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Abstract

This thesis proposes a new modular multilevel conversion system with integrated
capacitors for STATic synchronous COMpensator (STATCOM) applications. The new
converter is called a Single Star-Modular Multilevel Converter (SS-MMC). In our
proposed converter, the capacitors are connected in series via half bridge chopper circuits
to order to separately discharge and recharge each capacitor. The projected converter is
able to compensate the reactive power to the loads and improve the grid’s power factor.
The converter is controlled using a decoupled direct and quadrature current controller
with a phase locked loop controller. The proficiency and functionality of the proposed
converter with its controller are demonstrated through detailed theoretical analysis and

simulations with MATLAB/Simulink.
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Chapter 1

Introduction

Recently, with the increased popularity of static and dynamic inductive loads with the
application of power electronic devices in modern industries, some large inductive loads cause
problems in power quality [1], [2]. The problems appear in electric grid as increased harmonics
and low power factors. The capacity of the electric distribution system and power losses are

affected by the presence of harmonics and low power factor operation [2], [3].
1.1 Problem Statement

The effect of nonlinear and/or inductive loads on the power factor is an important issue for the
operation of the power system and attracts the interest of many researchers. Many research papers
have proposed different schemes to improve power quality in the presence of nonlinear and/or
inductive loads [4]. The STATic synchronous COMpensator (STATCOM) is one of the convertors
that is able to improve the power quality and mitigate disturbance [5]-[7]. The STATCOM usually
includes two-level voltage/current source inverter with a line-frequency transformer added for the
enhancement of its power ratings; however, it results in the heavy, unreliable and expensive design
of the STATCO [5],[6]. Moreover, the two-level inverter produces output line voltages with a
substantial harmonic content. Therefore, in order to extract the fundamental components of the
inverter output waveforms, filters should be added [8]. The reliability of this two-level inverter is
relatively low and is independent of the amount of generated reactive power. If one of the switches

is faulty, the two-level inverter becomes unable to generate a reactive power to the load [8]. These



restrictions necessitate the use of multilevel converters or modular multilevel converters (MMC)
to eliminate the use of transformer and reduce the harmonic contents of the output waveforms of
the converter, which makes the design of filters easier and simple.

The most popular multilevel converters employed in STATCOM applications are Flying-
Capacitor Multilevel Converters (FCMCs) and Diode-Clamped Multilevel Converters (DCMCs)
[9]. The low reliability in both topologies, the high cost of flying capacitors in FCMC, as well as
the need for a complicated capacitor voltage balancing controller in DCMC are considered as the
major disadvantages of these two topologies.

On the other hand, the most popular modular multilevel converters employed in STATCOM
applications are Cascaded H-bridge Multilevel Converters (CHMCs) and Double Star-Modular
Multilevel Converters (DS-MMC) [9]-[11]. These topologies are providing high voltage
transformer-less structures with an improved efficiency, reliability, and fault tolerance capability
[12]. Therefore, the CHMC and DS-MMC configurations seem to be more suitable among others
such as FCMCs and DCMCs.

This thesis presents a new STATCOM, called Single-Star Modular Multilevel Converter (SS-
MMC). The proposed topology is believed to offer many advantages [12]:

e The output Voltage produced by this convertor is with very low harmonics, which makes

the requirement of filter design simple and cheap.

e The converter’s leg can be used in the case of damaged chopper circuits since the damaged

modules can be easily replaced by new modules.

e [f the output voltage is required to be increased, additional chopper circuits can be easily

added to the converter’s leg to increase the magnitude of the output voltage and decrease the

Total Harmonic Distortion (THD) in the output voltage.



e The converter is able to individually charge and discharge the capacitors, which simplifies
adding a capacitor-voltage balance controller to balance the capacitors in terms of their
voltages.

e The converter can be modulated using a low switching frequency, which results in a higher
efficiency.

e The converter has a higher reliability for a wide range of reactive power generation
compared with the traditional 2-level inverter.

The main contribution of this thesis is to model, control and simulate a new modular multilevel
converter with embedded capacitors, which is able to compensate the reactive power to the loads
and improve the grid’s power factor.

In comparison with the DS-MMC, the proposed converter has half the number of switches with
no injected circulating currents. The converter has no buffer inductors due to the absence of
circulating currents and, consequently, reduced conduction losses; this allows the converter
operation at a higher efficiency. Moreover, the use of SS-MMC eliminates the need for arm
balancing control, which is necessary in the control strategy of the DS-MMC to balance the top
and bottom arms within the same leg. The converter needs twice the number of modules compared
to the SS-MMC in order to produce the same output voltage.

In comparison with the CHMC, which is also a single star modular multilevel converter where
each leg is implemented by a series connection of H-bridge converters [13], the proposed converter

is more reliable and it is designed using half the number of switches.

1.2 Research Goals

Following are the main goals and objectives of this thesis:



e Explain the circuit diagram and operating principle of the proposed converter

e Develop a comprehensive mathematical model for the converter’s controller to
generate the appropriate reactive power

e Demonstrate the operation of the converter through detailed theoretical analysis and
numerical simulations using MATLAB/Simulink

e Examine the converter’s current controller with grid synchronization

¢ Examine the capacitor balancing based on applying capacitor voltage-balancing controllers
considering the operating conditions with non-equal voltages of the capacitors

e Confirm that the new conversion system can be used to compensate the required reactive

power to the load and make the grid operate at nearly a unity power factor.
1.3 Organization of The Report

The report comprises six chapters that are organised as follows:

e Chapter (2) reviews some converters used for STATCOM applications summarizing their
advantages and disadvantages.

e Chapter (3) describes the structure, the principle of operation, and the mathematical model
of this new converter.

e Chapter (4) demonstrates the control system of the proposed converter including, reactive
power controller, capacitor voltage balancing controller, and the grid synchronization.

e Chapter (5) presents simulation results of the proposed converter in different scenarios.

e Chapter (6) presents the conclusion of the research work and suggests possible future

works.



Chapter 2

Literature Review

The chapter presents review and comparisons between STATCOM topologies focusing to
summarize their advantages and disadvantages. The comparison has been carried out according to

circuit design, voltage/current stress, complexity, harmonics, size, cost, etc ....

2.1 Two-Level Inverters

The topology of the two-level inverter, being the most straightforward, is used to compensate
the reactive power. The circuit diagram of the two-level inverter topology presented in Fig. 2.1
accompanied by the line output voltage between phases a and b. The converter consists of three
legs where each leg consists of top and bottom switches with their two anti-parallel diodes. In
order to avoid the short circuit across the DC link, the switches are controlled in a complementary
way. So as to generate the required AC voltage waveform, the inverter moves from one valid state
to another in order to form two-level output voltage. Thus, the output phase voltages with respect
to the virtual neutral point has two values that are £'2 V. creating two levels. In addition, the output
line voltages have three levels that are =V, and 0 as also shown in the same figure. The selection
of the switching states is done by a modulation technique in order to generate the levels of the

output voltage [8].
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The two-level inverter ‘s main advantages are summarized as follows:

e The converter is easy to be experimentally implemented.

e The converter’s control system is simple.

e The voltage and current stresses are equally distributed on the switching devices.
The major disadvantages of the two-level inverter are presented as below:

e The converter produces an output line voltage with significant harmonics.

e The converter is usually modulated at high switching frequency.

e The converter has a low reliability.

2.2 Diode Clamped Multilevel Converters (DCMCs)

Fig. 2.2 illustrates the circuit diagram of the four-level DCMC with the waveform of the four-
level line voltage. The converter has three legs and each leg is designed to include six switches
with six anti-parallel diodes, and four clamping diodes. Moreover, the main DC link of the
converter is connected to three capacitors. The switches in the top and bottom arms within the
same leg are controlled in a complementary way.

The resulting AC output phase voltages, va.o, has four levels of voltages that are Ve, %Vae, Y3Vac



and 0 and the resulting AC output line voltages has four positive levels of voltages that are Ve,

% Ve, ¥sVac and 0 as indicated in Fig. 2.2 [8], [14], and [15].
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Fig. 2.2: The structure of the four-level DCMC [18]

The major advantages of the DCMC can be summarized as follows:
e The output voltages and currents have a lower THD compared to two level inverter.
e The converter operates at low switching losses with higher efficiency.
e The voltage stress on the switches is also significantly smaller.
e The control method of the converter is relatively simple.
Following is a summary list of the main disadvantages of the DCMC
e The clamping diodes and switching devices have unequal ratings.

e Increasing the number of output voltage levels would increase the complexity of the

DCMC.



e The implementation of the converter is complicated for a high number of levels.

e The capacitor voltages are unbalanced and require a balancing controller.
2.3 Flying Capacitor Multilevel Converters (FCMCs)

This topology uses clamping capacitors instead of clamping diodes. Fig. 2.3 illustrates the circuit
diagram of the four-level FCMC along with the line voltage, v.». The converter consisting of three
identical legs where each leg is designed to include six switches with their anti-parallel diodes,
and three additional clamping capacitors producing four levels of line voltages. The switches in
the top and bottom switches within the same leg are controlled in a complementary way and the
function of the capacitors is to clamp the switch voltages to 3Va.. The output voltages of FCMC
Convertor and the DCMC inverter are very similar. However, the FCMC offers more switching
states than the DCMC. This redundancy makes the control of capacitor voltages to be more flexible

[8], [14], and [15].
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The major advantages of the FCMC can be summarized as follows:
e The output voltages and currents have a lower THD compared with the two-level-
inverter.
e Having a large amount of storage capacitors, in case of the failure of one level of the
structure, the converter is able to keep operation.
e The FCMC provides switch combination redundancy to balance the capacitor voltages.
e The voltage stress on the switches is substantially smaller compared with the two-level-
inverter.
The FCMC major disadvantages can be listed as below:
e The FCMC requires excessive number of storage capacitors when increasing the number
of levels.
e Having bulky power capacitors makes it very expensive and very hard to be implement.

e The control system can be very complicated.
2.4 Cascaded H-bridge Multilevel Converters (CHMCs)

This converter consists of three identical legs in which each leg is designed using a series
connected H-bridge (full bridge) converters with floating capacitors. Fig. 2.4 illustrates the circuit
diagram of a three-phase CHMC, where the output voltage across the leg is the sum of the output
voltages produced by the H-bridge converters. Three different output voltages, =V, and zero are
generated by each bridge; depending on the switching states of the switches Si, S2, S3, and Ss [8],
[14], [15]. The converter will produce (n + 1)-voltage levels in the line voltage when connecting

n series full bridge convertors in a leg.
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The major advantages of the CHMC can be summarized as follows:
e The output voltages and currents have a lower THD compared with the two-level-inverter.
e The topology requires less number of devices to produce the same number of voltage levels
compared with the DCMC.
e Modularity design and this enables the manufacturing process to be done more quickly and
cheaply.
e The H-bridges have equal ratings.
The CHMC major disadvantages can be listed as below:

e High conduction losses.
e The capacitor voltages are unbalanced and require a balancing controller between the

capacitor voltages to make the voltage stress distributed equally across the capacitors.
2.5 Double-Star Modular Multilevel Converters (DS-MMCs)

The converter consists of three identical legs and each leg consists of top and bottom arms.

10



Each arm comprises a series of connected half-bridge converters in which each half-bridge is
associated with a separate capacitor. Fig. 2.5 illustrates the circuit diagram of a three-phase DS-
MMC where the output voltage is the sum of the outputs of the half-bridge converters. The top
and bottom arms are connected to each other via buffer inductors to limit the circulating current in
the converter. With the different combinations of the two switches, S. and S, each half bridge
would generate two output voltages, Vi and zero [16]-[18]. The converter produces (n + 1)-voltage

levels in the line voltage when including # series half bridge chopper cells in each arm.
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Fig. 2.5: The DS-MMC circuit diagram
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The advantages and disadvantages of the DS-MMC are similar to that of CHMC. However, the

size and cost of this topology are higher due to the use of buffer inductors and the topology requires

an additional circulating current controller. Moreover, this circuit needs an arm-balancing

controller to achieve the balance between the top and bottom arms within the same leg [16]-[18].

To overcome these problems, a new modular multilevel converter (SS-MMC) is recommended for

STATCOM applications. The proposed converter has no buffer inductors due to the absence of

circulating currents and, consequently, reduced size and weight. Moreover, the use of this

converter eliminates the need for arm balancing control, which is necessary in the control strategy

of the DS-MMC to balance the top and bottom arms within each phase

Table 2.1 lists, compares and summarizes the advantages and disadvantages of all discussed

topologies included in Chapter 2

Table 2.1: Advantages and disadvantages between topologies.
Topology Advantages Disadvantages
Two level Inverter e Easily implemented e High THD
e Simple control system e High sw. frequency
e Equal voltage and current | e Low reliability
stresses
DCMC e Low THD e Unequal device ratings
e Lower sw. frequency e Complex in implementation
e Small voltage stress for high number of voltage
e Simple control method levels
e Requires capacitor balancing
controller
FCMC e Low THD e Excessive capacitors are
e Keeps operating even with required for high voltage
the failure of one level levels

12



Topology Advantages Disadvantages
Redundancy Expensive
Small voltage stress Bulky for high levels
Complicated control system
DS- MMC Modularity design Big size and high cost
Low THD Requires an  additional
circulating current controller
Needs an arm-balancing
controller
CH- MMC Low THD High conduction losses

Less devices to produce
the same number of
voltage levels compared to
the DCMC

Modularity design

Equal device ratings

Requires capacitors balancing

controller
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Chapter 3
Single Star-Modular Multilevel
Conversion System (SS-MMC)

In this chapter, the proposed SS-MMC topology, construction and basic principle of operation
will be presented and discussed. The chapter also presents the mathematical model of the proposed
conversion system and discusses the modulation strategy that will be used to control the converter.
Finally, it addresses a method to calculate the reliability of the proposed converter for comparison

purposes with the traditional two-level inverters.
3.1 Converter Structure and Principle of Operation

The circuit configuration of the projected conversion system is illustrated in Fig. 3.1. The AC
terminals of the proposed converter are connected to the utility grid. The converter is composed of
three legs and each leg has cascaded m-identical sub-modules (SMs) or half-bridges such that each
SM consists of two active complementary switching devices with a floating capacitor.

The voltage across the j-th SM (j = 1, 2, ..., m) within phase k (k= a, b, or, ¢) is vcy when Sy;1
is turned on and it is zero when Sy;2 is turned on. The two switches included in each SM must
operate in a complementary manner. The SM rated voltage is equal to the nominal capacitive
voltage. High voltage IGBTs with antiparallel diodes can be used to implement each SM. Table
3.1 summarizes the possible switches states of the SM considering the direction of the capacitor’s

current [8].
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Fig. 3.1: A block diagram of the SS-MMC

Table 3.1: The switch states of the SM
Ski1 Sk2 vk current direction current Path capacitor’s state

1 0 v ir>0 Diode-Sy;,1 charging

1 0 v iKr<0 IGBT-Sk;,1 discharging
0 1 0 ir>0 IGBT-Si2 unchanged
0 1 0 ixr<0 Diode-Si» unchanged
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By switching the half bridges of the switch SMs, each leg is able to generate an adjustable leg
voltage with m + 1 voltage steps. Assuming that v, is the leg’s voltage of the generic phase & in

reference to n which is the neutral point, being the summation of the voltages of all SM in that leg:

Vok :_st,kjvc,kj (3.1)
=

where vy 1s voltage across the capacitor within the j-th SM in leg k& and d;; is the switching

function of the j-th switch SM in leg k (ds = 1 or 0). The range of the specific leg voltage is

D Ven; S0 dyvey, <0 (3.2)
Jj=1 j=1

Vo k

Assuming balanced capacitor voltages (vcx = vc ) with negligible ripples, vox can be

approximated as:

m
my, my. my.
~ _ o, c. _ C C
Vi ® vCZdS,kj =V, . <y < , (3.3)
j=1

2 2 T2
where v, 1s the converter’s phase k voltage in reference to N being the grid’s neutral point,.

Fig. 3.2 shows the structure of one leg when m = 3. Assuming that, the capacitors are balanced
and have the same voltage (vc), then the leg voltage will have 4 levels and these levels are
generated as follows:

e  When Si1,1, Sk2,1, and Si3,1 are turned off, the voltage level is 0

e  When Sii,1 and Sk2,1 are turned off while Si3,1 1s turned on, the voltage level is -vc
e  When Si1,1 and Si3,1 are turned off while Sk2,1 is turned on, the voltage level is -vc
e  When Si2,1 and Si3,1 are turned off while Sk1,1 is turned on, the voltage level is -vc
e  When Sii,1 is turned off while Sk2,1 and Si3,1 are turned on, the voltage level is -2vc
e  When Sio,1 is turned off while Sk1,1 and Sk3,1 are turned on, the voltage level is -2v¢
e  When Si3,1 is turned off while Sk1,1 and Sio,1 are turned on, the voltage level is -2v¢

e  When Si1,1, Sk2,1, and Si3,1 are turned on, the voltage level is -3vc
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Table 3.2 Summarizes the possible switch states for the proposed converter when m = 3.

ol ey
+ St @ + -
ve ==C Vil
i Ca2 I—n—l
-+ Sizt @ +
Ve ==C Vio Vo k
3
Siaz
lcks ,—N—J
+ »S'.lcs,1 % =+
ve ==C 3 Vi3
Sk

Fig. 3.2: The circuit diagram of one leg in the proposed converter when m = 3

Table 3.2: The switch states of the proposed converter when m =3

Skt Sk Swi Sk Sz Su2 [Voi
0 0 0 1 1 1 0

0 0 1 1 1 0 Ve
0 1 0 1 0 1 Ve
1 0 0 0 1 1 Ve
0 1 1 1 0 0 2w
1 0 1 0 1 0 2w
1 1 0 0 0 1 2ve
1 1 1 0 0 0 3w

3.2 Mathematical Model

Fig. 3.3 shows the equivalent model of the converter. In the proposed topology, the neutral point
of the converter and the neutral point of the grid are completely separated. The converter legs must

be balanced in order to cancel the DC voltage that appears across each converter leg, and
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consequently running the converter as a balanced three-phase AC source. According to Kirchhoff’s
voltage law, the line-to-line voltages at the output terminals of the proposed converter, as depicted

in the equivalent model, are given by:

V=V, = va—mvc+Ria+L% - vb—ﬂ+Rib+L%
’ ’ 2 dt 2 dt

o d, . .
=vab+R(za—lb)+LE(za—zb)

P (3.4)
V=V, =V +R(i, =i )+ L—(i, —i,)
’ ’ dt
o d, . .
V.~V =V, +R(zc —la)+L—(lc —1a)
’ ’ dt
Converter Grid
Vou i, R& L Va
a Mo N @)
o &/
Vob s s R&L fvb\
n @ — @ N
1 o e R&L N
& —= @
Fig. 3.3: The equivalent model of the proposed converter connected to the grid
The converter’s phase k voltage can be mathematically modelled as:
. 1 .
Vers = EIZC,kjdt = EI d,, idt
(3.5)

Vor = _i dijVer; = _%i(ds,kj (I d, et ))
Jj=1

j=1
The proposed converter is modulated using a Carrier Disposition-Sinusoidal Pulse Width

Modulation (CD-SPWM) technique with third harmonic injection. Fig. 3.4 illustrates the CD-
SPWM modulation scheme, where a third-harmonic component is injected to the reference

sinusoidal waves to increase the maximum peak value of the output phase voltage without losing
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pulses within each cycle.

The normalized modulating waves, M, are given by:

0 k=a
MZ:Msin(ﬂ+;(k)+%Msin(3ﬂ); B=owt+¢, y, =1+2n/3 k=b (3.6)
2r/3 k=c

where o is the electric radian frequency of the modulating waves, ¢ is the phase angle of the

modulating wave, and M is the modulation index of the converter, which is given by [17]:

=P, o<m<l (3.7)
my, NE)
where V, is the peak value of the output phase voltage with respect to the grid neutral point.
Modulating wave: Modulating wave: Modulating wave:
phase-a phase-b phase-c Carrier signal
Va v, v,

‘l J—
1—-(2/m) —
1—(4/m) —
1-(6/m) —

’ \
-7

—1+(6/m)—p
—1+(4/m)— \-' ,’

A A AN AR AR
a0 AA.A.A.A.A.:.AAA.AA;..A.AAMMMM&MAMA,A.A.A.A.m.uunn

\\
1 —
0 27

!

Fig. 3.4: CD-THIPWM scheme with 3™ harmonic injection
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Chapter 4
Control System

The control system of the proposed converter shown in Fig. 3.1, includes three parts: converter
controller, grid synchronization, and capacitor voltage-balancing controller. The main objective of
the converter control is to properly feed the suitable reactive power to the grid. The grid
synchronization technique is based on a Phase-Locked Loop (PLL) and it is necessary to estimate
the actual phase angle of the grid. The function of the capacitor voltage-balancing controller is to

balance all capacitors in each converter leg in terms of their voltages.
4.1 Converter’s Control System

The control system of the converter consists of two loops: Inner control loop and outer control
loop. The function of the inner loop is to control the converter’s output current. The inner loop can
be controlled using Direct and Quadrature (DQ) current controller. The outer control loop can be
a DC-link voltage control or a power control loop, which generates the inner current references to
compensate the power losses within the internal resistors of the buffer inductors.

4.1.1 Inner Control Loop

Fig. 4.1 shows the schematic of the proposed converter for grid-connected system, where an L-
filter is adopted with L being the filter inductance and R being the internal resistance and vo,apc 1S
the vector of the converter output voltages.

Note: This controller is derived and modelled using the same controlled used for the grid-

connected Photovoltaic system [19].
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Fig. 4.1: The schematic of the proposed converter for grid-connected system

Assuming that the inverter output currents are given by:

i, =1, cos(at+q)
i, =1, cos(wt+¢ —27/3) (4.1
i, =1, cos(wt+@ +27/3)

where I, is the peak value of the converter’s output current and ¢; is the phase angle of the current,

the Clarke transformation is used to generate an orthogonal virtual system:
2 = -2 49
Xop =X+ JXp = 2| X,k xe Tk xe 4.2)

The currents, i, and ig, are represented in stationary reference frame using Clarke transformation

as:

2 2i - 2z (@
iy =i, + Ji, :g[ia +ie S +ie 3 ]: 1 e/ (4.3)

The currents, i, and iz, are AC variables and can be converted to DC quantities in the

synchronous rotating dg-reference frame using a Park transformation as:

iy = iaﬂe‘ff’ =i, + Jji, (4.4)

where 0 = wt + ¢, and w is the grid frequency. It should be noted that, the Park transformation

enables the use of PI controllers. By applying KVL in stationary reference frame, we get
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di,

Voo =Ri, +L—"+v, .
d.t Vyo =Ri,+L di, +v,
vo)bzRib+L%+vb = di
f Vo= Riy+ Lk, (4.5)

. di
v,.=Ri +L—+v,
’ dt

o diy,
= va,aﬂ = Rlaﬂ +L7+Vaﬁ

The last equation can be transferred to the rotating reference frame as:

O — Ri o® d(ie”) 0. o
Vi@ =Rige”+L———=+v, e O=wi+e,
dt
o .o o didq N jo
v,e" =Ri e +Le 7+ja)deqe +V,,e (4.6)
t

. didq . .
Vo ag = Riy, +L_dz +joLi,
The final KVL equation in dg-domain is given by:
. di .
di, Vou =de+L7;’—a)qu+vd

dtq + joLi, = di 4.7)
v,,=Ri, +L7:+ wLi, +v,

Voug = Riy, +L

Assuming that the grid voltages are given by:

v, =V, cos(6); O=wt+e,
v, =V, cos(6—27/3) (4.8)
v, =V, cos(0+27/3)

The grid voltages, v, and vg, are represented in stationary reference frame using Clarke

transformation as:
2 e e ”
Vop =V +JVy = 3 v,+we > +ve * |=V e’ (4.9)

The voltages, v, and vg, are represented in the rotating reference frame as (Park transformation):
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qu =v, +jvq =Vaﬂ€_j6 =Vm; 2 ZVm & Vq =0 (410)

The final KVL equation in dg-domain is given by:

. di :
v,,=Ri,+ L—*—-wLi_ +v,
” dt !

uy

A.11)

) diq )
Vo)q :qu +LE+C()le

qu

The implementation of DQ current controller without the DC voltage regulator is shown in Fig.
4.2. The active and reactive power can be easily calculated using the dg-quantities of the three-

phase voltages and currents as follows:
P=15vi,; QO=-15v (4.12)
Therefore, the references values, i;” and iq*, are estimates using the last equation where i, is set

to be zero and i, is directly proportional to the reactive power absorbed by the load to guarantee

that the grid feeds the load at unity power factor.

L * L *
i =0, i =-0u/(1.5v,) (4.13)
o *
1} U
— -
L vo,d
ir!
wl —
abcidy = dglabc Jir CcD- — Gate
6?__»Trunsfm‘mati()u o+ Transformation|  #7~"| THIPWM | . signals
y wl ? v | -
i 0.t
i ™ 7 ]
gl _? CN\E b
o) 2|y A w,. | e o
SN
3v,

Fig. 4.2: The implementation of DQ current controller without inner DC voltage regulator

The mathematical model of the current control system in both 7 and s-domains is given by:
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ud=Rid+L(did/dt)a quRiq+L(diq/dt)

(4.14)
U,=(R+sL)I,;; U,=(R+sL)I,
Therefore, the direct transfer function of the current controller is given by:
1 I 1 1 1 L
U, U, R+sL R{l+zs R

where 77 is the plant time constant. Fig. 4.3 shows the closed-loop current control system in the

synchronous rotating reference. Considering the PI current controller as:

1+7.
GC:K1+&=K1[ +T’SJ; Tl:& (4.16)
s 7.8 K,

where 7; is the integrator time constant. The transfer function of the elapsed delay, including the

PWM and computation time in the control system is given by:

1
I+7,s

G, (4.17)

where 74 being the delay time constant. The open loop transfer function is given by:

Gy =G.GG, A e 1 : (4.18)
’ R\ zs J\l+z,8 \1+7,s8

LJ»{ G(S) > Gd(s) > 1,

Fig. 4.3: The closed-loop current control system

Clearly, the model is a third-order system and it can be simplified by designing the time constant

of the PI controller as the plant time constant (i.e., 7; = 7y), the model is then simplified as:
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Kl

=1 4.19
e Ls(1+7,s) (419)
The closed loop transfer function is given by:
— GOL,cc — (Kl /LTd) (420)
“ 1+Gy,, sT+(lr,)s+(K,/Lt,)
which becomes a typical second-order system with:
_ o, _ (K,/Lt,)
“ s+ (2%w,)s+,  sP+(lr,)s+(K,/Lt,) @21
K o’, 2lo =—
Lz, 4

In practice, { = 0.707 results in an optimally damped system with an overshoot of approximately

5%. Therefore, the proportional and integral constants can be obtained as:

T = a)n2 _ (Kl /LTd)
e T () .
K, P |
=0, 200, =—
Lz, d

4.1.2 Outer Control Loop

The function of the outer control loop is to regulate the DC voltage across the embedded
capacitors and compensate the power losses within the internal resistors of the buffer inductors.
This controller will generate of the d-axis component of the converter’s output current.

The active power absorbed by the proposed converter is controlled through the regulation of the
capacitor voltages within SMs. These capacitor voltages are maintained constant and controlled at
a desired voltage, which is the average capacitive voltage, vc avg, for all SMs. The average capacitor

voltage of all SMs is calculated as:
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1 m m m
vC,avg =5 ZVC,aj +ZVC,I7[ +ZVC,C_/ (423)
3m 75 j=l j=1

It should be pointed out that, to ensure a proper voltage regulation and avoid over modulation,
the average capacitive voltage has to be at least higher than the peak line voltage divided over the

number of SMs:

* 3V
Ve > \/_ = (4.24)
m

Neglecting the power losses within the SMs and the power losses absorbed by the internal
resistances of the buffer inductors, the power used to charge the capacitors and the input active

power should be equal. Hence, it yields [19]:

de avg
I)dc = 3mvC,ang d, v
g %(37”(7) VC,avg — == vdid (425)

3
F.= 5 Vil

where Py is the DC power routed to the converter and P is the active power at the converter’s
AC side.

The last equation can help to design the outer DC voltage regulator using a traditional PI
controller to generate of the reference d-axis component of the converter’s output current. Since
this equation is non-linear, it is hard to derive the transfer function of the DC voltage regulator.

Therefore, the gains of the PI controller, Ki 4 and K> 4 should be selected using a tuning method.
4.2 Grid Synchronization

It can be seen from the DQ current controller that the grid-voltage phase, 0, is essential to the

converter control. The phase can be extracted by means of phase-locked loop (PLL) systems, and
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this process is called grid synchronization. The basic structure of the grid synchronization system

in grid-connected applications is shown in Fig. 4.4.

: Grid
Grid voltage —>» synchronization —— Phase

Vv 24

Fig. 4.4: The basic structure of the grid synchronization system

Assume that the grid voltages are given by:

v, =V, cos(6); 9=det ~wt+ @,
v, =V, cos(0-2x/3) (4.26)
v, =V, cos(6+2x/3)

The voltages, v, and vp, are represented in stationary reference frame using Clarke

transformation as:
2 Jrd - :
Vop =V, + JV, = 3|V +ve P +ve 3 |=V e (4.27)

The voltages, v, and v, are represented in rotating reference frame as (Park transformation) [12],
[20]:

- v o= et — 70 g0t — 7 /(0 Cex)
Vg =Va T JV, = Vg€ ’—(Vme )e =V,e

m

v, =V, cos(0-6,, )=V, (4.28)

v, =V, sin(0-6,,)~V,e; e=0-0

The mathematical model of the grid frequency in ¢ and s-domains is given by:

w:%%gzs(a (4.29)
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Therefore, the direct transfer function of the PLL is:

1
G=—=— 4.30
a5 (4.30)

The implementation of three-phase PLL to estimate the phase angle of the grid voltage is shown
in Fig. 4.5 while the closed loop control system of the PLL is shown in Fig. 4.6. The closed loop

transfer function is derived as follows [12], [20]:

Kis+K,
® GG, s°

T —_ est —_ C —_

e 1+GG, Ks+K,

I+ ———= (4.31)
S
Kis+K,
Tpy = 2
s“+Kis+K,
Lg l e a)p t 9
abeldg % j > Yoot
Transfi ati n
Idn%;}nﬂd 10n —t
Vape™ iz Va

Fig. 4.5: The Implementation of three-phase PLL
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Fig. 4.6: The closed loop control system of the PLL
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The closed loop transfer function can be further represented as [12], [20]:

. (1 + (KI,PLL /K2,PLL )S) K, 1

T -
e s®+ KI,PLLS + KZ,PLL
~ Korus - @, (4.32)
S K s+ K,y 5TH(200,) s+ o,
KI,PLL =2,
KZ,PLL = a)n2

The controller gains, K pz. and K> prz, can be easily designed as follows K and K»:
e Determine the settling time # (e.g, 10 ms) and the damping ratio { (e.g, 0.707)
e (alculate w, where w,=4/({t)

e Calculate K pzz and K> prr

4.3 Capacitor Voltage-Balancing Controller

The main objective of the capacitor voltage-balancing controller is to balance all capacitors in

each converter leg in terms of their voltages. Fig. 4.7 shows the flowchart of the capacitor voltage

balancing strategy for leg k.

Using this method, the balancing of capacitor voltages is guaranteed within the leg and all
capacitors will have the same voltage, which is equal to the average capacitive voltage of that leg.

The procedure to balance the capacitors in terms of their voltages within each leg can be

summarized as follows:

1. Measure all capacitor voltages
2. Sort the capacitors in a descending order

3. Calculate the number of active SMs
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4. Measure the leg current ik
5. Switch on the capacitors with the lowest voltages if ix is charging the capacitors or switch
on the capacitors with the highest voltages if ix is discharging the capacitors.
Assume that m = 4 and the capacitor voltages are vca1 = 70 V, vcao =80 V, vcaz = 50 V, and
veas =90 V:
e [fthe number of active SMs is 2 and i, is charging the capacitors (i, > 0), then the gate
signals will be:

[dw din d

s,a3

d

s,a4

=[1 0 1 0] (4.33)

e [f the number of active SMs is 2 and i, is discharging the capacitors (i, < 0), then the

gate signals will be:

]=[0 1 0 1] (4.34)
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Fig. 4.7: The capacitor voltage balancing control strategy of leg &
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Chapter 5

Simulation Results

To demonstrate the main characteristics of the proposed converter as a STATCOM, the
proposed system has been simulated using Matlab/Simulink. The converter has been simulated

under static load conditions with DQ current controller and PLL algorithm.
5.1 DQ Current Controller with Grid Synchronization

In this section, the behaviour of the proposed converter, when it is connected to the grid with a
current controller and a PLL controller, has been tested by means of numerical simulations. A
three-phase, 400 V, and 50 Hz grid is connected to the AC terminals of the converter. The filter’s
line resistance and inductance are assumed to be 150 m€ and 1 mH, respectively. A three-phase,
20 kW load is connected to the grid with a 0.7 power factor (lagging). The converter is modulated
implementing the THI-SPWM at a switching frequency of 4.05 kHz.

Fig. 5.1 shows the simulated model of the three-phase PLL and the results in Fig. 5.2 show the
responses of the PLL controller when its settling time is chosen to be 40 ms, where the damping
ratio of the controller is set to be 0.707. Table 5.1 summarizes the control gains of the PLL that
are used in the simulation. It is clear that, the PLL controller is able to estimate angular position
of the grid where the error converges to zero in the steady state.

Table 5.1: Control gains of PLL

Proportional gain Kipre 200 rad/(V.s)
Integral gain Kaprr 20x10° rad/(V.s?)
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Fig. 5.2: The response of the PLL at a settling time of 40 ms

In order to study the effect of the converter levels on the THD, different numbers of SMs have
been applied. The results in Fig. 5.3, Fig. 5.4, Fig. 5.5, and Fig. 5.6 show the converter’s line
voltages and currents all measured at m equals to 2, 4, 6, and 8, respectively. It is clear that, the
converter produces more voltage levels for a higher number of SMs and the THD of the converter

line current decreases with increasing the number of SMs within each leg as shown in Fig. 5.7.
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Fig. 5.4: The converter’s line voltages and currents with m = 4
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Fig. 5.7: The THD of the converter’s line voltage and current versus m

Fig. 5.8 shows the converter line voltages and currents measured at m equals 8 again to show
the results at the starting time of simulation. It is clear that, the converter transient current is about
10 times the steady state current. However, this current is limited in practice due to the internal
resistances of switches and wires. The proposed control system needs at least one cycle to be fed
by the measured reactive power and then generate the appropriate gate pulses to the switches to

compensate the load reactive power.
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Fig. 5.8: The converter’s line voltages and currents (m = 8)-the results are measured from the starting time

Fig. 5.9 shows the simulated model of the proposed converter when it is connected to the grid
where each leg of the converter consists of 10 SMs, while Fig. 5.10 shows the simulated model of
DQ current controller. The reference quadrature component of the converter’s line currents has
been set to a value, which is proportional to the reactive power absorbed by the load, while the
reference direct-axis component has been set to zero to make the grid operate at a nearly unity
power factor. Table 5.2 summarizes the control gains of the PLL that are used in the simulation

when the delay time constant is chosen to be 1 ms and the damping ratio of the controller is set to

be 0.707.

of simulation
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Fig. 5.10: The simulation DQ-controller model

Table 5.2: Control gains of the current controller

Proportional gain K; 0.5 V/A
Integral gain K> 75 (V.s)/A

Fig. 5.11 shows the converter’s line-to-line voltages and the converter line currents. It is clear

that, the converter produces a high quality line current with a THD of 1.8 %, due to the filtering
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effect of the added inductance and the high number of levels.
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Fig. 5.11: The converter’s line-to-line voltages and line currents with m = 10

Fig. 5.12 and Fig. 5.13 show the measured dg-components and abc-components of the
converter’s line currents, respectively. The results show a good capability of tracking the reference

currents and these waveforms confirmed a stable operation of the proposed converter even during

the transient states.
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Fig. 5.13: The abc-components of the converter’s line currents

Fig. 5.14 presents the grid’s measured phase voltages and currents and Fig. 5.15 shows the load’s

phase voltages and currents. It is worth noting that, the grid phase currents and voltages are in
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phase and the grid is able to operate at a unity power factor.
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Fig. 5.14: The grid’s phase voltages and currents with m = 10

41




400

[\
S
(e)

Load's phase
voltages [V]

-200
-400 !
0.3 0.32 0.34 0.36 0.38 0.4
T T 1} T /\ N\
S0 F ——phase-a |/|
— — phase-b
Qg) ﬂ, phase-c
w2
=8 0
S
o E
- g
_50 i 1 1 1 1 \/
0.3 0.32 0.34 0.36 0.38 0.4

Time [s]
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Fig. 5.16 shows the power generated by the grid, the power generated by the converter, and the
power absorbed by the load. It can be seen from the results that, the total active power absorbed
by the load (20 kW) is fed from the grid while the total reactive power absorbed by the load (20.4
kVAR) is fed from the converter. As a result, the converter is able to make the grid to operate at a

unity power factor.
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Fig. 5.16: The power generated by the grid, the power generated by the converter, and the power absorbed

by the load from top to bottom, respectively

5.2 Capacitor Voltage Balancing Controller

The behaviour of the proposed STATCOM, when it is connected to a 33 kV distribution system
with a current controller and capacitor voltage balancing algorithm, has been tested by means of
numerical simulations. The power is transmitted to 10 MVA, 400 V loads via two feeders (20 km
and 10 km) and two 33kV/400V distributed transformers. In order to verify the response of the
current controller, a step change at t = 2 seconds in the reactive power absorbed by the two loads
has been applied so that their power factor changed from 0.6 to 0.8 lagging. Fig. 5.17 shows the
simulated model of the load where this load variation will allow to observe the ability of the

proposed STATCOM to generate the appropriate reactive power to the distribution network.
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Fig. 5.18 shows the simulated model of the system and Table 5.3 summarizes the model

parameters used for simulation while Table 5.4 includes all the gains used in our design for

different controllers. In order to speed-up simulation while keeping simulation fidelity, each leg

of the converter has been modelled as shown in Fig. 5.19 using equation (3.15).

Table 5.3: Model Parameters

Rated reactive power 10 MVAR
Rated line voltage 33kV
Filter inductance 75 mH
Capacitor voltage reference 1.6 kV
Capacitor capacitance 10 mF
Number of SMs/leg 35
Switching frequency 4.05 kHz

Resistance of feeder per unit length  0.215 mQ/km
Inductance of feeder per unit length 5.4 mH/km

Table 5.4: Control gains of PLL, Current Controller, DC Voltage Regulator

PLL Proportional gain Kipe 200 rad/ (V.s)
PLL Integral gain K> pi 20000 rad/ (V.s?)
Current Controller Proportional gain K 37.5 (V/A)
Current Controller Integral gain K> 312.5 (V.s)/A

DC Voltage Regulator Proportional gain K, dc 0.06 (A/V)
DC Voltage Regulator Integral gain K>, dc 5.325 (As)/V
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Fig. 5.18: The simulation model of the 33 kV distribution network
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Fig. 5.19: The simulation model of the converter’s leg

Fig. 5.20 shows the Matlab function of capacitor voltage-balancing algorithm for SMs within
leg-a. When the leg current is charging the capacitors, the active SMs with the lowest capacitor
voltages are turned on. On the other hand, the active SMs with the highest capacitor voltages are
turned on if the leg current is discharging the capacitors. The number of active SMs can be easily
calculated by adding the ones within an array. This array is obtained by comparing the modulating
wave with the m-carrier signals as shown in Fig. 5.21. Fig. 5.22 shows the voltage profile of all
capacitors. It is clear that, the balancing action is capable of balancing all the capacitors in terms

of their voltages.
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Fig. 5.22: The voltages across capacitors

Fig. 5.23 shows the converter’s line voltages and line currents. It is clear that, the converter line
currents are leading the voltages, which indicates that the proposed STATCOM is operating as a
variable capacitor, and therefore the STATCOM feeds the distribution network with reactive
power. When the step change in the power factor is applied to the loads (from 0.6 to 0.8 lagging),
the voltage levels have been slightly reduced and the converter’s line current decreases upon

raising the power factor to generate the required reactive power to the loads and feeders.

B
=, <
3 50 /\
& AVA
A /\/"\ XX =
é 0 \)/ \/ / ‘\ — Vobe
= ;]
\ / \ o.ca
s AU ¥a
2
=
S
-100
1 Lol 1.02 1.03 3.01 3.02 303 3.04

Converter line currents [A]
(=]

Time [s]

Fig. 5.23: The converter’s line-to-line voltages and line currents of the 33 kV distribution network
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Fig. 5.24 shows the average voltage across all capacitors and the voltage profile at the point of
connection between the STATCOM and the distributed network. The results show a good
capability of tracking the reference value of the capacitor average voltage (1.6 kV) and keeping
the voltage of the distributed system at 33 kV (where Vc is calculated from equation 3.7; Vm=

33kV, M=1.15, m=35). The results also confirmed a stable operation of the proposed STATCOM

even in the transient state at =2 s.
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Fig. 5.24: The capacitive average voltage and the voltage profile at the point of connection of the

STATCOM

Fig. 5.25 shows the dg-components of the converter’s line currents. The reference quadrature
component of the converter line currents has been set to a value, which is proportional to the
reactive power absorbed by the loads, while the reference direct-axis component has been obtained
from the DC voltage regulator. The results show a good capability of tracking the reference

currents with a stable operation in the transient state at t =2 s.
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Fig. 5.25: The reference and measured dg-components of the converter’s line currents

Fig. 5.26 shows the power measured at the grid (see indicator 1 in Fig. 5.18), the power measured
at the converter (see indicator 2 in Fig. 5.18), the power absorbed by the loads (see indicator 3 in
Fig. 5.18), and the grid’s power factor. It clear that, the proposed converter is able to feed the total
reactive power absorbed by the load in order to force the grid to feed the loads only with the
required active power. As shown in the results, the active power absorbed by the loads is less than
the expected value, which is the nominal rated power (6 MW for both loads) because the series
RL-load is modelled on Matlab/Simulink using the relation between the nominal active power that
has been specified on the parameters tab and the measured voltage that appears across the load.
Therefore, both nominal active and reactive powers may be changed due to the voltage drop on
feeders and transformers. As a result, the nominal power factor will be also changed (0.75 instead

of 0.6 and 0.85 instead of 0.8).
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Fig. 5.26: The power generated by the grid, the power generated by the converter, the power absorbed by

the loads, and the grid’s power factor.

Fig. 5.27 presents the grid phase voltages and currents measured at the sending end of 20-km
Feeder. It is worth noting that, the grid’s phase currents and voltages are in phase and the grid is
able to operate at a nearly a unity power factor.

Fig. 5.28 shows the grid’s voltage profile and the grid’s power factor with and without applying
the STATCOM. It is clear that, the proposed converter is able to improve the voltage profile and

run the grid at nearly unity power factor.
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Fig. 5.27: The grid’s phase voltages and currents measured at the sending end of 20-km Feeder
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5.3 Reliability Assessment

The reliability of the proposed converter depends on the amount of reactive power generated to
the load. If one of the SMs is damages in leg & (i.e, leg a), the converter can still operate properly
to produce m levels instead of m+1 levels if one SM per each leg is bypassed taking into account
the faulty module. If the rated reactive power of the converter is O, and the number of faulty

modules in the leg is z, then the range of the output reactive power required is given by:

oggg(’”‘zjg, (5.)

m

Assuming that the IGBTs and diodes have the same static reliability where 7; is the reliability of
each device, then the total reliability of the SM will be 7, * since each SM is designed using four
devices. Therefore, the reliability of the proposed converter can be calculated as (using the theory
on partial redundancy-Binomial Distribution) [16] :

R{f[’?“j(n“)"(l—rf)m’]3, (52)

i=z \}

On the other hand, the traditional two-level inverter consists of six IGBTs and six diodes.
Therefore, the reliability of the converter is 75'* considering that the IGBTs and diodes have the
same static reliability 7, [16].

In order to compare both reliabilities, the reliability of the SS-MMC has been compared with
the reliability of the traditional two-level inverter, assuming m = 21 and »; = 0.95. Fig. 5.29
illustrates both reliabilities versus the per unit reactive power. It is clear that, the proposed
converter has a higher reliability for a wide range of generated reactive power (0 < Q < 0.73 pu).
However, the reliability of the proposed converter decreases when the rated reactive power is

required due to the reduction of the allowed number of faulty modules.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis presents a new STATCOM for reactive power compensation based on modular
multilevel converters. This topology integrates the capacitors in the power converter and produces
an extremely low distortion of the output current. This thesis also presents detailed mathematical
models for the control system including converter reactive power controller and grid
synchronization. The proposed converter and the control algorithm including the current controller
and the PLL have been tested by numerical simulation using a model of a static inductive load
connected to the grid. The computer simulations in Matlab/ Simulink have confirmed the correct
operation of the converter, and the results show that the modular multilevel converter topology can

effectively ensure the operation at a unity power factor.

6.2 Future Work

While this thesis has demonstrated the potential of efficiently designing the modular multilevel
converter with embedded capacitors for STATCOM applications, many opportunities for
extending the scope of this thesis remain. The following research guidelines are suggested to be
done in the future:

e Study the operation of the proposed converter under faulty conditions in SMs
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e Implementing and designing the proposed converter practically on a small-scale
laboratory prototype, the whole control system can be implemented and programmed
using fast processor such as field programable gate array (FPGA).

e Verifying and testing the implemented converter to confirm the correct operation of the

converter as a STATCOM
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