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REACTIVE POWER COMPENSATION IN DISTRIBUTION SYSTEM

ABSTRACT

In this thesis, thyristor controlled reactor is designed and analyzed to compensate
the reactive power demand in balanced and unbalanced loads. The arc furnaces in the

region of Aliaga-Izmir are considered the load in this type.

This system is preferred in the application of reactive power compensation if the
load is varying faster such that the traditional reactive power compensation
algorithms having mechanical contactors are not fast enough. The system proposed

here is used either with a fix capacitor or with the passive filter circuit.

Simulations are carried out in MATLAB / Simulink and PSCAD. The application
software is converted from MATLAB into TMS320F2812 eZdsp. The system is built
at 3 kVAR rating in the Electrical Machines Laboratory. The PSPICE program is

also used to design electronic circuit implemented in this work.

Keywords : TCR, Compensation, DSP F2812
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ELEKTRIK ENERJi DAGITIM SISTEMLERINDE REAKTIF GUC
KOMPANZASYONU

0z

Bu tezde, dengeli ve dengesiz yiiklerde ihtiya¢ duyulan reaktif giicii kompanze
etmek icin thristor kontrollii reaktorlerin tasarimi ve analizleri yapilmustir. Yiik

olarak Aliaga-izmir bolgesindeki ark ocaklar1 goz oniinde bulundurulmustur.

Hizli degisen yiiklerde reaktif giic kompanzasyonunda bu sistemlerin kullanilmasi
tercih edilmektedir. Mekanik kontaklar kullanilarak yapilan klasik kompanzasyonlar
bu tarz hizli degisen sistemler icin yeterince hizli degildir. Bu sistemlerin fix

kapasitorler ya da pasif filtrelerle kullanilmasi1 onerilmektedir.

Simiilasyon kism1t MATLAB/simulink ve PSCAD ortamlarinda yapilip uygulama
yazilimi MATLAB’ten c¢evrilerek TMS320F2812 DSP kitine yiiklenip laboratuar
caligmasi yapildi. 3kVAR lik sistem elektrik makineleri laboratuarinda olusturuldu.
Bu c¢alismada kullanilan elektronik devrelerin tasariminda PSPICE programi

kullanilmastir.

Anahtar Sozciikler: TKR( Thristor Kontrollii Reaktor), Kompanzasyon, DSP F2812
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CHAPTER ONE
INTRODUCTION

In an ideal AC power system, the voltage and current waveforms should be free
from harmonics, frequency should be constant at each measurement point and the

power factor should be unity.

If the reactive power of the load is changing rapidly, fast response compensators
are required. This is typically the case of FC-TCR (Fixed Capacitor — Thyristor
Controlled Reactor). The ability of an FC-TCR compensator is to change its reactive

power within theoretical time of half a period.

The TCR are also used to regulate the transmission voltage at a given terminal and
to provide power factor correction. Also, when load is unbalanced, TCR provides
reactive power compensation to balance the demand of load. The compensation
requirements reduce reactive power demanded by the source. Figure 1.1 shows the
load drawing the reactive power (inductive) which is generated from capacitor block.
But when these capacitors generate reactive power more than demand of load, this
reactive power will flow through source. This leading power factor at the source can

be brought to unity with the help of TCR.

The theory of the reactive power measurement and determination of the
susceptances of the phases are given in (Miller, 1982) in detail. (Tosato, Quaia, &
Rabach, 1989), the system is modeled in package programs for simulation which
consist of FC, TCR and arc furnaces. The theoretical approach and the computer
modeling have been compared too. The control strategy is based on unbalanced
supply voltage conditions for the compensation (Farias, de Oliveira, Silveria, &
Miskulin, 1991). New formulations to evaluate the necessary TCR phase
susceptances under unbalanced voltage condition are also provided (Farias, & others,
1991). (Lee, & Kim, 2007), the system is implemented in a laboratory which consists
of capacitor bank, TCR and variable load. A fully controlled TCR is described and
implemented using a digital signal processing chip ADMC401. Where controls



method guarantees that the compensation process will perform within % cycle of the
fundamental line period where line frequency is 60 Hz. (Gyugyi, & Taylor, 1980),
the operating and performance characteristics of two basic types of Thyristor-
Controlled Reactor, one with a fixed capacitor bank and the other with
synchronously switching capacitor (TSC) banks, are presented with regard to power

transmission system applications.
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Variable Load Capacitor Bank

Figure 1.1 Variable load, TCR and capacitor bank.

Content of the thesis can be summarized briefly as follows;

In chapter two, the basics of TCR are explained and the useful equations are
derived. It is proved that how the unbalanced loads are converted to balanced loads

with the help of TCR.

In chapter three, the PSCAD and MATLAB package programs are used to prepare
a model for simulation. The results are compared for verification of correct analysis.
Then the MATLAB/Simulink program is converted to the ones required for the
DSPF2812 in chapter four.



In chapter five, given the passive filter analysis is done for steel industry (named
Plant]l and Plant2 in this thesis). The passive filters generate the reactive power
under fundamental frequency of voltage and current while they filter out the
harmonic current at different frequencies. This reactive power is usually absorbed by

the help of TCR unit in steel industry.

Chapter six is concerned on conclusions of the research done in the topic of thesis.



CHAPTER TWO
THEORY OF THRISTOR CONTROLLED REACTOR

2.1 Principles Of TCR

Two oppositely poled thyristors in series with an inductance are shown in figure
2.1. If the thyristors are gated into conduction precisely at the peaks of the supply

voltage, full conduction results in the reactor.

o
&

v ai 2

G2

L J

o
Figure 2.1 Equivalent circuit of TCR.

Let us define,

[=—=— (2'1)

Here, V is RMS value of source voltage, L is the inductance in Henry and w is the

supply frequency in rad/s.
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Figure 2.2 Current and voltage waveform when different angle.

The current lags the voltage by 90°, hence, thyristor starts conducting from
maximum of voltage. When the gating is delayed by & and this angle changes 90 to
180, the rms value of current waveform can be controlled as being shown in figure

2.2.

The effect of increasing the delay angle is to reduce the fundamental harmonic
component of the current. This is equivalent to an increase in the inductance of the

reactor, reducing its reactive power as well as its current.

The instantaneous current i is given by (Acha, Agelidis, Anaya-Lara, & Miller,

2002).

2y

i(t) _ X—L (cos@)—cos(@r)) afa<a+o (2-2)
0 at+tolafa+rw

The fundamental component is found by Fourier analysis and is given by (Acha,

& others, 2002).

[,=2"C%y Arms (2-3)
. ¢

o 1s the conduction angle ,related to ¢ by the equation,



o=2r-a) (2-4)

Let us define

%=&w) (2-5)

Where B, (o) is changeable fundamental frequency susceptance controlled by the

conduction angle according to the law (Acha, & others, 2002).

&bFE%?@ (2-6)

The maximum value of B, isXL ,wheno = 1.
L



2.2 Analysis Of Load Compensation

Wye connected impedances is shown in figure 2.3. Impedances are not equal to

each other and complex. Supply voltages are assumed to be balanced.

T-fa T
7
Za|=1/Ta
Ve
1/ 1/T¢c

Figure 2.3 Three phase wye connected unbalanced load represented by impedances.

Here,

Va=V
Vb =KV
Ve=K?2V 27

2z

Where K=¢ 3

Delta connected admittances are shown in figure 2.4. Wye connected network is

converted to delta connected network.

When converting from a wye to equivalent delta, the following equations are

used:

# # #
Zab = Za*7Zb+7Zb*Zc+ Zc* Za (2-8)
Zc
Za*Zb+Zb*Zc+ Zc* Zi
Zhe = a*Zb+7Zb*Zc+ Zc* Za

Za (2-9)



_Za*Zb+Zb*Zc+Zc* Za
Zb

Zca

Substituting the equation (2-11) into (2-8):

_Ya+Yb+Yc
Ya*Yb

Zab

1 Ya*Yb

Yab = =
Zab Ya+Yb+Yc

Similarly, Ybc and Yca admittances can be found.

o= Yb*Yce
Ya+Yb+Yc

Yc*Ya
ca=———
Ya+Yb+Yc

(2-10)

2-11)

(2-12)

(2-13)

(2-14)

(2-15)



G

The

Figure 2.4 Delta equivalent admittances converted from wye connected impedances.

The admittances Yab, Ybc and Yca are unequal. And Yab, Ybc and Yca are

composed of real and reactive parts.

Yab = Gab + jBab (2-16)
Ybc = Gbc + jBbc 2-17)
Yca = Gea+ jBca (2-18)

Firstly, the reactive part of admittances can be cancelled when the compensating

susceptance connected in parallel with admittances, shown in figure 2.5.

¥ ab=Gab+1Bah
a e shb

iBah

Figure 2.5 Cancelled reactive part of admittances by —Bab.

The reactive part of admittances is Bab which is cancelled by —Bab and than

admittances is only equal real admittance (Gab).
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Figure 2.6 Compensating susceptance connected in parallel with admittances.
In figure 2.6, the compensating susceptances are connected in parallel to

admittances.

Va
Vb

Figure 2.7 Real and unbalanced load with unity power factor.

The load given in figure 2.7 will further be balanced by using the same

compensator.
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The three load admittances can be compensated separately as if they were three
single phase loads. Consider for example phase ab. It is clear that the load on the ac
supply becomes balanced if a capacitive susceptance is connected between phase a
and c, and an inductive susceptance is connected between phase b and ¢ as shown

figure 2.9 (a).

; Gab

Figure 2.8 Single phase unbalanced load.

In order to obtain a balance single phase real (resistive) load, Gab, two

susceptances (inductive and capacitive), B” and B can be inserted into the circuit;

Capacitive susceptance;
By = 92 (2-19)

NG

Inductive susceptance;

Gab

V3

Bl =—j (2-20)

In figure 2.9 (a), the currents of delta connected load branch are unbalanced, but
reactive power is not drawn from the supply because the capacitor (between phase a

and c) generates the reactive power and the reactor (between phase b and c) absorbs
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this reactive power so that the reactive power is neither generated nor absorbed in the

supply.
WVa »-
VE—»
Lt c—
; T
;;';3 Fab 3
_ Tab
3
(a)
Wea
The
Iea
‘\
Ibe ~ Ic
I
-lab j -
Ik I
Ica
%E“"x‘. I A

t Wab
(b)

Figure 2.9 (a) Positive sequence balancing of the single-phase unity power factor.
(b) Phasor diagram of single phase unity power factor.

In figure 2.9 (b), where a phasor diagram illustrates how two (capacitive and
inductive) susceptances transform the single phase real load into a balanced three

phase real load.

The relation between line currents and load phase currents are shown equation (2-

21), (2-22) and (2-23).
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Ia =TIab + Ica=Va*Gab (2-21)
Ib = -TIab — Ibc=Vb*Gab (2-22)
Ic = Ibc — Ica =Vc*Gab (2-23)

After compensation the compensated load may be represented as three wye

connected resistor, shown in figure 2.10 (Miller, 1982).

i ﬁGab

Figure 2.10 Compensated load.

A procedure similar to that outlined above can be followed to compensate the load
admittances in phases bc and ca. First, susceptances Bbc and Bca are cancelled by
two compensating susceptances of opposite sign, -Bbc and —Bca, respectively.
Second, the conductances, Gbc and Gca are balanced two pairs of susceptances

(capacitive and inductive) respectively.

BbCCa — Gbc (2_24)

V3

Gbc

3

Bab:j

be

(2-25)

And
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== (2-26)

By, = (2-27)

i Gca
V3
The compensation steps of admittances Ybc is show figure 2.11. Where first

imaginary part of Ybc is cancelled and capacitive susceptance is connected between

phase a and b and inductive susceptance is connected between phase a and c. Thus

we transform the single phase real load into a balanced three phase real load.

¢
WVh
e
The
_. T

(a)



Va
W
Ve
g O e Gab
3 ,?\‘“{ ‘;11 i NG
The
-1Bbc
(b)
WVa &
Vb
geh.:
W

©)
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Figure 2.11 (a) Single phase, bc, unbalanced load, (b) positive sequence balancing of
the single-phase unity power factor, (c) compensated load

Lastly, it is clear that the compensation steps of admittances Yca is show figure
2.12 where first imaginary part of Yca is cancelled and capacitive susceptance is
connected between phase b and ¢ and inductive susceptance is connected between

phase a and b. Thus we transform the single phase real load into a balanced three

phase real load.



ca

(a)

od
Bﬂa ="

(b)

16
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(©
Figure 2.12 (a) single phase, ca, unbalanced load, (b) Positive sequence balancing of the
single-phase unity power factor, (c) compensated load.

Complete compensation of the three phase load is readily obtained by adding all

compensating susceptances in each phase as illustrated in figure 2.13. Thus, the

resultant compensating susceptance B, B” and B are total of the susceptances of

individual phases.
B =—Bab+B" + B” (2-28)
B”" =-Bbc+B” +B” (2-29)
BY“ =-Bca+ B + B (2-30)

Where superscript (c) stands for ‘compensating’.
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(a)

Wa »

(b)

Figure 2.13 Application of principles of single phase load compensation to an
unbalanced three phase load.

Here, G is total of Gab, Gbc and Gca (Miller, 1982), which are the compensating

admittance.

First, compensating susceptances of between phase a and b. Substituting the

equation (2.25) and (2.26) into (2.28):
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be — _Bab+ Gbc Gecea

NERRNE)

(2-31)

Second, compensating susceptances of between phase b and c. Substituting the

equation (2.20) and (2.27) into (2.29):

Gab Gcea

P

B” =—Bbc - (2-32)

Last, compensating susceptances of between phase ¢ and a. Substituting the

equation (2.19) and (2.24) into (2.30):

Gab Gbc

Ca+f_f

B“=-B (2-33)

As a result, an arbitrary ungrounded unbalanced linear three phase load can be
transformed into a balanced three phase load without changing the real power

exchange between load and source.
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2.3 Load Compensation In Terms Of Symmetrical Components

The delta equivalent of the load, defined by admittances Yab, Ybc, and Yca is
used again for convenience, and compensator, defined by compensating

susceptances Bf.‘b , BC”” and B , as shown in figure 2.14.

Wa=\
Vb=K?V
V=KV

4
. ]

Ica
Yea

Figure 2.14 Three phase unbalanced load and connected with parallel compensator.

The source voltages are assumed balanced with a positive phase rotation, that is

Va=V (2-34)
Vb=K*V (2-35)
Ve =KV (2-36)
Where,

jor
K=e 3 (2-37)

Line to line voltages are:



Vab=Va-Vb=V -K*V =(1-K*)V (2-38)

Vbc=Vb-Ve=K?V-KV =(K*-K)V (2-39)

Vea=Ve—-Va=KV-V=(K -1V (2-40)

The currents drawn by the delta load branches are:

Iab =Yab*Vab =Yab* (1 - K*)V (2-41)
Ibc = Ybc *Vbe =Ybe *(K* = K)V (2-42)
Ica=Yca*Vca=Yca*(K -1V (2-43)

Line currents are:

la =1Iab— Ica (2-44)
Ib = Ibc — lab (2-45)
Ic = Ica— Ibc (2-46)

Substituting the equation (2-41) and (2-43) into (2-44):

la=Yab*(1—K?*)V —Yca* (K -1V

(2-47)
=[Yab*(1-K?*)=Yca*(K -1V
Substituting the equation (2-41) and (2-42) into (2-45):
Ib=Ybc*(K*-=K)V —=Yab*(1-K*)V
(2-48)

=[Ybc* (K> - K)-Yab*(1- K"V
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Substituting the equation (2-42) and (2-43) into (2-46):

Ic=Yca*(K -1V =Ybc*(K*> - K)V

(2-49)
=[Yca* (K —1)—YbC*(K2 -K)vV

The symmetrical components in terms of the three line currents are given by

I° | 1
+ :_1

I
A

1 11,
K K*|I, (2-50)
K* K |I

c

0 - o .
Here, 1", 1" and I~ are the reference phasors of the zero, positive and negative

sequence currents sets, respectively (Miller, 1982).

The currents (zero, positive and negative sequence) can be found from equation

(2-50).

I +1 +1

[P=——r \/hg ‘ (2-51)
I +KI, +K*I

[t =-¢ \% < (2-52)
I +K*I +K I

[ =-¢ b < (2-53)

V3

The zero positive and negative sequence currents are obtained. Substituting the
equation (2-47), (2-48) and (2-49) into (2-51), the zero sequence component of load

current can be obtained as follows;



23

V31
v
[-vab*(1- k) + Yea® (K —1)=Ybe* (K —K)|=0

= [Yab* (1 - k) - Yea* (K -1)+ Ybe * (K* - K) |+ (254

Substituting the equation (2-47), (2-48) and (2-49) into (2-52), the positive

sequence component of load current can be obtained as given below;

:[Yab*(l—Kz)—Yca*(K—l)]V

I’ +
V3
K[Ybc*(K* —K)—Yab*(1-K*»V
" 2-55
7 (2-55)
K?[Yca*(K —1)=Ybc*(K*—-K)V
NE)
. [Yab*(1-=K*)(1-K)+Yca*(K-1)(K*-DV
[" = i +
3 (2-56)
[vbe* (K* - K)(K - k)]
NE)
j+ = B*Yab+3*¥be+3*Yealy = [Yab + Ybe + YealV A3 (2-57)

V3

Substituting the equation (2-47), (2-48) and (2-49) into (2-53), the negative

sequence component of load current can be obtained as below;

:[Yab*(l—Kz)—Yca*(K—l)]V+

/-
NG
K*[Ybc*(K* —K)-Yab*(1-K*)|V
+
V3 (2-58)
K[Yca*(K —1)=Ybc*(K* -=K)|V
V3

= —[Yab* K> + Ybc + Yea* K /3



24

When Yab=Ybc=Yca (balanced load), (K2 +K+1=0), there is no negative

sequence current (Miller, 1982).

The symmetrical components of the line currents to a delta connected reactive

compensator are given similarly by

1” = jB® *Vab = jB” *(1-K*)V (2-59)
Ibc_~bc* — :pbc % 2 _

J=JjBX *Vbc = jB" *(K"-K)V (2-60)
[ = jB* *Vca = jB“ *(K —1)V (2-61)

The compensator line currents are:

1=1"-1 (2-62)
IP=1"-1* (2-63)
[C=1“-1" (2-64)

We find compensator line currents. Substituting the equation (2-59) and (2-61)
into (2-62):

I°=jBY*(1-=K*V - jB“*(K -1V
. = JBI*( W —jB. *( ) (2-65)
= j[B® *(1-K*)=B“ *(K -1V

Substituting the equation (2.59) and (2.60) into (2.63):

I? = jBY *(K* =KV — jB *(1-K*)V 2-66)
= jIB* *(K* - K)-B” *(1-K*)|V
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Substituting the equation (2.60) and (2.61) into (2.64):

I = jBY*(K-1)V - jB" *(K* = K)V

(2-67)
= j[B*“*(K —1)—B* *(K*-K)V

10 | 11 1

I :El K K*|I (2-68)
I 1 K* K ||If

We will find zero, positive and negative sequence of compensator currents from

equation (2-68).

o IS+IV+I

2-69
c \/g ( )

_IY+KID+ KIS

I+

. 7 (2-70)
I“+K*I"+K I¢
. =-¢ @ < (2-71)

Substituting the equation (2.65), (2.66) and (2.67) into (2.69):

. _j[Bj” #(1-K*)—B“*(K-1)+ B* *(K> - K)l

IC
V3 (2-72)
EB?*a-k>+B*(k -1)-B**K*-K))
+J
V3
1!=0 (2-73)

Substituting the equation (2.65), (2.66) and (2.67) into (2.70):
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pr = B FU-KD) - B *(K-DV

‘ V3

. [K[B™ *(K* - K)-B™ *(1-K*)V]
J3

+j[K2[Bf“ *(K —)-B"*(K>-K)]V

NE

(2-74)

. BB +3%B"* +3%B*

‘ V3 (2-75)
= j[B* +B* + B3

Substituting the equation (2.65), (2.66) and (2.67) into (2.71):

j- = B FU-KD - B (K -DIV

‘ NE)

. [K2(B™ *(K?—K)- B *(1- K]
NE)

. Kl —D-BM*(K*-K)

N

(2-76)

oy [Bf” *(=3K?)+ B *(-3)+ B *(—3K)]V
‘ J3 (2-77)
=—j|B? *K*+B" + B * K3

1

The compensated load will be balanced if its negative sequence current is zero,

requiring that /™ +/ =0. This equations yields the real part, Re[I T+ and

c b

imaginary part, Im[I T+ ], to be equal to zero.

The reactive part of positive sequence current will be cancelled for power factor

correction.

The compensation requirements (load balancing and there is not negative

sequence current) can be formulated mathematically as follows:



Im|l* +17]=0
Substituting the equation (2.75) into (2.78):
Im[7* |+ m|j[B + B + B=+3]=0

mli* |+ [B* + B + B3 =0

Im[r* ]
B +B* + B =——%
c c c V\/g

|~ +1-|=0

Substituting the equation (2.77) into (2.82):

|7~ |+ Im|- j[B” * K% + B + B # Ky 43]=0

Il |+ {BTCM— B +B—§}V\/§ =0

2*Im|I]

VA3

B —2%BX + B =

Re[l"+1-]=0

Substituting the equation (2.77) into (2.86):

Relr~ |+ Re|- j[B * k2 + B* + B * Ky /3|=0

(2-78)

(2-79)

(2-80)

(2-81)

(2-82)

(2-83)

(2-84)

(2-85)

(2-86)

(2-87)
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% pab % pbe
V3 B, +\/g B, VA/3=0

Re[1 ]+| - . .

_B? 4B =2 Re[r]
3V

Equations (2.81), (2.85) and (2.89) are solved for B, B, B” .

First, B” is obtained:

be

1
<33V

(Im7* +2ImI)

Second, B is obtained, substituting the equation (2-90) into (2-81):

— mfit] 1

TN T Y 3By

(- 1tm[r* ]+ 21m[r))

B =L (il J i+ Re[r)

‘ 33V

Last, Bf” is obtained, substituting the equation (2-92) into (2-89):

B =—— L (tmfr* |+ tmfr - v3Re[r )

3.3V

(2-88)

(2-89)

(2-90)

(2-91)

(2-92)

(2-93)
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Now Ia, Ib and Ic are obtained by taking the inverse of equation (2-50) as shown

in equation (2-94).

1, | 11 1
I, |l=—|1 K* K |I"
b \/g ) .
I 1 K K*|I

(2-94)



From equation (2-92)

I+ I

BERRNE]

1

From equation (2-95)
I"+1 =431,
From equation (2-92)

K**["+K*]"~
I, =

NG

From equation (2-97)

K *I*+K*I" =431,

From equation (2-92)

/- K*I"+K**]"

‘ V3

From equation (2-99)

K*I* +K>* 1™ =43

V3Re[I =B 1m[j* 1]

29

(2-95)

(2-96)

(2-97)

(2-98)

(2-99)

(2-100)

(2-101)
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Equations (2.96), (2.98), (2.100) and (2.101) are solved for /", and substituting

equation of 77,7 into (2.90), (2.92) and (2.93):
B = —% (im[z, ]+ Im[K *1,]- Im[& 21, ]

B ==L (Camlr el 1, J k)

c

B = —%(Im[la |- Im[K *1,]+Im[K 1))

And multiplying equation (2.102), (2.103) and (2.104) with V.

B” = —W%(Im[v #] |+ Im[V*K *1,]-Imlv * K1 ))

c

B¥ = (Ctm[v*1 ]+ m[v * K * 1, ]+ Imlv * K1)

‘ 3v?

B = (tm[v*1, |- tm[v* K *1, ]+ mlv* K2 *1.)

‘ 3v?

(2-102)

(2-103)

(2-104)

(2-105)

(2-106)

(2-107)

Substituting the equation (2.34), (2-35) and (2-36) into (2-105), (2-106) and (2-

107):
1

5 =L il ol 1)l 1)

B = Gy, o2l # el <)

<3y’

1

V2

B = s (mlv, * ;] tmly, ;[ imlv, < 1)

(2-108)

(2-109)

(2-110)
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Let us relate,

Im[V *I*]z%jv (—%)*i *d (2-111)

Wherev, (—%), v,](—%) andv, (—%) , represent the signalv_, v, and v, phase

shifted by —% electrical radians at the fundamental frequency. Where T is the

period. This expression can be interpreted as a reactive power averaged over one

complete cycle. Thus the first “reactive power” terms in equation are;

Im[V, *I:]z%jva(—%)*ia *d (2-112)
Im[V, *I;]z%jvb(—%)*ib *d (2-113)
Im[V, *Ij]z%ij (—%)*iC *d (2-114)

In practice the phase voltages can be immediately derived from diagram relating

line to neutral voltages to line to line voltages. Since,

Vab = — j/3Ve
Vbe =—j3Va (2-115)
Vea =—jAJ3Vb

Let,
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Ty = Ve (2-116)

Finally by substituting the equation (2-112), (2-113) and (2-114) and (2-116) into

(2.108):

Cab::SX/%VZF (vbc*ia-l_vca*ib_vab*ic) (2_117)

Substituting the equation (2-112), (2-113) and (2-114) and (2-116) into (2.109):

be 11 (2-118)

< T 3BVIT

.[( vbc la +vca lb +vab lc)

Substituting the equation (2-112), (2-113) and (2-114) and (2-116) into (2.110):

o1 1 (2-119)

< 3BT

(vbc la vca lb + vab lc )




CHAPTER THREE
SIMULATION OF THRISTOR-CONTROLLED REACTOR AND CIRCUITS
FOR APPLICATON

3.1 Modeling And Simulation TCR In PSCAD

The model of the load and TCR is obtained in the PSCAD as follows;

Current
Measurament
17.0 [uF]

B ] T
11

17.0 [uF

' B | if1=1 I ||[ :
| — s

whe
o i T " 1?.IJ”[UF]
11

Yoltage
Measurement

[uyo] 0g
[uyo] og
AN
[uyo] 0g
A

m
sas|ng Aull4

o

S

Delts Connected TSR
Figure 3.1 Delta connected TCR connected with parallel to system.

The line currents (Ia, Ib, Ic) and phase to phase voltages (Vab, Vbc, Vca) are
measured from system as shown figure 3.1. Reactive power is calculated with these
measurements. Firing angles are obtained from look up table which consisting of

values equation (3-1). These angles are converted to time as delay.

B, - 2(r—a)+sin(2a) (3-1)
T
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a01s

179

179

161.589

14979

135.05

12594

1195

105,52

[u]
o0

]
o

BRRARAAL

Figure 3.2 Look up table in reactive power

calculation.
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Three phase loads supplied by the source may be balanced or unbalanced. In the

first case, the load is considered balanced and in the second case the load is assumed

to be unbalanced.
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3.1.1 Balanced Condition

When the loading is identical in all phases, this condition is assumed to be
balanced. So, peak value of per phase current equal to each other on source as shown

figure 3.3.

Figures 3.3, 3.4 and 3.5 show the phase voltages and currents during the

compensation under balanced loading conditions.

Phaze & voltage-currentiBefore Compansetion)

RdiE = Phase & (Wal = Phase A () 20

0.30
0.20
0.10
0.00 4
-0.10 1
-0.20 H
-0.30 H

-0.40 -

0,080 0100 0120 0140 0160 0180 0200

(a)

Phase & voltage-currentl After Compansetion)

0.40 = Phaze & (va) = Phaze A (la) 20

0.30
0.20
010
.00
-0.10 +
-0.20 1
-0.30 +
-0.40 -

4870 4880 4800 4000 4010 40920 4030 4040 4050 4060 4070 4980

(b)
Figure 3.3 Current and voltage waveform phase a , (a) before compensation,
(b) after compensation.

It is clear that after compensation the phase voltage and current are in phase,

while the current leads the voltage before compensation.



Phaze B “oltage-Current
= Phaze B (VE) = Phgze B (k20

0.40
0.30
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0.10 +
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-0.10 1
-0.20 1

-0.30

-0.40 -

0100 0120 0140 0160 0180 0200 0220

(a)

Phaze B Yoltage-Current

040 = Phage B (Wb = Phasze B ()20

0.50
0.20
010
0.00
-0.10 4
-0.20 4

-0.30 1

-0.40 -

4500 4500 4540 4560 4580 4,600 4620

(b)
Figure 3.4 Current and voltage waveform phase b (a) before compensation
(b) after compensation.



Phasze C Yoltage-Current

G = Phase C (We) = Phaze C ()20

0.30
0.20 4
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0.00 4
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-0.40 -

0100 0120 0140 0160 0180

(a)

Phase C Woltage-Current
= Phase C (o) = Phgse C (o220

-0.10 4
-0.20 4

-0.30 1

-0.40

0,200 0.220

4700 4720 4 740 4 760 4780

(b)

4 800 4820

Figure 3.5 Current and voltage waveform phase ¢ (a) before compensation

(b) after compensation.
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Figure 3.6 shows the line current of the reactor. This current is not purely

sinusoidal and it contains some amount of harmonics.

When the firing angles of thyristors are increase from 90 to 180 degrees, amount

of distortion increases in the line currents of the reactor.
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M=in : Graphs
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Figure 3.6 Per phase current in TCR.

If the firing angles vary from 90 to 180, TCR current waveform becomes less

sinusoidal.
Here, when the angle is equal to 90 degree, amount of TCR phase current is
maximum. Also, when the angle is equal to 180 degree, amount of TCR phase

current iS minimum.

The waveforms given in figure 3.7 are obtained while the firing angle is 120°.
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Figure 3.7 Phase to phase voltages and TCR currents. Here the firing angle is about
120.
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3.1.2 Unbalanced Condition

In this case, the loading condition is changed and the capacitor of each phase is set

to different values. These values are given below;

Ca=17 uF
Cb =27 ur (3-2)
Cc =37 uF

Figure 3.8 shows the phase currents during compensation. It is clear that the peak
values of currents have different values before compensation and they are sinusoidal.

After compensation peak values are almost same while they are non sinusoidal.

The TCR circuit injects some harmonics in the line and they appear in the line

currents.

= Phaze & (la '
0.0030 - Fhase 2 (18)
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(b)

Figure 3.8 Per phase current waveform (a) before compensation (b) after compensation.

Figure 3.9 and 3.10 show the line and phase currents of TCR unit, respectively.
Since the TCR circuit is connected in delta, the 3™ harmonic and multiples are not

injected to line.

It is clear that the value of phase current of TCR is different at each phase. Since
the load draws different value of reactive power in per phase, the TCR responds to

this demand with different value of currents as being shown in figure 3.9.
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Figure 3.9 Line currents of TCR unit.

The line currents of source are balanced due to the response of TCR circuit under
unbalanced loading case. It is clearly observed from figure 3.10 that the balance
condition is created by the TCR unit responding at different firing angle of the

phases.
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Figure 3.10 Phase to phase voltages and phase current of TCR unit.

As a result, amount of reactive power which is generated by the capacitor equals

that of absorbed by the TCR.



3.2 Modeling And Simulation TCR In MATLAB
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The circuit is also modeled in MATLAB package program, because this package

has DSP toolbox that can be used to prepare the program for DSP unit. The model is

given in figure 3.11 and detail of TCR circuit is depicted in figure 3.12.

abc [Wabe]
P PO L
labe [labi]

17uF

HWMl—- o a

Cle———s[c

Three-Phase Source

Three-Phase
Vel Meazurement

L

50 0hm =

A
T

A
T

e Juil

a_

B+

B-

Firing Angles

Delta Connected TCR

Figure 3.11 Delta connected TCR connected with parallel to system.

a0

C+

Figure 3.12 Delta connected TCR .

1i—
1i—

Calculation firing angles
1i—

B+

C+

labe:

The results of PSCAD and MATLAB are identical, hence, the results show that

the logic is correct and applicable in the DSP. DSP uses the digital model in

MATLAB. Because of this reason, all the blocks are performed in digital form (not

continuous).
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3.2.1 Balanced Condition

When the load equals each other per phase, this condition is balanced. So per

phase current peak value is equal to each other as shown figure 3.13.

Figures 3.13, 3.14 and 3.15 show the phase voltages and currents during the

compensation under balanced loading conditions.

(b)
Figure 3.13 current and voltage waveform phase a (a) before compensation (b) after
compensation.
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It is clear that after compensation the phase voltage and current are in phase,

while the current leads the voltage before compensation.

(b)
Figure 3.14 current and voltage waveform phase b (a) before compensation (b) after
compensation.
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(b)
Figure 3.15 current and voltage waveform phase ¢ (a) before compensation (b) after
compensation.

In figure 3.13, 3.14 and 3.15, the voltage and current waveform in the circuit are

given.

Figure 3.17 shows the line current of the reactor. This current is not purely

sinusoidal and it contains some amount of harmonics.
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Figure 3.16 Phase to phase voltages and phase currents of TCR.

The waveforms given in figure 3.16 are obtained while the firing angle is 120°.

Figure 3.17 Line currents of TCR unit.

Same as in PSCAD, the waveform of line currents of TCR are shown in figure

3.17, these currents are not purely sinusoidal because TCR currents are not purely
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sinusoidal. If the firing angles change from 90 to 180, TCR current waveform

becomes less sinusoidal.

3.2.2 Unbalanced Condition

It is clear that the peak values of currents have different values before

compensation and they are sinusoidal as shown 3.18(a).

The TCR circuit injects some harmonics in the line and they appear in the line

currents as shown 3.18(b).

The loading condition is set to the values below;

Ca=17 uF

Cb =27 uF (3-3)
Cc =37 uF
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(b)
Figure 3.18 in unbalanced system, per phase current waveform (a) before compensation
(b) after compensation.

In figure 3.18 (a), the current waveforms are shown on source. These currents
amplitude are different from each other because of unbalanced load. So value of line
currents of TCR has to be different at each phase for compensation as shown figure

3.19.
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Figure 3.19 In unbalanced system, line currents of TCR unit.

Here, it can be noted that the load generates reactive power at different value for
phases so TCR unit absorbs this value of reactive power. This value of reactive

power is adjusted by means of firing angle as can be seen in figure 3.20.
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3.3 Harmonic Analysis

The current flowing through the reactor becomes discontinuous by increasing the
firing delay angle and eventually reducing the conduction angle. Therefore, TCR
generates current harmonics (Miller, 1982). If the firing pulses of the back to back
connected thyristors are balanced and the compensation system is in a steady state,
all the odd harmonics of the fundamental frequency are generated. The RMS value of

the n™ harmonic (In) of the TCR fundamental currents are given in equation (3-4).

sin(n+ D sin(n—1)a sin na} (3-4)

+1) 2(n-1) n
Here, n=3, 5,7, 9....

In Equation (3-2), V is the line voltage and Xy is the reactance of TCR in full

conduction.

The harmonic analysis of TCR phase and line currents are carried out for different
firing angles, such as 90, 120, 150 and 165 degrees. The variation of total harmonic

distortion as a function of firing angle is obtained.
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When the firing angle is equal to 90, TCR phase current and its FFT:

FFT window: 10 of 25.84 cycles of selected signal

_ | | | | | | |
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Figure 3.21 Harmonic analysis of TCR phase current when angle is equal to 90.

When the firing angle equals 90 degree, harmonic analysis of phase current of

TCR is shown figure 3.21.

When the firing angle equals 90 degree, the waveform of current is sinusoidal on
reactor so its harmonics amplitudes is low as shown figure 3.21. it is clear that TCR
generates the all the odd harmonics of the fundamental frequency. This current is
phase current of TCR. In delta connected TCR, all odd harmonics except 31

harmonic and multiples in line currents of TCR are observed.



When the firing angle is equal to 90, TCR line current and its FFT:

20 T

FFT window: 10 of 25.84 cycles of selected signal
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Figure 3.22 Harmonic analysis of TCR line current when angle is equal to 90.

800

300 1000

When the firing angle equals 90 degree, harmonic analysis of line current of TCR

is shown figure 3.22.

It is clear that all odd harmonics except for 3" harmonics and multiplies appear as

shown figure 3.22.
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When the firing angle is equal to 120, TCR phase current and its FFT:

FFT window: 10 of 25.33 cycles of selected signal

_ | | | | | | |
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Figure 3.23 Harmonic analysis of TCR phase current when angle is equal to 120.

When the firing angle equals 120 degree, harmonic analysis of phase current of
TCR is shown figure 3.23. It is clear that when firing angle is 120 degree, harmonic
distortions level increase as shown figure 3.23. So appearance of the phase current
waveform of TCR is far away from sinus form, hence, change of harmonic distortion

level.

In delta connected TCR, all odd harmonics can be seen as shown figure 3.23.
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When the firing angle is equal to 120, TCR line current and its FFT:

FFT window: 10 of 25.33 cycles of selected signal
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Figure 3.24 Harmonic analysis of TCR line current when angle is equal to 120.

When the firing angle equals 120 degree, harmonic analysis of line current of

TCR is shown figure 3.24.

It is clear that all odd harmonics except for 3™ harmonics and multiplies are

observed as shown figure 3.24 at the same time rise amplitude of harmonics.
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When the firing angle is equal to 150, TCR phase current and its FFT:

FFT windowe: 10 of 29.94 cycles of selected signal
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Figure 3.25 Harmonic analysis of TCR phase current when angle is equal to 150.

Mag (% of Fundarmental)

When the firing angle equals 150 degree, harmonic analysis of phase current of
TCR is shown figure 3.25. It is clear that when firing angle is 150 degree, harmonic
distortions level increase as shown figure 3.25. So appearance of the phase current
waveform of TCR is distant from sinus form, hence, change of harmonic distortion

level.

In delta connected TCR, all odd harmonics appear as shown figure 3.25.



When the firing angle is equal to 150, TCR line current and its FFT:

FFT window: 10 of 29.94 cycles of selected signal
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Figure 3.26 Harmonic analysis of TCR line current when angle is equal to 150.
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When the firing angle equals 150 degree, harmonic analysis of line current of

TCR is shown figure 3.26.

It is clear that all odd harmonics except for 3™ harmonics and multiplies appear as

shown figure 3.26 at the same time rise amplitude of harmonics.
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When the firing angle is equal to 165, TCR phase current and its FFT:

FFT window: 10 of 36.34 cycles of selected signal
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Figure 3.27 Harmonic analysis of TCR phase current when angle is equal to 165.

When the firing angle equals 165 degree, harmonic analysis of phase current of
TCR is shown figure 3.27. The amplitude of odd harmonics of fundamental
frequency is bigger than amplitude of fundamental frequency. Because appearance
of the phase current waveform of TCR is so far away from sinus form, hence, change

of harmonic distortion level.

In delta connected TCR, all odd harmonics can be seen as shown figure 3.27.
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When the firing angle is equal to 165, TCR line current and its FFT:

FFT window: 10 of 35.34 cycles of selected signal
D‘I‘l T T T T T T T T T

02r .

-0.2 |

_D‘._l | | | | | | | |
0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2

Time (=)

FFT analysis

Fundamental (30Hz) = 0.06EG1 | THD= 263.58%

200

150

100

Mag (% of Fundamental)
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| | Il ] L Il 1} | | I
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Figure 3.28 Harmonic analysis of TCR line current when angle is equal to 165.

It is clear that when the system is balanced, all the triple harmonics circulate in the
closed delta (TCR connected delta) and are absent from the line currents. All the
other harmonics are present in the line currents and their amplitudes are increase

when firing angle is increase as shown figures 3.22, 3.24, 3.26, 3.28.
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3.4 Current And Voltage Measurement Sensors And Circuits

TCR model is obtained in PSCAD and MATLAB. This model shows that the
implementation needs the three phase voltage and current measurements. The voltage

and current sensors are used for this purpose.

This sensors output is not convenient for analog-digital converters which can
do sampling between 0-5V so the signal is needed update between this levels.

Because of this level, we create these shaping circuits:

[
3 1
Yoo
-

Rl

+

i

2
bﬂﬂnmp
il 1

Dz
R4

&D GND GND

Figure 3.29 Signal shaping circuit.

Firstly the signal enters the buffer circuit which output can be minimizing with
gain (R5/R1). This signal is adding with offset value which is adjustment by voltage
divider resistance (R2, R3). Between the 0-5V signal is filtration from noise by

capacitor.
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3.5 Pulse Drive Circuit

We are using ezdspf2812 processing form Texas instrument. Our programs
outputs (pulse) drive thyristor but these pulses do not connect directly from DSP to

thyristor. So we must create pulse drive circuit between DSP and thyristor.

+15Y
#5Y i

R3

e
“w
=y o
—/

PsP_ouT _4:3:]__2_
JE— Rz RS
4h35

0] Ra

[4%)
(9]
=
2
GATE

T1

Figure 3.30 Pulse drive circuit .

In figure 3.30, we use 4N35 for isolation between DSP and thyristor side. DSP

. . . R7 o
signals amplify from 3.3V to 5 V with rate of[1+R—8j. And this signal enters the

buffer circuit and its output enters the gate of transistor. When this transistor is

active, optocoupler (4N35) output is active.
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3.6 Zero Crossing Detection

The zero crossing circuit is given in Figure 3.31. The input of the circuit is
supplied by the phase voltage passed through a center tapped transformer. The output

of the circuit provides pulses at the zero crossing of voltage.

oy D1 oy D2
=y -
1 El F4
15v —_
220 W oy D3 F2
A = = 1
Z
L I F o
[.] - ol QUTPOT
iy

Figure 3.31 Zero crossing detection circuit .

The circuit is sensitive to threshold level present. R1 is used to ensure that the
voltage falls to zero. Cl-stray capacitance should be selected at a reasonable value to

operate the circuit properly. The measured waveform is given in figure 3.32.
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Figure 3.32 Phase voltage and zero crossing detection circuits output.

In figure 3.33 is used with its drive circuit desired before. Figure 3.33 shows that
the negative cycles are not fired properly in time as shown in figure 3.34. The
reasons of that the zero crossing detection needs to give sufficient delay to the pulses

to capture the negative cycles.
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Figure 3.33 Single phase system.
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Figure 3.34 Voltage waveform on R.
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3.7 Phase Delay Circuit In PSPICE
The firing angle of a Thyristor is usually generated due to a reference. This

reference in some applications is the zero crossing of supply voltage. The following
circuit (figure 3.35) generates sinusoidal voltage with a phase difference according to
its input. This phase difference is adjusted with R1 and C3. When the circuit is

combined with a zero crossing circuit, the output of zero crossing circuit will have a
pulse having delay adjustable delay.

circuit parameters are set forth due to the simulation result. figure 3.36 shows the
simulation result of the circuit.

L
= Y= -
R1 .
hyy—e

The phase delay circuit is analyzed in PSPICE before implementation. All the

L vy 70
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S0
oP-07
§ R2
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Figure 3.35 Phase delay circuit.

In figure 3.35, this circuits input is 4.5 Volt because of transformers turns ratio

PSPICE is shown figure 3.36.

(220/4.5 V). First opamp is for delay second opamp is for amplifier 4.5 V to 5 volt
which is a standard voltage level for processing. This circuit output and input in



68

0v-

-5.0V 1 -
Os 20ms 40ms 60ms 80ms
o V(Vin:+) ¢ V(VOUT)

Time

Figure 3.36 Phase delay circuits input and output.

3.8 Zero Crossing Circuit With Phase Delay

We adapt both of circuit to each other.

H5h

g 01 g 02
VT H4p04 LB T=TTEY

_ | tooour

g 02
LB RETTY ok TEQ;
B

W

Figure 3.37 Zero crossing circuit with phase delay.

Figure 3.38 shows the input and output of the circuit implemented.

The phase delay is created at positive and negative half cycles. Therefore phase

delay circuit is used twice as shown in figure 3.37.
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Figure 3.38 Zero crossing circuit with phase delay input and output

Figure 3.39 shows the load voltage of an AC/AC converter. This circuit is given

in figure 3.33. The thyristors are fired at zero delay.
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Edee + &B DC 600mY

2. 2.00% 3: 5. 00¥ 4. H. 00V

LeCroy f:50.0708Hz 10kS 500 points RTC:2008/01/
Figure 3.39 Voltage waveform on R.

As a result, the voltages are delayed and its zero crossing is found. Figure 3.39
shows the output voltage (voltage across the R) of AC to AC converter give figure

3.33.



CHAPTER FOUR
EXPERIMENTAL RESULTS OF TCR

The circuit given in figure 4.1 (b) is implemented in the laboratory for the TCR.
The load R is variable load varying between O and 3kW. The capacitors are also

varied between 0 and 3 kVAR. The TCR circuit (0-3kVAR) is controlled to obtain

the unity power factor at supply side.
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Source
380V (P-P)

_,N\.\
L
A

Lid
i
L

3.70hm
(b)
Figure 4.1 (a)Experimental TCR unit (b)schematic of the system.

Figure 4.2 shows supply voltage and supply current at leading power factor. This

loading condition is obtained with balanced operation as being shown in figures 4.3

and 4.4.
Oms 42, 4000ms OQirig d E3 T
: T

1
Edge _4 L 3 ] DG 3. 20¥

1. 20. 0¥ 27 1.00% 3- 10. 0% 4. 500mV 4

Figure 4.2 Va — Ia (before compensation in source).
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Because of RC load, the current is leading to voltage. This capacitive loading is
compensated by the TCR. The loading conditions in the industry are usually
changing. Therefore, the value of inductance is automatically set by the TCR unit in

order to get zero phase shift between voltage and current.

5ms +2. 4000ns Dirig’d E3 T
i T
3

Edgse 4 ED [1H 3. 20V

12 20. 0V 2. 1.00¥ 3. 10.0V 4 500mY 3
Figure 4.3 Vb — Ib (before compensation in source).
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5ns +2. 4000ms Oirig’ d E3 T
: T
I
Edge _4 L 3 ] DG 3. 20V
1: 2000V 2. 1.00¥ 3. 10.0¥ 4: 500mY 1

Figure 4.4 Vc — Ic (before compensation in source).

When the DSP based circuit is operated for compensation, the current and voltage
are brought to the position in phase. Figures 4.5, 4.6 and 4.7 show the measured

results over all phases.

10ns +2. 4000ns BTrig d B 1%

Edge + & DC 24. 0¥
12 200¥ 2: b0.ov 3: 200V 4: 500m¥ 1
Figure 4.5 Va — Ia (after compensation in source).
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10ms +2. 4000ns Birig'd E3 s

ZJ\// .

1: 200V 2. 500V 3: 200V 42 500m¥ 1
Figure 4.6 Vb — Ib (after compensation in source).

10ns +2. 4000ms BTris d E3 7%

-

VWY

Edge _4 L 1] DC 24. 0V
1:  200¢ 22 ho. 0y 3: 200 4. 500mY |
Figure 4.7 Vc — Ic (after compensation in source).

TCR circuit is connected in parallel with compensation capacitors designed with

reactive power measurement relay. The circuit is given in figure 4.8.



76

K
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Figure 4.8 New system for compensation.

=

O

Three phase motor is started up and its reactive power is compensated by the
discrete capacitors controlled by a relay. The excessive reactive power is drawn by

TCR circuit successfully such that supply power factor is unity.

Here, discrete capacitors steps value is 0.5, 1, 1.5 and 2.5 kVAR and power of

induction motors 4kW.

10ms 42. 4000ms Oirig d E3 7%
/ / I I\
§ ! \j =
Edge _4& L1 ) [1H 24,0
12 200V 3  200¥ 4: 500m¥ {1

Figure 4.9 Va — Ia (only with changeable capacitor bank)

The induction motor absorb the reactive power and discrete capacitors generate
reactive power but capacitive reactive power is not equal to inductive reactive power

so the current is leading from the voltage as shown figures 4.9, 4.10 and 4.11.



10ms 42. 4000ms Birig’d E3 77%

Edge + &I DC 24. 0V
1 200¢ 2: 50,0V 3:  Z200¥ 4 500mY 4

Figure 4.10 Vb - Ib (only with changeable capacitor bank).

10ms +2. 4000ms BTrig d B3 T

-

Edge ¢+ &B DC 24._0v

200V 50.0v 3: 200V

5000V 4

Figure 4.11 Vc - Ic (only with changeable capacitor bank).
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Figures 4.9, 4.10 and 4.11 show the phase voltages and currents and supply side.
When the TCR unit is operated the currents of all phases are brought to be in phase
with voltages. These results are given in figures 4.12, 4.13 and 4.14.

10ms +2. 4000ms DBTris d E3 7%

-

Edee 4+ @B DC 24. 0¥
12 200¥ 2. 50. 0V 3: 200V 4 500mV 4

Figure 4.12 Va — Ia (changeable capacitor bank, tcr, motor).

The TCR absorbs excessive capacitive reactive power from the system. The

voltages and currents are in phase as shown figures 4.12, 4.13 and 4.14.



10ms +2. 4000ns Qirig’d B3 7%

Edee 4 & DC 24. 0¥
12 200¥ 2. 500V 3:  200v 4. 500mV 1

Figure 4.13 Vb — Ib (changeable capacitor bank, tcr, motor).

10ms +2. 4000ms BTrig d E3 7%

-

Edee + & DC 24. 0V
12 200¥ 2. 50.0V 3:  Z200¥ 4 500mY 3}

Figure 4.14 Vc - Ic (changeable capacitor bank, tcr, motor).
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According to value of reactive power, the firing angles of inductance of TCR are
set. Thyristors drive with these angles and the system is compensated these angle.
The phase currents in the inductances of TCR unit are recorded and given in figure

4.15,4.16 and 4.17.

Sns +2. 4000ns QTrig d £3 77%

Edge 4+  ED De 3. 20¢

12 20,0V 2. 1.00V 3. 10.0V 42 500ny 1
Figure 4.15 Vab - Iatcr .

This system is balanced so peak value of per phase of inductance of TCR equal to

each other as shown figure 4.15, 4.16 and 4.17.
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5ms +2. 4000ns 3irig’d E3 1%

Edee + &P DC 3. 20%

12 20. 0¥ 2. 1.00V 3. 10.0V 4 500nV 1
Figure 4.16 Vbc — Ibtcr.

oms +2. 4000ms BTris d E3 7%

Edee + &P DC 3. 20v
1: 200V 22 1.00v 3: 10,0V 42 500nV 1

Figure 4.17 Vca — Icter.

The operating phase delay is set by the closed loop control in order to get unity

power factor.



CHAPTER FIVE
PASSIVE FILTER ANALYSIS

It is clear that if the harmonics exist in the power system, the voltage and currents

do not have sinusoidal waveforms in time.

The harmonic filters are built using capacitors, inductors and resistors that
provides path for harmonic currents to circulate. Each harmonic filter could contain
many such elements, each of which is used to deflect harmonics of a specific

frequency.

A harmonic filter is used to eliminate the harmonic distortion caused by the loads.
Harmonics are currents and voltages that are continuous multiples of the fundamental
frequency of 50 Hz such as 100 Hz (2" harmonic) and 150 Hz (3" harmonic).
Harmonic currents provide power that cannot be used and also takes up electrical
system capacity. Large quantities of harmonics can lead to malfunctioning of the
system that results in downtime and increase in operating costs. Figure 5.1 shows a

general circuit including harmonic source, filter circuit and the grid.

Is o Distortion

TTtility
I supply
o Transformer
IS =IF—IL
Industrial Iain
I
Hartn ot o L I Filtered Harmonic Curent
Injection Ir

T

Harmeonic Produdng  Harmonic
Load Filter

Figure 5.1 General system, load, source and passive filter.
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The series resonance frequency of the passive filter can be calculated by using

equation (5-1).

Wy =47 = (5'1)

The filtering application can yield the following advantages in terms of power

quality.

¢ Protects electrical systems

e Increases system capacity

e Decreases system losses

¢ Reduces transformer loading

e Reduces total harmonic distortion and etc.

In this thesis, electrical arc furnaces located in Aliaga is analyzed in order to
identify the effectiveness of passive filter harmonic filters and TCR circuits. The
industries use both TCR and passive filters to reduce the effects these harmonics in

power system.
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5.1 Passive Filter Analysis In PSCAD

5.1.1 Passive Filter Analysis Of Plantl In PSCAD

The arc furnace named as Plantl here is represented by the harmonic current

sources at different frequencies. The block diagram is depicted in figure 5.2.

System of Plant1 is established in PSCAD. Harmonic filters are connected to each
phase. Harmonic orders are 2", 3" and 4™, All harmonic current amplitude is 1000

Amp. Harmonic current frequencies are 100, 150 and 200 Hz.

100.0 [MvA] Fitter &

#ﬁ/ W/#z

154.0 [ky]
34,

(an]

C
3 [kv]
l l Fitter B

100.0 [MA]

ST Y

154.0 [ky]
34,

(1=

an}

Fitter C

c
5 [kv]

I T o

LB Current
Injection

i

Figure 5.2 Schematic of the system.

The detail of harmonics filters connected to each phase is given in figure 5.3.
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Figure 5.3 Filters of Plant].

It is expected that 2", 3" and 4™ harmonics order filters provide the low to
impedances of 100 Hz, 150 Hz and 200 Hz harmonic currents. So the harmonic

currents are not flowing through the source.

300
400
300
200
100
o4
-100
-200
-300
-400 I
-x00 -

0.00 0.10 0.20 0.30 0.40 0.50

: d
Figure 5.4 2" Harmonic filter current.
2" harmonic current is injected to the system at a value of 1000 Amp. But it is

clear that the 2" harmonic filter takes 500 Amp from load as shown figure 5.4. The

rest of 2" harmonic current flows through the source. The filter designed for 2™
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harmonic does not show low impedance good enough to eliminate its effect in the

source.

800 -
500 - |
400 - | | | |
200 - 1

|:| -

= ! il |

-400 -

-600

-800 -

0.00 010 0.20 0.30 0.40 0.50

Figure 5.5 3™ Harmonic filter current.

In the system there are two 3" harmonic filters. It is expected that the 3" harmonic
current equally shares in both of them. Here, 3™ harmonic order filter absorb about

600 Amp of 1000 Amp as shown figure 5.5.

1.3k
1.0k
0.8k |
0.5k
0.3k |

(RN R

0.3k |
-0.5k

-0.8k- | |
-1 .0k

-1 .3k

000 010 0.20 030 0.40 050
Figure 5.6 4" Harmonic filter current.

The magnitude of 4™ harmonic current is 1000 Amp in the system and 4th
harmonic filter absorb all of this harmonic current as shown as figure 5.6. It is clear

that 4™ harmonic filters parameters are set well.
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5.1.2 Passive Filter Analysis Of Plant2 In PSCAD

The second plant named as Plant2 in Aliaga region is analyzed for harmonic
currents. 2", 3" and 4™ order harmonic passive filters have been used in this plant.
Therefore these harmonics are represented by related current sources and details of
passive filter elements are included in the program of PSCAD. The schematic of the

system is given in figure 5.7.

100.0 [hvA] Fitter &

o Y

154.0 [Kv] c
345 V]

I

(an)

Filter

A

Harm.
LB Current

Injectian
|~

Figure 5.7 Schematic of the system.
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Figure 5.14 Filters of Plant2.

2™ harmonic current is injected to system at the value of 1000 Amp. And all of

this current is absorbed by 2" harmonic filter as shown figure 5.9.

1.3k
1.0k +
0.8k
0.3k~
0.3k
0.0
-0.3k
-0.5k+
-0.8k
-1 .0k
-1.3k-

0.00

0i0 020 030 D040 050 2060 20OF0 0OB0 040 1.00

Figure 5.9 2" Harmonic filter current.

3" harmonic current is injected to system at the value of 1000 Amp. And all of

this current is absorbed by 3" harmonic filter as shown figure 5.10.
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Figure 5.10 3" Harmonic filter current.

4™ harmonic current is injected to system at the value of 1000 Amp. And all of

this current is absorbed by 4™ harmonic filter as shown figure 5.11.

1.3k~
1.0k~
0.3k~
0.0
-0.5k+

1.0k~

1 5k
OO0 040 020 030 040 050 2060 070 0OBO0 090 100

Figure 5.11 4" Harmonic filter current.

As a result of simulation of Plant2, in this plant the filters design are done better
as shown figures 5.9, 5.10 and 5.11. Since harmonic current is injected by the load

are not allowed to the source.
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5.2 Frequency Response Of Passive Filters In Plantl And Plant2

The simulation results of PSCAD show that some of passive filters are not
designed properly to eliminate the harmonic currents in the source. Therefore, the
frequency response of the circuits is investigated using MATLAB, since the PSCAD

does not have this facility.

Impedance

Impedance (ochms)

1|:| L L PR ST T S T A | L L PR SR TR T T | L L PR TR R R
10° ik 10 10°

Freguency (Hz)

Figure 5.12 Impedance of 2"* harmonic filter.

The frequency response of 2" harmonic filter shows that the minimum value of
appears at 100 Hz with magnitude of 4 Ohm as shown figure 5.12. Since the
minimum value is not small enough to take all current at 100 Hz, some value of it go

to the source.

Impedance
10 T T

1 b .

Impedance (ohms)

107 -

4
-]D L L L L MR | L L L P T R | L L L PR T B
10" 10" 10° 10°

Frequency (Hz)

Figure 5.13 Impedance of 3" harmonic filter.
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The frequency response of 3™ harmonic filter shows that the magnitude of
impedance is almost zero at 150 Hz. Therefore, all currents at this frequency are

absorbed by the filter and not allowed to go to source.

Impedance

Irmpedance (ohrms)

1D 1 1 PR T T T B | 1 1 PR R T T BT R | 1 PR T TR T T
10° 10° 10° 10°

Frequency (Hz)

Figure 5.14 Impedance of 4™ harmonic filter.

The frequency response of 4™ harmonic filter shows that the magnitude of

impedance is almost 1 Ohm and filter is taken almost all harmonic current at 200 Hz.

The second harmonic filter of Plantl is redesigned by changing the resistor in
parallel with L-C. The selected values are 120, 300, 400 and 600 Ohms. It should be
noted that there two parallel resistance identical. Therefore the equivalent resistances

are 60, 150, 200 and 300 Ohms.

Figures 5.15, 5.16, 5.17, 5.18 show the frequency response of the filters at the
value of resistance. It is clear that the minimum impedance at 100 Hz decreases as

the value of resistance increases.
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Figure 5.15 Impedance of all filter.
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Figure 5.16 Impedance of all filter, Res = 150.
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Figure 5.17 Impedance of all filter, Res = 200.
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Figure 5.18 Impedance of all filter, Res = 300.

The frequency response of passive harmonic filter in Plant2 is also obtained in
MATLAB and give in figure 5.18. It is clear that the minimum impedances at 100,

150 and 200 Hz are very low and proper to filter out the harmonics.
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Figure 5.19 Impedance of all filter.
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CHAPTER SIX
CONCLUSION

Thyristor controlled shunt compensators operate essentially as variable reactance
(capacitive and inductive impedance). Functionally they can be divided into two
classes: the first one is dynamic load balancing and power factor correction, the

second one is terminal voltage balancing and voltage regulation.

The dynamic load balancing and power factor correction, which is the scope of
this thesis, eliminates the negative sequence component (balancing) and the reactive

part of positive sequence component (power factor correction).

When static compensation and dynamic compensation are compared, if the
reactive power of the load is changing rapidly, fast response compensators are
required. Therefore, the TCR compensators are preferred in these applications. Also
if the load is unbalanced, the compensation is carried out by changing for each phase

separately susceptances of TCR.

Thyristor control reactor is connected in delta so this structure generates
harmonics, these harmonics are odd harmonics. They are available in phase current
of TCR. In the line current of TCR, all the odd harmonics appear except triple

harmonics and multiples of them.
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