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Abstract: A new static var compensator(SVC) system 
using three-level inverter is proposed for  high voltage 
and high power applications. A general and simple 
model for the overall syskm is obtained using circuit 
DQ-transform and DC and AC analyses are achieved to 
characterize the open-loop system. Using the proposed 
model, a new control method which controls both the 
phase angle and modulation index of switching pattern 
simultaneously is suggested to provide fast response of 
SVC system without using independent voltage source. 
Finally, predicted results are verified by computer simu- 
lation. 

I. INTRODUCTION 
The advantages of introducing forcecommutated 

inverters and rectifiers in reactive power compensation 
have been confirmed by many researchers and are gra- 
dually being recognized by the static converter industry 
and the large-scale users of electric power. These 
advantages include the cost reduction of the associated 
reactive components, precise and continuous reactive 
power control and reduced potential size and 
weight[l][2]. So far, SVC's using twcFlevel inverter 
have been proposed as shown in Fig. 1[3]-[6]. Due to 
the rating restriction of the switching devices in the 
inverter, it is difficult to apply SVC using two-level 
inverter for high voltage and high power applica- 
tions[ 71. 

To overcome this disadvantage, SVC system using 
threelevel inverter instead of two-level inverter is 
chosen as shown in Fig. 2 in this paper, because 
three-level inverter has lower voltage stress and lower 
harmonic components and can be operated at lower 
switching frequencfi71. A general and simple model 
for the proposed SVC system is derived by using the 
circuit DQ-transform[8] and DC and AC analyses are 
done to reveal the behavior of the open-loop system. In 
addition, a new control method which controls the 
phase angle(a) and modulation in&x(MI) of switching 
pattern simultaneously to achieve fast dynamic response 
of SVC system with self-controlled dc capacitor without 
using independent voltage source. Predicted results are 
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Fig. 1 SVC using two-level inverter 
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Fig. 2. SVC using three-level inverter 

shown by computer simulation. 



11. PRINCIPLE OF OPERATION 
The operating principle of the SVC system can be 

explained by considering a voltage source connected to 
the ac mains through a reactor and a resistor 
representing the total loss in the inverter as shown in 
Fig. 3. Fig. 3(b) shows the phasor diagram for lead- 
ing power factor and Fig. 3(c) for lagging power fac- 
tor. By controlling the phase angle(cx) of switching 
pattern, the independent voltage source shown in Fig. 
l(b) can be omitted[3]. Fast dynamic response of 
SVC irrespective of capacitor in the inverter can be 
achieved by controlling the modulation index(M1) of 
switching pattern simultaneously. More detailed opera- 
tion is described by analyzing the equivalent circuit 
obtained in later section. 

In. MODELING 

The main circuit of SVC shown in Fig. 4 is 
modeled in this section. Equivalent circuit is obtained 
by circuit DQ-transform method with the following 
assumptions: 

i) all switches are ideal, 
ii) the source voltages are balanced, 
iii) line impedance and total loss of the inverter is 

represented by lumped resistor R s ,  
iv) harmonic components generated by switching 

action are negligible. 
The original system is too complex to analyze. So 

it is partitioned to several basic sub-circuits. There are 
five basic sub-circuits in this switching system. They 
are voltage source set, resistor set, inductor set, switch 

vsa : line-to-neutral voltage 
of the ac mains 

Veal : fundamental component 
of the output phase 
volatage of the SVC 

Ial : fundamental component 
(4 of the current 

(b) for leading (c) for lagging 
Fig. 3 single-phase equivalent circuit 
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Fig. 4. main circuit of SVC 

set and DC circuit. 
The rotationary three-phase circuits are now 

transformed to stationary circuits. The time-varying 
nature of the switching system is eliminated in this 
way. The voltage source and power invariant DQ- 
transform matrix are given as follows: 

r sinwt 1 

where 

Xqtio = * O k  . (3) 

A .  Transform of Part A ,  B 

The voltage and current relation about resistor Rs 
is 

v,Y , a t x = R s i a t x  +'a& 9 (4) 

's .qdo = R.~iqdo + 'qdo 

and the circuit DQ-transformed result becomes 

( 5 )  
where 

V s . q d o  - - K v s , a b c  = v.~ IT1 ' (6) 

From ( 5 )  the equivalent circuit of part A, B is 
obtained as shown in Fig. 5(a). 

B .  Tratisfornl of Part C 

is 
The voltage and current relation about inductor L 

(7) 

(8) 

(9) 

(10) 

L idx  = V u k  ~ v o  ,ubc 

and the circuit DQ-transformed result becomes 

L iqdo = L + Vqdo - V ,  .qdo . 
That is, 

L i  = -wLi, + I' (I -v Orl 

Li, = WLi, + Vd -Vod . 

rl 

From (9) and (10) the inductor set becomes a second 
order gyrator-coupled system as shown in Fig. 5(b). 

C. Transforin of Part D ,  E 
Under the assumption that harmonic components 

generated by switching action in inverter are negligible, 
switching function S can be defined as follows: 
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=[0 d O ]  2ic = sTidbc = sTK-liqd0 

1% i Lsin(wt + a + 2 ~ / 3 ) 1  

Phase angle ci is the phase difference between source 
voltage and switching function. Using the switching 
function S the output voltage of inverter can be 
represented as below: 

vo ,abc = Svc  (12) 
and by using circuit DO-transform of (lo) 
given by 

vOoqdo is 

' 0  ,qdo - K s v c = [ : l v c  - . (13) 
Lo 1 

Note that modulation index is given by 

id . (15) -"1 10 

MI = voa ,peak lvc = ./2/3d . 
Using the switching function S, the capacitor dc current 
is represented by 

(b) (c) 
Fig. 5. DQ-transform of sub-circuits 

va 
Fig. 6. the equivalent circuit 

IV. ANALYSIS 

About the equivalent circuit obtained in the previ- 
ous chapter dc analysis is done to find the operating 
point and ac analysis is achieved to find the transient 
characteristics of the SVC system. 

A. DC Analysis 
The DC analysis can be done the steady-state cir- 

cuit as shown in Fig. 7 obtained from Fig. 6 by short- 
ing the inductors and opening the capacitor. For given 
a and D, we obtain 

OL 1 

D vc= -(vsd+-v,99) , 
R.T 

where Vs9 = - V,T sin a , V,T, = V, cosa . 
By the inverse circuit DQ-transform, the line current of 
a-phase is given by 

i, ( 2 )  =mf9 cOSw2 . (18) 

For the system parameters given by 

L = 5 m H ,  R s = l S Z ,  C =2000pF, V,9=220V (19) 

and the control variables given by 

OL= -5' , D =(0.8m) 

v.*9= 19[V]  V,,=219[V] Vc=260[V] 

(20) 
the theoretical results by (16), (17) and (18) from the 
dc equivalent circuit are as follows: 

Is  = 19 [ A ]  Id  = 0 [ A ]  I ,  ,peak = 16 [A] 
The selected theoretical results are verified by the 
simulation results of the original circuit. Simulation 
results are shown in Fig. 8. As shown above, the 
operating point is determined by the phase angle(a) 
and the modulation index(M1) of the switching pattern. 

B.  AC Analysis 
To know the dynamic characteristics of SVC sys- 

tem, the small signal analysis is to be done. For a 
given operating point, small signal equivalent circuit is 
derived based on the following assumptions: 

i) the second order terms (products of variations) 
are negligible, 

ii) the phase angle(a) of switching pattern is small. 
With the above assumptions we can obtain f++Jq+J,,~c 

+ - D : l  
vsd 

Fig. 7. the equivalent circuit for DC 
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(a) the voltages of V , ,  V,, and V,, 
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(b) the currents of I ,  and I d  
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(c)  the current of i, 

Fig. 8. simulation of the original circuit for DC 

vod ( t  ) = d ( t  ) v, (t  ) = (D + 2) (Vc + 9, ) 

= D  V ,  + D  Cc + 2 V c  (21) 

sincxz a ,  cosa = 1 . (23)  

2 i , ( r )=d( t ) i , ( t )=(D + 2 ) l d = D  l, (22) 

By using (21), (22) and (23), small signal equivalent 
circuit is derived as shown in Fig. 9 from Fig. 6. 

Applying Laplace transform, the final equations 
for the system are given by 

Therefore, we can write 

pq 1 ~ ( L S  + R , ~  )cS + ~ 2  

0 

-2wLCs 

-Vs& 

vc 2 
Fig. 9. the equivalent circuit for small signal 

I A(s) I 
Fig. 10. block diagram for small signal 

From (25), the block diagram of the open-loop 
SVC system for small signal is obtained as shown in 
Fig. 10. 

N l ( s )  = 2V,wLCs 

N 2 ( s )  = -V,$ (2LCs2 +2R,yCs +D2)  (26b) 
N 3 ( s )  = -2V,C (Ls + R , y ) ~  (26c) 

N ~ ( s )  = - 2 V , y ~ L C ~  (264 

N 5 ( s )  = -DVc (Ls + R s )  (26e) 

N 6 ( s )  = - D V , y ~ L  (26f) 
From (25) ,  the important transfer functions of the SVC 
system are given as follows: 

+, ( s )  DV, (Ls +Rs) 
(27a) 

(27b) 

- -  -- 

a s )  A ( S I  

Cc (s I  
&) A ( s )  

D V,s wL 
- -- -~ 

l A  1 
j i d ( s )  = - ~ ( L s  +R,$)Cs -D (Ls +R,$) 

pc (s I D wL D (Ls +Rs)  (Ls 
1 A ( s )  1 2wLcs 

i 

where A (s) = 2CL 2 ~ 3  + 4 L C R , s ~ 2  + [ 2C {R,y2+ ( w L ) ~ }  + D 2 L ]  s + D 2  Rs . 
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To check the validity of proposed analysis, the step 
responses of (27) and (28) using MATLAB are com- 
pared with the step responses of the original circuit of 
the SVC system under the system parameters given by 
(19) with the control variables 

a=Oo , D = ( 0 . 8 m )  . (29) 
Fig. 11 and 12 show the step responses of for step 
input ~ ( r ) = O . l u ( t )  and for step input 
& ( t ) =  -5u(r)[deg.], respectively. Fig. 13 shows the 
step response of iq (SI for step input J(t  ) = 0.1 U ( t  ). 

As shown above, the close agreement between the 
analytical and simulational results proves the validity 
of the modeling and analysis. 

cc -10 -111 
-1s 

-20 

-25 
0 1 0 2 0 3 0 4 0 5 0 M ) 7 0 8 0 9 0 I W  

(a) step response from (27a) t [ msec] 

-2.5 J ! 1 I I 
0 0.m 0.04 0.06 0.08 0.1 

(b) step response of original circuit 

Fig. 11. step response of C, for input 2 
t[sec] 
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t [ msec] (a) step response from (27b) 
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(b) step response of original circuit 
Fig. 12. step response of 3, for input & 
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(a) step response from (28) t[msecl 
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(b) 0.02 step response 0.04 of original 0.06 circuit 0.0s t[secl 0.1 

Fig. 13. step response of î , for input d 

V. CONTROLLER DESIGN 

To achieve fast dynamic response without using 
independent DC voltage source, as shown in Fig. 2, it 
is required that the capacitor voItage vc should be kept 
constant by controlling the phase angle(a) while com- 
pensating the load reactive power by controlling the 
modulation index of switching function simultaneously. 
From (27) g ( s )  is given by 

In order to make the capacitor voltage constant, the 
numerator of right-hand side of (30) must be zero. 
Theref ore, 

The authors propose the PI and feedforward control 
methods which are shown as follows: 

i) phase angle(a) control for keeping constant 
capacitor voltage: 

Gcv(s) Gp&) 

ii) modulation index(M1) control for compensating 
load vars simuItaneously: 



The parameters K P , , ,  K L , , ,  K and Ki, can be 
determined by using root-locus techmque. 

isa ( f  ) 

[ ~ 1 2 5  

VI. SIMULATION RESULTS -2 5 

P! 

0 

[deg.] 0 8  - 

To check the validity of the proposed control 
method, computer simulation is done using the system 
parameters given by 

L = 5 m H  Rs=1C? C =2000pF Vs=220V 

with the control parameters given by 

KP,, = - 7 ~ 1 O - ~ ,  K, ,  = -0.45 

K . = 1 x ~ o - ~  , K,, = 0.95 . P' 

By the proposed control method, the capacitor voltage 
is fixed as follows: 

vc = 224.5 V . 

Fig. 14 and 15 show the transient response of the 
total SVC system for a step change in the load power 
factor. The load power factor is changed from 0.82 
leading to 0.82 lagging and vice-versa. As shown in 
Fig. 14 and 15, the transient interval from one state to 
another is completed within one cycle. 

1 
0.13 0 15 0 17 0 19 0.21 0.23 

1 [=I (a) load current 

0.6 

0.4 
0 13 0 IS 0 17 0 19 0 21 0 23 

(b) modulation index(M1) ' lEecl 
a ( r )  1 6  (''01' 

-1 6 
0 13 0 15 0 17 0 19 0 21 0 23 

1 Is1 (c) phase angle(a) 

5 
0 13 0.15 0.17 0 19 0 21 0 23 

(e) source current 1 1 4  

Fig. 14. step change of iLo from 0.82 lagging 
to 0.82 leading 
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(a) load current 1 I 4  
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(b) modulation index(M1) ' [ycI 

a@) 1 6  xlQ1 

Ides.] 0 8  
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(d) compensator current ' '4 

iso ( f  ) 
[AI25 

0 

-2.5 

5 
0 13 0 15 0.17 0 19 0 21 0 23 

' I 4  (e) source current ~, 

i,, ( t  1 Fig. 15. step change of iLa from 0.82 leading to 
[AI : 0.82 lagging 

0 

1 

1 VII. CONCLUSION 
I 

0 21 0 23 In this paper, a new static var compensator(SVC) 
using three-level inverter is proposed for hgh  voltage 

0 13 0 15 0 17 0 19 

(d) compensator current ' [sect 

842 



and high power applications. The general and simple 
model for the proposed SVC is obtained and analyzed. 
Using the model, a new control method which controls 
the phase angle and modulation index simultaneously 
in the switching pattern is suggested to achieve fast 
response of SVC system without using additional vol- 
tage source. The validity of the modeling, analysis 
and control method of the proposed SVC system is 
proved by the computor simulation. 
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