
7 3 5 7
9 0.3 0.4 2

11 3 3.5 5
13 3 3 4.5
15 0.2 0.3 1.75
17 2 2 4

Table 2.2: The allowable THD levels for three classes

Class 1 % Class 2 % Class 3 %

Total harmonic distortion(THD) 5 8 10

harmonic frequency. More complex L-C networks as shown in Fig 2.1 may also be

used to form the band-pass and band-stop �lters [16], [17]. Such techniques are

effective, but present a number of shortcomings. Large and expensive inductive

components maybe are necessary to suppress harmonics to an acceptable level,

particularly at low harmonic frequencies. Additionally, the passive �lters can have

a resonance effect with the system impedance, amplifying the harmonic currents

and worsening the problem.

A more �exible and effective solution for harmonic current mitigation is achieved

through using active power �lter (APF) techniques [13], [18]. A STATCOM can

function as an APF while it can still control the power factor, thus it is also called an

active power conditioner. Its circuit con�guration is as shown in Fig.2.2 (a), which

uses a power electronic converter and a coupling transformer shunt connected to

the power system to inject compensating harmonic currents in a controlled manner.

There are other APF devices, such as the SSSC, shown in Fig.2.2 (b), which is

connected in series to the power line for mitigating harmonic voltages, and hybrid
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Figure 2.1: The passive power �lters (a) L �lter (b) LC �lter (c) LCL �lter

switches are combinations of passive and active power �lters (see Fig. 2.2 (c) and

(d)).In comparison with their passive counterparts, these APFs are not restricted

to compensate the speci�c harmonic frequencies and offer greater �exibility in situ-

ations where the load demand may be unpredictable. Additionally, the overall size

and cost may be reduced by employing active techniques, and problems associated

with system resonance may be avoided.

Considering the STATCOM-based APF, recent development has seen the MMCC

topologies being used which, irrespective of the sub-module types, make the STAT-

COM easily scalable to higher voltages without requiring a step-up transformer.

This structure can also realize a more complex output waveform (corresponding to

the line harmonics to be eliminated) using a low switching frequency, giving a lower

switching harmonic content and hence a reduced �ltering requirement. Moreover,

the topology is more fault tolerant, with easier manufacturing and maintenance,

lower cost, higher reliability and better ef�ciency.

Apart from the hardware device, the key feature for any STATCOM to eliminate
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Figure 2.2: The con�gurations of (a) series APF, (b) shunt APF, Hybrid APF
:(c)combination of series APF and shunt passive �lter (d) combination of shunt

APF and shunt passive �lter

harmonic current is its capability in identifying and extracting the harmonic

elements in the load current which are often time-varying. The advanced signal

processing techniques in both time and frequency domains have been employed

and are described in the following.
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2.4 Reference Current Extraction Techniques

The key for achieving effective harmonic elimination by an MMCC-STATCOM is to

produce a speci�c current waveform that contains harmonic components presenting

on the power line current. Three techniques are commonly used including the Low-

pass �lter, the High-pass �lter and the notch-�lter based extraction methods.

Recent work shows the wavelet-based techniques which have been explored in this

chapter.

2.4.1 Low Pass Filter Based Method

The low-pass �lter-based extraction method which is also called the Synchronous

Rotating Frame (SRRF) method relies on transforming the measured three-phase

currents into a rotating d-q reference frame synchronized with the power line

voltages using Park transformation. The Phase angle of the power line voltage with

respect to a reference frame should be derived in advance using the well-known

Phase Locked Loop (PLL). For an MMCC-STATOM, assuming the load currents

are i Rm (m=a,b,c) which are harmonics corrupted, their equivalent d-q elements

are �rstly derived through Park transformation formulae as shown in (2.2)

2

6
6
6
6
4
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i Rq

i R0

3

7
7
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Æ
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(2.2)

where the µ is the phase angle of the reference voltage obtained through the

PLL synchronization scheme and the ' iR is the phase angle between the load

current and the power line voltage. The d-q load current elements i Rd and i Rq

derived contain a DC element due to the fundamental frequency waveform and a

set of (n-1) order harmonics where the n is the highest order harmonic element
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Figure 2.3: The Schematic diagram of the low-pass �lter-based extraction method

presenting in the original i gm . The i Rd and the i Rq are then transferred through

low-pass �lters (LPFs) with a cut–off frequency ! O to remove the AC components,

i.e. the harmonics, from the signals. Thus the resultant signals should ideally

be the fundamental element and by subtracting them from the original i Rd and

i Rq, the harmonic current elements are extracted. The block diagram shown in

Fig.2.3 notes the output i hd and i hq are the d-q currents containing all unwanted

harmonics to be eliminated.

The method is simple to be implemented. However, it has two main problems;

one is the inaccuracy in extracting harmonic components with low frequencies

closer to fundamental. The transfer function of a �rst-order low-pass �lter is shown

as:

T (s)LPF Æ
! 0

sÅ ! 0
Æ

1
1

! 0
sÅ 1

(2.3)

where the ! 0 represents the cut-off frequency. With harmonic frequencies closing

to the ! 0, the amplitude attenuation by the LPF is insigni�cant, hence they

cannot be removed. This can be seen in the Bode plot shown in Fig.2.4 where the

cut-off frequency of the low pass �lter is set as 219.1rad/s. The magnitudes of

the harmonics are close to this set value which is about 0dB, hence they are not

removed. However, harmonics within a frequency band from 100Hz to 300Hz should

be removed but can not be �ltered by an LPF since the attenuation magnitudes are
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Figure 2.4: The Bode diagram of the low-pass �lter when the cut-off frequency is
219.1 rad/s

close to 0 dB. Consequently, the extracted harmonic currents do not contain these

frequency elements, making them fail to be removed from the power line current.

Another problem relating to this method is the long settling time. Fig.2.5 shows

the step responses of the low-pass �lter when the cut-off frequencies are 10 rad/s

and 291.1 rad/s respectively. It is clear that the settling time for 10 rad/s is 0.636s

which is much longer than that for 219.1rad/s, which is 0.0305s. The 10 rad/s

gives a lower cut-off frequency and hence more harmonic elements with lower

frequencies can be extracted leading to better harmonic elimination performance

than that having a higher cut-off frequency. However, a longer settling time may

have an adverse in�uence on the system speed in eliminating harmonics. Therefore,

an appropriate cut-off frequency needs to be chosen carefully.
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Figure 2.5: (a)The step response of the low-pass �lter when the cut-off frequency is
10 rad/s (b) the step response of the low-pass �lter when the cut-off frequency is

219.1 rad/s

2.4.2 High Pass Filter Based Extraction Method

The best-known method based on a high pass �lter is the instantaneous power

theory proposed by Akagi in 1983 [19]. This relies on separating the instantaneous

active, reactive and harmonic powers from the apparent power measured in real-
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time. The three phases need to be transformed into the coordinate system and then

the instantaneous active and reactive power can be obtained as

2

4
P(k)

Q(k)
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5 Æ

2
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where Cpq Æ

2

4
vR®(k) vR¯ (k)

vR¯ (k) ¡ vR®(k)

3

5 ,

The P(k) and the Q(k) are the average components of the instantaneous active

and reactive power. The eP(k) and the eQ(k) are the oscillation components. These

oscillation components can be extracted by high-pass �lters. The transfer function

of a high pass �lter is expressed by (2.5) and its bode diagram is shown in Fig.2.6

(a). Fig.2.6 (b) shows the step response and the settling time is around 0.03s which

is similar to that of the low pass �lter with the same cut-off frequency.

T (s)HPF Æ
s

sÅ ! 0
Æ

1

1Å ! 0
s

(2.5)

A high pass �lter can stop the signals which have frequencies lower than the

cut-off frequency. It has similar problems compared with the above described SRF

method which uses a low pass �lter. Therefore, with proper selection of the cut-off

frequency, it is possible to derive all harmonic current elements from the harmonic

powers eP(k) and eQ(k) at each sample instant by (2.6)
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The control diagram for the instantaneous power theory is shown in Fig.2.7.

However, this method relies on distortion-free grid reference voltages for ex-

traction of harmonic currents and hence would not work well in the presence of

voltage harmonics or imbalance.

50



2.4. REFERENCE CURRENT EXTRACTION TECHNIQUES

Figure 2.6: (a) The bode diagram and (b) the step response of a high pass �lter
when the cut-off frequency is 219.1 rad/s

2.4.3 Notch Filter Based Extraction Method

The well-known notch �lter is a band-stop �lter that can remove only a narrow

band of frequency elements in the applied signal and pass all other frequency
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Figure 2.7: The control diagram of the high-pass �lter-based extraction method

components with negligible attenuation. This feature makes it attractive for the

power line harmonic elimination since the typical harmonics present in a power line

phase current are odd and up to 17th order, so instead of extracting all harmonics

in the current, it is more bene�cial to eliminate a selection of dominant harmonics

using the notch �lters. The transfer function of one notch �lter is shown below:

T (s)NF Æ
s2 Å ! 2

0

s2 Å 2¾! 0sÅ ! 2
0

(2.7)

where the speci�c cut-off frequency is determined by the ! 0. The ¾ is the damping

ratio which determines the width of the notch and is normally set to a relatively

low value of 0.1 to 0.2 to sharpen the frequency band to be stopped. For application

in a power system, the low order harmonics are the main concern, hence ! 0 is

usually set to a lower value.

For eliminating multiple harmonic components, a number of notch �lters can be

connected in either cascaded or parallel topologies. In the current study, a cascaded

52



2.4. REFERENCE CURRENT EXTRACTION TECHNIQUES

Figure 2.8: (a) The Bode diagram and (b) the step response of the notch �lters

structure with three notch �lters which removes 250, 350, and 550 Hz components,

is applied.

Fig.2.8 (a) shows the bode diagram of three cascaded notch �lters. The mag-

nitude of the gain margin drops to -150dB which means 5th, 7th and 11th order

harmonics are completely attenuated. Other elements with frequencies outside
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Figure 2.9: The control diagram of the notch �lter-based extraction method

these three frequencies have magnitudes nearly 0dB, hence are all preserved. A

strong attribution of a notch �lter is that it causes little phase lag at the gain

crossover frequency, assuming the notch frequency is well above that. This is be-

cause the phase shift of a notch �lter with a high frequency is near zero, which

causes little time delay. This compares favorably to an LPF which has a phase shift

from 0-90 degree. Fig.2.8 (b) shows the step response of the cascaded notch �lter,

having a settling time of about 19 ms for a system to reach the steady state. This

is signi�cantly shorter than that of an LPF with the same -3 dB cut-off frequency

which is 219.1rad/s

A method for using this cascaded notch �lter to extract harmonic currents

is illustrated in Fig. 2.9. The objective is to cancel the harmonic currents i h(k)

with h=5, 7, and 11 within the applied current i R(k). As can be seen, this can be

done by applying the measured three-phase current to their respective cascaded

notch �lters which have the identical three pre-set stopping frequencies. Then by

subtracting the �ltered currents from their corresponding original input signals,

the three-phase harmonic current i h(k) is derived. With the voltage phase angle µ

already available from a Phase Locking Loop, and applying Park Transformation,

the i h(k) can be transformed to its equivalent d-q components i hd (k) and i hq (k).

These are the extracted harmonic reference signals which are then applied to the

STATCOM current control loop for elimination.
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The NFs can be made adaptive by �exibly changing their stopping frequencies.

This feature is desirable for the power line harmonic current mitigation, since the

harmonic current frequencies may change constantly due to the load and source

variations. In the published paper, the cascaded NFs are made adaptive with the

help of the Discrete Wavelet Packet Transform technique which is effective in

identifying the dominant harmonics in the measured line current.

2.5 Harmonic Identi�cation by Wavelet

Technique

Variations of the power line current harmonic frequencies arise from many factors,

most signi�cantly the changes in the loads. For accurate harmonic mitigation, it is

important to identify the harmonic frequencies present in the line current on-line

in real-time and subsequently update the stopping frequencies of the harmonic

�lters used.

The Wavelet Transform (WT) technique is a strong tool for signal processing

which can process the non-stationary signals in both time and frequency domains

[20]–[23]. Unlike the FFT [24], [25] which expands the signal in terms of the sine

waves, the WT uses wavelets which are generated in the form of the translations

and the dilation of the mother wavelets. These are irregular in shape with special

scaling properties and localized in time, making them ideal for representing the

transient distorted electrical signals with no stationary features. There are three

types of Wavelet transform; the Continuous wavelet transform, the discrete wavelet

transform and the wavelet packet transform. The basic ideas of the �rst and third

types are described below leading to the justi�cation for choosing the third type to

estimate the power line harmonic current.
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2.5.1 Continuous Wavelet Transform (CWT)

The CWT transforms a time domain waveform into the time-frequency domain and

estimates the signal in the time and frequency domains simultaneously. The basic

equation of a CWT [26] is de�ned in (2.8).

CWT f (a,b) Æ
1

p
a

Ã (
t ¡ b

a
)dt (2.8)

where a is the scale factor and b is the translation factor and they are both

continuous variables, and the f(t) is the input signal in the time domain. Hence, the

original one-dimensional signal f(t) is transformed into a two-dimensional signal

CWT f (a,b). The Ã t is named as mother wavelet which is a decaying wavelet basis

function with a �nite-length. The dilated (stretched) and the translated (shifted in

time) versions of the mother wavelet are then generated. The dilation is denoted

by the scale factor a while the time translation is adjusted through b. In general,

the larger the scale factor a corresponding to the low frequency part, the higher

the frequency resolution, and vice versa. The existence of the translation factor b

makes it possible to obtain the speci�c position of that low frequency part in the

time domain.

There are many different types of mother wavelets, such as Haar, Daubechies,

Meyer, etc [27]. These wavelet basis functions must observe the following two

features:

1. The mean of the mother wavelet must be 0 which can be shown in (2.9).

However, in a certain interval, a mother wavelet must have a value.

Z Å1

¡1
Ã (t)dt Æ0 (2.9)

2. Mother wavelet should be restricted in the function space composed of the

quadratic integrable function which is the L 2(R), namely the Lebesgue space. The
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Figure 2.10: The original waveform f(t) and the wavelet function with different a
and b values

related equation is expressed in (2.10)

Z Å1

¡1

¯
¯Ã (t)

¯
¯2 dt Æ1 , Ã (t) 2 L 2(R) (2.10)

In Fig.2.10, the original waveform is the f(t) which contains the fundamental

frequency and the 5th order harmonic. The db8 is chosen as the wavelet function.

There are four wavelets x0-x4 due to different scale factors and translation factors.

By multiplying continuously the original waveform with the wavelets, the result

obtained at a speci�c scale represents the frequency component CWT f (a,b) corre-

sponding to that scale. If the sampling frequency is f s, the central frequency of the

wavelet function is f c, and the frequency related to the scale factor a is equal to:

f a Æf c £ f s/a (2.11)

The scale factor a of x3 is half of a for x0. Hence, the frequency order corre-

sponding to x3 is twice that in x0. It can be seen that the x1 and x2 are obtained by

translating x0 by b1 and b2 distance respectively. Thus depending on the transla-
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tion factor b, the exact location of a speci�c frequency determined by a in the time

domain can be known.

The information contained in CWT, as a continuous transform, must be redun-

dant on the time-frequency frame which results in complicated computation hence

CWT is not suitable for real-time use.

2.5.2 Discrete Wavelet Packet Transform (DWPT)

The discrete wavelet packet transform (DWPT) can overcome the limitations of the

CWT mentioned in the above subsection and is selected in the work of the power

line harmonic elimination. In this technique, a sampled signal series is decomposed

into scaling and wavelet coef�cients by convolution with both a high-pass �lter and

a low-pass �lter at the uniform frequency bands, and thus it can extract both high

and low frequency elements of the signal.

Assuming a signal P, having M samples, it is convolved with a low-pass �lter,

h l , and a high-pass �lter, gl . These �lters are the quadrature mirror �lters (QMFs)

[28] and their relationship meets the following expression:

g(l ) Æ(¡ 1)l h(L ¡ l ¡ 1) (2.12)

where the l and L are the order and length of the �lter ( l Æ0,1, .....L ¡ 1) respectively.

Since at every level of decomposition, the signal is down sampled by a factor of 2.

The wavelet coef�cients at any level j for the kth point in 2 n and 2n Å 1 nodes are

obtained by convolution with the �lters h and g as follows

P2n
j [k] Æ

L ¡ 1X

l Æ0
h l P

n
j ¡ 1[2k ¡ l ] (2.13)

P2nÅ1
j [k] Æ

L ¡ 1X

l Æ0
gl P

n
j ¡ 1[2k ¡ l ] (2.14)
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For M samples of the original signal, the number k of the wavelet coef�cients

in each node for the j th layer satis�es the following equation:

k ÆM /2 j (2.15)

So the wavelet coef�cients in the nth node at the j th layer are indicated by:

Pn
j [k] Æ0,1,2....M /2 j

Fig.2.11 shows the decomposition tree of the measured signal with a constant

bandwidth up to level j Æ3 , leading to the derivation of 8 nodes of the detail and

the approximation coef�cients.

Figure 2.11: The DWPT data decomposition tree up to 3-levels.

Similar to the FFT technique, the original signal can be reconstructed or recov-

ered through the characteristic coef�cients obtained by the DWPT decomposition

process, where the equation for reconstruction is given as:

Pn
j ¡ 1[2k ¡ l ] Æ

LX

l Æ1
h¤

l P2n
j [k] Å

LX

l Æ1
g¤

l P2nÅ1
j [k] (2.16)
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Here the h¤
l and the g¤

l are the antithetic operators of the low-pass and high-

pass �lters h l and gl [29].

If a single odd harmonic is to be observed, the coef�cients in other nodes in the

same layer can be set to 0, and then through the reconstructing process, the signal

waveform of a speci�c frequency in the original signals can be obtained.

2.5.3 Selection of Mother Wavelet

Selecting a suitable Mother Wavelet is important in using DWPT for processing

sampled data which are time varying power signals in real-time. Adequate choice

of the mother wavelet leads to accurate results and computational ef�ciency. High

accuracy from a power signal depends on using the high order wavelet �lters which

can cope well with faster waveform response. Thus high-order mother wavelets are

often chosen for the harmonic element rms value calculations [30], [31]. However,

the computational complexity and the number of coef�cients are correlated, hence

these wavelet functions cause longer delays in the signal analysis, making them

more suitable for the off-line stationary signal analysis, but not ideal for the on-line

tracking of the non-stationary or the transient variation signals.

In this work, three different wavelet functions are compared according to their

performances in harmonic extraction accuracy and speed. These are Daubechies

wavelet functions: the db8 with 16 coef�cients, the db30 with 60 coef�cients, and

the discrete meyer with 98 coef�cients which can be seen in Fig.2.12 (a-c). A

synthetic waveform as shown in Fig. 2.13 (a) is used for this study. It is composed

of a fundamental component and a 5th order harmonic with a magnitude being

100 for both elements and is expressed as:

x(t) Æ100sin (2¼£ 50t)Å 100sin (2¼£ 250t) (2.17)
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Figure 2.12: The mother wavelet function (a) db8, (b) db30 and (c) discrete meyer

Fig. 2.13 (b) to (d) shows the rms value variations of the reconstructed 5 th

order harmonic using respectively the above said three wavelet functions. As can

be seen, the reconstructed 5 th order rms from the db8 wavelet presents the highest

level �uctuations (30%), while the waveform from using the db30 is more stable

which is 4%. However, it is the waveform from the discrete meyer which shows

the minimum level of variations (1.5%). In quantifying this feature, a percentage

oscillation error is de�ned as the maximum peak-peak rms value over the desired

100/
p

2 .
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Figure 2.13: (a) The Original signal waveform. The RMS values of the 5th order
element in the reconstructed signal by (b) db8, (c) db30, (d) discrete meyer.

2.5.4 Sample Frequency

Another important consideration for the DWPT application is the number of sam-

pled data required for the maximum decomposition layer. This depends on the

highest harmonic element in the original signal to be extracted. In the distorted

load current, the odd harmonics such as the 3 rd , 5th up to 17 th orders are the

dominant elements. For effective extraction, the frequencies of these elements

should be in the centers of their respective node, namely the frequency band. Also,

the signal should be decomposed continuously until the fundamental component is

separated from all the other harmonic elements. Assuming the highest harmonic

frequency in the signal is 3200 Hz, according to the Nyquist criterion, the chosen

sampling frequency should be twice this value, i.e. 6400 Hz. The decomposition

layer j is determined by the maximum harmonic order to be extracted and the
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sampling frequency. In this case, the 5 decomposition levels are required in order to

extract the fundamental and the odd harmonics from 3 rd to 63 th order through the

coef�cients P5
0 to P5

31 with a uniform frequency band of 100 Hz . All odd harmonics

are in the central position within each band. The relationship is shown in table 2.3

[32], where it can be seen that the observable frequency range is evenly distributed

among these nodes.

Table 2.3: The decomposed layers associated with the maximum harmonic order
and the sampling frequency

Maximum
harmonic order

Sampling frequency
f s(Hz)

Decomposed layers
j

3rd 400 1
7th 800 2

15th 1600 3
31st 3200 4

63rd 4 6400 5

In addition, choosing a suitable sampling frequency can also improve the

reconstructed signal. In Fig.2.14 (a), when the sampling frequency is 800Hz, the

signal f(t) is sampled during 0.04s which means only 32 points are stored in the

memory. After the 2 layers decomposition and reconstruction, there are 10 cycles for

the 5th order harmonic waveform during 0.04s and each cycle only has 32/10=3.2

points so that the reconstructed waveform cannot even form a sinusoidal wave.

It is obvious that the peak to peak values are far away from the desired result

which is 100. This problem still exists (Fig.2.14 (c)) even if the sample time increase

to 0.32s which means there are 256 sample points stored. However, when the

sampling frequency is 6400Hz, 256 sample points are stored during 0.04s, the

reconstructed signals are shown in Fig.2.14 (b). Each cycle has about 25.6 points

which are enough to draw the sine wave. In the middle part, except the point at

110 which is 91.1122, other peak to peak values are within the 4 percent oscillation
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Figure 2.14: The reconstructed waveform by db30 wavelet function under (a)
800Hz and (b) 6400Hz for 0.04s and (c) 800Hz and (d) 6400Hz for 0.32s

of the desired value. When the sample time increase to 0.32s (Fig.2.14 (d)) and

2048 points are sampled, all peak-peak values are within 4% oscillation proving

the reconstruction performance is improved compared with that for 0.04s. This

result shows that the more points are sampled or the higher sampling frequency

is chosen, the more accurate the reconstructed signal will be. Hence, choosing a

high sampling frequency can not only obtain more harmonic information, but also

give more points in the limited time to improve the accuracy of the reconstructed

signals. Whereas, this way also means an increased computational burden.
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2.5.5 Boundary Effect

In real-time programming, to obtain one result at the (2n)th node in j level, several

signals at the nth node in j-1 level are required. The number of required signals is

determined by the number of the low-pass and the high-pass �lters' coef�cients. In

the DWPT, if some of the data are unde�ned or have no actual values, they can be

assigned to 0. The consequence of this action is although the signals can be decom-

posed continuously, it will eventually lead to the distortion of the reconstruction

waveform. For example, assuming that the �lter has 3 coef�cients, the result when

k=0 and 1 at the (2n)th node in j level will be expressed by:

P2n
j [0] Æh0Pn

j ¡ 1[0] Å h1Pn
j ¡ 1[¡ 1] Å h2Pn

j ¡ 1[¡ 2] (2.18)

P2n
j [1] Æh0Pn

j ¡ 1[1] Å h1Pn
j ¡ 1[0] Å h2Pn

j ¡ 1[¡ 1] (2.19)

The results since Pn
j ¡ 1[¡ 1] and Pn

j ¡ 1[¡ 2] do not exist, so they are unde�ned

and set to 0. This gives the wrong results to P2n
j [0] and P2n

j [1]. This phenomenon

has a large effect at both ends of the sampled data which can be seen in Fig.2.14

(b), and it is called the boundary effect. The signal distortion is very noticeable in

two periods which are 0 to 50 points and 200 to 250 points respectively. To solve

this problem, the data expansion method is introduced which will be described

in the published paper. Another advantage of the data expansion way is several

sampled points can be expanded to a suf�cient number so that the DWPT can

supply accurate results in a short time period.
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2.6 The Published Paper

2.6.1 Introduction

T
he growing use of the power electronic controlled-equipment, such as the

uncontrolled recti�ers, the grid-tied converters for the renewable sourced

generators [11], and the large traction drives [12], results in signi�cant

levels of the harmonic current components drawn at the Point of Common Coupling

(PCC). Consequently, they cause PCC voltage distortion owing to the �ow of the

harmonic current through the �nite line impedance. The voltage and current

harmonics degrade the quality of power supplied to the customers, the power

system operating stability, and the ef�ciency.

Research in harmonic current cancellation has resulted in various techniques

aiming to separate the harmonic components from the fundamental current. One

important device is the Static Compensator (STATCOM) [1]–[3] which is a �exible

and effective tool for the harmonic mitigation and for compensating reactive power.

It uses a Voltage Source Inverter connected in parallel with the power line via a

coupling impedance or a transformer to inject appropriate compensating current to

the system. The development of modular multilevel cascaded converters (MMCC)

[4] in the last two decades facilitates the applications of the STATCOM to the

medium and high voltage networks [9], [10]. The modular structure of an MMCC-

STATCOM, having either the full H-bridge or the �ying-capacitor converters as

sub-modules, offers the advantage of �exibility in generating the compensating

current with the required waveform at a low switching frequency. The device is

ef�cient and fault tolerant, with a small footprint [5]–[8].

The key to enabling any STATCOM to eliminate the harmonics is its ability to

identify and extract the harmonic elements, often time varying, in the load current.

Advanced signal processing techniques in both time and frequency domains have
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been employed. Most well-known, in the time domain, is the instantaneous reactive

power theory proposed by Akagi in 1983 [19]. This relies on separating the instan-

taneous active, reactive and harmonic powers from the apparent power measured

in real-time. Subsequently, it is possible to derive all harmonic current elements

from the harmonic power at every sampling instant. However, this method relies

on distortion-free grid reference voltages for extraction of harmonic currents and

hence would not work well in the presence of supply voltage harmonics or imbal-

ance. An alternative approach is based on the Synchronous Reference Frame (SRF)

theory [33]. This operates by transforming the load currents into a d-q reference

frame rotating at the fundamental frequency, so that the harmonic components

become AC terms that can be extracted. The method needs a phase-locking loop

for the three-phase current transformation. It also requires a low-pass �lter which

must be tuned properly with a suf�ciently low cut-off frequency and an adequate

speed of response to follow the load current changes.

Among the techniques for harmonic analysis, the very familiar fast Fourier

Transform (FFT) [24], [25] provides magnitude-frequency information with the

advantages of high accuracy and lower computational burden than the Discrete

Fourier Transform (DFT). It suffers from the poor detection of the time locality

when the signal varies abruptly, and hence is most suited to the stationary power

signal analysis. To better describe the non-stationary signals, the Short-Time

Fourier Transform (STFT) has been a useful tool, though it relies on properly

selecting the size of a time window and the window function must be well-localized.

The Wavelet Transform (WT) provides a different approach that can process

the non-stationary signals in both time and frequency domains [20]–[23]. Un-

like the FFT which expands the signal in terms of the sine waves, the WT uses

wavelets that are generated in the form of the translations and the dilation of

mother wavelets. These are irregular in shape with special scaling properties
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Figure 2.15: The con�guration of MMCC-STATCOM.

and localized in time, making them ideal for representing the transient distorted

electrical signals with no stationary features. Various WT implementations have

been derived, such as the continuous wavelet transform (CWT) [26] which has

been shown to be computationally complex and hence not suitable for real-time use.

The multi-resolution analysis [34], [35] and the discrete wavelet transform (DWT)

[36] reduce computation complexity and have been used in various power quality

analysis work [37]–[39]. However, these possess clear limitations since the signal

is decomposed into the approximations (low-frequency components) and the details

(high-frequency components), but only the former is processed. This leads to the

loss of certain information about the signal. The discrete wavelet packet transform

(DWPT) can overcome this limitation. In this technique, a sampled signal series

is decomposed into the scaling and the wavelet coef�cients by convolution with

both a high-pass and a low-pass �lter at uniform frequency bands, and thus it can

extract both high and low frequency elements of the signal.
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In using the DWPT and other WT techniques for processing sampled signals in

real-time, certain issues require careful consideration with the time varying power

signals. A proper selection of the mother wavelet, which must be based on the

features of the signal analyzed, results in the reduction of the computational burden

and improves accuracy in the result. The boundary effects due to the limited data

samples will cause a distortion of the reconstructed harmonic waveforms leading

to the inaccuracy of the detected harmonic components.

This paper proposes an adaptive harmonic current extraction scheme using the

notch �lters combined with a modi�ed discrete wavelet-packet transform (DWPT).

The scheme is applied to control an MMCC-STATCOM which cancels the harmonic

current on the power line. As is well known, the odd harmonics are generally

dominant in the power line current while even and inter-harmonics are negligibly

small and this has been validated in [40], [41], hence the proposed scheme uses

the DWPT to identify only a selection of lower order odd harmonics. They are

eliminated using a chain of notch �lters [42], [43] with their rejection frequencies

tuned to the identi�ed values. To attenuate the residual even harmonics, arising

from the asymmetric load current, and the small inter-harmonic elements on the

power line current, the method adjusts the damping ratios of the notch �lters

to widen their stop frequency bands and this yields useful suppression of extra

frequencies.

The modi�ed DWPT employs the discrete Meyer as the mother wavelet, which

is selected according to the criterion of the minimum oscillation error. It also

incorporates a data expansion technique to overcome the limitations of boundary

effects due to insuf�cient data samples. The technique identi�es the rms values of

the dominant harmonic elements in the non-stationary current in accordance with

the IEEE Standard 519-2014 [44] in real-time.

Section 2.6.2 of the paper outlines the con�guration of the star-connected MMC-
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STATCOM. The data expansion technique for DWPT is described in detail in

section 2.6.3. The complete adaptive harmonic current cancellation control scheme

is discussed in section 2.6.4 and validated in section 2.6.5.

2.6.2 The Con�guration of MMCC-STATCOM

The con�guration of the star-connected MMCC-STATCOM is shown in Fig.2.15.

There is no link between the neutral points at the converter side and the supply

side. Each of the three phases consists of N serially connected H-bridge converter

sub-modules, each having a �oating capacitor maintaining its voltage at VCk /N ,

and hence generating (2N+1) voltage levels: 0, § (1/N )VCk , § (2/N )VCk ...... § VCk (k Æ

a,b, c). The terminals of the three phase clusters are connected to the grid at the

point of common coupling (PCC) through three single-phase �lter reactors L . These

reduce the high frequency harmonics due to the switching but naturally create the

time-delays for the current �ow. At the load side, a phase controlled recti�er with an

R ¡ L load is applied. Not only can this emulate the steady non-sinusoidal current

�ow, it can also imitate, by varying the phase angles, the transient interruptions

caused by a sudden surge of the load current or the faults of switching operations.

The function of the STATCOM is to inject the current to the grid at the PCC

point, which eliminates as much as possible the reactive/harmonic elements in the

load current, and hence improves the quality of the grid supplied power. The PCC

current is given as I Sk ÆI Ck Å I Rk .

2.6.3 The DWPT with Data Expansion

2.6.3.1 Data Expansion for Real-Time Application

For the on-line real-time tracking of the harmonic components in the non-stationary

signal, the signal decomposition is performed using the data collected continuously
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over a short time window. This is necessary especially for tracking the transient

surge currents due to the faults or the sudden load changes, hence to register the

time of occurrences, and the magnitudes and frequencies of any abnormalities.

However, for fast tracking, the time window per data processing may be narrow

hence the number of data collected may be small, leading, consequently to insuf�-

cient data for performing multiple levels of the data decomposition. For example, if

a data window is set to 0.01 second, i.e. one half of a 50Hz period with the sampling

frequency of 6400 Hz, it yields 64 data samples. This data set is far too small to

allow 5 level data decomposition, but further increasing the sampling rate adds

more real-time computational cost and data noise. A simple approach to overcome

this dilemma is to replicate the sampled data within each data window to the

number required. Thus with the data logged at each sample interval being x(m), it

can be replicated as many times as needed. The resultant data number per sample

interval can be stored in a two dimensional array as:

y(m, i ) Æ(¡ 1)i x(m) (2.20)

where the m represents the number of samples per �xed time window which

is 64 in this example, and the i represents the number of replication per data

window. In this way, the data in a sampling window, originally 64 samples, would

be expanded to 64 i in total. To ensure the number of data is suf�cient for 5

level data decomposition and also the results are suf�ciently accurate, results are

compared for i = 10, 50 and 100. Fig. 2.16 (a)-(d) shows, respectively, the variations

of rms values of the reconstructed 5th order element obtained for using these

three replication numbers and that without data expansion. Fig.2.16 (a) shows

the highest level of rms variation without data expansion, the oscillation error

(%), with the discrete meyer, is about 20%. With i changing from 100 to 10, the

data samples from 6400, 3200 to 640 in Fig.2.16 (b) to (d), the corresponding error
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percentages are 1.5%, 5% and 8%, respectively. Thus, replicating to 6400 samples

is chosen since it is the most accurate and the processing times for all cases are

the same.

Figure 2.16: Reconstructed 5th order element by discrete meyer (a) without data
expansion, (b) with data expansion expanding to 6400 samples (c)3200 samples

and (d) 640 samples.

Noting for the analysis without data expansion, the data window is extended to

2 fundamental periods, hence 256 samples in total are available, and consequently,

the data tracking speed is naturally slower.

2.6.3.2 Boundary Distortion Reduction

The problem of the edge effects in �ltering would affect the accuracy of the DWPT

results, due to the convolution is performed on a signal with the �nite length.

Several conventional methods for correcting this effect have been developed [45].

72



2.6. THE PUBLISHED PAPER

In this work, the application of the data expansion technique is shown effective in

suppressing the edge distortion effect.

Implementation of the DWPT is performed from the beginning at every sample

interval with the full set of data. Due to the data duplication, the edge distortion

effect is signi�cantly reduced. Fig. 2.17 (b) shows the reconstructed 5 th order

harmonic waveform derived at two selected data points, one, 2874 (black line), is

at the middle of the data window and the other, 5998 (red line), near the end. As

can be seen, both waveforms conform well with the original one (blue line). There

are few errors shown in the amplitude, the small phase delay is due to the data

processing.

Figure 2.17: Reconstructed signals by choosing different points (a) without and (b)
with data expansion.

2.6.4 DWPT Based Adaptive Harmonic Control

In this study, the above DWPT algorithm is used for the harmonic cancellation by

the MMCC-STATCOM of Section 2.6.2. The key element in the STATCOM �ltering
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scheme is an adaptive multiple frequency band notch �lter chain, which consists

of a number of single band-stop notch �lters. The number of these �lters and

their parameters are updated according to the harmonics extracted by the DWPT

operating online in real-time. Fig.2.18 illustrates the overall control strategy for

the MMCC-STATCOM and comprises three main parts: the DWPT-based ANF, the

cluster sub-module voltage balance control, and the overall current control block.

The latter two parts are well-known and need not be described here.

Figure 2.18: Overall control strategy for the MMCC-STATCOM.

2.6.4.1 DWPT-Based ANF

A notch �lter can effectively attenuate a harmonic element in the applied signal.

The transfer function of a single notch �lter is expressed as [46]:

T (s)NF Æ
s2 Å ! 2

0

s2 Å 2¾! 0sÅ ! 2
0

(2.21)

where the ! 0 is the required stop frequency and the ¾ is the damping ratio which

determines the width of the notch. To attenuate a range of even and inter-harmonic

elements surrounding the dominant odd harmonics, the damping factor can be

adjusted in order to widen the frequency stop-band. Fig.2.19 shows the bode plot of

a notch �lter when the stop-frequency is set at the 5 th order harmonic (1570 rad/s)
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with different damping ratios from 0.1 to 0.5. It is clear that the dB values of the

harmonic elements closing to the 5th order are substantially attenuated. However,

a larger damping ratio comes with a price of increased phase shift. A study using

a system shown in Fig.2.15 with load �ring angle variations has been performed.

The results are shown in Table 2.4 with the ¾ changing from 0.1 to 0.5 for periods

2, 3 and 4 denoting �ring angles 0 °, 30°and 45° respectively. It is clear that the

higher ¾ yields a lower THD of the resultant current waveform but a longer time

delay in the current response. Especially when the damping ratio is around 0.5, the

delay time is about 21ms, twice as long as that when the ¾ is 0.1, so a compromise

needs to be made. In this case, the ¾ = 0.2 is chosen.

Figure 2.19: The bode diagram for the adaptive notch �lters.

The current harmonics in a power system may be time varying, correspondingly

the frequencies of the notch �lters need to be adjusted, hence being adaptive. The

con�guration of the adaptive notch �lter with the DWPT as the harmonic element
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Table 2.4: The THD values of the PCC current and the settling time with different
damping ratios of the notch �lters

Damping ratio Period 2 Period 3 Period 4 Settling time(ms)

¾=0.1 2.04% 2.77% 4.77% 11.445
¾=0.2 1.91% 2.74% 4.44% 14.634
¾=0.3 1.85% 2.56% 4.1% 17.236
¾=0.5 1.75% 2.34% 3.7% 21.103

Figure 2.20: The schematic of the real-time DWPT harmonic identi�cation.

tracker is shown in Fig.2.20. As can be seen in this �gure, the Re1 up to Re17 are

the reconstructed signals ranging from the fundamental to the 17 th harmonic,

the j represents the number of the notch �lters required in the chain and the

! ( j ) stores the selected harmonics to be eliminated. The selection is based on the

IEEE-519-2014 [44] standard, in which the allowed maximum harmonic current

distortion is 4% from the 3 rd to 11 th harmonic and 2% between the 11 th and 17 th .

Thus when the ratio between the 13 th or 17 th harmonic and the fundamental is

higher than 2%, this order is included in the notch frequencies ! ( j ) to be eliminated.

However, in this work, the maximum number of the chained �lters is �ve, since

more �lters in the chain increase the transient response time to more than about
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12ms. A comparison of the maximum notch �lter numbers performed is presented

in the above subsection.

The implementation of the DWPT algorithm in real-time relies on having

enough data samples to produce accurate results. A moving data window based

on the FIFO scheme is used and the data is held in a buffer. Once the harmonic

elements in the power line current are identi�ed by the DWPT-based ANF, their

elimination by the MMCC-STATCOM relies on setting the reference current of

its current controller. This can be achieved by turning the band-stop ANF into

a band-pass �lter. Fig.2.21 shows the implementation of the adaptive band-pass

�lter for the three-phase current. The measured power line three-phase current is

processed by the ANF, and the output is then subtracted from the original current.

The resultant output becomes one part of the reference current for the STATCOM

controller. The fundamental part is the reactive current.

Figure 2.21: The implementation of a three-phase band pass �lter.

When simultaneous reactive power compensation is required. This can be

obtained by either using a PCC voltage control scheme or the direct measurement

of the reactive load current element. Here the latter method is chosen.
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2.6.5 Simulation Results

To verify the above control scheme for the harmonic current cancellation. The

power system with the MMCC-STATCOM has been simulated as shown in Fig.2.15.

The system component parameters are listed in table 2.5.

The whole simulation process is designed with four different operation periods

as follows:

Period 1: From 0s to 0.05s, the system supplies the distorted current to the

three-phase thyristor-controlled non-linear load with a �ring angle 0 °. The MMCC-

STATCOM is disabled, so the converter compensation current I C is zero.

Period 2: From 0.05s to 0.1s, the STATCOM is switched on and working to

compensate the reactive power and the harmonic current. The �ring angle remains

0°.

Period 3: From 0.1s to 0.2s, the STATCOM continuously operates with the load

�ring angle changing to 30°.

Period 4: From 0.2s to 0.3s, the load �ring angle is changed to 45°.

The corresponding current waveforms measured at the PCC are shown in

Fig.2.22. The THD values and the ratios of the dominant harmonic elements to the

fundamental current drawn by the load are listed in Table 2.6. The �fth harmonic

is the most signi�cant, followed by the 7 th and 11 th . However, when the �ring

angle is 30°, the 13 th harmonic increases to above 2% which can not be ignored.

Likewise at the �ring angle is 45 °, the 17 th harmonic is 4.0% which is higher than

2% and should be eliminated.

2.6.5.1 Harmonic Detection using DWPT with/without Data Expansion

Using the data expansion method discussed in Section 2.6.3, the identi�ed ratios

(%) of the 5 th , 7th , 11th , 13th and 17 th harmonic magnitudes to the fundamental
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Table 2.5: The parameters for simulation

Sending end voltage Vs 110V
Inductor L 2mH

Load resistance RL 0.1­
Load inductance L L 10mH

Capacitor C 1.12mF
Non-linear load resistor 30 ­

Non-linear load capacitor 1mF
Capacitor voltage for each sub-module 50V

Switching frequency 1KHz
Memory Buffer 64

Sampling frequency 6400Hz
DWPT decomposition layers 5

Figure 2.22: The load current I R from the non-linear load when the �ring angle
changes from 0° to 30° at 0.1s and from 30° to 45° at 0.2s.

current are shown in Fig.2.23 and Fig.2.24, and that without data expansion are

displayed in Fig.2.25.

Clearly, by applying the data expansion method, the transient oscillations of the

harmonic ratios are lower and they settle down faster than that when expansion

is not used. Observing the ratios of the 11 th , 13th and 17 th harmonics, shown in

Fig.2.23A (e), (g), (i), identi�ed by the DWPT with the data expansion at the �ring

angle 0°, these all have low peak-to-peak values of respectively 0.2%, 0.3% and

0.02%. On the other hand, the harmonic ratios identi�ed by the DWPT without

data expansion, for the load current with the same �ring angle, are shown in
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Table 2.6: The THD value and each odd harmonic ratio of I R

Firing angle 0° 30° 45°

THDs 20 .8% 27.91% 32.95%
250Hz (5 th ) 18.1% 25.65% 30.49%
350Hz (7 th ) 5.92% 6.29% 6.23%

550Hz (11 th ) 2.92% 6.27% 8.77%
650Hz (13 th ) 1.41% 3.34% 2.86%
850Hz (17 th ) 1.36% 1.59% 3.98%

Fig.2.25 (e), (g), (i), their peak-to-peak values are signi�cantly higher than 1.8%,

1.1% and 0.4% respectively. It is worth noting that, when identi�ed without data

expansion, the 11 th and 13 th harmonics in this period �uctuate and sometimes fall

below the required level (2%). This is undesirable since the chained notch �lters in

the ANF are set in real-time according to the identify harmonic orders. Frequent

variations of the ANF will lead to inaccuracy in the harmonic compensation.

When the �ring angle is 30 °, the peak-to-peak harmonic ratio for the same

11th , 13th and 17 th harmonics are shown also in Fig.2.23A (f), (h), (j). With data

expansion, they are 0.7%, 0.7% and 0.05%. The results with no data expansion,

as shown in Fig.2.25 (f), (h), (j), are signi�cantly higher at 4.0%, 1.0% and 0.6%.

Clearly, the data expansion method improves the accuracy and stability of the

identi�ed harmonic values.

According to the UK National Grid Code, the nominal frequency is 50Hz,

with an allowed interval of 49.5Hz to 50.5Hz under the normal operation [47],

thus it is necessary to evaluate the performance of the DWPT at the extremes

of the grid frequency compared the results with those obtained at 50Hz. Fig.2.24

shows the DWPT identi�ed the harmonic components for these system frequency

cases. Noting that the displayed results for these two frequencies correspond to

the period with a load �ring angle of 30 ° and 45°, where the harmonic response

performance is considered the worst. It can be seen clearly that the estimated
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Figure 2.23: The variations of the 5th, 7th , 11th, 13th and 17th harmonic to the
fundamental ratio identi�ed by the DWPT with the data expansion. A When the

power system frequency is 50Hz: (a) 5th order when the �ring angle changing
from 0 ° to 30° and (b) from 30 ° to 45° (c) 7th order when the �ring angle changing
from 0 ° to 30° and (d) from 30 ° to 45° (e) 11th order when the �ring angle changing
from 0 ° to 30° and (f) from 30 ° to 45° (g) 13th order when the �ring angle changing
from 0 ° to 30° and (h) 30° to 45° (i) 17th harmonic when the �ring angle changing

from 0° to 30° and (j) from 30° to 45°.

81



CHAPTER 2. HARMONIC CANCELLATION BY ADAPTIVE NOTCH FILTER
BASED ON DISCRETE WAVELET PACKET TRANSFORM

Figure 2.24: The variations of the 5th, 7th , 11th, 13th and 17th harmonic to
fundamental ratio identi�ed by the DWPT with the data expansion. B When the
power system frequency is 49.5Hz and the �ring angle is from 30° to 45°: (a) 5th
order (b) 7th order (c) 11th order (d) 13th order (e) 17th harmonic. C When the
frequency is 50.5Hz and the �ring angle is from 30° to 45°: (a) 5th order (b) 7th

order (c) 11th order (d) 13th order (e) 17th harmonic

harmonic magnitudes present slightly higher �uctuations than when the frequency

is 50Hz, while settling down to their respective steady states. The patterns of
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Figure 2.25: Variations of the 5 th , 7th , 11th , 13th and 17 th harmonic to the
fundamental ratio identi�ed by the DWPT without the data expansion (a) 5 th

order when the �ring angle changing from 0 ° to 30° and (b) from 30 ° to 45° (c) 7th
order when the �ring angle changing from 0° to 30° and (d) from 30° to 45° (e)

11th order when the �ring angle changing from 0 ° to 30° and (f) from 30 ° to 45° (g)
13th order when the �ring angle changing from 0 ° to 30° and (h) 30° to 45° (i) 17 th

harmonic when the �ring angle changing from 0° to 30° and (j) from 30° to 45°.

�uctuations repeat every 20ms. This is because the DWPT data window width is

set as a half cycle of 50Hz. However, since the ratios of the harmonic amplitudes

to the fundamental amplitude frequency are, in general, only about 0.6% higher

than that at 50Hz, they lead to activating the same group of notch �lters as those

selected at 50 Hz. For example, as shown in Fig.2.24B (a), (b), (c), (d) and (e) when

the frequency is at 49.5Hz, all oscillation levels are higher than the set criterion

for triggering the corresponding notch �lter, consequently, the same group of notch
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�lters is set and the �ltered current THD values measured at the PCC are the

same as those when the system frequency is 50Hz. There is only one case which

may affect the setting of a notch �lter, namely when the frequency is 50.5Hz, the

ratio of the 13 th harmonic (Fig.2.24 C (d)) to the fundamental drops to slightly

lower than the 2% limit. This may lead to the corresponding notch �lter being

canceled. This, however, has not resulted in a signi�cant negative effect on the

performance of the �ltered current since the other harmonic elements identi�ed do

not fall below the limit (2% or 4%). The current performance is in fact better than

that without the data expansion, when the system frequency is 50Hz. Thus it is

clear the proposed DWPT+Notch �lter scheme will work well with the allowed grid

frequency deviations.

In addition to the steady-state �uctuation range of the detected harmonics,

the transient performance is also worth noting. In Fig.2.23, when the �ring angle

varies at 0.1s and 0.2s using the data expansion method, it takes about 0.01s for

the harmonic elements to settle to their steady-state values. However, the transient

time intervals are much longer without using data expansion as can be seen in

Fig.2.25. In general, it takes about 0.02s for the harmonic magnitudes to settle to

their stable levels.

2.6.5.2 Current Control Results

Fig.2.26 shows the waveforms of the current I S measured at the PCC point, its

d component I Sd , and the STATCOM compensating current I C , using the ANF

combined with the DWPT using the data expansion. The same current waveform

obtained without data expansion is displayed in Fig.2.27.

During periods 1 and 2, the load �ring angle is 0 °, and the identi�ed harmonic

orders with a ratio above 2% lead to three notch �lters being used in the STATCOM

control system, namely at the 5 th , 7th and 11 th harmonics. As can be seen in
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Fig.2.26 (a), the STATCOM is not turned on initially until at 0.05s, so the PCC

current waveform is distorted �rst and then becomes sinusoidal when STATCOM

is effective. Likewise, the d-component of I S, shown in Fig.2.27 (d), is oscillatory

�rst and then becomes a stable DC current with small ripples after 0.05s. These

are all due to the output of the STATCOM, whose current I C, as displayed in

Fig.2.26 (g), is zero initially and then active. In contrast, Figs.2.27 (a), (d) and (g)

show the waveform of the current measured at the same points under the same

load condition but without data expansion. Clearly in this case, the PCC current

contains more ripples than are seen in Fig.2.26 (a), and the ripple magnitude in

I Sd is signi�cantly higher. This is also re�ected by comparing the THD values of

I S as shown in table 2.7, the former is 1.91% for the current in Fig.2.26 (a) and

the latter is 6.21% for the current shown in Fig.2.27 (a). Clearly, the THD value

obtained by using the method without data expansion cannot meet the standard

set in IEEE-519-2014.

The current waveforms measured during Period 3 when using the data ex-

pansion are shown in Fig.2.26 (b), (e) and (h). At 0.1s, the load �ring angle is

changed from 0 ° to 30°, corresponding, to both the harmonic components and their

respective magnitudes in the measured current change. In response, the DWPT

in the current control scheme identi�es the harmonic elements and subsequently

reset the frequencies of the ANF. In this case, the 13 th order is about 4%, hence the

ANF now has 4 notch �lters in cascade at the 5 th , 7th , 11th and 13 th harmonic

frequencies. This process takes about 0.015s, hence the current performance during

this transient interval may be affected adversely. As shown in Fig.2.26 (b), the

levels of harmonic contamination in I S are higher than those during the transient

interval from Periods 1 to 2. Even after the transient period, the current waveform

performance is slightly worsened, since the THD value for PCC current I S is raised

to 2.74%. For the same Period 3, the current waveform obtained when using the
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DWPT method without data expansion is shown in Fig.2.27 (b), (e) and (h). The I S

�uctuation, during the transient interval after the �ring angle changing at 0.1s,

is higher and last longer than those shown in Fig.2.26 (b) with the use of data

expansion. According to the THD values of I S after the transient period dies down,

the results from both methods are similar (2.73%), showing that the notch �lter

frequencies identi�ed by both methods are the same.

The current waveform at periods 3 to 4 when the load �ring angle is changed

from 30 ° to 45° are shown in Fig.2.26 (c), (f) and (i) using data expansion, and in

Fig.2.27 (c), (f) and (i) without data expansion. In this load condition, the 17 th

order exceeds 2%, hence the number of chained notch �lters is increased from

4 to 5 having frequencies at the 5 th , 7th , 11th , 13th , and 17 th orders. Clearly

using both methods, the PCC current shows severe distortion during the transient

interval, though the current waveform in Fig.2.26 (c) settles more quickly than

that shown in Fig.2.27 (c). At steady-state, the current performance obtained with

data expansion is better than that without data expansion, since the THD value of

I S for the former is 4.44% (table 2.7), whereas the latter has a THD value as high

as 4.87%.

Table 2.7: The THD values of the PCC current I S

Firing angle 0° 30° 45°

With data expansion 1 .91% 2.74% 4.44%
Without data expansion 6 .21% 2.73% 4.87%

Fig.2.28 compares the waveforms of the PCC current and its d component

obtained using four and �ve notch �lters. The response waveform is taken from

period 3 to period 4 (in Fig.2.26), with the �ring angle changed from 30 ° to 45°

at 0.2s. In Fig.2.28 (a) and (c), four notch �lters are set for 5th, 7th, 11th and

13th harmonics, and in (b) and (d), an additional notch is added at the 17th.

The settling time is initially 8.7ms and is increased by about 2ms in (b) and (d).
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Figure 2.26: The variations of current waveforms using the method with data
expansion: I S (a) from period 1 to period 2 (b) from period 2 to period 3 (c) from

period 3 to period 4. I Sd (d) from period 1 to period 2 (e) from period 2 to period 3
(f) from period 3 to period 4. Compensation current I C (g) from period 1 to period 2

(h) from period 2 to period 3 (i) from period 3 to period 4

However, the THD value for the PCC current is reduced from about 5.4% (4 �lters)

to 4.8% (5 �lters). Since the standard THD limit in the input current is set to 5%,

the maximum of 5 notch �lters is chosen even though its corresponding current

response time is slightly longer.

It is noticeable that the computational burden for the data expansion method is

high compared to that of implementing the current control algorithm. To mitigate

this burden in real-time, the DWPT algorithm has been implemented at every

sample instead of every time. As a result, the harmonic estimation result is updated

at the frequency of 3200Hz rather than 6400Hz. This gives suf�cient time for the

DWPT algorithm implementation without sacri�cing accuracy. The time delay for

the notch �lter corresponding to a load change is about 1/3200s and is negligible

87



CHAPTER 2. HARMONIC CANCELLATION BY ADAPTIVE NOTCH FILTER
BASED ON DISCRETE WAVELET PACKET TRANSFORM

Figure 2.27: The variations of the current waveforms using the method without
data expansion: The I S (a) from period 1 to period 2 (b) from period 2 to period 3
(c) from period 3 to period 4. The I Sd (d) from period 1 to period 2 (e) from period 2

to period 3 (f) from period 3 to period 4. The compensation current I C (g) from
period 1 to period 2 (h) from period 2 to period 3 (i) from period 3 to period 4

compared to that for the whole algorithm.

2.6.6 Conclusions

The paper proposed a modi�ed DWPT with a data expansion method for the

harmonic extractions of the power line current. The results have shown that

this method identi�es the rms values of the dominant harmonics accurately and

responds quickly to the current waveform changes. Importantly, the technique was

shown to reduce the edge distortion effect compared to the traditional method.

The DWPT identifying harmonic elements has been used to update the number

and frequencies of a notch �lter chain which is embedded in the current control

system of an MMCC-STATCOM. The results from the harmonic cancellation

performed by the STATCOM show that using the DWPT with data expansion, the
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Figure 2.28: The variations of the current waveforms using the method with data
expansion: The I S (a) from period 3 to period 4 when the maximum number of

notch �lters is 4 (b) when the maximum number is 5. The I Sd (c) from period 3 to
period 4 when the maximum number of notch �lters is 4 (d) when the maximum

number is 5.

controller responded faster, with less than 15ms, for the transient changes of the

current waveform compared to that without data expansion ( more than 20ms).

The accuracy in the harmonic cancellation is evaluated according to the THD of

the PCC current measured at the steady states. In all operation conditions, the

THD values are lower than that obtained using the DWPT without data expansion.
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3
M ODULATED M ODEL P REDICTIVE CONTROL WITH

B RANCH AND B AND SCHEME FOR U NBALANCED

L OAD COMPENSATION

3.1 Introduction

H
aving studied the harmonic cancellation method in the previous chapter,

the paper to be presented in this chapter deals with the unbalanced

power line current mitigation by an MMCC-STATCOM. The power

system asymmetries are often caused by faults, such as one line grounding or two-

line short circuit. The current unbalance can also be caused by motor winding faults,

unequal impedance in the distribution lines and unequal distribution of single-

phase loads, etc. An excessive level of the current imbalance leads to a voltage

unbalance which has a serious impact on the power quality. It causes high losses

in the power line and the motor loads, resulting in the equipment malfunctioning

to the extent to be damaged. The STATCOM is often requested to operate under
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the asymmetrical conditions and is required to mitigate the level of the power line

current imbalance. However, when an MMCC-based STATCOM operates under an

unbalanced load, it faces the challenge of phase cluster voltage imbalance. Unlike

the STATCOMs of two-level or classical multilevel converters, such as the �ying

capacitor and neutral point clamped topologies, they have three phase legs sharing

a common dc-link, so do not have such an issue. The stacked H-bridge sub-modules

in an MMCC phase leg have their respective cell capacitors isolated from each

other, so no active power exchange between phases is possible. Consequently, the

phase voltages may drift away from their desired levels, resulting in STATCOM

malfunction and excessive device stress or damage. Several methods for phase

cluster voltage balancing have been proposed, including the zero-sequence voltage

injection, and the negative-sequence current injection schemes [1]–[4]. However,

they all have their respective de�ciencies; the zero sequence voltage injection needs

a wide margin of the dc capacitor voltage which may push the converter phase

voltages operating above the linear modulation mode or even become uncontrolled

in some operating situations. The injection of the negative-sequence current may

result in a high maximum current which could damage the power semiconductor

devices. Thus further research in mitigating the phase cluster voltage imbalance is

necessary.

Another important aspect is the effective control strategies for MMCC STAT-

COM to achieve the high dynamic performance elimination of the unbalanced

line current as well as the reactive power compensation. The conventional control

scheme comprises usually four parts [5]; the �rst is to decouple the +ve and -ve

sequence components of the grid voltage and the converter current for the reference

current generation. The second controls the average sub-module voltage by gener-

ating the necessary positive sequence d-component current I Å
d , it also evaluates I Å

q

according to the grid reactive power need. The third section implements a zero se-
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quence voltage /negative sequence current evaluation for the phase cluster voltage

balance and �nally, it is the current control loop plus the PWM. Mostly for both

voltage and current controls, the P+I control law is applied and the parameters

are tuned by trial and error which can be time consuming and often not leads to

a good performance. A recent trend has seen the Model Predictive Control (MPC)

being applied to control the MMC-based HVDC. Two types of method are commonly

reported; the �nite control set-model predictive control (FCS-MPC) [6]–[8] and the

continuous control set-model predictive control method (CCS-MPC) [9]–[13] which

is also named as the modulated model predictive control (MMPC). The FCS-MPC

has the drawbacks of giving variable switching frequency and poor steady-state

performance, while the CCS-MPC avoids variable switching frequency and high

computational cost. However, none of the MPC methods in the literature deals

with the MMCC STATCOM for the unbalanced grid.

The presented paper proposes a Modulated Model Predictive Control (MMPC)

method to suppress the grid unbalanced load current by an MMCC STATCOM.

The method has two distinctive features; �rstly, the three phase voltages applied to

its model for current prediction are imposed with a common mode voltage (CMV).

Secondly, a novel Branch & Bound algorithm is designed for minimizing the cost

function. The method selects the optimal per phase switch duty ratio by �xing

one phase duty ratio to a bound value and minimizing the cost function by the

quadratic programming to solve the switch duty ratios of the other two phases. It

will be shown that the method is able to mitigate the unbalanced load at the ratio

of up to 70% while still maintaining the phase DC-voltages balance.

The chapter presents detailed studies of all techniques required for the un-

balanced current compensation by an MMCC-STATCOM, including the methods

for the reference signal extraction, the capacitor voltage balancing and the model

predictive control schemes. All these backgrounds for the development of the
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novel strategy presented in the published paper. The key points in the paper are

highlighted.

3.2 Unbalance Issues and International Standard

3.2.1 Problems Caused by Current/Voltage Unbalance

The three-phase unbalance is an important indicator of poor power quality and

is mostly due to the unequal three-phase line impedance and load, the one-phase

disconnected, and the one or two-phase groundings. The unbalanced three-phase

voltage and current operations increase the losses of the power lines, and also lead

to the abnormal operation of the motors from the supplying side. Therefore, if the

power system cannot withstand the three-phase unbalance that is being suffered,

the whole system will be at risk. The problems can be classi�ed as four points

shown below:

(1) The increased power line loss. The negative sequence current �ow generates

additional losses and voltage drop.

(2) The increased transformer loss. If the voltage of one phase is at full load

and the other two are not fully loaded, the capacity of the transformer cannot be

totally utilized. Working under an unbalanced situation for a long time will cause

a transformer overheating, reducing its service life.

(3) When the system has an unbalanced voltage, the relay protection will not be

able to obtain the normal voltage information, or the obtained voltage information

is incorrect causing the relay protection malfunction.

(4) Reducing the motor ef�ciency. The negative sequence component produced

by the three-phase unbalance generates the rotating �eld in the reverse direction

to the positive one and hence will have a braking effect acting on the motor shaft.

As a result, the output power of the motor is reduced
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3.2.2 The International De�nition and Standard for

Unbalance

For a three-phase system, when the amplitudes of the line or the phase voltages

and the currents are not the same or the phase angles are offset, this situation

is called three-phase unbalance. There are three communities providing three

different de�nitions of voltage/current unbalance. These are stated as below:

(1) The National Equipment Manufacturer's Association (NEMA) De�nition

[14]:

This de�nition is based on the line voltage, the equation is shown as:

ratio Æ
vlmax

vlavg
¤ 100% (3.1)

where the vlmax is the maximum deviation from the average value of the line

voltage vlavg .

(2) The IEEE De�nition [15]:

The IEEE de�nition focuses on the phase voltage, the equation is shown as:

ratio Æ
vpmax

vpavg
¤ 100% (3.2)

where the vpmax is the maximum deviation from the average value of the phase

voltage vpavg .

(3) The De�nition most widely used [16]:

This de�nition expresses the three-phase unbalanced voltage into two parts:

the positive sequence and the negative sequence parts by the Fortescue principle,

and evaluates the ratio between the negative to the positive sequences as given by

(3.3)

ratio Æ
v¡

vÅ ¤ 100% (3.3)
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where the vÅ is the positive sequence voltage and the v¡ is the negative sequence

voltage. In this thesis, this de�nition is used to measure the degree of unbalance in

either voltage or current.

The American National Standard for the Electric Power Systems and the

Equipment ANSI C84.1 [17] recommends that the maximum allowable voltage

unbalance should be 3% for the supply systems under the no-load conditions.

However, the National Equipment Manufacturer's Association (NEMA) [14] has a

more stringent requirement that the voltage unbalance should be limited to lower

than 1%. Therefore, the factors such as the equipment and the environment in

different locations should be carefully considered, and then reasonable restrictions

should be given.

3.3 Reference Current Generation Methods

For the unbalanced current cancellation by a STATCOM, the negative sequence

element in the line current needs to be extracted. This is then set as the reference

signal in the current control loop together with the reactive current when the

power factor control is also required. Hence, one of the key techniques for the

unbalanced current mitigation is to generate the reference current by separating

the positive and the negative sequence components from the measured unbalanced

load current, and extracting the negative sequence element. Its reverse replica can

be generated by the STATCOM to offset the unbalanced component in the load

current. Two different methods; the DDSRF and the low-pass �lter methods are

described below.
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3.3.1 Decoupled Double Synchronization Reference Frame

(DDSRF) Method

The basic principle of the DDSRF is as follows: The three-phase unbalanced current

and voltage at the load end can be decomposed into three symmetrical groups;

the positive-sequence, the negative sequence and the zero-sequence phasors, so

that the problem of controlling an unbalanced power system can be transformed

into dealing the balanced variables. Taking the unbalanced three-phase voltage

as an example, by applying Fortescue's theorem, it can be expressed by the three

symmetrical phasors as given by (3.4).

2
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(3.4)

where the phase angles of the two voltage sequences, + ! t and –! t , can be identi�ed

separately by applying the Phase Locking Loop (PLL) using the voltage at the point

of common coupling where the STATCOM is connected as the reference frame.

They are then applied, respectively, to transform the +ve and the -ve sequence

voltages, into their equivalent d-q elements. The corresponding equation is shown

below:

2

4
vÅ1

d (k)

vÅ1
q (k)

3

5 Æ

2

4
vÅ1
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5 (3.5)
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Rd (k)
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5 (3.6)

The +ve d-q pair rotates at + ! and the –ve at – ! . These d-q voltage elements

contain not only the DC and high order harmonic components, but also the signif-

icant 2 ! oscillatory cross coupling terms between the +ve and the -ve sequence
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voltages, which need to be eliminated. A decoupling network, described in [18],

enables the decoupling of the negative sequence effect on the positive sequence

voltage and visa versa. Thus the +ve and -ve sequence d-q voltage elements v§ 1
Rd (k)

and v§ 1
Rq(k) can be �nally obtained through (3.7) and (3.8).
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where
h
F

i
Æ

2

4
LPF (s) 0

0 LPF (s)

3

5 and the LPF(s) in it represents the low pass

�lter and the cut-off frequency is set lower than 628.3rad/s eliminating the har-

monics greater or equal to the double fundamental frequency. The control diagram

of the DDSRF is shown in Fig.3.1.

Figure 3.1: The schematic diagram of the DDSRF
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3.3.2 Low Pass Filter Method

The reference [19] proposed a method based on the low-pass �lter for extracting the

reference signals under the unbalanced situation. In this case, the unbalanced three

phase voltage/current is transformed into the d-q reference frame through the park

transformation. The d component, vd (k), contains not only the fundamental positive

sequence element, vÅ1
d (k), which is a DC value, but also the AC elements comprising

the negative sequence component at the angular frequency 2 ! oscillatory cross

coupling terms and the high frequency harmonics. The AC components, vRhd (k)

and vRhq (k), can be extracted by using the low-pass �lters. Taking the unbalanced

receiving end voltage as an example again, the control diagram is shown in Fig.3.2

Figure 3.2: The schematic diagram of the low-pass �lter method

This method requires less computational effort compared to that needed by the

DDSRF method. However, the output variables from this process contain not only

the negative sequence element at 2 ! rad/sec but also many higher order harmonics

in the d-q axes. Moreover, In this method, the cut-off frequency of the low pass �lter

should be set close to 0 rad/s for passing only the DC component, hence, resulting

in a longer time delay for the whole control system.
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3.4 Inter Cluster Voltage Balancing Methods for

MMCC STATCOM

A critical issue in using MMCC-STATCOMs for power quality control is maintain-

ing the balance of the module capacitor voltages. Lacking common dc-links, the

capacitors in the cascaded modules are isolated from each other, making it dif�cult

to exchange the power between each sub-modules [20]–[22] and between the phase

arms [23]–[25]. This causes the module capacitor voltages to drift away from their

nominal level, disrupting normal operation or even causing the device damage. This

intra-cluster voltage imbalance can be counteracted within one phase arm by the

closed-loop average capacitor voltage control and adjustment of the PWM schemes.

However, when the MMCC-STATCOM compensates the unbalanced loading of the

utility grid, the module capacitor voltage imbalance can be worsened. This is due to

the STATCOM supplying the negative sequence current to the grid for mitigating

the unbalanced loads which cause the active power imbalance between its phase

arms. To solve this problem, several methods will be presented in this subsection

by adding the desired zero sequence voltage, the negative sequence voltage or the

combination of the zero sequence voltage and the negative sequence current.

3.4.1 Zero Sequence Voltage Injection Method

The countermeasures have been developed for the star-connected MMCC-STATCOM,

the conventional approach is to introduce a sinusoidal zero sequence voltage at the

neutral point, hence shifting the neutral point to a non-zero voltage level [1], [2],

[26]–[28]. The effect of this is to eliminate the phase power differences caused by

the negative sequence current �owing through the phase arms, and bring about

a uniform active power distribution between the three phases. A summary of the

principle and the calculation procedure are described below:
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Due to compensating the negative sequence element of the power line current,

the PCC voltage and the STATCOM phase current are the sums of the +ve and

–ve elements expressed as

VSm Ævpsin (! t Å ' vp ¡ k
2¼

3
)Å vn sin (¡ ! t Å ' vn ¡ k

2¼

3
) (3.9)

I Cm Æi psin (! t Å ' i p ¡ k
2¼

3
)Å i n sin (¡ ! t Å ' in ¡ k

2¼

3
) (3.10)

where the k=0, 1, 2 for m = a, b, c respectively. The subscriptions p and n represent,

separately, the positive and the negative sequence component. The active power

imbalance is caused by the products of the positive current/voltage and the negative

voltage/current. To eliminate these power terms (which are oscillatory), the zero

sequence voltage is injected. Hence, the STATCOM per phase voltages become:

VCm Ævpsin (! t Å ' vp ¡ k
2¼

3
)Å vn sin (¡ ! t Å ' vn ¡ k

2¼

3
)Å v0sin (! t Å ' 0) (3.11)

Multiplying (3.10) and (3.11), the power �owing into per phase limb of the

STATCOM can be obtained as:

Pcm Æ
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(vp i p cos(' vp ¡ ' i p )Å vn i n cos(' vn ¡ ' in )

¡ vp i n cos(' vp Å ' in Å k
2¼

3
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3
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Åv0 i p cos(' 0 ¡ ' i p Å k
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3
) ¡ v0 i n cos(' 0 Å ' in ¡ k
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3
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(3.12)

Excluding the balanced active power terms vp i p cos(' vp¡ ' i p ) and vn i n cos(' vn ¡

' in ) since they add to zero, the unbalanced power terms only have four parts and

the sum of them should be zero. Hence:

P0
cm Æ2Pcm ¡ (¡ vp i n cos(' vp Å ' in Å k

2¼

3
) ¡ vn i p cos(' vn Å ' i p Å k

2¼

3
)) (3.13)
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In (3.13), Pcm is the instantaneous per phase active power obtained by the P+I

controller with the error between the reference per phase capacitor voltage and the

measured per phase capacitor voltage which is shown in Fig.3.3. The zero sequence

voltage needs to be evaluated at every sampling instant using the measured voltage

and current to ensure (3.13) hold. This is performed by the following; the three

phase-active-powers due to the zero sequence voltage are transformed into the

®¡ ¯ coordinate as:

2

4
P0

c®

P0
c¯

3

5 Æ
2

3

2

4
1 ¡ 1

2
1
2

0
p

3
2

p
3

2

3

5

2

6
6
6
6
4

P0
ca

P0
cb

P0
cc

3

7
7
7
7
5

Æ
1

2

2

4
A11 A12

A21 A22

3

5

2

4
v0cos' 0

v0sin ' 0

3

5 (3.14)

where the A11 Æi p cos' i p ¡ i n cos' in , A12 Æi psin ' i p Å i n sin ' in , A21 Æ ¡ i psin ' i p Å

i n sin ' in , A22 Æi p cos' i p Å i n cos' in .

The zero sequence voltage can be expressed as:

2

4
v0cos' 0

v0sin ' 0

3

5 Æ
2

i 2
p Å i 2

n

2

4
A22 ¡ A12

¡ A21 A11

3

5

2

4
P0

c®

P0
c¯

3

5 (3.15)

And the magnitude and the phase angle of the zero sequence voltage can be

given as:

v0 Æ
q

(v0cos' 0)2 Å (v0sin ' 0)2 (3.16)

' 0 Æarctan (
v0sin ' 0

v0cos' 0
) (3.17)

The control diagram for the zero sequence voltage calculation is shown by the

block diagram in Fig.3.3. The three phase power due to the zero sequence voltage
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required to eliminate the phase power imbalance is derived from the per phase dc

average-voltage control.

Figure 3.3: The block diagram for the zero sequence voltage calculation

However, such a scheme is problematic since the injected zero-sequence voltage

can cause the converter phase voltages to exceed their rated levels under higher

load imbalance, hence operating in an over-modulation mode or even becoming

uncontrollable. The methods such as adding the third order harmonics can reduce

the peak value of the zero sequence voltage, but with a limited effect. As shown in

[29], the peak phase-voltage reduction obtained is only about 12%, this has given

an increased compensation range to the maximum load imbalance ratio from about

58% up to only 65%.

3.4.2 Negative Sequence Voltage Injection Method

Injecting negative sequence voltage on the converter phase reference voltages

has also been suggested to realize redistribution of the phase active power in

MMCC-STATCOM [3], [4], [30]. The (3.11) should be changed as

109



CHAPTER 3. MODULATED MODEL PREDICTIVE CONTROL WITH BRANCH
AND BAND SCHEME FOR UNBALANCED LOAD COMPENSATION

VCm Ævpsin (! t Å ' vp ¡ k
2¼

3
)Å vn sin (¡ ! t Å ' vn ¡ k

2¼

3
)Å ±vn sin (! t Å ' ±vn ¡ k

2¼

3
)

(3.18)

where the ±vn and the ' ±vn are the amplitude and the phase angle of the added

negative sequence voltage. Hence, the active power compensating for the capacitor

voltage balancing caused by the added negative sequence voltage P ¡ 1
cm can be

expressed as

P ¡ 1
cm Æ±vn i n cos(' ±vn ¡ ' in Å k

2¼

3
) ¡ ±vn i p cos(' ±vn ¡ ' i p Å k

2¼

3
) (3.19)

Using a similar method given from (3.15) to (3.17), the amplitude and the

phase angle of the negative sequence voltage can be obtained. In the reference

[31], the three phase power caused by the added negative sequence voltage can

be transformed into the d-q reference frame instead of the ®¡ ¯ coordinate. This

negative sequence voltage injection method is mainly for dealing with the condition

of the grid voltage sag. Because it uses the negative sequence voltage which cannot

be absorbed into the neutral point, a negative sequence current must be injected

into the transmission line so that the load unbalanced current can be compensated.

3.4.3 Negative Sequence Current and Zero Sequence

Voltage Injection Method

A technique using both the negative-sequence current and the zero-sequence

voltage was also proposed for the MMCC-STATCOM [32]. Therefore, the phase

voltage and current equation can be changed as:

Vcm Ævpsin (! t Å ' vp ¡ k
2¼

3
)Å vn sin (¡ ! t Å ' vn ¡ k

2¼

3
)Å ±v0sin (! t Å ' ±0) (3.20)
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I Cm Æi psin (! t Å ' i p ¡ k
2¼

3
)Å i n sin (¡ ! t Å ' in ¡ k

2¼

3
)Å ±i n sin (¡ ! t Å ' ±in ¡ k

2¼

3
)

(3.21)

where the ±v0, ' ±0, ±i n and ' ±in are the amplitude and the phase angle of the

added zero sequence voltage and the negative sequence current respectively.

Under this situation, the active power imbalance will be compensated using

three phase power by the added zero sequence voltage and the negative sequence

current. Injection of the zero sequence voltage can reduce the burden of the neg-

ative sequence current for the capacitor voltage balancing so that the current

asymmetry of the power grid can be improved. In addition, compared with the

zero sequence voltage injection only method, the output negative sequence current

can extend the compensation range for more serious power grid fault conditions.

However, this method still cannot cope with the load imbalance since the negative

sequence current is inevitably injected into the transmission line. In conclusion,

to compensate the unbalanced load current, the zero sequence voltage injection

method is the most effective for the MMCC-STATCOM to realize the capacitor

voltage balancing.

3.5 Model Predictive Control for Modular

Multilevel Converter

The model predictive control is a powerful tool to control modular multilevel

converters. Its advantages include improving dynamic response performance, ease

to design and the robust in dealing with the system parameter variation. Most

prominently, the MPC can set multiple objectives within its cost function to achieve

the optimal solution, this is particularly bene�cial to the MMCC-STATCOM control

since this topology requires the output current to track its reference value whilst
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the sub-module voltages must be within the rated level. There are multiple MPC

schemes which are shown in Fig.3.4. In general, an MPC contains two parts; a

model of the MMCC+load for the output current prediction and a cost function to

be minimized. The predictive model equations, generally discrete time form, can be

expressed in the d-q frame for the double vector control (DVC) or in the a-b-c frame

directly. In terms of cost function minimization, there are different optimization

algorithms either to search for the optimal converter reference voltages or for

switching vectors. These can be categorized into the �nite control set-MPC (FCS-

MPC) [6]–[8], [33]–[35] and the continuous control set-MPC (CCS-MPC) [9]–[13]

which is also named as the modulated model predictive control (MMPC) based on

the discrete or the continuous control signals. The FCS-MPC can be further divided

into the optimal switch states-MPC (OSS-MPC), the optimal voltage level-MPC

(OVL-MPC) and the dual-stages MPC as shown in Fig.3.4.

Figure 3.4: The different types of the MPC Control Schemes

To explain in detail the principle of one of the MPC schemes, a simple example,

as given in Fig.3.5, is considered. Assuming a FACTs device, with voltage vc,
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is connected in series in a power line with the sending side voltage vS and the

receiving end voltage vR . The transmission line impedance is set as RS Å j ! L S.

The current �owing from the sending to the receiving ends is i S. Applying the MPC

scheme, the control objective is to evaluate the reference compensation voltage

v¤
c , such that the line current can be controlled to follow the required value i ¤

S

continuously regardless of the line disturbances and the impedance changes. The

implementation of the MPC can be as follows.

Figure 3.5: The example model for the current control strategies

3.5.1 Predictive Model

The model developed below is applied to all MPC schemes for the MMCCs. Accord-

ing to the KVL, the equation for the per phase current of the system in Fig.3.5 is

expressed as:

¡!
VS ¡

¡!
VR ¡

¡!
VC ÆRS

¡!
I S Å L S

¡!
I S

dt
(3.22)

Assuming the sample time TS is negligibly small, using the discrete time model,

the current vector at the (k+1)th sample instant can be predicted using (3.20):

i S(k Å 1) ÆTS
vS(k) ¡ vR(k) ¡ vC(k) ¡ RS i S(k)

L S
¡ i S(k) (3.23)

where the vC(k) is unknown to be estimated. Now the system in Fig 3.5 is an

unbalanced three-phase, we can use either the d-q frame or the a-b-c frame. If
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the former is applied using the DVC [5] which employs the d-q co-ordinate to

control the current and voltage in both the positive and the negative sequence, the

predictive model equations are given as:

i Å1
Sd (k Å 1) ÆTS

vÅ1
Sd (k) ¡ vÅ1

Rd (k) ¡ vÅ1
Cd (k) ¡ RS i Å1

Sd (k)

L S
¡ i Å1

Sd (k)Å ! L S i Å1
Sq(k) (3.24)

i Å1
Sq(k Å 1) ÆTS

vÅ1
Sq(k) ¡ vÅ1

Rq(k) ¡ vÅ1
Cq(k) ¡ RS i Å1

Sq(k)

L S
¡ i Å1

Sq(k) ¡ ! L S i Å1
Sd (k) (3.25)

i ¡ 1
Sd (k Å 1) ÆTS

v¡ 1
Sd (k) ¡ v¡ 1

Rd (k) ¡ v¡ 1
Cd (k) ¡ RS i ¡ 1

Sd (k)

L S
¡ i ¡ 1

Sd (k) ¡ ! L S i ¡ 1
Sq(k) (3.26)

i ¡ 1
Sq(k Å 1) ÆTS

v¡ 1
Sq(k) ¡ v¡ 1

Rq(k) ¡ v¡ 1
Cq(k) ¡ RS i ¡ 1

Sq(k)

L S
¡ i ¡ 1

Sq(k)Å ! L S i ¡ 1
Sd (k) (3.27)

where the ! L S i Å1
Sq(k), ! L S i Å1

Sd (k), ! L S i ¡ 1
Sq(k) and ! L S i ¡ 1

Sd (k) are the cross coupling

terms for respective the positive and the negative terms. For the unbalanced

control, the zero sequence element needs to be considered. Hence the number of

equations becomes 5. Meanwhile, these positive and negative sequence currents

and voltages all need to be extracted from the original measured values through

multiple DDSRF blocks. Clearly, the computational burden of this strategy is high

and may result in poor dynamic performance.

On the other hand, if the a-b-c frame is used, the predictive model equation

similar to (3.23) can be used, but with zero voltages v0(k) added to the count for the

non-zero neutral point voltage due to the unbalanced condition, thus the current

at (k+1) is as below

i Sm(k Å 1) ÆTS
vSm(k) ¡ vRm (k) ¡ vCm(k) ¡ RS i Sm(k)

L S
¡ i Sm(k) (3.28)
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where the m=a,b,c. Clearly, with only three equations, this model form is easier

than that using the DVC in the d-q coordinate. Thus this model form is preferred

and applied in the published work.

Compared to the zero sequence voltage injection method presented in the sub-

section 3.4.1, (3.28) enables evaluating the desired zero sequence voltage without

involving the complicated calculations using (3.9)-(3.17). Moreover, the DDSRF

procedures in Sub-section 3.3.1 for deriving the positive and the negative sequence

voltages and currents are no longer required, since the current prediction by (3.28)

uses the measured phase voltages and currents. This reduces the computational

cost. The derivation of the reference current i ¤
S(k Å1) requires the reference current

at the kth sample instant and through a reference extrapolation process which will

be presented in the Sub-section 3.5.4

Once obtained the (k+1)th sample reference current, a cost function is de�ned

as the least square principle, minimizing the sum of the squared errors between

the reference and the predictive current by evaluating the MMCC phase voltages.

The MPC cost function can be set to achieve the simultaneous minimization of the

multiple objectives, for example, the sub-module capacitor voltage balancing can be

included. In this case, a weighting factor ¸ should be set for each control objective in

the cost function. The ¸ value determines the importance of the respective control

objective. Thus for the three-phase system in Fig. 3.5, the same cost function is

de�ned for each phase and the total cost function for the system is the sum of three

cost functions given as

J (k) Æ
X

mÆa,b,c

n¡
I Sm(k Å 1) ¡ I ¤

Sm(k Å 1)
¢2

o

Å¸
X

mÆa,b,c

n¡
V §

m(k Å 1) ¡ V §¤
m (k Å 1)

¢2
o (3.29)

where the V
P

¤
m (k Å 1) are the reference values of the sum of the capacitor voltages
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per phase. The ¸ is the weighting factor for the capacitor voltage balancing part.

Then this cost function minimization becomes d quadratic problem to be solved.

3.5.2 Methods for Cost Function Minimization

As shown in Fig.3.4, there are FCS-MPC and CCS-MPC, and they are explained

below.

3.5.2.1 FCS-MPC

This minimizes the cost function by searching for the discrete converter switching

states and the following three methods are considered.

(1) The OSS-MPC: this is one of the �nite control set model predictive control

which is designed for identifying the optimal switching states. The control block

diagram is shown in Fig.3.6.

Figure 3.6: The control block diagram of the OSS-MPC

The two blocks on the left-hand side of Fig.3.6 are for the predictive model and

the reference current extraction respectively, their outputs are applied to the cost

function minimization block. In this block, the unknown voltage vector, vC(k), for

the converter control can be replaced by the voltage values evaluated from the
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23¤2M combinations of switching states, the M is the number of the sub-modules in

one phase. This approach is named the exhaustive method. Each switching state

gives a cost function J(k) value. Finally, the one which gives the minimum cost

function result can be found and the corresponding switch states are considered as

the control signals G(k) which is applied to control modular multilevel converter

switches. It is clear that during one sample period, only one control signal is

used for the MMCC so that the OSS-MPC has a �xed frequency leading to the

deterioration of the steady-state and the dynamic performance. With a total of the

23¤2M switching states, it means that increasing the number of sub-modules would

dramatically increase the computational burden of the system. Hence this is not

an ef�cient control scheme for the model predictive control.

(2) The OVL-MPC: For this scheme, the aim of the cost function minimization

is to derive the optimal voltage level. Its control block diagram is shown in Fig.3.7.

In this way, if the submodule topology is the H-bridge converter, only (2 M Å 1)3

switching combinations need to be tested in the cost function. Then the optimal

voltage level S(k) will be used in a sorting algorithm as shown in Fig. 3.7. The right-

hand-side block determines the number of sub-modules that need to be bypassed.

The aim of this sorting algorithm is to balance the sub-module capacitor voltages

in each phase. It ranks the sub-modules according to their voltage magnitude in

either ascending or descending the order and the lowest several sub-modules will

be charged �rst. Finally, the sorting algorithm applies the desired control signals

G(k) to the MMCC switches. Compared with the OSS-MPC, the computational

burden of this scheme is improved signi�cantly. However, the �xed frequency

problem is still existing. Moreover, the optimal voltage level S(k) must be discrete

and integer so that the steady-state performance is generally poor.

(3) The dual-stages MPC: This is another FCS-MPC that minimizes the objec-

tives in two stages. The control block diagram is in Fig.3.8. The �rst stage evaluates
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Figure 3.7: The control block diagram of the OVL-MPC

the optimal converter voltage level through the discrete current predictive model

equations. This stage is mainly focused on the output current tracking. The optimal

voltage obtained is given in the second stage.

The second stage (R-H-S of Fig.3.8) aims to achieve the sub-module capacitor

voltage balancing. Without using the sorting algorithm, another optimization

procedure is applied in this stage. This uses a discrete-time sub-module circuit

equation for predicting the sum of capacitor voltages per phase at the (k+1)th

instant. The cost function is de�ned as the squared sum of phase voltage errors

between the predicted and the reference voltage values. All combinations of switch

states are used in the SM cost function minimization to derive the optimal switch

state as the control signals G(k).

In this MPC method, stage one has (2 N Å 1)3 possible options, whereas stage

two is evaluated for the maximum switch states of CN
N /2 when N is even or CN

(N Å1)/2

when N is odd [33]. This method has a higher computational burden than the OVL-

MPC. However, it gives better dynamic performance because of the elimination of

the voltage balance approach in the OVL-MPC.
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Figure 3.8: The control block diagram of the dual stages MPC

3.5.2.2 CCS-MPC

The schematic block diagram for this scheme is given in Fig.3.9. Similar to the

OVL-MPC, the cost function minimization aims to calculate the optimal converter

voltage level. However, it replaces the sorting algorithm with the PWM using

the resultant optimal voltage level which is a continuous value. Therefore, the

CCS-MPC has a �xed switching frequency which can result in better dynamic and

steady-state performance compared to the FCS-MPC.

Figure 3.9: The control block diagram of the CCS-MPC

For this control algorithm, no exhaustive switching state searching discussed

in the FCS-MPC is involved, the continuous optimization algorithm is required.
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Hence, the Jacobian matrix is introduced for locating the optimal switching for the

cost function minimization. The related equations are shown:

@J (k)

@vCm(k)
Æ0 (3.30)

The vCm(k) can be expressed as the product of switch duty ratios dm(k) and the

DC source voltage. Since for the PWM generation, we have dm(k) Æv¤
Cm(k)/vdcm(k)

where the v¤
Cm(k) is the desired per phase output voltage and the vdcm(k) is the

per phase capacitor voltage of the FACTS device.

The bene�t of using the Jacobian matrix is that the optimal voltage level can

be derived directly in one sampling period by solving the equation without trying

(2N Å 1)3 discrete options which can signi�cantly reduce the computational burden.

In fact, the Jacobian matrix can be used in the OVL-MPC while the results need to

be rounded in one sampling period leading to the reduced computational burden

without affecting the steady-state performance.

3.5.3 Constraint Optimization by Novel Branch & Bound

Method

When using the CCS-MPC, the duty ratios dm(k) for the PWM can be estimated,

and this is a constrained variable with its value limited within ¡ 1 · dm(k) · 1. This

makes cost function minimization a constrained optimization problem. To deal with

such a problem, the Karush-Kuhn-Tucker (KKT) [36] method, an old-fashioned

method, has been reported which gives a set of suf�cient conditions for optimizing

the cost function. More suf�cient conditions can increase the complexity of the

optimization process which is not easy to calculate. The Interior-Point (IP) [37]

and active-set [38] schemes are also well-known but they all require performing

multiple iterative procedures which can be computationally costly.
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A novel Branch & Bound method is proposed by the author to deal with the con-

strained minimization of the cost function de�ned by (3.29). The method evaluates

the per phase switching duty ratio by combining the discrete step searching and the

continuous optimization solver. Its rationale is simple by dividing the switch duty

cycle of one phase into several equal sections which can be called branches, within

its upper and lower boundaries, one can apply the continuous control variable

evaluation principle to estimate the optimal switching duty cycles for the other

two phases within that set branch bound. The estimation of the optimal duty ratio

may be based on quadratic minimization by using the Jacobian Matrix.

For example, for the three-phase converter in Fig. 3.5, the duty cycle for any

phase can be divided into �ve equal branches within -1 and +1 boundaries with

a gap of 0.5 between two adjacent ones. Hence �ve branches for one phase are -1,

-0.5, 0, 0.5 and 1. Subsequently, for each of these �ve branches, the optimal duty

cycle values for the other two phases can be evaluated by applying the standard

Jacobian matrix. The results, thus, obtained can then be applied back into the cost

function to evaluate the optimal duty ratio for the original phase. This procedure is

performed for �ve different bounds, hence deriving �ve sets of duty ratios. Finally,

by comparing the cost function values obtained for each branch, the one giving the

minimum value is chosen to be applied to the converter.

3.5.4 Reference Extrapolation

Applying MPC requires reference current at the (k+1)th sample, i ¤
S(k Å 1), for the

cost function evaluation, as shown by the Left-Hand-Side block in Fig. 3.6–3.9.

The methods for deriving the kth sample reference current have been explained

in sub-section 3.3, through the DDSRF. For evaluating the reference current at

the (k+1)th sample which is none sinusoidal, the Lagrange Extrapolation [39] can

be applied. The principle of the Lagrange Extrapolation states that if a certain

121



CHAPTER 3. MODULATED MODEL PREDICTIVE CONTROL WITH BRANCH
AND BAND SCHEME FOR UNBALANCED LOAD COMPENSATION

physical quantity is observed in practice and the corresponding observed values

are obtained in several different places, the Lagrange extrapolation method can

�nd a polynomial that takes the observed value exactly at each observed point.

This polynomial is named the Lagrange polynomial. Given a set of k points which

are (0, y0),(1,y1)...(k, yk ),yk is the result of reference current at the kth instant i ¤
S(k),

the Lagrange polynomial can be expressed as:

i ¤
S(x) Æ

kX

jÆ0
y j l j (x) (3.31)

where the l j (x) is the basis polynomial which is shown as:

l j (x) Æ
kY

i Æ0,i 6Æj

x ¡ i

j ¡ i
(3.32)

Hence, assuming there are four reference values which are known as i ¤
S(k) ,

i ¤
S(k ¡ 1) , i ¤

S(k ¡ 2) and i ¤
S(k ¡ 3), each basis polynomial can be obtained by (3.32)

as shown below.

l k (x) Æ
(x ¡ k Å 1)(x ¡ k Å 2)(x ¡ k Å 3)

1¤ 2¤ 3
Æ

(x ¡ k Å 1)(x ¡ k Å 2)(x ¡ k Å 3)

6

l k¡ 1(x) Æ
(x ¡ k)(x ¡ k Å 2)(x ¡ k Å 3)

¡ 1¤ 1¤ 2
Æ

(x ¡ k)(x ¡ k Å 2)(x ¡ k Å 3)

¡ 2

l k¡ 2(x) Æ
(x ¡ k)(x ¡ k Å 1)(x ¡ k Å 3)

¡ 2¤ (¡ 1)¤ 1
Æ

(x ¡ k)(x ¡ k Å 2)(x ¡ k Å 3)

2

l k¡ 3(x) Æ
(x ¡ k)(x ¡ k Å 1)(x ¡ k Å 2)

¡ 3¤ (¡ 2)¤ (¡ 1)
Æ

(x ¡ k)(x ¡ k Å 1)(x ¡ k Å 2)

¡ 6

(3.33)

To estimate the reference current value at the (k+1)th instant, the (3.31) can

be adjusted as:

i ¤
S(k Å 1) Æ

kX

jÆk¡ 3
y j l j (k Å 1) Æi ¤

S(k)l k (k Å 1)Å i ¤
S(k ¡ 1)l k¡ 1(k Å 1)

Å i ¤
S(k ¡ 2)l k¡ 2(k Å 1)Å i ¤

S(k ¡ 3)l k¡ 3(k Å 1)

(3.34)
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Using the values from the present and the previous samples, the formula for

the current prediction at the (k+1) is �nally shown as:

i ¤
S(k Å 1) Æ4i ¤

S(k) ¡ 6i ¤
S(k ¡ 1)Å 4i ¤

S(k ¡ 2) ¡ i ¤
S(k ¡ 3) (3.35)

If the reference current is a sinusoidal value and the current control is per-

formed using the a-b-c stationary frame, according to the sinusoidal wave charac-

teristic, the current extrapolation formula shown below can be used to derive the

reference values at the (k+1) sample.

2

6
6
6
6
4

i Sa(k Å 1)

i Sb(k Å 1)

i Sc(k Å 1)

3

7
7
7
7
5

ÆD (! T s)

2

6
6
6
6
4

i Sa(k)

i Sb(k)

i Sc(k)

3

7
7
7
7
5

(3.36)

where D (! T s)

Æ2
3

2

6
6
6
6
4

cos(! T s) ¡ 1
2 cos(! T s ¡ ¼

3 ) ¡ 1
2 cos(! T s Å ¼

3 )

¡ 1
2 cos(! T s Å ¼

3 ) cos(! T s) ¡ 1
2 cos(! T s ¡ ¼

3 )

¡ 1
2 cos(! T s ¡ ¼

3 ) ¡ 1
2 cos(! T s Å ¼

3 ) cos(! T s)

3

7
7
7
7
5

3.6 Summary of the Key Points of the Published

Paper

The paper presents a novel modulated Model-Predictive Control (MMPC) scheme

for the Modular Multilevel Cascaded Converter-based STATCOMs (MMCC-STATCOM)

to compensate the unbalanced load current and regulate the reactive power �ow.

The key contributions of the work can be detailed as follows:

(1) A common mode voltage (CMV), vn0, is applied on each phase-voltages of

the star-connected MCC current model given as (in Section 3.7.2)
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dI cm

dt
Æ

1

L f
£

¡
Vcm ¡ Vgm Å Vn0 ¡ R f I cm

¢
(3.37)

Vn0 Æ ¡
Vca Å Vcb Å Vcc

3
(3.38)

This results in a natural injection of a non-sinusoidal voltage to the star-

connected converter neutral point. The adequate vn0 value can maintain the three

phase cluster voltage balanced. The phase voltage imbalance is due to the unequal

phase power �owing caused by the MMCC- STATCOM compensating unbalanced

power line current vn0 evaluated is shown containing a fundamental frequency

element and the harmonics which can extend the operating ranges of the MMCC

STATCOMs when used for the negative sequence current compensation.

(2) The predictive models for both phase current and phase voltage ( Section

3.7.2 of paper) are derived, making the cost function a combination of two objectives;

minimizing three-phase current errors and obtaining three phase voltage balancing,

by controlling the switch duty ratios Sm(k), and is de�ned as (Section 3.7.3)

J (k) Æ
X

mÆa,b,c

n¡
I cm(k Å 1) ¡ I ¤

cm(k Å 1)
¢2

o

Å¸
X

mÆa,b,c

n¡
V §

m(k Å 1) ¡ V §¤
m (k Å 1)

¢2
o

s.t. jSm(k)j · 1

(3.39)

(3) The reference current at the (k+1)th is evaluated using the DDSRF and

the reference Extrapolation (Section 3.7.4) The DDSRF is used for extracting the

negative sequence element of the power line measured current at the kth sample.

This, together with the two reference currents estimated during the previous four

samples, i.e. i ¤
S(k) , i ¤

S(k ¡ 1) , i ¤
S(k ¡ 2) and i ¤

S(k ¡ 3), are applied for evaluating the

reference current at the (k+2)th sample using the reference extrapolation formula

(3.36). The method gives an accurate estimation of the reference current for MPC.
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(4) A novel Branch and Bound (B&B) algorithm is applied to optimize the per-

phase switch duty ratios. The principle of this is outlined in the previous subsection

and explained in detail in Section 3.7.3 of the paper.
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3.7 The Published Paper

3.7.1 Introduction

Increasing use of power electronic driven loads such as electric vehicles and electric

traction, and the rapid introduction of renewable energy sources in the power

network, results in a growing incidence of the reactive and unbalanced load cur-

rents and harmonics. The voltage-source-based static synchronous compensator

(STATCOM) [40]–[42] can be effective in dealing with these problems, especially un-

balanced loads. The STATCOM development has been furthered in the last decade

by using the modular multilevel cascaded converters (MMCCs) which extend the

compensation applications to the medium and high voltage power grids [43]–[45].

An MMCC-STATCOM can be scaled up to generate a higher voltage without a

step-up transformer, and can produce a voltage waveform with a good harmonic

performance at the lower switching frequencies and with less �ltering. The key

elements in an MMCC-STATCOM are its sub-modules, where the most widely used

topology is the single-phase three-level H-bridge converter [46]. Other well-known

topologies such as the �ve-level �ying capacitor converter (5L-FC) [47] and the

�ve-level neutral point clamped converter [48], [49] have also been reported. Their

relative merits have been investigated in terms of the manufacturing cost, the

operational performance and the footprint [50].

A critical issue in using the MMCC-STATCOMs for power quality control is

maintaining the balance of the module capacitor voltages. Lacking common dc-

links, the capacitors in the cascaded modules are isolated from each other, making

it dif�cult to exchange the power between levels in the sub-module stack [20]–[22]

and between the phase arms [23]–[25]. This causes the module capacitor voltages

to drift away from their nominal level, disrupting the normal operation or even

causing the device damage. This intra-cluster voltage imbalance can be counter-
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acted within one phase arm by the closed-loop average capacitor voltage control and

the adjustment of the PWM schemes. However, when the MMCC-STATCOM com-

pensates the unbalanced loading of the utility grid, the module capacitor voltage

imbalance can be worsened. This is due to the STATCOM supplying the negative

sequence current to the grid for mitigating the unbalanced loads which cause the

active power imbalance between its phase arms. The countermeasures have been

developed where, for the star-connected MMCC-STATCOM, the approach is to

introduce a sinusoidal zero sequence voltage at the neutral point, hence shifting

the neutral point to a non-zero voltage level [1], [2], [26]–[28]. The effect of this is

to eliminate the phase power differences caused by the negative sequence current

�owing through the phase arms, and bring about a uniform active power distri-

bution between phases. However, such a scheme is problematic since the injected

zero-sequence voltage can cause the converter phase voltages to exceed their rated

levels under a higher load imbalance, hence operating in the over-modulation mode

or even becoming uncontrollable. The methods such as adding the third order

harmonics can reduce the peak value of the zero sequence voltage, but with a

limited effect. As shown in [29] the peak phase-voltage reduction obtained is only

about 12%, this has given an increased compensation range to the maximum load

imbalance ratio from about 58% up to 65%. Injecting the negative sequence voltage

on the converter phase reference voltages has also been suggested to realize the

redistribution of phase active power in the MMCC-STATCOM [3], [4], [30], but this

is mainly for dealing with the condition of the grid voltage sag. A technique using

both negative-sequence current and zero-sequence voltage was also proposed for

the MMCC-STATCOM [32]. This is speci�cally for operating under the power grid

fault conditions but cannot cope with the load imbalance.

The MPC technique is well-known and has been widely applied for the control

of modular multilevel converters, mostly for HVDC applications. In general, this
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method employs a discrete-time model of the MMCC circuit to predict the output

phase current. It then selects the optimal switching state which minimizes a

desired cost function. The challenges of the technique can be the determination

of the optimal switching state/vector from many candidates in real time. There

are various schemes reported which can be categorized into the �nite control set

model predictive control (FCS-MPC) [6]–[8], [33]–[35] and the continuous control

set model predictive control method (CCS-MPC) [9]–[13] which is also named as

the modulated model predictive control (MMPC). The former relies on selecting a

switching state from a �nite set for the corresponding converter, combined with a

sorting algorithm for balancing sub-module capacitor voltages at the next switching

cycle. This method has been applied to a wide range of power converters and shown

to give a high dynamic performance. However its drawbacks are in giving a variable

switching frequency and a poor steady-state performance, because only one result

can be output per sampling period [51]. The CCS-MPC, on the other hand, predicts

the voltage control signals which are the continuous variables in one sample period

and translates them into the switching vectors. The method offers the bene�t of

causing smaller current ripples and requires less computational effort. In terms of

implementing the predicted voltage, there is also the optimal voltage level-based-

MPC (OVL-MPC) [7] which uses a cost function similar to that in [6], but evaluates

the desired number of the sub-modules to be inserted or bypassed in each phase

arm. In addition, Pu Liu et al [8] proposed a combined grouping and sorting optimal

MPC for the MMC HVDC which divides n sub-modules in each arm into m groups.

By implementing the optimized MPC at a group level and then a sub-module

level, the method can further reduce the computational burden. There is also a

dual-stage based MPC [33] where the �rst stage aims to obtain the optimal voltage

level and the second to select the switching states using another MPC without

the sorting algorithm. For the modulation techniques, the space vector modulation
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scheme is utilized for the MMC applications [11], [12] to enhance the steady state

performance with a �xed switching frequency. The optimal times for three active

vectors (two active vectors and one zero vector) need to be calculated for minimizing

the cost function value. Different sine-triangle-based PWM techniques are also

adopted in [13] for the voltage source inverters (VSIs). These give performance

similar to that from the space-vector based modulation scheme, but can further

simplify the computational burden. In particular, the phase-shift PWM (PS-PWM)

is the most popular for its advantage in maintaining the SM voltage balance [10]

There are only a few MPC schemes dedicated to the MMCC-STATCOMs [52]–

[54], but they all concentrate on compensating the reactive power under the bal-

anced grid operation; none is for compensating the unbalance load current. The

proposed MMPC method in this paper focuses on suppressing the grid unbalanced

load current. It has two distinctive features; �rstly, the three phase voltages applied

to its model for current prediction are imposed with a common mode voltage (CMV).

This gives the implemented phase voltages a natural zero-sequence element with

the harmonics for bringing the symmetry to the phase active powers, and hence

eliminating the drift in the phase cluster voltages. Moreover, the harmonics in the

imposed CMV are found to reduce the peak converter phase voltages, so extending

the range of the load imbalance compensation. Secondly, the cost function mini-

mization is achieved by selecting the per phase switch duty ratio using a modi�ed

branch and bound (B&B) algorithm. This approach stems from the scheme in [52]

which applies the space vector PWM concept and selects the switching vectors

within each 60 ° sextant. The modi�ed B&B, however, evaluates the optimal switch

duty ratios in the a¡ b¡ c coordinate. By setting any one of them in the cost function

as a branch, it solves the other two by quadratic programming. It will be shown

that the method is able to mitigate the unbalanced load at the ratio of up to 70%

while still maintaining the phase DC-voltages balance.
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The paper is structured as follows: Section 3.7.2 describes the con�guration

of the MMCC-STATCOM and the prediction models for the output current and

the per phase DC capacitor voltage. In Section 3.7.3, the cost function and the

constraints for the variables are de�ned. The principle of the modi�ed branch and

bound method is detailed. In Section 3.7.4, the overall control scheme is presented.

Section 3.7.5 presents the experimental results which validate the proposed control

scheme. Section 3.7.6 gives the conclusions.

Figure 3.10: The con�guration of a power system with the star-connected
MMCC-STATCOM using the 5-level �ying capacitor converter as sub-modules

130



3.7. THE PUBLISHED PAPER

3.7.2 Modulated Model Predictive Control with Common

Voltage Injection

3.7.2.1 The Con�guration of MMCC-STATCOM

The con�guration of a star-connected MMCC-STATCOM is shown in Fig.3.10. Each

of the three phase arms consists of M serially connected 5-Level �ying capacitor

converters as the sub-modules (SM) which has two inner capacitors C1 and C2

and one outer �oating capacitor C3. The SMs can equally be the 2-level full-bridge

converters, each with a single capacitor. Each of the �ying capacitor SMs can

synthesize �ve voltage levels: 0, § Vdc/2, § Vdc. With M SM per phase arm, there

are 4M Å 1 voltage levels. The number of SMs in a phase arm depends on the line

voltage rating and the dc capacitor voltage per module. The three phase arms

are connected to the transmission lines through their �lters with the impedance

R f + jwL f , to the Bus2 which is regarded as the point of common coupling (PCC).

The transmission line impedance between the supply side from Bus1 to Bus2 is

Rs+ jwL s. The neutral points between the supply and the converter sides are not

connected [29].

At the load end, the three-phase R ¡ L loads, RL + jwL L is connected. Its power

factor is about 80.9%. To emulate the load imbalance condition, a single-phase

variable resistor, Run is added on the load of phase A.

3.7.2.2 Model for STATCOM Output Current

The MMCC-STATCOM is used to compensate the unbalanced load current as

well as the reactive power within its rated power and voltage ratings. This has

the bene�t of making the current �ow from the PCC balanced hence eliminating

the adverse effect due to the load imbalance to the grid. However, supplying the

unbalanced current by an MMCC-STATCOM causes the phase power imbalance,
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resulting, consequently, the phase cluster DC voltages drifting away from the

nominal level. The existing technique is to inject a zero sequence voltage which

would not affect the grid voltage but results in a power element eliminating the

unbalanced power between phases, hence preventing the phase voltage drift. To

adapt the new approach, it is assumed a common mode voltage (CMV), equivalent

to the zero sequence voltage at the fundamental frequency, is applied to the neutral

point of the star-connected STATCOM. By applying the phase voltage balance

expression, the rate of change of per phase current of the converter can be given as

dI cm

dt
Æ

1

L f
£

¡
Vcm ¡ Vgm Å Vn0 ¡ R f I cm

¢
(3.40)

where the Vcm and I cm (m Æa,b, c) are respectively the STATCOM terminal voltage

and current, while the Vgm is the grid side voltage, and the Vn0 is the CMV, which

can be expressed as

Vn0 Æ ¡
Vca Å Vcb Å Vcc

3
(3.41)

Assuming the sample time T s is signi�cantly smaller than the time constant of

the converter �lter, if the converter three phase-voltages and the common mode

voltage at the kth sample are known. the discrete time expression of output three

phase-currents at the (k+1)th sample can be given as
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Considering the converter phase voltage Vcm , its maximum value equals the

sum of voltages of all SMs in a phase chain, assuming that the V §
m is the sum value

of the sub-module capacitor voltages. Applying the switch duty ratio, Vcm relates

to V §
m and Sm as:

Vcm ÆSmV §
m (3.43)

where the Sm is the duty ratio for each phase ( m Æa,b, c) and M is the number of

the SM per phase arm. Since the duty ratio varies at every sample interval, the

discrete time form of the CMV is given as

Vn0(k) Æ ¡

¡
Sa(k)V §

a (k)Å Sb(k)V §
b (k)Å Sc(k)V §

c (k)
¢

3
(3.44)

Substituting (3.44) into (3.42), the STATCOM current at ( k Å 1)th sample can

be expressed as :
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Assuming the �lter parameters, L f and R f , are constant and the V §
m(k), Vgm(k),

I cm(k) (m=a,b,c) are the measured values at the kth sample, by adequately ad-

justing the Sm(k), it is possible to obtain the desired STATCOM current at the

(k Å 1)th sample.
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3.7.2.3 Model for Per Phase Voltage

The power �ow between the grid and the MMCC-STATCOM maintains the SM ca-

pacitor voltages at the desired levels, hence the energy exchange for per STATCOM

phase arm can be given as

1

2
C

2

6
6
6
6
4

V §2
a

V §2
b

V §2
c

3

7
7
7
7
5

Æ
Z

0

B
B
B
B
@

2

6
6
6
6
4

¡ VcaI ca

¡ VcbI cb

¡ VccI cc

3

7
7
7
7
5

1

C
C
C
C
A

dt (3.46)

where the C is the capacitance of the SM outer �oating capacitor C3.

According to (3.43), the above can be written as
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Taking the derivative on both sides and simplifying the resultant formula, the

rate of change of per phase total capacitor voltage is given by
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Expressing above in the discrete-time form, the MMCC-STATCOM phase arm

total voltages at the next sample interval can be expressed as:
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It is evident from (3.49) that the total phase voltage of the STATCOM is also

adjustable by the switch duty ratio of the phase arm SMs.

3.7.3 MMPC for MMCC-STATCOM

3.7.3.1 Cost Function and Constrained Optimisation Principle

In this section, a modulated model predictive control (MMPC) method based on the

a ¡ b ¡ c framework with the common mode voltage injection is given in detail. The

control objective is to ensure that the three phase currents of the MMCC-STATCOM

track as well as their corresponding reference values while the �uctuations on the

sum of the SM capacitor voltages per phase are minimized. This can be achieved by

evaluating the optimal control variables, i.e. the switch duty ratio Sm(k). However,

it is worth noting that with the current reference values de�ned to compensate

the unbalanced load current at the PCC, a CMV is imposed on each phase voltage

and this may result in any one of the optimal duty ratios exceeding outside the

linear modulation range, causing the MMCC over-modulation. Thus a cost function

combining both current and voltage objectives, with the constraints on Sm(k), is

de�ned as

J (k) Æ
X

mÆa,b,c

n¡
I cm(k Å 1) ¡ I ¤

cm(k Å 1)
¢2

o

Å¸
X

mÆa,b,c

n¡
V §

m(k Å 1) ¡ V §¤
m (k Å 1)

¢2
o

s.t. jSm(k)j · 1

(3.50)

where the I ¤
cm(k Å 1) and the V §¤

m (k Å 1) are the reference values of the converter

current and the sum of capacitor voltages per phase. The ¸ is the weighting factor

for the capacitor voltage balancing. The constraints on the per phase switch duty

ratio ensure that the voltage variations are within the linear range.
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The weighting factor ¸ imposes a trade-off between the current tracking accu-

racy and the balancing of three summed sub-module capacitor voltages. Its value

is determined by trial and error. A comparative study of using different ¸ in the

control of the experimental rig is presented in Section 3.7.5. and subsequently, the

selection of its value is explained.

Without considering the common mode voltage in the cost function, the opti-

mization method can be very similar to that presented in [38]. However, with the

addition of the CMV on each of the phase voltages, the expressions for the three

phase currents are different as shown in (3.45), so the minimization of the cost

function (3.50) for �nding the three voltage duty ratios requires considering all the

three phase current simultaneously under the inequality constraints. Applying the

Karush-Kuhn-Tucker (KKT) conditions [36] gives a set of suf�cient conditions for

optimizing the cost function (3.50), this leads to the constraints for the three duty

ratios written as

s.t. ¡ 1 ¡ Sm(k) · 0,Sm(k) ¡ 1 · 0(m Æa,b, c) (3.51)

Subsequently, according to the KKT, the Lagrangian function of (3.50) combined

with (3.51) can be shown as:

L (k, ¸ 1, ¸ 2, ¸ 3, ¸ 4, ¸ 5, ¸ 6) ÆJ (k)Å ¸ 1(¡ 1 ¡ Sa(k))Å

¸ 2(Sa(k) ¡ 1)Å ¸ 3(¡ 1 ¡ Sb(k))Å ¸ 4(Sb(k) ¡ 1)Å

¸ 5(¡ 1 ¡ Sc(k))Å ¸ 6(Sc(k) ¡ 1)

(3.52)

Taking the phase a as an example, the errors of both current prediction and

capacitor voltage balance are simpli�ed respectively as
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I ca(k Å 1) ¡ I ¤
ca(k Å 1) Æa1Sa(k)Å a2Sb(k)Å Pa1
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(3.53)
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Subsequently, the J(k) part in the function (3.42) can be rewritten as:

J (k) Æ
X

mÆa,b,c

©
(m1Sa(k)Å m2Sb(k)Å m3Sc(k)Å Pm1)2ª

Å¸
X

mÆa,b,c

©
(m4Sm(k)Å Pm2)2ª (3.54)

Note that the parameters, m1, m2, m3, and Pm1, Pm2 in (3.54) are given in the

appendix. Hence, the KKT conditions that need to be met are as follows:
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(3.55)

Solving the above equations with the set conditions leads to the derivations

of the values Sm(k) (m=a,b,c) and the ¸ s. If one of the ¸ s is greater than 0, the

corresponding phase duty ratio should be on the boundary 1 or -1. On the other

hand, when the ¸ is equal to 0, the derived duty ratio is the optimal value. Several

optimization methods may be applied to solve this problem, including the Interior-

Point (IP) [37] and the active-set [38] schemes. They all require performing multiple

iterative procedures which can be computationally costly. A modi�ed Branch and

Bound (B&B) is thus proposed which can derive the optimal solution with only a

�nite known number of steps.
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3.7.3.2 Modi�ed Branch and Bound (B&B) Method

To evaluate the optimal switch duty ratios Sm(k) (m Æa,b, c) for minimizing the

cost function de�ned by (3.50), a modi�ed branch and bound method (B&B) for the

system represented by the a ¡ b ¡ c coordinate is proposed.

The principle of the method is as follows: By selecting any one of the three

control variables, namely, one phase arm's switch duty ratio and setting it as a

variable within the con�ned range imposed by the constraint in the cost function,

the cost function would now have only two variables – two switch duty ratios, as

the third one is bounded as a constant. This simpli�es the computation process,

because the order of the derived formula for the cost function minimization is

reduced to two instead of the original three. The evaluation follows a two stage

bound and branch process as follows:

Stage 1: the chosen input variable is assigned to a constant within its constraint

from either the lower or upper boundary. With the cost function having now

two independent variables, their optimal values can be estimated by quadratic

programming.

Stage 2: the two resultant optimal values are applied to replace their originals

as the �xed constants in the cost function, but the �rst input is allowed to vary.

Having only one independent variable to evaluate, the optimal cost function can be

derived subsequently. This, consequently, leads to a set of the three optimal inputs

and completes one branch of the B&B process.

In the following branches, the �rst input variable ascends or descends in

constant steps until it reaches the upmost/lowest boundary. In each step, the two-

stage process described above is repeated. According to the number of steps taken

by the chosen �rst variable, there would be multiple branches, hence multiple sets

of results. These results are compared after completing the �nal branch evaluation

and the set giving the minimum cost function value will be chosen.
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Applying the above principle, the switch duty ratio, Sc(k), in the cost function

(3.50) may be the chosen one amongst the three to form a branch. Starting from

Sc(k) = -1 at the lower bound, SL , it rises at a constant step size of, say, 0.25, in

each branch until reaching the upmost bound SU =1. By setting Sc as a constant

in the cost function (3.50) in each branch, the current prediction error part is

simpli�ed as given below (taking the phase a as an example).

I ca(k Å 1) ¡ I ¤
ca(k Å 1) Æa1Sa(k)Å a2Sb(k)Å na1 (3.56)

where

na1 Æa3Sc(k) ¡
T s

L f
Vga(k)Å

µ
1 ¡

R f T s

L f

¶
I ca(k) ¡ I ¤

ca(k Å 1)

Likewise combining (3.56), the phase A voltage error can be expressed as

V §
a (k Å 1) ¡ V §¤

a (k Å 1) Æa4Sa(k)Å na2 (3.57)

where

na2 ÆV §
a (k) ¡ V §¤

a (k Å 1)

Subsequently, the cost function (3.50) can be rewritten as:

J (k) Æ
X

mÆa,b,c

©
(m1Sa(k)Å m2Sb(k)Å nm1)2ª

Å¸
X

mÆa,b,c

©
(m4Sm(k)Å nm2)2ª (3.58)

Note that the parameters, m1, m2, and nm1, nm2 in the original (3.54) and (3.58)

are given in the appendix. With only Sa(k) and Sb(k) as the input variables, the

optimal values of these parameters are obtainable by minimizing the cost function
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J(Sa,Sb) and can be estimated using the Least-Square minimization algorithm.

This requires taking the �rst order derivatives of the cost function J with respect

to the two variables respectively and setting them to zero, yielding

@J (k)

@Sa(k)
Æ(a2

1 Å b2
1 Å c2

1 Å ¸ a2
4)£ Sa(k)

Å(a1a2 Å b1b2 Å c1c2)£ Sb(k)

Å(a1na1 Å b1nb1 Å c1n c1 Å ¸ a4na2) Æ0

(3.59)

@J (k)

@Sb(k)
Æ(a1a2 Å b1b2 Å c1c2)£ Sa(k)

Å(a2
2 Å b2

2 Å c2
2 Å ¸ b2

4)£ Sb(k)

Å(a2na1 Å b2nb1 Å c2n c1 Å ¸ b4nb2) Æ0

(3.60)

Based on the above equations, the solutions for the two switching duty ratios

can be obtained by the product of the two 2 x 2 matrices as shown below

2

4
Sa(k)

Sb(k)

3

5 Æ ¡ A ¡ 1
1 A2 (3.61)

where

A1 Æ

2

4
a2

1 Å b2
1 Å c2

1 Å ¸ a2
4 a1a2 Å b1b2 Å c1c2

a1a2 Å b1b2 Å c1c2 a2
2 Å b2

2 Å c2
2 Å ¸ b2

4

3

5

and A2 Æ

2

4
a1na1 Å b1nb1 Å c1n c1 Å ¸ a4na2

a2na1 Å b2nb1 Å c2n c1 Å ¸ b4nb2

3

5

Note that either Sa(k) or Sb(k) estimated from (3.61) may violate the constraint

de�ned in (3.50), and in that case, the corresponding duty ratio needs to be clamped

to its nearest boundary value.

Once the optimal Sa(k) and Sb(k) are obtained with a �xed Sc(k), the next

stage is to estimate the optimal duty ratio Sc(k) while Sa(k) and Sb(k) in (3.50) are

�xed to their newly evaluated values. In this case, Sc(k) is the only parameter to
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be evaluated, and this is a one-variable programming problem. The cost function

(3.50) now becomes:

J (k) Æ
X

mÆa,b,c

©
(m3Sc(k)Å nm3)2ª

Å¸
X

mÆa,b,c

©
(m4Sm(k)Å nm2)2ª (3.62)

where

nm3 Æm1Sa(k)Å m2Sb(k) ¡
T s

L f
Vgm(k)Å

µ
1 ¡

R f T s

L f

¶
I cm(k) ¡ I ¤

cm(k Å 1)

Taking the derivative of J( Sc(k)) with respect to Sc(k) and setting it to 0, the

Sc(k) is calculated as:

Sc(k) Æ ¡
a3na3 Å b3nb3 Å c3n c3 Å ¸ c4n c2

a2
3 Å b2

3 Å c2
3 Å ¸ c2

4

(3.63)

where the a3,b3,c3,na3,nb3 and n c3 are also shown in the appendix.

Similar to the case with the estimated Sa(k) and Sb(k), the derived Sc(k) value

should not violate the set constraint, otherwise it must also be replaced with the

nearest boundary value.

The switch duty ratio values for the three phase arms estimated using the

aforementioned procedure may not be the global optimum. The optimization process

is repeated for the next branch in which the Sc(k) is �xed to a value higher or lower

than its previously acquired value. With the de�ned constraint for the switch duty

ratio and the step size setting of 0.25, there are 9 branches, resulting in the 9 sets

of optimal solutions. Based on their corresponding cost function values, the one

producing the minimal value among the 9 sets is selected. The �owchart of this

new B&B method is shown in Fig.3.11.

It is worth noting that the branch step size of 0.25 is set by trial and error

according to the criteria of both the accuracy of the �nal optimal solution and the
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Figure 3.11: The �owchart for the modi�ed branch and bound (B&B) method

computation ef�ciency. In general, the smaller the step size, the more accurate

the solution obtained according to the minimum cost function value, however, the

higher the number of branches and hence the higher the computational burden.

Fig.3.12 depicts the cost function values evaluated using the global optimal solution
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obtained when different step sizes are applied; i.e. 0.5 (black line), 0.25 (red line)

and 0.1 (blue line) respectively and the unbalanced load ratio is 0.28. With only 5

branches for 0.5 step size, the black line either coincides with the other two lines

or is higher than them. It can be seen that when the red line is higher than the

blue line, the gap between them is not very obvious. However, 21 branches with 0.1

step size result in a computational time twice that when step size is 0.25. Thus,

in this work, a step size of 0.25 is chosen for each branch which is a compromised

choice between accuracy and computational cost.

Figure 3.12: The cost function value comparison using different step size when the
imbalance compensation ratio is 0.28.

3.7.3.3 Results from B&B Compared with IP Method

It is important to note that the proposed B&B with step size set to 0.25 does not

prevent it from estimating the optimal solution values. Table 3.1 illustrates the

evaluated optimal results for a single instance of a real time sample. It lists the

three duty ratios at each of 9 bounds and the �nal chosen result (shown in bold) has

the lowest cost function of all those obtained for this particular test. Clearly, the

evaluated three duty ratios vary over the constrained range and importantly, the

�nal optimal solution chosen is compared with the result obtained by the Interior-

Point method (IP) [55], the difference in terms of the cost functions between the

two methods is about 10% and the maximum difference between the estimated
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three duty ratios are less than 0.02. This is deemed to be a practically acceptable

result, and is obtained much more rapidly than the IP method solution.

The results from both B&B and IP methods are also shown in Table 3.2 for 4

further instances, i.e. for 4 other time instants under different operating conditions.

The data listed in Table 3.2 presents a similar pattern to those in Table 3.1, the

maximum average difference in the three duty ratios identi�ed by the two methods

is less than 0.05, so helping to con�rm the robust results in the presence of the

noise, and the sampling errors. In fact, about 100 similar instances were analyzed

but cannot be listed in full. All the results have been found to be acceptably close

to those from the IP method. It is also worth pointing out that no instances of the

local minimum (i.e. in a region disjoint from the true optimum) were seen to occur.

Table 3.1: The phase duty ratios and the cost function values evaluated at 9
different branches by the B&B method and the results from Interior-Point Method

Branch Sa(k) Sb(k) Sc(k) Cost function value

Sc=-1 -0.6227 -1 -0.63434 1.329
Sc=-0.75 -1 -0.5085 -0.3733 0.6088
Sc=-0.5 -0.1240 -1 -0.3733 0.1833

Sc=-0.25 0.1154 -0.9964 -0.2519 0.05054
Sc=0 0.3748 -0.7377 -0.0022 0.05527

Sc=0.25 -0.4889 0.2476 0.6242 0.05828
Sc=0.5 0.8736 -0.2402 0.4974 0.06158

Sc=0.75 1 0.0856 0.6856 0.1
Sc=1 1 0.2573 0.8105 0.3974

Optimal value 0.1078 -1 -0.2720 0.04178

3.7.3.4 Evaluation and Comparison of the Computational Cost

The evaluations of the computational procedures are performed on both the pro-

posed and conventional methods. To give a fair comparison, the MMPC method is

also applied to the conventional method. The basic operations for both methods are
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Table 3.2: The comparison of the duty ratios and the cost function values estimated
by the B&B method and the interior-point (IP) method at four different samples

Sample Sa(k) Sb(k) Sc(k)
Cost
function
value

Cost
function
error

1
B&B -0.2886 0.0816 0.7502 0.01096

0.00651
IP -0.2111 0.0875 0.8252 0.00445

2
B&B -0.5592 -0.1340 0.4999 0.02989

0.0084
IP -0.5026 -0.0983 0.5545 0.02149

3
B&B 0.2926 0.2301 -0.1950 0.01831

0.00358
IP 0.3084 0.2054 -0.2145 0.01473

4
B&B 0.3513 -0.7843 -0.2506 0.00370

0.00255
IP 0.2933 -0.8007 -0.2659 0.00115

Average
error

0.0482 0.0432 0.0411 0.00526

respectively listed in Tables 3.3 and 3.4, including the comparison, the addition,

the multiplication and the division, performed per sample interval. The operations

which are common to both methods, such as the DDSRF, the average voltage control

loop and the PS-PWM are excluded. There is a column in both tables named the

pre-calculation; this counts for the computations not performed in each sample

interval. It can be seen that the count for total basic operations for the proposed

method is 791 which is less than that for the conventional method of 801.

Table 3.3: The expected basic operations of the proposed method

Basic operations Pre-calculation Per cycle calculation

Addition 24 23
Multiplication 38 43
Comparison 0 6

Division 0 3
Square 0 6
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Table 3.4: The expected basic operations of the conventional method

Basic operations Pre-calculation
Outer capacitor

balancing control
Per cycle

calculation

Addition 16 41 19
Multiplication 30 54 39
Comparison 0 0 6

Division 0 3 3
Square 0 0 6

3.7.4 Overall Control Scheme

The overall MMPC control scheme for an MMCC-SATCOM is shown in Fig.3.13.

It has four parts: the MMPC block, phase-shifted PWM block, the intral-cluster

voltage balancing control block, the reference current and the voltage generations

and the delay compensator. The MMPC block is already described in section 3.7.2.

The phase-shifted PWM (PS-PWM) block is well-reported in the literature and

hence only a brief description is given here [56]. In this technique, multiple trian-

gular carrier waves are applied to synthesize a three-phase sinusoidal reference

signal. The number of the triangular waves is the number of SMs (for the SM

being full H-bridge), in the case of the 5L-FL SMs, the number is twice that of

the SMs in a phase leg. Thus with the number being M , they are phase shifted

by an equal angle ((180/2 M )±) to each other. By comparing these carrier waves

with two anti-phased reference sine waves, the desired switching signals can be

generated. In the intra-cluster voltage balancing control block, the per phase SM

capacitor voltage values, i.e. the intra-phase voltages, are maintained in balance by

using the closed loop control to their average value v¤
dc¡ ave Æv

P

m /M which has been

shown in Fig.3.14 and then applying the PS-PWM. The Vcm1 and Vcm2 represent

the voltage values of two SM outer capacitors, C3, in each phase (m Æa,b, c). The

last two blocks are described in detail below.
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Figure 3.13: The overall control scheme of the MMPC for the MMCC-STATCOM

Figure 3.14: The diagram for the intra-cluster voltage balancing control block

3.7.4.1 Reference Current and Voltage Generations

For the MMPC+B&B scheme to eliminate the unbalance current and improve the

power factor at the PCC, its reference current I ¤
cm(k), is generated by extracting

both the – ve sequence current components, I ¡
1d (k), I ¡

1q(k), and the reactive current

I Å
1q(k) from the measured load current. This can be achieved by using the Decoupled

Double Synchronization Reference Frame (DDSRF) [18]. For the intra-cluster

voltage balancing, a +ve sequence current element I cv(k), needs to be added to the
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reference current. This is evaluated using the SM average voltage control block

as shown in Fig.3.14. Subsequently, the reference current generated consists of

I ¡
1d (k)+I cv(k) and I 1q(k). This is transformed to the a ¡ b ¡ c stationary reference

frame through the inverse Park transformation, hence given as, I ¤
cm(k).

For good performance control, the delay compensation, explained in the follow-

ing sub-section, is applied. This reference current at the ( k Å2)th sample, I ¤
cm(k Å2),

is estimated by multiplying I ¤
cm(k) with B(2¾) which is expressed in (3.65).

With the delay compensator inserted, the average phase arm reference voltage

value for the ( k Å 2)th sample should be evaluated according to their corresponding

predicted values at the ( k Å 1) sample instant as

V §¤
m (k Å 2) Æ(V §

a (k Å 1)Å V §
b (k Å 1)Å V §

c (k Å 1))/3 (3.64)

3.7.4.2 Delay Compensator

As elaborated in the previous sub-section, the MMPC with the modi�ed B&B

algorithm predicts the converter output current and the SM capacitor voltages,

and estimates the optimal switching duty ratios for all three-phase arms in the

9 calculation branches. The whole process is however complicated, making the

time interval excessively long between the time instant taking the measured

voltage and current at the kth sample and the instant of when the newly estimated

switching signals are obtained. This is called the digital control delay and may

cause inaccurate predictions of the current and voltage hence resulting in poor

control performance. In this paper, a delay compensator is implemented to tackle

this problem. Its effect is analogous to inserting a “state observer” for the current

and the SM capacitor voltages in the MMPC loop. The scheme takes the measured

converter current and capacitor voltages at the kth sample and applies the switch

duty ratios, Sm(k), to (3.45) and (3.49), to predict I cm(k Å 1), and the sum of phase

149



CHAPTER 3. MODULATED MODEL PREDICTIVE CONTROL WITH BRANCH
AND BAND SCHEME FOR UNBALANCED LOAD COMPENSATION

capacitor voltages, V §
m(kÅ1). It also estimates the ( kÅ1)th PCC voltages, Vgm(kÅ1),

expressed in the a-b-c coordinate as:

2

6
6
6
6
4

Vga(k Å 1)

Vgb(k Å 1)

Vgc(k Å 1)

3

7
7
7
7
5

ÆB(¾)

2

6
6
6
6
4

Vga(k)

Vgb(k)

Vgc(k)

3

7
7
7
7
5

(3.65)

where B(¾)

Æ2
3

2

6
6
6
6
4

cos(¾) ¡ 1
2 cos(¾¡ ¼

3 ) ¡ 1
2 cos(¾Å ¼

3 )

¡ 1
2 cos(¾Å ¼

3 ) cos(¾) ¡ 1
2 cos(¾¡ ¼

3 )

¡ 1
2 cos(¾¡ ¼

3 ) ¡ 1
2 cos(¾Å ¼

3 ) cos(¾)

3

7
7
7
7
5

The ¾ is equal to ! T s and the ! is the grid angular frequency. The predicted

results at ( k Å 1) sample are then used by the MMPC+B&B algorithm to estimate

the optimal switching duty ratio at the ( k Å 2)th sample which can minimize the

cost function given below

J (k) Æ
X

mÆa,b,c

n¡
I cm(k Å 2) ¡ I ¤

cm(k Å 2)
¢2

o

Å¸
X

mÆa,b,c

n¡
V §

m(k Å 2) ¡ V §¤
m (k Å 2)

¢2
o

s.t. jSm(k Å 1)j · 1

(3.66)

3.7.5 Experimental Tests and Results

3.7.5.1 Experimental Setup

To validate and demonstrate the performance of the proposed MMPC+B&B control

scheme, the experimental tests were conducted on an MMCC-STATCOM prototype

(Fig.3.15) built at the Smart Grid Laboratory of the University of Leeds [57]. The

con�guration of the power network model constructed for testing the STATCOM's

capability for the unbalanced current cancellation is as given in Fig.3.10, the PCC

150



3.7. THE PUBLISHED PAPER

bus is powered by an auto transformer (3KVA,110V) through a three-phase R-L

element imitating the transmission line impedance. The parameters of the main

components in the experimental setup are listed in Table 3.5.

Figure 3.15: The MMCC-STATCOM prototype and the other system hardware
components

The experimental MMCC-STATCOM rig is comprised of six SMs, each being a

full-bridge 5L-�ying capacitor converter consisting of three capacitors and 8 IGBT-

Diode pairs. Two SMs are connected in series per phase, giving the 9 voltage levels.

The digital device for the control unit is a combination of an ACTEL-Pro-Asic 3

FPGA module and a Texas Instrument 32-bit �oating point digital signal processor

(DSP-TMS320C6713). The DSP serves as the main control unit for processing all

measured data to execute the MMPC+B&B control algorithm while the FPGA
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implements the PS-PWM scheme. The resultant switching signals are supplied to

the SMs through the �ber optic transmitter and the receiver circuits.

Table 3.5: The parameters for the experimental rig

Rated Power Pn orm 1.5kVA
Rated Current I n orm 5A

Sending end voltage Vs 80V
Line frequency f 50Hz

RL �lter resistance R f 2­
RL �lter inductance L f 3mH

Flying capacitor SM per phase cluster M 2
Per Module Capacitor C3 1120uF
Inner capacitor C1 and C2 560uF

Per Module voltage 60V
Switching frequency 1KHz

3.7.5.2 Results And Discussions

Fig.3.16 and 3.17 show the experimental results when the proposed scheme is ap-

plied to control the experimental MMCC-STATCOM, the former has the weighting

factor ¸ setting to 0.25 and the latter as 0.49. Fig.3.18 shows the corresponding

waveforms when the conventional sinusoidal zero sequence voltage injection is

applied on the same experimental rig. In all three Figures, stepped lines plotted

in (a) depict the levels of compensation ratio to the imbalanced load current. In

this work, the unbalanced load current is �xed at K ir =I ¡ /I Å=0.7. The unbalance

compensation ratio is adjusted from 0% (between 0.0 s and 0.1 s) up to 70% at

the step size of 14% per 0.1 sec. Thus in the initial period of 0 to 0.1 sec. the PCC

current is unbalanced since there is no compensation. After 0.1 sec, the degree

of compensation is increased gradually. The PCC currents become more balanced

until the maximum 70% compensation is applied. The unbalanced compensation

ratio at 0.7 is maintained from 0.5s to 0.7s in order to observe the level of the
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Figure 3.16: The experimental results (a) the Unbalanced rate (b) the PCC current
(c) the output converter current (d) the converter terminal voltage (e) the

sub-modules' capacitor voltages for each phase and (f) the common mode voltage
for the proposed method when the ¸ = 0.25

voltage oscillations away around the average sub-module capacitor voltages.

The performance of the MMPC+B&B algorithm can be observed from the PCC

current waveforms shown in Fig. 3.16 (b) and 3.17 (b). From no compensation

applied (0 s to 0.1 s) to 70% of the current imbalance compensation, it is evident

that the degree of the PCC current imbalance is reduced gradually to near complete

the elimination during period 0.5s to 0.7s. The three-phase current waveforms

supplied by the MMCC to the grid are displayed in Fig. 3.16 (c) and 3.17 (c), it

can be seen that the degree of the converter current imbalance increases with the

escalation of the required level of the compensation, but they are all within the
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Figure 3.17: The experimental results (a) the Unbalanced rate (b) the PCC current
(c) the output converter current (d) the converter terminal voltage (e) the

sub-modules' capacitor voltages for each phase and (f) the common mode voltage
for the proposed method when the ¸ = 0.49

rated limit. Likewise, the terminal phase voltages of the MMCC are also within

the rated level without the over-modulation. Fig. 3.16 (e) and 3.17 (e) display the

three-phase sub-modules capacitor average voltages which are well balanced even

when the compensation level is set to 56%, the low voltage �uctuation with the

peak-peak value of about 6V (10% of the rated capacitor voltage) is shown before

the time instant 0.5s. The voltage deviations grow slightly during the �nal 0.2s

interval when the compensation level is as high as 70%. However, the adverse

effect of this condition to the control performance is minimal, the system still

maintains the stable operation with the PCC current being well balanced.
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Figure 3.18: The experimental results (a) the unbalanced rate (b) the PCC current
(c) the output converter current (d) the converter terminal voltage (e) the

sub-modules' capacitor voltages for each phase and (f) the common mode voltage
for the conventional zero sequence voltage injection method

It is worth noting that the weighting factor value affects the performance of

the compensation. When the weighting factor is 0.49, the degree of the capacitor

voltage deviation is lower than that when the value is 0.25. However, for the

reduced weighting factor, the performance in the unbalanced current compensation

is better. When the weighting factor is 0.49, the maximum difference between the

peak values of the three PCC phase currents is about 0.5A, higher than that with

the weighting factor being 0.25 which is 0.3A, This means that the unbalanced

ratio after the compensation is higher than its counterpart when the weighting

factor is 0.49. In terms of the common mode voltage (the zero sequence voltage), as
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shown in Fig. 3.16 (f) and 3.17 (f), the peak values for both cases are always around

60V, so none presents the over-modulation problem.

The above results are compared with those shown in Fig. 3.18 where the

conventional method using the zero sequence voltage injection for the inter-cluster

voltage balance is applied. In this case, to extend the MMCC STATCOM voltage

range, the zero sequence voltage injected is composed of a sinusoidal fundamental

element plus two third harmonics; one has the magnitude of 1/6 of its main

fundamental component and the other's magnitude is 1/6 of the positive sequence

component of the converter terminal voltage.

As can be seen the waveforms up to t=0.5s when the compensation ratio is 0.56

(see Fig.3.16, 3.17 and 3.18) are stable for both methods. However, as the load

imbalance compensation ratio is increased to a higher level of 0.7, the performance

of the controlled PCC current waveforms from the conventional method deteriorates

as shown in Fig. 3.18 (b). This is due to increasing the negative sequence current for

mitigating the load imbalance, which adversely increases the phase active power

imbalance. However, the zero sequence voltage injected is insuf�cient to eliminate

the phase power differences even though the magnitude of its fundamental element

has increased signi�cantly (Fig. 3.18 (f)). Consequently, the phase voltages drift

away from their nominal levels as seen in Fig. 3.18 (e), resulting in the system

becoming uncontrollable. In contrast, the results from the proposed control scheme,

depicted in Fig. 3.16 and 3.17, show that the common mode voltage magnitude does

not show a noticeable increment but its spectra change signi�cantly for eliminating

the phase power imbalance. This in turn prevents the phase voltages from drifting

apart hence enabling the effective cancellation of the unbalanced load current.

Thus the proposed MMPC has shown that it allows the STATCOM to compensate

higher level of the load unbalances compared to the conventional method.

To explore the advantage of the MMPC+B&B algorithm, the frequency spectra
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