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Abstract

A compact control algorithm for reactive power compensation and load balancing with the static Var compensator (SVC) in
three-phase three-wire systems is developed in this paper. The required compensation susceptance of each SVC phase can be
obtained from a very simple function of voltage and power signals which are measured by a three-phase voltage transducer and
two single-phase active and reactive power (P–Q) transducers at the load bus. The calculation of compensation susceptances is
based on the criterion of a unity power factor and zero negative-sequence currents after compensation. A simulation is made, as
the first stage, to show the validity of the proposed compensation algorithm. Then, a laboratory size microcomputer-based SVC,
which consists of thyristor-controlled reactors (TCRs) and fixed capacitors (FCs), is designed and implemented. Simulation and
experiment results show that the algorithm is very suitable for on-line control of the SVC which is designed for phase balancing
and power factor correction. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

An unbalanced load in a three-phase three-wire sys-
tem produces undesired negative-sequence currents.
This negative-sequence component will cause additional
generator, transmission line, and transformer losses.
The negative-sequence voltage caused by negative-se-
quence current, which is one of poor power quality
phenomena, will induce extra motor losses and ripple in
rectifiers [1,2].

The reactive power requirements of loads in a distri-
bution system could vary in a wide range within a short
period of time when the feeder supplies electric power
to fluctuating loads, such as arc furnaces, steel rolling

mills and electric trains. The reactive power not only
reduce efficiency and reliability of the power system but
also make voltage regulation more difficult. Hence it is
better to compensate the reactive power at the load bus
[2–4].

The load balancing and power factor correction ca-
pability of an static Var compensator (SVC) is well
known. A SVC adjusts the susceptance in each phase
by controlling the conducting angles of the thyristor-
controlled reactor (TCR). In practical application, the
formula for the desired compensation susceptances
must be in terms of measurable electrical signals at the
load bus. Some computation algorithms have been
proposed in the past. The feedback electrical signals
that have been used in the literature include (a) phase
reactive powers, (b) real part and imaginary part of
symmetrical components of line currents, (c) amplitudes
and angles of line currents, and (d) instantaneous
power quantities [5–12]. The measurements of those
electrical signals need special analog circuits or digital
computation algorithms.
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To simplify the measurement of electrical signals and
the computation formula in determining the compensa-
tion susceptances, a compact algorithm is derived based
on the symmetrical components method. Only two
single-phase P–Q transducers and a three-phase voltage
transducers are needed for the measurement of feed-
back signals. Each phase susceptance of the SVC can
then be obtained from a very simple function of voltage
and power signals measured by the transducers. The
algorithm is a further improvement of a former al-
gorithm proposed by the authors [12]. To demonstrate
the validity of the proposed algorithm, at first, a simu-
lation is performed. Then, a laboratory size microcom-
puter-based SVC, which belongs to the type of
TCR/fixed capacitor (FC), is designed and imple-
mented. The simulation and experiment results show
that the SVC with the proposed compact compensation
algorithm can greatly reduce the negative-sequence cur-
rents and improve the power factor.

2. Compensation susceptance

The diagram of the studied system is shown in Fig. 1,
where a substation feeds electric power to an unbal-
anced load through a three-phase three-wire distribu-
tion system. It is assumed that both the substation bus
voltages and transmission line impedances are bal-
anced. The superscripts S, T, C, and L, used in this
paper, represent the substation, transmission line, com-
pensator and load, respectively. For the purpose of the
SVC is to reduce the negative-sequence currents and
imaginary part of positive-sequence currents, hence, the

well known transformation matrix [T ] is defined at first
to relate the phase and sequence quantities as shown in
Eq. (1):
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where �=e j(2/3)�.
In Fig. 1, it is assumed that the load is linear, and

then the load current can be expressed as:
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Applying the symmetrical component transform in Eq.
(1) to both side of Eq. (2), we have
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The negative-sequence voltage V� 2
L is introduced by

unequal voltage drops on the transmission lines with
unbalanced currents flowing. In general, the negative-
sequence voltage is smaller than its positive-sequence
counterpart. To simplify the analysis procedure, the

Fig. 1. A three-phase three-wire system with an SVC at the load bus.
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negative-sequence voltage is neglected, that is V� 2
L=0,

V� 1
L=VL�30°. (The line-to-neutral voltage of phase a

is selected as reference.) Eq. (3) then can be reduced to

I� 1
L=Y0

L(�3VL�0°)

I� 2
L=Y1

L(�3VL�60°) (5)

In order to reduce the negative-sequence currents and
imaginary part of the positive-sequence currents, the
compensation susceptances of the SVC should meet the
following constrains:
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Because an ideal SVC contains no power-consuming
element, it can be obtained from Eq. (7) that Y2

C= −
(Y1

C)*. Using − (Y1
C)* to replace Y2

C and multiplying
Eq. (7) by transformation matrix [T ], the compensation
susceptances of the SVC can be described by Y0

C and
Y1

C as:
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Substituting Eq. (6) into Eq. (8), the compensation
susceptances can be expressed in terms of symmetrical
components of the load currents:
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Four variables, magnitutes and angles of I� 1
L and I� 2

L, are
required to obtain the current information in Eq. (9).
Because the sum of three-phase currents is zero, the
distribution condition of three-phase currents can be
obtained by measuring only two line currents. Hence,
only two single-phase P–Q meters, with voltage-coils
connected to phase ab and cb and current-coils con-
nected to phase a and c as that shown in Fig. 2, the so
called two-wattmeter connection method, are used to
acquire the four current variables in Eq. (9). In practi-
cal implementation, the voltage signal VL in Eq. (9) is

Fig. 2. P–Q transducer connections for SVC control.

the average of three line to line voltages measured by a
three-phase voltage transducer. Since the load bus
voltage is assumed balanced, the complex form of the
signals measured by the P–Q transducers can be de-
scribed as:
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L (I� a
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L (I� c
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From Eq. (10), the positive- and negative-sequence
currents can be expressed in terms of active and reac-
tive powers.
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Define the outputs of P–Q transducers as:

(V� ab
L )*(I� a

L)=Pab
L − jQab

L

(V� cb
L )*(I� c

L)=Pcb
L − jQcb

L (12)

where (Pab
L +Pcb

L ) is the active power consumed by the
load. Substituting Eqs. (11) and (12) into Eq. (9), we
get the on-line compensation formulas for the SVC.
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The compensation formula shown in Eq. (13) is very
compact and need only two single-phase P–Q transduc-
ers, hence it is very suitable for on-line control.

3. Simulation

To show the validity of Eq. (13) and the balanced
load bus voltage assumption on the compensation re-
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sults, a simulation with an unbalanced constant load is
performed. The admittances of the unbalanced load
shown in Fig. 1 are

Yab
L =0.003793− j 0.004483S

Ybc
L =0.003966− j 0.002414S

Yca
L =0.017172− j 0.003931S

Assume that the line voltage at substation bus is
6.9�3kV, the transmission line impedance is 0.4+
j1.5�. The simulation results are shown in Fig. 3. The
compensating cycle 0 means the insatant before the
SVC started. Although the assumption of balanced
load bus voltage is not practical, both the unbalanced
condition and power factor are greatly improved after
the first compensating cycle. After the second compen-
sating cycle, the compensation results approach the
balanced steady state. This is due to that the negative-
sequence voltage is smaller than positive-sequence
voltage, and the negative-sequence voltage is dependent
on negative-sequence current with the relation

V� 2
L= −ZT(1−�)(I� 2

L+I� 2
C) (14)

where the transmission line impedance is assumed to be
balanced. The term V� 2

L in Eq. (3) then can be elimi-
nated by substituting Eq. (14) into Eq. (3) where the
currents and the admittances now include both the load
and the SVC.

(I� 2
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C)]
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From Eq. (15), it can be shown that the negative-se-
quence currents in the transmission lines will be re-
duced to zero when Y1

C= −Y1
L. The conclusion is the

same with that of Eq. (6). Why the required compensa-
tion susceptance Y1

C can not be obtained at first com-
pensating cycle is due to that there are
negative-sequence voltages at load bus. However, after
the first compensating cycle, the negative-sequence cur-
rents and voltages are reduced. For the balanced
voltage assumption is more close to the practical condi-
tion, the calculated compensation susceptances with Eq.
(13) are more close to the required values, that is the
difference between Y1

C and −Y1
L is more and more

small. This explains why the compensation results after
the second compensating cycle are better than those
after the first compensating cycle. Although the as-
sumption that the transmission line is balanced is not
unreasonable, the unbalanced line impedances could
effect the compensation results in practical system.

4. Implementation

4.1. System architecture

The implemented SVC is installed in a power system
simulator as shown in Fig. 4 [13]. The simplified power
system simulator represents a typical radial type distri-
bution system. The power system simulator was de-
signed originally for balanced conditions. A
single-phase load is added to simulate an unbalanced

Fig. 3. Dynamic responses of the simulation with a constant unbalanced load.
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Fig. 4. The block diagram of SVC.

load condition. The SVC that consists of �-connected
thyristor-controlled reactors and fixed capacitors
(TCR-FC) is installed at the industrial load bus. A
three-phase step-down transformer is used to reduce the
SVC operation voltage. The transducer modules which
consist of line-to-line active power (P), reactive power
(Q), and voltage (V) transducers are installed near the
unbalanced load. A commercially available Motorola
VME-bus [14] based microcomputer system is used to
synthesize the controller of the SVC. The microcom-
puter system is consisted of MVME-147 boards
(MC68030CPU/MC68882FPU), A/D boards, D/A
boards, and other auxiliary units. A PC is used to edit
the control program for the microcomputer.

The compensation scheme of the SVC is implemented
in the VME-Bus based microcomputer using Eq. (13).
Triggering control signals are sent to three independent
gating circuits. Each gating circuit includes a phase
control circuit and an isolation circuit. The isolation
circuit is needed to create an isolation between the
controller and the power side. Finally a triggering
signal is sent to each thyristor (TRIAC) to control the
conduction angle of the TCR in order to give the
required compensation susceptances. The flow chart of
the control program is shown in Fig. 5. At first the
microcomputer gets seven output voltages of transduc-
ers by a A/D converter, then re-scales those voltages to
match actual power values according to the transducer
gains and turn ratios of potential transformers and
current transformers. The transducer gains and poten-
tial transformer and current transformer turn ratios are

given in Appendix A. The actual values of reactive
powers and voltages can be obtained similarly. These
actual values are used to calculate compensation sus-
ceptances of the SVC, BSVC

C , by using Eq. (13). The

Fig. 5. The flow chart for microcomputer based controller.



S.-Y. Lee et al. / Electric Power Systems Research 58 (2001) 63–7068

needed susceptance of each phase of the TCR is given
by the following:

B(�)TCR
C =BSVC

C (PL,QL,VL)−BFC
C (16)

where � is the conduction angle of the TCR and BFC
C

the susceptance of fixed capacitor in each phase.
The relationship between conduction angles and cor-

responding susceptances of the TCR is shown in Eq.
(17).

B(�)TCR
C =

�−sin�

�XR

(17)

where XR is the reactance of the TCR reactor. The
conduction angles are calculated by an on-line New-
ton–Raphson iteration. The three triggering angles are
then calculated using the relationship �=�−�/2 and
transferred to triggering voltages where 5–10 V repre-
sent 90–180°. Finally the triggering voltages are sent to
three gating circuits by a D/A converter.

The control program is first developed in C-language,
then compiled and linked to an execution file. The
execution file is then down loaded to the VME-bus
based microcomputer. The portable characteristics of
C-language make the control program more flexible.
The control program can be easily moved to any micro-
computer that is equipped with a C-compiler and ade-
quate I/O interfaces.

4.2. Test results

Two general unbalanced ratios and a wild recognized
apparent power definition for unbalanced three-phase
three-wire systems, as shown in Eqs. (18)–(20) [15], are
adopted to evaluate the degree of unbalance and the
compensation effect of SVC.

fUR1(%)=
f−

f+

×100% (18)

fUR2(%)=
Max( fa, fb, fc)−Min( fa, fb, fc)

Avg( fa, fb, fc)
×100%

(19)

S=3
�Vab

2 +Vbc
2 +Vca

2

9
×
�Ia

2+Ib
2+Ic

2

3
(20)

A digital recorder and an energy analyzer are used in
this experiment to measure the power data. For the test
of SVC, a single-phase load of 140 ohm is added to
simulate an unbalanced loading condition. When the
single-phase load is switched in, the dynamic triggering
angle responses of three TCR legs are recorded in Fig.
6. The steady-state distribution line current waveforms
with and without the SVC are shown in Fig. 7. The
current waveforms of the TCR are shown in Fig. 8.
Test results with and without the SVC are recorded in
Table 1 for comparisons. It can be seen that the SVC
obviously alleviates the degree of unbalances and cor-

Fig. 6. Dynamic responses of triggering angles.

rects the power factor from 0.819 to almost unity. Due
to the boost of load bus voltage, the loading capacity is
also improved.

It can also be observed from Figs. 7 and 8 that the
SVC generates harmonic currents. The harmonic prob-
lem could be devastation when the parallel resonant
frequency caused by the fixed capacitor and the supply
system impedance locates in the vicinity of harmonic
frequencies of TCR currents. For, the induced har-
monic currents from an SVC would flow to the power
distribution system and harm the quality of power.

Fig. 7. Distribution line currents, (a) without SVC, (b) with SVC.
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Fig. 8. Steady-state currents of TCR.

single-phase P–Q transducers and a three-phase voltage
transducer which are commercially available. Hence,
the proposed algorithm is also easy to be implemented.
However, when the time response is critical in the
application, special circuits for the measurements of
active and reactive powers may be needed. Both simula-
tion and experiment results show that, with the SVC,
the negative-sequence currents are greatly reduced
and the power factor is raised close to unity. The
control approach can be adopted easily to other types
of SVC.
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Appendix A. Major system data

A.1. Power system simulator

Substation voltage: 400 V
Three-phase industrial load impedance (�-connec-
tion): 500+ j300 �
Single-phase load impedance: 140 �

A.2. SVC module

V transducer gain: 30 V/V
P transducer gain: 250 W/V
Q transducer gain: 250 Var/V
Current transformer: 20 A/5 A
Potential transformer: 480 V/220 V
Per phase inductance of TCR: 50 mH
Per phase capacitance of FC: 80 �F
Sampling time of microcomputer: 2 ms

References

[1] W.E. Kazibwe, M.H. Sendaula, Electric Power Quality Control
Techniques, Van Nostrand Reinhold, New York, 1993.

[2] T.J.E. Miller, Reactive Power Control in Electric Systems, Wi-
ley, New York, 1982.

[3] P. Nedwick, A.F. Mistr Jr, E.B. Croasdale, Reactive manage-
ment a key to survival in the, IEEE Trans. Power Syst. 10 (1995)
(1990s) 1036–1042.

[4] J.H. Chen, W.J. Lee, M.S. Chen, Using a static Var compensator
to balance a distribution system, IEEE Trans. Ind. Appl. 35
(1999) 298–304.

[5] L. Gyugyi, R.A. Otto, T.H. Putman, Principles and applications
of static, thyristor-controlled shunt compensators, IEEE Trans.
Power Appar. Syst. 97 (1978) 1935–1945.

[6] G. Gueth, P. Enstedt, A. Rey, R.W. Menzies, Individual phase
control of a static compensator for load compensation and

Harmonics mitigation techniques such as harmonic
filters or more complicated configuration should be
employed in the design of SVC [16].

5. Conclusion

A compact algorithm for an SVC which is designed
for phase balancing and power factor correction in
three-phase three-wire systems is proposed in this pa-
per. For the compensation susceptances of the SVC can
be obtained from a very simple function of voltage and
power signals, the algorithm is very suitable for on-line
control. The required measurement equipment are two

Table 1
Test results with and without SVC

Without SVC With SVC

404Vab
S (V) 404

402402Vbc
S (V)

405Vca
S (V) 405

2.773.03Ia
S (A)

2.813.38Ib
S (A)

1.08 2.38Ic
S (A)

2.368I+
S (A) 2.63

I−
S (A) 0.261.316

IUR1 (%) 55.57a 9.89a

16.21a92.12aIUR2 (%)
Vab

L (V) 346.2 361.9
363.4367.7Vbc

L (V)
384.5 371.7Vca

L (V)
365.2365.4V+

L (V)
V−

L (V) 5.9922.07
6.04a 1.64aVUR1 (%)

VUR2 (%) 2.68a10.46a

1400PL (W) 1664
SL (VA) 1685a1710a

0.819aPFL 0.988a

a Calculated values based on the definitions of Eqs. (18)–(20).



S.-Y. Lee et al. / Electric Power Systems Research 58 (2001) 63–7070

voltage balancing and regulation, IEEE Trans. Power Syst. 2 (4)
(1987) 898–904.

[7] C.E. Lin, T.C. Chen, C.L. Huang, A real-time calculation
method for optimal reactive power compensator, IEEE Trans.
Power Syst. 4 (1989) 643–652.

[8] M.Z. El-Sadek, Static Var compensation for phase balancing
and power factor improvement of single phase train loads,
Electr. Mach. Power Syst. 26 (1998) 347–361.

[9] W.J. Lee, T.Y. Ho, J.P. Liu, Y.H. Liu, Negative sequence
current reduction for generator/turbine protection, IEEE Ind.
Appl. Society Annual Meeting, Toronto, Canada 1993, pp.
1428–1433.

[10] R. Barnes, K.T. Wong, Unbalance and harmonic studies for the
channel tunnel railway system, IEE Proc. B 138 (1991) 41–50.

[11] S.Y. Lee, C.J. Wu, Combined compensation structure of a static
Var compensator and an active filter for unbalanced three-phase
distribution feeders with harmonic distortion, Electr. Power Syst.
Res. 46 (1998) 243–250.

[12] C.J. Wu, C.M. Liaw, S.Y. Lee, Microprocessor-based static
reactive power compensators for unbalanced loads, Electr.
Power Syst. Res. 31 (1994) 51–59.

[13] W.N. Chang, C.J. Wu, Developing static reactive power com-
pensators in a power system simulator for power education,
IEEE Trans. Power Syst. 10 (1995) 1734–1741.

[14] Motorola, MVME147BUG 147Bug Debugging Package User’s
Manual, Motorola Inc., Phoenix, AZ, 1988.

[15] IEEE Working Group on Nonsinusoidal Situations, Effects on
Meter Performance and Definitions of Power, Practical defini-
tions for powers in systems with nonsinusoidal waveforms and
unbalanced loads: a discussion, IEEE Trans. Power Deliv. 11
(1996) 79–101.

[16] L.S. Czarnecki, S.M. Hsu, Thyristor controlled susceptances
for balancing compensators operated under nonsinusoidal
conditions, IEE Proc. Electr. Power Appl. 141 (1994) 177–
185.

.


