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ABSTRACT

In this thesis the voltage control performance of the Cascaded Multilevel Converter
(CMC) based STATCOM has been studied. Specifically, a 21 level CMC based STATCOM
has been considered and its performance for controlling the bus voltage under fault
cbnditions has been investigated in a practical power distribution system. For determining the
switching angles of the: CMC based STATCOM, an optimization methodology based on
Sequential Quadratic Programming technique, has been used so as to minimize the THD of
the STATCOM output voltage. Subsequently, a feedback linearization based on non-linear
control law has been désigned for tﬁe STATCOM voltage regulator. Howgver it was found
that under severe fault conditions, the perforrﬁénce of the non-linear voltage controller is
quite unsatisfactory. To achieve satisfactory .per.formance of the STATCOM voltage
controller, Fuzzy Control systems have been proposed in this thesis. Two different fuzzy
controi systems namely indirect and direct have been developed in this thesis for this
purpose. In the indirect control scheme, the angle difference between the STATCOM bus
véltage and the STATCOM output voltage (8) is used as the control signal, whereas the direct
control system, both the modulation index and the angle & are used as control signals. The
performances of these two developed control schemes have been studied with severe
symmetrical and unsyminetrical faults. From detailed non-linear simulation studies it has
been observed that the performance of the direct fuzzy confrol system is considerably

superior to that of the indirect control scheme.
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CHAPTER-1 4 Introduction

1.1 The Problem A

The electric power network is a very complex and dynamic system consisting of
distributed generators, interconnected transmission and large number of reactive loads. As a
result requirement of flexible control of electric power is essential to provide a better
adaptation to Varying operational conditions and improve the usage of existing installations.
FACTS have been defined by the IEEE as follows [1]:

"A power electronic based system and other static equipment that provides control of
one or more AC transmission system parameters to enhance controllability and increase power
transfer capability." '

The FACTS concept was originally created in the 1980s to solve operation problems
due to the restrictions on the construction of new transmission lines, to improve power system
stability margin and to facilitate power exchange between different generation companies and’
large power users.

FACTS devices can be applied for [2]
e Power flow control,

» Increase of transmission capability,
* Voltage control,

* Reactive power compensation,

» Stability improvement,

» Power quality improvement,

» Power conditioning,

« Flicker mitigation,

* Interconnection of renewable and distributed generation and storages.

Most of the industrial loads such as induction motors operate at moderately 16W power
factor. Around 60% of the utility load consists of motors and hence the overall power factor of
the power system is low. The typical load power factors are given in the Tablel.1 [3]. So to
prevent the transmission line and the generators from breaching their VA ratings,

compensators are installéd to maintain the required vdltage support and the voltage profile.



Tablel.1: Typical Power Factor of Some Industrial Plant

,~ Industry L% of PowerF ac'tdfﬂ;f{f‘]:”’r}i"du's;trvy* % of Power Eaétor

Chomical 8085 Arcwelding 3560 \
Coal mine 65-80 Machine shop 45-60 > (Z

Electroplating - | 65-70 Arc furnace 75-90 / {
Hospital " 75-80 Spraying 60-65

Office building 80-90 Weaving 60-75

The dyha_mic respohse of these compensators should be fast enough to cope up with the
frequent incoming and rejection of reactive loads, as observed in Tablel.2. In case of highly
loaded line experiencing 'symmetrical faults, when the reactive current requirement increases
which resuits high transient shaft torque and rotor acceleration on generators the problem
become more severe. So this concludes that during faults the compensators are of critical
importance with respect to transient stability.

Tablel.2: Typical Voltage Fluctuation Standards

Load- .~ ... - .- - Limitsof Voltage Fluctuations ~ "

Largé Motor starts 1-3% depéridiﬁg on fréqﬁéhcy —

i . 1-3% at distribution voltage level
Mine winders, excavators :

and large r_hotor drives
Welding Plant | T % dependent on frequency

Induction Furnace Upto 1%

(1)
Arc Furnace

The evolution in the fabrication of semiconductor devices both in low power family like

microprocessors which are used for mathematically complex- digital control and also in the
high power range for power stage of converters such as IGBT, ETO, IGCT, GTO etc. are
"increasingly finding places in FACTS technology. The high powér electronic switches used
should have the following characteristics [3]:

1. High forward and reverse voltage blocking ratings

2. High current during conduction states

3. Low off state leakage current



Low on-state voltage drop across the switch
Low turn-on and turn-off losses

Controlled switching characteristics during turn-on and turn-off

N oo os

.” Capability to handle its rated voltage and current at the same time without the need for
derating.

8. High dv/dtand difdtratings

9. Ability to operate in high temperatures
10. High input impedance. _
The FACTS controllers can be divided into following categories
1. Series controllers
2. Shunt Controllers
3. Combined Series-Shunt Controllers

The Shunt controllers mainly the SVC (Static VAr Compensator) and STATCOM

(Synchronous Static Compensator) have gained popularity in terms of reactive power support
and dynamic response. Again the STATCOMis niore superiohyto SVC in terms of V-I and V-

Q characteristics, transient stability, dynamic response and capability to exchange real power.

1.2 STATCOM Operation

The STATCOM is a static counter part of the rotating synchronous condenser but it
generates/absorbs reactive power at a faster rate because no moving parts are involved. T{le
schematic of STATCOM is shown in Fig. 1.1(a). In principle, it performs the same voltage
regulation function as the SVC but in a more robust manner because unlike the SVC its

operation is not impaired by the presence of low voltages.

7 X 11|28
f|B—o M
’ Ve 7, LAV VAL

(a) | by =
. Figure 1.1: (a) VSC connected to ac network and (b) Equivalent Circuit.

The exchange of reactive power between the converter and the ac system can be
controlled by varyihg the amplitude of the three phase outplit voltage V. of the converter in
Fig. 1.1(b). That is if the amplitude of the output voltage is increased above that of the utility
bus voltage Vy, then a current flows through the reactance from the converter to the ac systém
and the converter generates capacitive reactive power for the ac system. If the amplitude of the

output voltage is decreased below the utility bus voltage then the current flows from the ac



system to the converter and the converter absorbs inductive-reactive power from the ac system
as shown in Fig 1.2(a). If the output voltage equals the ac system voltage,. the reactive power
exchange becomes zero, in which case the STATCOM is said to be in floating state. Adjusting
the phase shift between the converter output voltage and the ac system voltage can similarly
control real power exchange between the converter and tﬁe ac system from its dc energy
storage as shown in Fig 1.2(b). If the converter output voltage is made to lead the ac sysfem
voltage. On the other hand it can absorb real power from the ac system for the DC capacitor

voltage if its voltage lags behind the ac system voltage.

Supplies P . .
Suggﬁcs Q Inductive operation

with loss component | jX,1

‘ I
‘ Capacitive operation , V.
Absorbs P Supplies P . b —ix.]
Absorbs Q Absorbs Q with loss component \Q !
. Vv,

Absorbs P At ac terminal

Supplies Q

e

At dc terminal

_Idr: l Idc Vd’c V[’;Ve sin 5

< > ] > > - Loss

Absorbs P .Supplies P - (b) X i

() _
Figure 1.2 (a) Power exchange between the STATCOM and the ac system. (b) Vectorial
representation between voltage and current

1.3  Requirement of exchange of real power
In practice, the semiconductor switches of the conductor are not lossless, so the energy
stored in the dc capacitor is eventually used to meet the internal losses of the converter, and
the dc capacitor voltage diminishes. However when the STATCOM is used for reactive-power
generation, the converter itself can keep the capacitor charged to the required voltage level.
This task is éccomplished by making the output voltages of the converter lag behind the ac
system voltages by a small angle (usually in the 0.1°-0.2° range). In this way, the converter
absorbs a small amount of real power from the ac system to meet its internal loss and keep the
ri capacitor voltage at the desired level. The Fig 1.3 shows the average waveforms of the phase
@’\é ‘voltag@the fundamental phase voltage, the system bus voltage Vp and the current I,
flowing through the capacitors. The capacitor current either lags or leads the phase voltage by
90° depending on whether the converter acts capacitive or inductively. The average charge on .
each dc capacitor over every half cycle is equal to zero and because of this symmetric charge

flow the voltage on all the dc capacitor remains theoretically balanced. However the power

losses in the converter and an unbalanced operation of the three phase system the capacitor

4



voltage may drift away from their set levels. In principle the charge and hence the letage
acfoss each capacitor is maintained by prolonging or shortening the current flow through it
which is achieved by shifting the switching patfern. The first wave form depicts the extra
charging of capéci-tor to revlise» its falling voltage when the converter is producing the leading

VAr. In the positive half cycle of I.., C1 conduction is increased by A6 where as in the

negative half cycle it is reduced by the same amount. Reflecting this behavior are shaded areas

in which the positive half cycle is larger than in negative half cycle indicating extra charging
of Cl. | |

Figure 1.3 Modulating charge and discharge to of capacitor to control their voltages

| 1.4 STATCOM operating characteristics — The regulation slope

'STATCOM operate with a slope reactance typically between 2% and 5% as shown in
Fig 1.5(a) which is much lower than the value of the coupling reactance given as natural
characteristics in Fig 1.4 (a). Because the coupling reactance is fixed, the converter source
voltage must therefore be changed i.e. raising it to Ve (high) to obtain the desired leading
current condition or reducing it to V, (low) for lagging conditions as shown in F ig 1.5 (a). This
can be done by changing the switching pattern and then followed by changing the dc source
voltage. At reduced voltage the STATCOM can continue to be operated at rated leading (or

lagging) current with a constant transient overload current margin.
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The STATCOM is not used as a perfect terminal voltage regulator, but rather the terminal
voltage is allowed to vary in propbrtion with the compensating current. There are several
reasons for this [4]. A

1) The linear operating range of a compensator with gi\}en maximum capacitive and
inductive ratings can be extended if a regulation droop is allowed. Regulation droop
means that the terminal is allowed to be smaller than the nominal no load value at full
capacitive compensation and conversely, is allowed to be higher than the nominal
value at full inductive compensation.

2) Perfect regulation (zero droop) could result in poorly defined operating point and a
tendency of oscillation, if the system impedance exhibits a flat region in the operating
frequency range of interest. |

3) A regulation droop tend to enforce automatic load sharing between static compensator
as well as other voltage regulating device normally employed to control transmission
voltage. '

So the modulation index can be related to Iy(req) as mV, =V, ., +(@)I, .,

which is the equation of the natural characteristics.

1.5 Transient response

The steady state operating condition of a STATCOM is dependent on the system
voltage and the STATCOM source voltage and its coupling impedance. Thus with an open
circuit system voltage Vy; in Fig 1.5(b) slightly lower than the target voltage of -the
STATCOM steady state characteristics, the STATCOM draws a small capacitive current I;. In
order to generate this current the STATCOM source voltage Ve must be slightly higher than
the target voltage. If the system voltage is depréssed due to a fault to a value Vy; , the point of -
intersection of the system characteristics and the STATCOM controlled characteristics

demands a current I,. Initially before there has been any change of STATCOM source voltage,
the STATCOM current increases substantially from I, to I, this is increased by control action

to the required value I, by an increase of source voltage to V,, normally within one half cycle.
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1.6 Literature Review

In 1995 a £100MVA STATCOM was commissioned for the Tennessee Valley
Authority (TVA) at the Sullivan Substation at North-Eastern Tennessee [5].It is supplied by
the 500 kV bulk power network and by four 161 kV lines. The Sullivan 500 kV feed
supplies about 55 percent of the winter peak load of 900 MW. The 500 kV bus is tied to the
161 kV bus through a 1200MVA transformer bank. The STATCOM is connected to the 161
kV bus where it is required to regulate the voltage during the daily load cycle so that
the tap changer on the transformer bank can be used less often. A standard 84 MVAr
switchable bank of capacitors are installed adjacent to the STATCOM and its switchings are
normally coordinated with the STATCOM so as to reduce STATCOM loading and to
provide an overall controllable VAr range from 100 MVAr inductive to 184 MVAr
capacitive. Another example of x100MVA STATCOM installed at SDG&E’s Talega 138kV
substation in October 2002[6]. It consists of two groups of Voltage Source Converter SOMVA
each. Each S0OMVA converter group consists of four sets of 12.5MVA modules plus a SMVAr
harmonic filter, with a nominal phase to phase ac voltage of 3.2 kV and a DC link voltage of

Figure 1.6 (a) TVA STATCOM inverter valve layout. (b) 100 SDG&E Talega STATCOM

But they suffered from many drawbacks like bulky zigzag transformers for 48 pulse

output waveform, complex switching strategy and higher snubber losses, which encouraged

the development of multilevel STATCOM.

The topology of Multilevel converter is further divided into 1)Diode clamped converter

2)Flying Capacitor converter 3) Cascaded Multilevel converter. The concept of the Cascade

Multilevel Converter is put forward by Peng in 1996 [7] and concludes that Cascaded

Multilevel Converter can be used as a STATCOM for reactive power control.



The Phase Shifted Multilevel Pulse Width Modulation and the capacitance requirement
- for acceptable ripple at full capacitive output is given by Nwanpa [8]. The initial charging of
the cé.paéitors by charg{ng resistors is also designed for restricting the initial inrush current.

Shen et. al. [9] has performed the system calculations in per unit and designed PI
controller for STATCOM' apphcatlon The open loop time constant of the STATCOM has
been shown to be operating point dependent in this paper. '

Bacha et.al [10] has shown the poles of the STATCOM depend on operatlng pomt and
prop_osed a nonlinear controller for robust STATCOM controlling.

The vector control for static VAR compensators with decoupled PI controller has been
proposed by Mehta and Schauder [11].They are classified as type I and type II control. The
inverter is modeled in DQO reference frame and the state space representat1on is derived. In
type- I controller both the modulation index and the phase are the control input to the inveﬂer.
The second type deals with fixed modulation index and phase differénce as the only control
variable which has got application infr}ansmission line ASVC’s.

. The exact linearization via state feedback for nonlinear control has been proposed by
Qiang Song [12] and the controller is tested at £30kVar prototype fabricated at Tsinghua
University. The capacitor voltage unbalance is also minimized by THD minimization and |
fundamental voltage equalization and fmaliy firing pattern swapping is employed. This is -
achieved by three times switching in a quarter cycles. The initial condition for the optimizatioh
problém is still to be decided for the best harmonic performance. ,

Tamer et.al.[13] have applied genetic Al-gorithm for solving SHEPWM for Cascaded
~ Multilevel Converter. Binary coding system has been gm‘p‘loyéd to perform selection,
crossover and mutation in GA. - | ' '

Soto et.al.[14] have successfully reahzed the nonlmear controller and applied pole
placement to.derive the controller gains. The validity of the controller is justified by 5 level
STATCOM connected to infinite bus. '

The fuzzy logic has been conceived by Lofti Zadeh, many versions of pi and'pid [15]
controller has been proposed for complex single input and single output system. Morris et.al
-[16] have employed two new structure fuzzy control algorithm. The control signal is
obtained from a c;ombination of generator speed deviation and STATCOM bus voltagé
deviation fed to the variable structure fuzzy controller. The controller evaluated in single
machine and multi machine power system subject to a wide range of operating condition

change.
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1.7 Organizati-on of the thesis

Chapter 1 The Operation and state of the art technology available for SATACOM controller
design has been explored.

Chapter 2 In this chapter a new initial condition algorithm by phase shift method has been
applied and superior harmonic performance as compared to Song[9] has been. achieved.
Chapter 3 The requirement of charging circuit for STATCOM has been highlighted and the
Mathematical Model is derived,

Chapter 4 The fuzzy indirect control has been designed for STATCOM and the system
performance dui‘ing fault is evaluated. The control parameters are tuned by simplex
optimization method. |

Chapter 5 The indirect controller of chapter 5 together with an additional fuzzy controller is
used for direct controlling of STATCOM. The performance is evaluated in distribution grid.
Chapter 6 Conclusion and future scope of this thesis have been discussed.-

\
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CHAPTER-2 Multilevel Converters

2.1 Types of Multilevel Converters

Multilevel Voltage Source Converters (VSCs) are emerging as a new breed of
power converter options for high-power applications. The‘ multilevel VSC typically
synthesize the staircase voltage wave from several levels of dc capacitor voltages. One of the
" major limitations of the multilevel converters is the voltage unbalance between different
levels. The techniques to balance the voltage between different levels normally involve
voltage clamping or capacitor charge control. In the past two decades, several multilevel
VSC topologies have been reported and studied, i.e., diode clamped, flying capacitor
and Cascaded-Multilevel Converter (CMC) [7] topologies. ‘

Ve
Cg::

v Ci—~

t T

Figure 2.1 Diode Clamped Multilevel Converter

Fig. 2.1 shows a five-level Diode-Clamped Multilevel Converter (DCMC) in which the
dc bus consists of four cépacitors. For dc-bus voltage V4, the voltage across eéch capacitor is
Vgc /4 and each device voltage stress will be limited to one capacitor voltage level through
ciamping diodes. With different switching combinations, multilevel voltages can be
synthesized. For voltage level V., turn on four upper switches; for voltage :l;ye'l’?/«’f’vdc, turn
on Sa2, Sa3, Sa4, Sa’l; for voltage level 1/2 V., turn on Sa3, Sa4, fSTé’l, Sa’2; for‘ voltz:ge
level 1/4 Vg, turn on Sa4, Sa’l, Sa’2, Sa’3; for voltage level 0 V4., turn on the lower four

switches.

13.



Fig 2.2 shows a five-level Flying Capacitor Multilevel - Converter (FCMC)
topology. The voltage level defined in the flying-capacitor converter is similar to that
of the diode-clamp type converter. The voltage synthesis in a flying-capacitor converter has
more flexibility than a diode-clamp converter. For voltage level Vg, turn on all upper
switches; for voltage level % Ve, there are three combinations: (a) Sal, Sa2, Sa3, Sa’4, (b)
Sa4, Sa’l, Sa’2, Sa’3 , (c) Sal, Sa3, Sa4, Sa’2. For voit'age level % Vg, there are six
combina{ions: (a) Sal, Sa2, Sa’3, Sa’4, (b) Sa3, Sa4, Sa’l, Sa’2, (c) Sai, Sa3, Sa’2, Sa’4, (d)
Sal, Sa4, Sa’2, Sa’3, (e) Sa2, Sa4, Sa’l, Sa’3, (f) Sa2, Sa3, Sa’l, Sa’4. For voltage level
V4o, there are three combinations: (a) Sal, Sa’2, Sa’3, Sa’4, (b)' Sa4, Sa’1, Sa’2, Sa’3, (c) Sa3,

Sa’l, Sa’2, Sa’4. For voltage level 0, turn on all lower switches.

+
Ct
Co7
C}::

Figure 2.2 Flying Capacitor Multilevel Converter

The third type of multilevel converter,. nafnely the Cascaded Multilevel Converter
(CMC) is increasingly used at high power area due to its direct high voltage output with no
need of transformer. Fig. 2.3 shows the topology of a CMC. The "level" in a cascaded-
inverters based converter is defined by p=2N+l, wﬁere p is the output phase voltage level
and N is the number of dc sources. For exarﬁple, a 7-level cascaded-inverters based
converter will have three DC sources. Compared to diode-clamped multilevel converters and
flying capacitor multilevel converters, CMC is easy to design and assemble because of the
uniform circuit structure of the converter units. Modularized circuit layout and packaging is
possible in CMC topology, because each level has the same structure, and there are no extra

clamping diodes or voltage-balancing capacitors, which are required in the DCMC and the
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FCMC. The number of output voltage levels can then be easily adjusted by changing the

number of full-bridge converters.

A
SamB saNzS :
+ +
V deN = :_ V-""
saN3 saﬂ4 '9

sSf 53
Vaez T Va2
Sas M Sue M
saﬁ S Sa;9
+ . +
Vaer = Va1
Sai:! SaM B ’
N

Figure 2.3 Cascaded Multilevel Converter
Table 2.1 [7] compares the main power component requirements per phase leg among
these three multilevel VSCs, where p is the number of voltage levels. In Table 2.1,
the number of main switches and main diodes needed by each converter to achieve the
same number of voltage levels is the same. But DCMC (diode-clamp) needs extra clamping

diodes, FCMC (flying-capacitor) needs extra balancing capacitors and CMC needs extra

"~ DC bus capacitors. So the number of total devices required for each converter is different. To

synthesize the same number of voltage le\;els, the CMC requires the least number of total main
components.

Table 2.1: Comparison of power component requirements per phase leg.

Converter Diode-Clamp | Flying Cascaded
Type Capacitors Multilevel
Main 2(p-1) 2(p-1) 2(p-1)
switching S
devices

Main diodes 2(p-1) 2(p-1) 2(p-1)
Clamping (p-1)(p-2) 0 0

diodes

DC bus (p-1) (p-1) 2(p-1)
capacitors

Balancing 0 (p-D(p-2)/2 0
capacitors ‘

Total p*+2p-3 (p*+8p-8)/2 | (972)(p-1)

15




Table 2.2: Advantages and Disadvantages of different multilevel VSCs in a nutshell.

Converter Diode-Clamp Flying Capacitors Cascaded
Type , , ' Multilevel
| Advantages (1) DC-link (1) The clamping (1) No
: capacitors are capacitor’s voltage clamping
common to three is automatically components
phases. balanced. are
(2) Switching (2) Reactive  current necessary.
frequency can be and negative- (2) Low
low. phase-sequence switching
(3) Reactive current current can  be frequency
and negative- controlled. can be used.
‘phase-sequence (3) Low
current can be harmonics,
controlled. small
‘ footprint
and modular
(4) Both real
and reactive
power can.
be
, : exchanged
Disadvantages (1) Many diodes are (1) Low switching (1) DC-link
- used for frequency makes ~ capacitors
clamping. the clamping voltages are
- (2) Many diodes capacitors large. unbalanced
make physical (2) An excessive for
layout difficult, number of fundamental
(3) Problems with capacitors is used switching. .
DC-link voltage for clamping.
control. (3) Complicated
selection of switch
for real power
conversion

Among these three types of converters, CMC has been studied in this thesis for its

suitability to control voltage in a power distribution system. Now, for applying any multilevel
VSC, proper switching scheme must be adopted'for optimal performance of the converter. In
the literature, foilowing methods have been sﬁggested for switching a CMC; 1) Sinusoidal
PWM [17] 2) Space vector PWM [18] 3) Non Sinusoidal carrier PWM[19] 4) Mixed
PWM][20] 5) Special structure of cell connection [21] and 6) Selected harmonic elimination
PWM(SHEPWM)[22]. The SHEPWM methods can theoretlcally provide the highest quality
among all the available techmques but suffers from the following drawbacks 1) high
computational requirement 2) large look up table in flash ROM 3) non convergence at some
modulation index and multiple solution at some modulation index. When SHEPWM is applied
at fundamental switching frequency, the power sharing among the cells are unequal, as a result

the capacitdr voltage among the cells fluctuates in a particular phase. On the other hand, the
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advancement in the power semiconductor device technology allows us to increase the
switching frequency of the device to 150 Hz. [12]. In"this thesis also, the switching frequéncy :
of the device has been assumed tokbe 150 Hz as shown in Fig 2.4(a). However, to decide the
switching angles, an optimization based techriique has been used, which is described in the

next subsection. fz
Lo Aot
2.2  Optimal Pulse Width Modulation Rﬂiﬁ‘w

The improvement in the power semiconductor device to operate at higher frequency,

allow us to increase the switdhing frequency to 150 Hz with marginalized increase in the

e

switching losses. This increase in the degree of freedom can be used to equahze the capacitor g
W W
voltage by constrained optimization problem. The constralned formulatlon for equal power
/M

sharing is given by equal magnitude of fundamental voltage among the cells given by Eqns.
(2.1)-(2.10). In this thesis, a 21 level CMC has been used. The 3 times switching in quarter |-
cycle for ten cells H Bridge allow us to theoretically eliminate 41 order harmonics for solving “:f’
30 unknowns in 30 equations. The eliminated hz;rmonics are given by Eqns. (2.11)-(2.30). The (,/
original harmonic elimination technique with equal fundamental voltage shaﬁng can be N

modeled by the following equations, where «;’s are the ﬁ‘ring'angles in the first quarter of the

sine wave.

L U i N —
<ol g
5ty el o o B
ol 8 _ LM
T - | B | | g W 4
ced 7 1 I 1L r- 1
coll 6 —ui:? 20 9y , L I B I
cetl 5 be for e I v
> = ale W e o "N —
e s hlg L T 'ﬁ; :_L.J—‘ T \ .
cels L T UL »
cell 2 7 3
cofl 1 '
M
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10 V¢
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u}

-Sve

-10V¢

(b)

Figure. 2.4 (a)Waveform of the output voltages of the inverter cells. and (b) synthesis
of output phase voltage.
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CoSa —COS L, +COS Oy =

cosQ, —CoS s +Ccosa =

I 3 3
s sy =R

Cosa, —COS Oy +COS L, =

CosS @, —COS, +COSCX, =m7
COS ), —COS @, +COSQt s =mE
cosq, —cosay, +cosa,y =m%
COS )y — COS Xy, +COS X, =m7%
COS Qy, —COS &y, +COSQ,, =M%

COS Oys —COS Uy +COS Ay, =M%

COS Oy —COS Uy +COS Uy =M
cos 3a, —cos3a, +cos3a; +cos3a, —cos3a; +cos 3
+cos3a, —cos3a, +cos3a, +cos 3, —cos3ay, +cos3a,,
+cos3a,, — 08 3a, +c08 3a, 5 +cos3ay —Cos3ay; +C0s3ay,
+08 30, —~€Os 3@, + €083y, + €08 30, —C0S 3y, +C0s3ay,

+¢083a,; — €083y, + €083, + 05301, —COs 3y, + 083y, =0

cos 5a; — cos 5a, +cos Sa, +cos Sa, —c0s 50 + €08 5

+c0s 5a, —cos Satg +cos 5, +cos Say, —cos Sy +cosSay,
+cos5ay, —cos5a,, +c0s 5a;s +c0s Say —cos5ay,; +cos5a;,
+¢0S5a,, —COS S0ty + €05 50, + €08 5y, — €085y, +€08 50,

+C08 5,5 ~ COS 50,5 +COS 502, + €08 50,5 — COS 5ty + €08 505, = 0

cos 7a, —cos 7, +cosTa, +cosTa, —cosTds +cos 7oy
+cos7a, —cos7ag +cosTa, +cosTa, — cos 7oy, +cosTa,,
+cos 7a,, —cos 7ar,, +cos oy s +cos 7oy —cosTa,, +cosTa,
+c0s T ey — €08 Ty, + €08 Tty +C08 7y, —Co87a,; +cosTa,,

+c08 70,5 — €08 Ty + €08 Ty, + €08 Tty — €08 Ty + €08 Tty =0

cos 9, —cos9a, + cos 9ar; + cos 9, — cos s + cos ug
+cos9a, —cos9ay +cos 9, +cos9a,, —cos 9, +cos 9,
+cos9a,, —cos 9, +cos 9y +cos 9 —cos 9, +cos 9o,
+c0s 9,y — €05 90, + 0890y, +c0s9a,, —c0s9a,; +cosOa,,

+c089a,; —COS 9ty +€0S 90t + €089, —cos Iy, +c0s 9ty =0

coslla, —coslla, +coslla, +coslle, —coslla, +cosllay
+coslla, —cosllgy +cosllea, +cosllay, —coslle, +coslliay,
+coslla,, —coslle,, +coslle, +coslla —cosl Ian +coslle,

+coslla,, —coslla,, +coslla,, +coslla,, —coslla,, +coslla,,

+cos1la,, —coslla, +coslla,,; +coslla,s —cosllay, +coslla,, =0
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2.2)
2.3)
2.4)
(2.5)
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(2.7)
(2.8)
2.9)
(2.10)

2.11)

(2.12)

(2.13)

(2.14)
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cos13a, —cosl3ea, +cosl3a, +cosl3a, —cos13a, +cos13¢,
+cos13ea, —cos13a, +cos13a, +cos13a,, —cos13a,, +cosl3a,,
+cos13e,, —cos13a,, +cos13q,s +cosl3eay —cosl3e,, +cosl3a,
+co0s13a,, —cos13a,, +cos13a,, +cosl3a,, —cosl3a,, +cosl3a,,

+cos13a,; —cos13a,, +cos13e,, + cos13a,, —cos13a,, +cos13a,, =0

Y

coslda, —coslSa, +coslSa, +coslSea, —coslSa, +coslSa,

+coslS5a, —coslSa; + cds 15¢, +cosl5a,, —cosl5e,, +cosl5a,
+coslSa;,; —coslSa, +coslsa,, +cosl5a, —coslSa,, +coslS5a,
+coslSa,, —coslda,, +coslda,, +coslda,, —coslSa,; +coslda,,
+¢0515a,5 — c0s15a,4 + cos15a,, +cos15a,, — cos15a,, +cos 1 Sa,,=0

cosl7a, —cosl7a, +cosl7a; +cosl7a, —cosl7a, +cosl7aq;
+cosl7a, —cosl7a, +cosl7a, +cosl7¢,, —cosl7q,, + cosl7¢,,
+cosl7ay; —cosl7ay, +cosl7a,;+cosl7a,—cosl7a,, +cosl7a,,
‘+cosl7a,, —cosl7a,, + cos 17a,, +cosl7a,, —cosl7a,, + cosl7a,,

+cosl7a,; —cosl7a,g +cosl7a,, +cosl7a,, —coslTa,, +cosl7a,, =0

cos19¢, ~cos19a, +cos19a, +cos19a, —cos19¢; +cos19¢,
+cos19a, —cos19¢a; +cos19a, +cos19¢,, —cos19a,, + cos19¢,,

+ cos.19a13 —cos19a,, +cos19a;, +cos19¢a,, —cos19a,, +cos19a;,
+cos19a,, —cos19a,, +cos19«,, +cos19a,, —cos 19, +cos19a,,

+c0s19a,; —cos19a,; +¢0s19a,, +c0s19¢,, —cos19a,, +cos19a,, =0

cos21a; —cos2la, +cos2la, +cos2la, —cos21a; +cos21a,

+cos 21, —cos2lay +cos2le, +cos 21, —cos 21, +cos2la,
+cos2lay; —cos2le,, +cos2le; +cos2lays —cos2lay, +cos2le,
+c0s 21, —cos 21a,, +cos 21a,, +cos 2la,, —cos21a,, +cos 21a,,

+cos21a,; —cos 21, +cos 21a,, +cos2la,, —cos2la,, +cos2la,, =0

cos23¢, —cos '23a2 +cos 23, +cos 23, —cos 23a;, +cos 23,
+cos23a, —cos23a; + cos 23a, +cos 23ay, —c0s 23ax;, + cos 23,
+c0s23q, —c0s 23, + €08 23ax s + €08 230, —cos 23, + €05 23,
+¢08 23, —c0s 23ax,, + c0s 23ax,, +cos 23, —cos 23a,, +cos23a,,

+c0s23a,; —cos 23, +cos 23a,, +cos23a,, —cos 23a,, +cos23a,, =0

cos25a, —cos 25a, +cos 25a, +cos25a, —cos 25a; + cos 25
+c0825a, —cos 25a + cos 25a, + cos 25a,, — cos 25a;, +cos 25a,,
+c0s25a; —cos 25, +cos25a,; +cos 250, — cos 25, + €08 250,
+¢0825a; — €08 25@,, +c0s25a,, +€0s25a,, —cos 25a,, +cos25a,,

+¢0825a,5 — €08 25, + €08 250, + €08 2501, — 05 25, +c08 25¢,, = 0
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cos 27a, —cos 27, +cos 27a, +cos 27 a, —cos 27 a5+ cos 27 e,
+c0s27a, —cos27a; +cos 27a, +cos27ay, —cos 27, +cos27a,
+cos27a, —cos27a,, +cos27ays + cos 27, —cos27a,, +cos 27,
+cos27ay, —cos27a,, +Ccos '2-70421 +cos27a,, - cos 270223 +cos27a,,

+¢08 27, — €08 27ty + 08 27, + €08 2705 — 08 27, Fcos27a,, =0

cos29q, — cos 29a, +co0s 29, +¢0s 29, — c0s 290, +cos 290
+c0s29¢a, —cos 29a; +cos 29a9- + cos 29¢a,, —cos 29a;, + cos 29,
+¢0829¢,; — €08 29a,, +c0s 29 s +c0s 29a,, — c0s 29, +cos 29,
+¢0829a,, — €08 290, + €05 29, + €08 290y, — €08 29y, + €05 29a,,
+cos 29a,; — €08 29, + €05 290, + €08 290, — €08 29,5 + 0829015, =0

cos31e, —cos3la, +cos3la, +cos3la, —cos3la;, +cos3le \
+cos31a, —cos31lay, +cos3la, +cos3lay, —cos3ley, +cos3la,
+cos31ay, —cos3la,, +cos3la,s +cos3la, —cos3la,, +cos3la,,
+co0s3la,, —cos3lay, +cos3la,, +cos3la,, —cos3la,, +cos3la,,

+cos3la,, —cos3la, +cos3la,, +cos3la,, —cos3 1y, +cos3la,, =0

cos 33a, —cos33a, +cos33a;, +cos33a, —cos33a; +cos33a,
4+c0s33a, —cos33a, +cos 33a, +cos33a,, —cos33a;, +cos33a,,
+co0s33a,, —cos33e,, +cos33q,; +cos33a,, —cos33a,; +cos33a,
+c0s33a,, —cos33a,, +cos33a,, +cos33a,, —cos33a,, +cos33a,,

+c0533a,, — €08 330, +¢0533a,,; +cos33a,; —cos33a,, +cos33a,, =0

cos35a, —cos35a, +cos35a;, +cos35a, —cos35a; +cos35a;
+cos35a, —cos35a, + cos35a, +cos35a;, —cos35a,, +cos35a,,
+cos35a,, —cos35¢a,, +cos35ay; +cos35a, —cos35a,, +cos35a,,
+c0s35a,, —cos35a,, +cos35a,, +cos35a,, —cos35a,, +cos35a,,

+c05350,, — €08 350, +c0s35a,, + 08350, —cos35a,, +cos35a,, =0

cos37a, —cos37a, +cos37a, +cos37a, —cos37a; +cos37 e
+cos37a, —cos37ay +cos37a, +cos37ay, —cos37a, +cos37a;,
+cos37ay, —cos37a,, +cos37a,s +cos37a,, —cos37a,, +cos37 0y,
+c0837a,, —cos37a,, +cos37a,, +cos37a,, —cos37a,; +cos37a,,

+¢0837a,; — 0837, + 08370, +c0537a,, —cos37ay, +cos37a,, =0

cos39a, — cos39a, + cos39¢a, +cos39a, —cos39a; + cos39a;
+¢0s39a, —cos39¢a, + cos39¢a, +cos 39, —cos 39, +cos39¢,,
+cos39a,, —cos39a,, + cos39a,, +cos39a,, —cos 39, +cos39¢e ;-

+c0s39a,, — cos39a,, + cos39a,, +cos39a,, —cos39a,, +cos39a,,

+¢0s839a,, —cos39a,, + cos39a,, +cos3%a,; —cos39a,, +cos39a;, =0
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cos4la, —cosd4la, +cos4la; +cos4la, —cosdla, +cosdlag

+cos4la, -cosdlay +cos4la, +cosdla,, —cosdla, +cosdla,

+cos4la,; —cos4la,, +cosdla; +cosdla  —cosdla,, +cosdla, (2.30)
+cosdla,, —cosdla,, + cos4la, +cos4la,, —~cosdla,, +cosdla,,

+cos4la,s —cos4l,, +cosdla,, +cos4la,, ~cosdla,, +cosdla,, =0

a <a,<da, ' (2.31)
o, <as <o : (2.32)
a, <Qg <a ' (2.33)
Ay <&y <, (2.34) i
Oy, <y, < . (2.35)
O <Oy <Oy (2.36)
Qg <Ay <Ay (2.37)
Qpy <Oy <Ay (2.38)
Qps < Uy <Oy (2.39)
Qg < yg < Uy (2.40)
0<01,05, 0,0, 0%, 0, 0, 04, 063 O3 Oty O, O35 Qg 55 Ol Oty Oy Ol O Oty Oy Oy O, s Ol Oty O Oy O SN0
(2.41)

The inequalities from Eqns. (2.31)-(2.40) are expressed in Ax<B form by the
following matrix. The B matrix has been chosen to maintain a margin of 0.5° between each ?
angles of a single cell so that the two angles are resolvable in a discrete time simulation.

. { a, = &

a,

al

a,

as
(1 -1 0 0 0 0 1] V] 0 o o0 0 0 0 0 0 0 0 0 0 ] 1] 0 0 0 0 0 0 0 0 a, -0.5
0 1 -1 0 0 0 ] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 a, -0.5
0 0 0 1 -1 0 1] 0 0 [ 0 0 0 0 0 ] 0 0 0 0 0 0 0 0 0 0 o 0 0 0 a, -0.5
0 0 0 01 -1 0 0 0o 0 0 0 0 o o o0 o0 0 0 o ¢ 0 o 0 0 ©0 0o o ¢ 0 a, -0.5
0 0 0o 0 o 0 1_ -1 0 0 0 0O 0 0 0o 0 0 0o 0 © o o0 o0 0 0 o0 0 0 o 0 [- 19 -0.5
0 0 0 0 -0 0 0 1 -1 0 0 [ [} 0 0 0 0 ] 0 ] 0 0 0 0 1] 0 0 o o0 0 a,, ~-0.5
0 0. 0 0 0 4] 0 +] 0 I -1 0 0 0 0 0 0 o] 0 0 0 0 o 0 0 0 0 0 0 0 a,, -0.5
] 0 0 0 0 (1] 0 H] 0 0 1 -1 0 0 0 0 0 0 0 0 o] 0 0 0 0 0 0 0 0 0 oy -0.5
0 0 0 0 0 0 0 Q 0 0 0 o] 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [ I -0.5
0 0 0 0 0 0 1] 0 0 0 0 0 ] I -1 0 0 0 0 0 0 0 0 L] 0 0 0 00 0 o, < -0.5
0 0 0 ¢] 0 0 o 0 0 0 0 0 Q0 0 ] I -1 0 0 0 0 0 0 0 0 o 0 0 0 0 [ 4P -0.5
Q0 0 Q0 0 0 0 0 4] 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 V] 0 0 0 0 0 o, —-0.5
0 0 0 0 0 0 4] [} 0 0 0 0 0 0 0 0 0 Q0 1 -1 0 0 0 0 0 0 ] 0 0 0 g -0.5
0 0 _0 0 0 0 ] 0 0 0 0 0 0 0 0 0 0. 0 0 1 -1 0 0 0 0 0 0 0 o 0 [ -0.5
0 0- O 0 0 0 ] 0 0 0 0 0 0 0 0 0 0 0 0 0 1] 1 -1 0 0 0 0 0 0 0 a,, -0.5
0 [} 0 0 0 0 0 1] 4] 0 0 0 0 [V} 0 0 0 0 0 0 0 0 1 -1 © 0 0 0o o0 0 a., -0.5
0 0 0 0 0 0 0 ] 0 0 0 0 0 0 0 0 0o o 0 0 0 0 0 0 1 -1 0 0 0 0 ay, -0.5
00 0 0 0 00 0 0 0 0 0 0 06 © 0 0 06 0 0 0 0 06 0 0 t -10 0 0]|lay, -0.5
0 o 0 0 0 o 0 ] 0 0 0 0 0 0 o 0 0 V] 0 0 0 ] 4] o 1+ 0 0 1 -1 0 @y, -0.5
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 =1)| @y -0.5
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LR

@3y

@ 29

Q3

2.3  Optimization by Genetic Algorithm

The first 10 equations correspond to equalization of fundamental voltages of the ten
bridges. The linear inequalities and bounds are the validations for the practical correct
solutions for the variables to be use as firing angles. The problem is modified to minimization

one by replacing the 20 nonlinear equations to,a single Total Harmonic Distortion function as
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given in Eqns. (2.42). The nonlinear equality constraints are from Eqns. (2.1)-(2.10). The linear
inequality constraints are Eqns. (2.31)-(2.41) and bound is given by Eqns. (2.41) Genetic
Algorithm is used as a first attempt to obtain the global minimum of the constrained THD
function for modulation index 0.550 to 1.000 in steps of 0.001. Two sets of parameters for
Genetic Algorithm have been applied with different crossover function in the GA toolbox [23].
The results obtained are quite similar but far from being acceptable as the THDs obtained.in
these two methods, as shown in Fig. 2.5 and Fig 2.6., are unacceptably high.

Table 2.2: The parameters for Genetic Algorithm

GA parameter set Details of set 1 Details of set 2
Initial Population range | 0,90 0,90

Initial Population size | 100 100

Crossover fraction 0.6 0.6

Migration direction both both

Generations 30 30

Selection function roulette roulette
Mutation Adaptive feasible | Adaptive feasible

The fitness function which is to be minimized is the Total Harmonic Distortion given as:

[+ (cosna, —cosna, + cosna, + cosnax, — cos nas + cos na
+cosna, — cos ndg + cos na, + cos ne,, — Cos na,, + cos na,

41
THD = +cosna,; — cos na,, + CoOsna, 5 + COsS na,; — cCos na,, + COs n,, (2.42)
=."3,5,....
« +cosna,, — COsS na,, + Cos na,, + COsS n&,, — COS N&,; + COs nx,,
+COS Na,5 — COS N, + COS NA,, + COS N5 — COS N,y + COS NA5,)]
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Figure 2.5 Variation of %THD obtained by GA with set 1
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Figure 2.6 Variation of %THD obtained by GA with set 2

The crossover function which generates new individual from the existing population
has been applied are Uniform and Heuristic with fraction 1.13165. The Heuristic crossover
creates children that lie on the line containing the two parents, a small distance away-from the
parent with the better fitness value in the direction away from the parent with the worse fitness
value, but still the performance has not improved. h

To find the switching angles with acceptable level of THD, the sequential qqadratic
programming (SQP) technique‘ has been used. The initial conditions for SQP are computed by

the algorithm a—é's::‘l:lt-l-)-c;d in next subsection. e

24 A new initial condition algorithm for THD minimization

Elimination of lower order harmonics from only one cell which will be called a general
‘SHEPWM method can be obtamed by solving a system of 3 equation for three times switching
in quarter cycle. Phase shift i is an effective and simple method to decrease harmonic content in
multilevel converter. Here phase shift together with 3 levels SHEPWM is used to obtain
starting point for multilevel optimization. To preserve the high amplitude of the fundamental, .
the phase shift angle p among the 10 cells should be small. By 3 levels SHEPWM third and
fifth harmonics are eliminated. For calculating phase shift harmonic order 11 is considered for
which the value of B is 3.273° [24] as shown in appendix A. The 30 initial condition.for each
modulation index are obtained as follows, where a, b, ¢ are the firing angles of the first cell in

quarter cycle.
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cosa—cosb+cosc=m#%

(2.43)
cos3a—cos3b+cos3c=0 (2.44)
cosS5a+cosSb+cos5c=0 (2.45)
x0=[a,b,c,a—-B,b—f,c—pB,a+B,b+B,c+pB,a-2p,b-2p,c-2p,
a+28,b+2B,c+2p,a-3p8,b-3p,c-36,a+38,b+38,c+3p, (2.46)

a-4B,b—4p,c—4p,a+4B,b+4B,c+4B,a-58,b—58,c—5p]

The alternative initial condition, which are

x0=[a,b,c,a+ B,b+ f,c+ f,a-B,b—PB,c—B,a+28,b+28,c+2[,
a-2B8,b-2B,c-2B,a+36,b+3B,c+3B,a-3B,b-38,c-3p, .47
a+4pB,b+48,c+4B,a—-48,b—4B,c—4B,a+58,b+58,c+5p]

have not been consider because some initial condition results in angles greater than 90 degree.
The %THD is plotted with modulation index from 0.550 to 1.000 in steps of 0.001. In Fig. 2.7
the MATLAB plot is the arithmetic function value for given modulation index and the PSCAD
plot is the THD for the synthesized inverter voltage waveform. The optimization toolbox has
been used to minimize the THD function. The algorithm used is Sequential Quadratic
Programming Quasi Newton Line Search. The constrained satisfaction graph is also plotted in
Fig 2.8 and the number of iterations for each modulation index optimization is plotted in Fig
2.9. This concludes the validity of the phase shift method by very good convergence and the
satisfaction of the constraints which enlightens us to do away with the individual DC voltage
controllers. In the next chapter STATCOM operation has been discussed in detail.
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Figure 2.7 variation of % THD obtained by SQP
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CHAPTER 3 ‘ Mathematical Modelling

3.1 The Distribution system

The performance of STATCOM has to be evaluated in a practical grid. The 27 bus
distribution system as shown in Fig 3.1[25] has been considered in this work and been
simulated in PSCAD. The distribution system consists of single generator of 132 kV. The
weak bus named ‘Southery 11 BB’ is identified to have a voltage of 0.92 pu during normal

operation. As a result the STATCOM has been placed at this bus with a rating of £30 MVA.
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Figure 3.1 Single Line Diagram of Distribution system

B

3.2  System start up

The task of starting up the STATCOM is to bring the reactive power output to
a certain level in a very short time, while maintaining all the switching devices within their
ratings. The challenge of starting up the STATCOM lies in the fact that, before
startup, the dc capacitor voltages are zero. It is observed, hoWever, that when all the
active switches are suppressed (no gating signals are supplied to these switches), the
STATCOM system is actually composed of several cascading full-bridge rectifiers with no dc--
side load except the dc capacitors. The balanced charging has been achieved without excessive
absorption of the current above the transformer ratings.

The system is in rectifying mode from 0 to about 1.5s. At about 1.2s,'the resistor is
bypassed and the gating signals of the STATCOM active switches are enabled at 1.5s. The
modulation index is ramped down from 1 to 0.656 to prevent the voltage dip when the power
switches are enabled and the delta is fixed at 4.98 degree. This results in the increase in the

capacitor voltage to 1.1547pu. At about 3.1s, the dc capacitof voltage reaches the required
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level and the STATCOM is put into regulation mode. From 0 to 3.1s, the STATCOM is
absorbing more real power than its total component loss. As a result, the capacitor voltage
keeps increasing. After 3.1s the real power absorbed by the STATCOM equals its total
component loss. Hence, the dc capacitor voltage maintains the same level as shown in Fig 3.2

(c). The next section deals with mathematical model and designing of nonlinear control

system.
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Figure 3.2 (a)Vrms without modulation index ramp (b) (¢) Vrms and Vdc(3 phase) with

ramped modulation index
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33 Vector representation of instantaneous three-phase quantities

The main function of the STATCOM is to regulate the transmission line voltage at the
point of comiectionr It achieves'this objectfve by injecting a controlled reactive current to the
line. The STATCC;M also has the intrinsic ability to exchange real poWer with the line. As
there are no sizeable power sources or sinks associated with the inverter and its DC-side
components, the real power must be actively controlled to a value which is Zero on average
and which departs from zero only to compeﬁsate for the losses.

A set of three instantaneous phase variables that sum to zero can be uniquely
represented by a vector in orthogonal coordinates by Parks’ transformation [6]. This is also
called DQ trénsformation. The DQ transformation expresses synchronous three pha}Se time
varying quantity to a time invariant vector in synchronously rotating frame. The three phase
{/oltagé source as médeled in PSCAD can be expressed in DQ framé by the given

transformation.

sin(wt) sin(wt — %75) sin(wt + 27”)

2
[c] - 3 27 2
cos(wt) cos(wt——) cos(wt+—)
3 -3 3.1
So that the voltage source
i
[v, v, v]= [vm sinat v, sin(wt —275) v, sin(a)t<+2—”)i|
in DQ frame transforms to
: il of (ot 2 . 27z v,, sin(wr) :
v, 2 sin(fwt) sin(w ——3—) sin(awt +T) _ 2 | v
v,| 3 2z 2 || ™ sin(ax ——3—) "o
d cos(wt) cos(wt———) cos(at+-——) (3.3)
' 3 31 sin(awt + —%E)
L 37
To use the inbuilt abe->dq transformation of PSCAD which is
cos(wt) cos(wt — 2—72') cos(wt + 2—ﬂ)
2 3 3
[C] "3 2 2 '
sin(wt)  sin(wt — T) sin(wt +T) (3.4)

Necessary correction has been done in the model by interchanging ‘d’ and ‘q’ signals [26].

29



3.4 Equivalent circuit and equations

Fig. 3.3 shows a simplified representation of the STATCOM, including a DC-side
capacitor, an inverter, and series inductance in the three lines connecting to the transmission
line. This inductance accounts for the leakage of the actual power transfgrmers. The circuit
also includes resistance in shunt with the capacitor to represent the switching losses in the
inverter, and resistance in series with the AC lines to represent the inverter and transformer ,

conduction losses. The inverter block in the circuit is-treated as an ideal, lossless power

converter.
i, e, Va
- 3@
Ve
A Voltage i, e, v,
—_——C Rp Source P vy 1+
" Inverter

lc‘_‘q e, v,

. Fig
ure 3.3 Equivalent circuit of STATCOM
In terms of the instantaneous variables shown in Fig. 3.3, the AC-side circuit equations

can be written as follows:

ia L ia (va - ea)
pli|={ O —IIIQS 0 |||+ (vb_eb)
lc _R lc (vc - ec) y (3.5)
O 5
! L |

where p = d/dt,

~ Using the transformation of variables defined in Eqns. (3.1), Eqns. (3.5) can be transformed to

the synchronously rotating reference frame as follows:

S HE i

I e 0 4 (3.6)
7 ,

where @ = d6)/dt .

The STATCOM dc-side circuit equation can be written as

q= Cvdc
(3.7)
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dt dt (3.8)
. dv,,
de — ~ 4 -
dt (3.9)
P =Vl =4 C D
dt (3.10)
Pac = Evd'id
-2 (3.11)
dv,, v,
dt  2Cv, _ (3.12)

Where 3/2 is the reference frame transformation constant and e a» & are defined as

€; =mv, cosmt

(3.13)
e, =mv, sinwt
‘ (3.14)
Where m is the modulation index defined as
m= Vphase_ peak
Vdc

The state space model in R-I frame for the STATCOM circuit can be written as follows

id
Pl

vdc
35

_R Va
L L ld vdc 0
R 1 mcoswt
O £ Ol i |=7| 9 v [msina)t]
3 V. 0 0 (3.15)
d 0 0
i 2Cv,, i

Exact linearization via feedback

The system described is a multi-input-multi-output with two input and two output. The

system is coupled and nonlinear because it contains multiplication of states and the input

variables. In order to decouple and linearize the model in Eqns. (3.15), the input—output

linearization technique is applied [14][27]. The system is equivalent as two linear subsystems.

These subsystems can be decoupled provided that the matrix in Eqns. (3.24) is not singular. In

this case, the decoupling matrix is Eqns. (3.24) considering normal operating conditions, is not

singular and the system can be transformed into two decoupled linear systems. The state

variables in the linear and controllable system are defined as Eqns. (3.25). Eqns. (3.27) can be

used to design a control law for the tracking of a desired trajectory. Comparing Eqns. (3.15)

with Eqns. (3.16) the state space form

31



i=f(x)+g(x)u
y=h(x)

T2 . F
where x=[i, i, v,] then,

| Rs v;f— i x3
——x +wx, +—* —
L L _ L
o R . ;
f(x)=| -—ox —*Lixz gx)=| 0
3v,x, 0
\_ 2Cx; L
The L1e de 1vat1ves are as follows:
[) 0 /(=722
3
V,X VX, v
fhl __[ d1 0 d l] g _'CTdL_
V,X VX
Lith—[‘“ 0 ‘“]f()
3
- +ox, +-4) g" —(‘g"; )("""‘)
X.
nghz = ——f
ngthl =0
R
L h, =—ox ——Esxz
Lglh2 =0

L
The decoupling matrix E(x) = |: &l
Lgth

The transformed state variables are defined as

3vdx1

—x =
1 3 Z 3 2
2Cx,

Lh ngth2]= 2CL
0o -5 C (329

(3.16)

=[g, 2] y(")=[2]=[2]

and

(3.17)

(3.18)

(3.19)

(3.20)

- @321

(322)

(3.23)
3v,

(3.25)

From this the following state space equation is obtained

Z) =2y 2, =V 23 =V

Where v1 and v2 are the new control inputs

(3.26)



The final control lawsare given by

i 2/h| +v, =‘R:x1 +(0Lx2 +l’i_l‘vdx12 _LCy,

| L,Lh X, X, X, ng v, 327
i e ~Lh+v, -olx Rx, L,
nghz X3 X3 X, (3.28)
»@ .D. 1 '
s Gain1 'm:ubr % —» % > % _E
Integratort Integrato2 Soope

Gain

Figure 3.5 Pole placement for\d
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Figure 3.9 V4 response in infinite bus for exact linearization
The poles are placed at -0.477+0.124 and -419 to obtain the damping 0.964 at

frequency 0.464 rad/sec and overshoot of 0.12% by adding a PI controller in the error input.
The dc response at single machine infinite bus system is shown in Fig 3.9 for the obtained
controller gains. It has to be noted that the obtained response highly in accordance to the
proposed dynamics. The response is also compared with the approximate linearized equation
proposed by Q. Song [12] which are stated below.
_~Rx _'_a)Lx2 +v_d_£‘i

x5 TR e (3.29)
_—@Lx, Rx, Lv,
e R (3.30)
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Figure 3.10 V4 response in infinite bus for approx linearization
Now both the controllers of Eqns. (3.27)-(3.28) and Eqns. (3.29)-(3.30) are evaluated in
the distribution grid one at a time. The plot for V4 is observed in Fig 3.11 for Eqns. (3.27)-
(3.28). The plot for V4 for Eqns. (3.29)-(3.30) is similar. Here V4 is considered to be constant
in the State Space model of the STATCOM which is actually the case for infinite bus system.
But for the finite distribution system the value of V4 is dependent on the reactive current

requirement and hence the plot of V4 is not a constant as compared to the infinite bus system.



Naturally the response of both the control strategy fails in the distribution grid which has been
observed in the Fig 3.12 and Fig 3.13. At 3.1 sec the DC link voltage is raised to 1.15 pu, but
as the control system is enabled the voltage falls because of the defective control system. The
remedy of this problem can be done by expressing V, as a function of I; and the decoupling
matrix has to be re-evaluated for exact linearization. The model free approach for controlling
the system has been explored and fuzzy logic control is one of them. The subsequent chapter
deals with the design of indirect fuzzy controller for STATCOM application.
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CHAPTER 4 ‘Indirect Fuzzy Control

The indirect fuzzy PI controller has been applied in this chapter. The modulation index
is kept constant at 1.000 and the only control variable is delta. The input is the error between
reference voltage and bus voltage Vs as shown in Fig. 4.3 and the capacitor voltage level is
allowed to vary to inject the required reactive current for bus voltage regulation.

4.1 Fuzzy PI controller )

The block diagram of the FIJIZ‘Zy PI Controller (F PIC) is shown in Fig. 4.1 [15]. In this
figure, e(k) is the error at the k-th sample and it can be written as e(k) = ysp — y(k) where, y(k)
is the actual system output and ysp the set-point or desired system output at k-th saniple
respectively. The change in error is defined as '

Ae(k) = e(k) —e(k—1)

The quantities e and Ae are converted to normalized quantities eN and AeN
respectively by using the Scaling Factors (SFs) Ge and GAe. These normalized quantities eN
and AeN are crisp in nature and therefore need to be first converted to their corresponding
fuzzy variables. After fuzzification, the fuzzified inputs are given to the fuzzy inference
mechanism which, depending on the given fuzzy rule base, gives the normalized incremental
change in éontrol output (AuN). The output AuN is converted into actual incremental change
in control output (Au) by using the scaling factor Gu. For implementing the fuzzy inference
engine, the “min”operator for connecting multiple antecedents in a rule, the “min” implication
operator, and the “max” aggregation operator have been used. Actually, the output AuN from
the inference mechanism is fuzzy in nature, henée, to determine the crisp output, these fuzzy
outputs need to be defuzzified. The centroid defuzzification scheme has been used here for
obtaining the output Au as shown in Fig.4.1. Finally, the actual value of the controller output
(u) is computed by

u(k) = uk-1) + Au(k)
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Figure 4.1 Fuzzy PI controller
The relationships between the SFs (Ge , GAe and Gu ) and the input and output

variables of the FPIC are as follows

eN =_Ge.e
AeN = GAe.Ae
Au = Gu.AuN |

Here Ge, GAe and Gu are the SFs for e, Ae and Au respectively and eN, AeN and AuN
are normalized quantities.
The SFs are the main peirameters used for tuning any Fuzzy Logic Controller (FLC) because
‘variation of the SFs changes the normalized universe of discourse of input & ‘output Vafiables
and their corresponding membership functions. Generally, selection of suitable values for Ge,
GAe and Gu are made based on the knowledge about the process to be controlled and
sometimes through trial and etror to _achievé the best possible control performance. This is so
because, unlike conventional non-fuzzy controllérs there is no well-defined method for
selecting appropr1ate values of SFs for FL.C. However, if requlred it is possible to tune these
parameters to achieve a given control obJect1ve usmg some optimization techniques. In this
work, the appropriate values for Ge, GAe and Gu have been determined by using Simples
Algorithm [26] as shown in Fig 4.4. |
Each fuzzy control rule in the controller rule base is of the form
“Ifeis E and Ae is AE, then Au is AU”
where E, AE and AU are the fuzzy sets corresponding to error, change in error and the
incremental change in the control output respectively. In this work, for both the inputs (e and
Ae) and the output (Au), seven fuzzy subsets have been used. These are: PB (positive big), PM
(positive medium), PS (positive small), ZE (zero), NS (negative small), NM (negative
medium) and NB (negative big). For each of these fuzzy sets, triangular membership function

(MF) has been used. These membership functions have been defined on the common
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normalized domain [-1, 1] and are shown in Fig. 4.2. From this figure it is observed that the
triangles are symmetric with equal base having 50% overlap with neighboring MFs. As each
of the two inputs has seven fuzzy sets, there are altogether 49 control rules in the FPIC. The
rule base for computing the output Au is shown in Table 4.1 which is a widely used rule base
designed with a two-dimensional phase plane [28]. The control rules in Table 4.1 are built
based on the characteristics of the step response. For example, if the output is falling far away
from the set point, a large control signal that pulls: the output toward the set point is expected,
whereas a small control signal is required when the output is near and approaching the set
point. '

1 4NB, N NS E PS PM PB,

E Tom 5 — — 55 1
Figure 4.2 Fuzzy Logic Rule Definition
Table 4.1: Fuzzy logic Rule Base

Ae/e | NB | NM NS ZE PS PM PB

NB | NB NB NB NM NS NS ZE

NM | NB | NM NM NM NS ZE PS

NS | NB [ NM NS NS ZE PS PM

ZE | NB | NM NS ZE PS | PM PB

PS | NM NS ZE PS PS PM PB

PM | NS | ZE PS | PM | PM | PM | PB

PB ZE PS PS PM PB PB PB

The scaling factors are tuned by simplex algorithm in PSCAD. The objective function

’sim N
considered here is the integral square error defined as F = J‘ei(t) dt for a step response. The
; _

optimized step response is shown in the Fig 4.5. The optimized scaling factors are 4222 ,
0.814815 and -0.0275035.
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Figure 4.5 Optimized step response for indirect Fuzzy controller

4.2 Performance of indirect fuzzy controller

The controller is then tested for voltage regulation and the response during three phase
to ground fault at ‘Southery 33 BB’ is shown. The control signal delta varies according to the
operating point and so the dc voltage of the capacitor changes. The bus voltage further dips to
0.81 pu during three phase to ground fault on the high side of the distribution transformer as
shown in Fig 4.6. The £30MVA STATCOM is to be installed at the load bus to provide the
required voltage support during normal operation and during fault. The voltage sags and swells
have to be reduced by installing the STATCOM. The inception of fault at 4 sec is accompanied
by increasing the capacitor voltage to 0.9 pu and consequently the reactive current supplied by
the STATCOM increases to 0.5 pu as shown in Fig 4.8 and Fig 4.10. The swapping [12] has
been implemented to balance the individual capacitor voltage. The three phase total dc link
voltage has been observed to be equal and hence there is no need for per phase dc voltage
controller. It has been observed that the slow dynamics of the capacitor results in the low
voltage dips at the occurrence of the fault. The clearing of the fault at 7.5 sec is also
accompanied by large voltage swells to about 1.15 pu as shown in Fig 4.7. The controller

designed in this chapter can now be successfully applied in capacitor voltage control in direct
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fuzzy control for STATCOM. This is possible because the capacitor dynamics time constant is

same in both the control.
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The responses of the indirect controller for Line to Ground (L-G) fault at same bus for
3.5sec are shown from Fig 4.12 to Fig 4.14. The DC link voltage corresponding to the faulted
phase has been observed to be less than that of the healthy phases. The reactive current I
supplied by the STATCOM oscillates with an offset. The bus voltage Vms is maintained after

small disturbance.
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Figure 4.12 Vs with indirect controlled STATCOM for L-G fault
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Fig 4.15 to Fig 4.17 are the response of the controller for Line to Line (L-L) fault at the

same bus for 3.5 sec.
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Figure 4.15 Vs with indirect controlled STATCOM for L-L fault
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Figs 4.18 to Fig 4.20 are the response of the controller for Double Line to Ground (LL-
G) fault at the same bus for 3.5 sec.
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CHAPTER 5 Direct Fuzzy Control

-4 | Direct fuzzy controller design

The direct fuzzy controller design which has both the modulation index and the phase
as output has been attempted. The dc capacitor voltage is maintained by controlling the delta of
the inverter and the bus voltage support is achieved by controlling the modulation index. The
controller for the dc voltage loop has been designed by the previous indirect controller by
replacing the input as the error between reference and V. This is justifiable because the time
constant and the capacitor dynamics remain same. The bus voltage controller has been
designed by considering the regulation slope as wl and the offset as V4 (rated) which is the
equation of the natural characteristics of the STATCOM. The controller input is the error
between reference and the bus voltage Vs as shown in Fig 5.1. The output of the controller is

Iq(required). The modulation index is calculated by the following equation
- I/d_mted +(d)lq_req

Ve

a

I:QF)@— Indirect Fuzzy Controller |,

@©

Edc
T | ca H—S- -
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Figure 5.1 Scheme of STATCOM direct controller
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Figure 5.2 Optimized step response for direct Fuzzy controller
5.2 Performance of direct fuzzy controller
The controller gains are tuned for minimum integral square error by the simplex
method. The optimized controller with STATCOM is then installed in the distribution grid for
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performance evaluation. In the normal operatidn the STATCOM supplies 0.15 pu of reactive
current to maintain the reference voltage level. The STATCOM also draws a small amount of
real power in the form of I4 for required V.. The capacitor voltage ripple has been observed to
be less while supplying 0.15pu of reactive current which subsequently increases on increasing
the supplied I; by the STATCOM. The inception of three phase to ground fault for 3.5sec at
‘Southery 33 BB’ is accompanied by increase in injected I; by the STATCOM to 0.5pu and the
capacitor voltage ripple as shown in Fig 5.7 and Fig 5.4. The capacitor voltage is maintained
by the indirect controller independent of the bus voltage but has been noted by a slight dip for
few cycles. This results in an increase modulation index to supply the reactive current at
reduced capacitor voltage in Fig 5.5. The stabilization of capacitor voltage results in less
fluctuation of the output of the modulation index controller. The voltage dips has been reduced
to 0.92pu on the inception of the fault and is much better than the indirect controller. The
response during the fault clearance is more remarkable as the maximum voltage swells is
reduced to 1.05 pu in Fig 5.3.
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The responses of the direct controller for Line to Ground (L-G) fault at same bus for
3.5sec are shown from Fig 5.9 to Fig 5.11. The faulted phase of the DC link voltage has been
observed to be less than the healthy phases. The reactive current I  supplied by the STATCOM
oscillates with an offset. The bus voltage Vrms is restored with a dip of 0.99pu.
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Fig 5.12 to Fig 5.14 are the response of the controller for Line to Line (L-L) fault at the

same bus for 3.5 sec.

statom :Gaphs
- yims |

1.075
1.050 1
1.025 J
1.000
0.975 4
0.950 4
0.%25 4
0.900 4
0.875 4
0.850 4
0.85 J

pu

) 5.0 60 70 8.0
time in sec
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Fig 5.15 to Fig 5.17 are the response of the controller for Double Line to Ground (LL-

G) fault at the same bus for 3.5 sec.
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CHAPTER 6 | Conclusion

The main contribution of this dissertation is the development and tuning of Fuzzy
Controller for STATCOM application. The direct control of STATCOM is a two input two
output -system as a result the designing of multi input multi output is quite difficult. This
problem is solved by first designing the indirect Fuzzy controller which is a single input single
output system, and then the design of direct Fuzzy controller has been achieved independently.
The Optimization of the firing angles which has very low THD and good constrained
satisfaction has been shown to be possible. The linear interpolation of modulation index has
been done away as the look-up table has been stored with modulation index in steps of 0.001.
The response of the controller for symmetrical fault is acceptable. In cases of unsymmetrical .
fa_ults' the problem with the unbalanced DC link capacitor voltages can be corrected by
implementing per phase control of the DC voltage. The performance of the STATCOM for
incoming and rejection of reactive load would be similar to the three phase to ground fault
which has been observed to be satisfactory.

The membership function for the FPIC considered here is uniform, but the unequal
voltage sag and swells during inception and clearing of faults provides thel possibility to test
the controller with non uniform membership function. The hardware and the computational
requirements of the FPIC would be much simpler than the Exact nonlinear control system. The
Fuzzy logic thimized PLC’s from ABB and FANUC can be considered for the controller
design. The complicated ﬁring rule can be easily be fabricated by latest Field Programmable
Gate Array (FPGA) from Xilinx or Altera. The power stage has to be designed considefing the
system rating and the switching loss. The latest family of Insulated Gate Commutated
Thyristor (IGCT) and Emitter Turn Off (ETO) thyristors are viable options. In whole the thesis
explored the possibility to use Fuzzy Logic for Cascaded Multilevel Converter based
STATCOM successfully.
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APPENDIX-A

" A.1 Calculations for Base values

S, _=Rating of the STATCOM

base

=+30MVA
Vv,

base

=Rated system voltage

=11kV
S

__“base

base
",

' 6
__30x10° 574501

V3x11x10°
\/—i X Vphase peak
|4

base

\/5 X -\/—2- lme

DC link voltage in pu, ¥, =

=1.1547
\/§ X 1'/;)ase
l'/base Vbise
base ‘\/_Ibase base
2
= 11 =4.03333
30

Coupling Resistance R=0.0605Q

R =0.015

Per-unit resistance R =

base

Coupling Inductance L=0.00192576H

Per-unit reactance X, = ol _2Zxmx Sf ;;’3:22192576 =0.15

base

Base voltage in DQ frame V), ,,, =V,

Base current in DQ frame 1, ,,, = VS& = \/§Ibm =2.72727 kA
R DQ _base

A.2 Phase shift for multilevel optimization

2 X . 2)( — 3 2730 Where hselected
Nceﬂ x h 10 Xl 1

selected
shift[24]

= Harmonic to be eliminated by phase

p=
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A.3 Capacitor voltage ripple
AV, =4.33%V,

T 433x2x\2xV,
= ne =550V
J3x100
A.4 Required total link Capacitance per phase
L N2x1574.59

peak

=0.006443768F

P T 20AV,  4xmx50%550
A.5 Minimum modulation index for the system

4

ph

B pmk) sind

Q = E (Vph_pealé) cosd x
V2(7,,)siné

=%J§(Vph)cos5x

V 2
=§(—£Sin 26

For Q=-30MVA, R=0.0605Q and V', = %kV

1 30x2x0.0605x~/3
—Sin
3x112

26 =

& =—0.8595656°

Now, using

mV,, =\2V,,(cos & +%sin 5)

m, = —Qﬁ(cos 6 —10sin )
J3x12.7

m ~0.601
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APPENDIX-B

Optimized values of angles in degrees for modulation index 0.550 to 1.000 in steps of 0.001

«,

s | Q.

wla | |a a |a | a s e |y, | e a, | o e, | ay ey, e, e, | e, |ay|e|a,|a,|a,|a,

6 7

a

1 2 s 10 n 12 all alﬂ 15 16 7 13 19 20 21 a2 23 24 28 7 29
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