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This paper presents the performance analysis of a simple control algorithm for static condenser (STATCON) to
regulate ac terminal voltage, power-factor correction along with load balancing in three-phase, three-wire system.
An insulated gate bipolar transistor (IGBT) based current controlled voltage source inverter (CC-VSI) with dc bus
capacitor is used as STATCON. Three-phase reference supply currents are derived using sensed three-phase ac
terminal voltages and dc bus voltage of the STATCON. Hysteresis based PWM current controller is employed for
the switching of IGBTs of the VSI to deliver fast response of STATCON currents. Simulated performance of the
STATCON for the balanced and unbalanced lagging power-factor loads is presented to demonstrate the capability
of the STATCON for voltage regulation, power factor correction and load balancing in three- phase, three-wire
system.
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INTRODUCTION

In the three-phase ac system, most of the loads are lagging
power-factor loads. Moreover, there is always some load unba-
lancing present due to vastly distributed single-phase loads over
the three-phase system. These loads cause poor voltage profile at
consumer point and poor utilization of distribution system. These

problems have been visualized long ago and several attempts1 − 8

have been made to study, analyze and solve these problems using
passive L-C components, and active elements. Gyugyi et al1, 7,
Miller2, Tremayane3, Kneschke5 have suggested schemes for
reactive power compensation and load balancing. In these
schemes thyristor-controlled reactors and capacitors have been
used which introduce harmonics and switching transients in the
ac mains. Walker6 has reported a forced commutated STATCON
for reactive power compensation. Many attempts have also been
made on the various aspects of STATCON using its different

configurations8 − 23. Galanos11, Schauder et al 9 − 10. Ekanayake and

Jenkins14, Hill and Norris21 − 22 and Padiayar18 have reported the
multi-pulse configuration of the STATCON for reactive power
compensation using multilevel GTOs inverters. Schauder et al20

have presented the GTO based multilevel STATCON and ex-
plained the salient features of a ± 100 MVAR STATCON in-

stalled by EPRI. Akagi et al4 have given a new concept of
instantaneous reactive theory but confined to the only balanced
load. Singh and Shilpakar23 have used the PWM based STAT-
CON for voltage control of the self-excited induction generator.
Most of these attempts have been either on the STATCON for
compensation of balanced loads or a separate dc source is utilized
for STATCON operation.

This paper deals with an analysis of a simple control technique
for STATCON to regulate ac terminal voltage at the load end
and correcting the power-factor along with balancing of the
unbalanced reactive loads. The reference supply currents are
derived using sensed ac terminal voltages and dc bus voltage of
the STATCON. The control scheme uses two PI controllers to
estimate the amplitude of supply currents which results in
self-supporting dc bus of the STATCON while fulfilling its
basic objectives. A carrier-less PWM hysteresis current control
over the reference and sensed STATCON currents are imple-
mented to obtain gating signals of IGBTs of the STATCON.
Detailed model of the STATCON is developed to study its
transient and steady state behaviour. Simulated performance of
the STATCON is presented to demonstrate voltage regulation,
load balancing and power factor correction capabilities of the
STATCON in three-phase, three-wire system.

SYSTEM CONFIGURATION

The block diagram of the proposed STATCON is shown in
Figure 1. The STATCON consists of three-phase IGBTs based
VSI bridge with a set of ac inductors with small ac filter
capacitor and dc bus capacitor. A three-phase ac mains with line
impedance is feeding power to an unbalanced lagging power-
factor loads. The in-phase component of reference supply cur-
rents is derived with PI controller over dc bus capacitor voltage
of the STATCON. The quadrature component of reference
supply current is derived using another PI controller on instan-
taneous amplitude of ac voltage across the load terminals. The
reference STATCON currents are obtained by subtracting load
currents from reference supply currents. A carrier-less PWM
hysteresis current controller is employed over the reference and
sensed STATCON currents to generate gating signals for the
IGBTs of the three-phase VSI of STATCON. In response to the
switching signals, the STATCON regulates the ac load terminal
voltage along with load balancing while maintaining the self-
supporting dc bus capacitor voltage of the STATCON. Setting
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the amplitude of quadrature component of reference supply
currents to zero makes the power-factor correction of the load
along with its balancing.

OPERATING PRINCIPLE

The STATCON is a solid state switching converter capable of
generating or absorbing independently controllable real and
reactive power at its output terminals (ac), when it is fed from
an energy source or an energy storage device of appropriate
capacity at its input terminals (dc). The STATCON considered
here, is a voltage source inverter that produces from a given dc
voltage, a set of three-phase ac PWM output voltages, each of
which is in phase with, and coupled to the corresponding ac
system voltage via a relatively small inductance. The small
inductance may be provided by the per phase leakage induc-
tance of the coupling transformer. By varying the magnitude of
the output voltage produced, the reactive power exchange be-
tween the STATCON and the ac system can be controlled. The
quadrature component of STATCON reference currents are
computed to lead the corresponding ac voltages by 90° when
the ac system voltage is less than the fundamental component
of PWM voltage of the STATCON. The switching function
derived from the hysteresis current controller increases the
amplitude of output voltage of the STATCON, which is higher
than the voltage of the ac system. Then current flow from the
STATCON to the ac system through the filter reactance, and
the STATCON generates reactive (capacitive) power for the ac
system. In the case when ac system voltage is greater than ac
voltage of the STATCON, the currents lag the corresponding
ac voltages by 90°. The switching function results in the ampli-
tude of output voltage below the ac system. The reactive current
flow from the ac system to the STATCON and the STATCON
absorbs the reactive (inductive) power. When the voltage error
is zero, the reactive current exchange will remain at constant
level.

The output voltage of the STATCON is generated by a dc to ac
inverter operated from an energy storage capacitor. The inverter
is composed of six self-commutated semiconductor switches
(IGBT), each of which is shunted by a reverse parallel con-
nected fast switching free wheeling diode. With a charged dc
capacitor, the inverter can produce a set of three PWM voltage
waveforms of a given frequency by connecting the dc capacitor

sequentially to the three output terminals via the appropriate
inverter switches. The current rating of IGBT device and the
diode is same.

The inverter supplies only reactive power and the real input
power that needed by the dc source is very small to meet only
its losses. Since reactive power at zero frequency by definition
is zero, the input source (capacitor) plays no part in the reactive
power generation. The inverter simply interconnects the three
output terminals in such a way that the reactive output currents
can flow freely among them. If one views this from the termi-
nals of the ac system, one can say that the inverter establishes
a circulating reactive power exchange among the phases.

In a practical STATCON, semiconductor switches of the in-
verter are not loss less, and therefore some energy would be
eventually needed by the internal losses of the inverter. These
losses may be supplied from the ac system by making the output
voltages of the inverter lag the system voltages by a small angle.
In this way inverter absorbs a small amount of real power from
the ac system to replenish its internal losses and keep the dc
capacitor voltage at desired level. The dc capacitor has the
function to establish an energy balance between the input and
output during the dynamic changes of reactive power.

CONTROL SCHEME

The control scheme for the proposed STATCON is shown in
Figure 2. The ac terminal voltages are sensed and their ampli-
tude is compared with the reference value. The voltage error is
processed in PI controller. The output of PI controller of ac
voltage control loop controls the amplitude of reactive current
that would be generated in the STATCON.

The in-phase component of the STATCON reference currents
(icadr ,  icbdr ,  iccdr) are required for charging the dc capacitor to

the level of reference dc bus voltage and to meet its losses. It is
obtained by applying the PI control over dc bus voltage. The
output of the PI controller over the dc bus voltage is considered
as the amplitude of in-phase component of the supply reference
currents. The instantaneous values are obtained by multiplica-
tion of the output of PI controller with the in-phase unit current
vectors (ua,  ub,  uc) derived from three- phase sensed terminal

voltages.

The quadrature component of reference supply currents is to
maintain the supply currents at 90° with the terminal voltages
and to regulate the ac load terminal voltages at a point of
common coupling (PCC). The amplitude of quadrature compo-
nent of reference supply currents is obtained by employing PI
controller over sensed and reference amplitude of three-phase
ac terminal voltages. The instantaneous values of these compo-
nents of supply current are obtained by multiplication of their
amplitude and quadrature current vectors (wa,  wb,  wc). The

total reference supply currents are obtained by adding these two
components of them. The reference STATCON currents are
achieved by subtracting load currents from reference supply
currents.

For the case of power-factor correction of load, the quadrature
components of the reference supply currents are made zero.

Figure 1 Fundamental building block of the STATCON
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so that it follows the reference value. For this purpose, the
sensed current at the output of the STATCON (ac) is compared
with the desired reference current and the resulting error signal
becomes an input to the hysteresis comparator. When the cur-
rent through the inductor exceeds the upper hysteresis limit, the
inverter applies a negative voltage to the inductor. This causes
the current in the inductor to decrease. Once the current reaches
the lower hysteresis limit, the inverter applies a positive voltage
to the inductor. This causes the current in the inductor to
increase. In this way, current controller maintains the STAT-
CON currents close to their reference values.

MODELLING OF THE STATCON SYSTEM

Different components of the STATCON system are modeled
separately and integrated together to develop its complete
model.

Control Algorithm

The operation of the control scheme, shown in Figure 2 is
discussed in previous section. Different steps in the scheme are
modeled as follows.

Estimation  of  Amplitude  of  In-phase  Component  of  Supply
Reference  Currents

The amplitude of in-phase component of supply currents is
estimated from the voltage error between the dc bus voltage
vdc and the reference value of dc bus voltage vdcr of the STAT-

CON. The dc bus voltage error at nth sampling instant is :

vde(n)  =  Vdcr  −  Vdca(n) (1)

Where vdca(n) is the average value of dc link voltage of the

STATCON.

The output of PI controller over the dc voltage of the STAT-
CON at nth sampling instant is given as :

Ispdr (n)  =  Ispdr (n − 1)  +  Kpd  



vde (n)  −  vde (n − 1)





+  Kid vde (n) (2)

Where, Kpd and Kid are the proportional and integral gain

constants of PI controller of dc bus voltage of the STATCON.
This value of amplitude of in phase component of supply
currents is limited to a safe value.

Estimation of Amplitude of Quadrature Component of Reference
Supply Currents

The amplitude of quadrature component of reference supply
currents is derived from the ac terminal voltage error (vae)
between the amplitude Vtm of the ac terminal voltage at the point

of common coupling (PCC) and the its set reference value
Vtmr at nth sampling instant.

vae(n)  =  Vtmr  −  Vtm(n) (3)

The output of PI controller at nth sampling instant is :

Ispqr (n)  =  Ispqr (n − 1)  +  Kpa  


vae (n)  −  vae (n − 1)





+  Kia vae (n) (4)

where, Kpa and Kia are proportional and integral gain constants

of PI controller of ac terminal voltage at the PCC. This value of
amplitude of quadrature component of supply currents is also
limited to a safe value.

Estimation of In-phase Component of Reference Supply Currents

Three phase instantaneous in-phase components of reference
supply currents are computed using Ispdr and unit current tem-

plates (ua,  ub,  uc) as :

isadr  =  Ispdr ua ;  isbdr  =  Ispdr ub ;  iscdr  =  Ispdr uc (5)

Where unit current templates (ua,  ub,  uc) in phase with ac

terminal voltages at the PCC are defined as :

ua  =  vtan
 ⁄ Vtm ;  ub  =  vtbn

 ⁄ Vtm  and  uc  =  vtcn
 ⁄ Vtm (6)

Where Vtm is the amplitude of the ac terminal voltage at the PCC

and can be computed as :

Vtm(n)  =  √ (2 ⁄ 3 (vtan
2  +  vtbn

2  +  vtcn
2)) (7)

Where vtan, vtbn and vtcn are the instantaneous voltages at the

PCC and can be calculated as :

.vtan  =  vsan  −  Rs isa  −  Ls pisa
vtbn  =  vsbn  −  Rs isb  −  Ls pisb
vtcn  =  vscn  −  Rs isc  −  Ls pisc

                










(8)

Where, Ls and Rs are per phase source inductance and resistance

respectively. p is the time derivative operator (d/dt). vsan, vsbn

and vscn are the three-phase instantaneous input ac supply

voltages and are expressed as :

vsan  =  Vsm sin(ωt) ;  vsbn  =  Vsm sin(ωt  −  2π ⁄ 3) ;  and

vscn  =  Vsm sin(ωt  +  2π ⁄ 3) (9)

Where, Vsm is the peak value and ω  =  2π f is the frequency of

ac supply voltages.

Estimation of Quadrature Component Reference Supply Currents

Three-phase instantaneous quadrature components of reference
supply currents are computed using Ispqr and unit quadrature

current templates (wa ,  wb ,  wc) as follows :

isaqr  =  Ispqr wa ;  isbqr  =  Ispqr wb ;  iscqr  =  Ispqr wc (10)

Where wa, wb and wc are unit quadrature current templates

which at the quadrature from unit current templates
(ua, ub, uc) and are computed from them as follows :

wa = (− ub + uc) ⁄ √3;  wb = (ua √3  + ub − uc) ⁄ (2√3 );  and

wc = (−  ua √3   +  ub  −  uc) ⁄ (2√3 ) (11)

Estimation of Instantaneous Reference Three-phase Supply Cur-
rents

Three phase instantaneous reference supply currents are com-
puted by adding equations (5) and (10) as :

isar = isaqr + isadr ;  isbr = isbqr + isbdr ;  iscr = iscqr + iscdr (12)
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Performance of the STATCON for Power-Factor
Correction and Load Balancing

Figure 4 shows three phase supply voltages (vs), three phase

terminal voltages (vt), supply currents (is), three load line cur-

rents (ila,  ilb,  ilc), three phase STATCON current

(ica,  icb,  icc), STATCON dc bus voltage (vdc) and its reference

value (vdcr) for power-factor correction and load balancing.

Three-phase balanced lagging power-factor load is reduced to
unbalanced two phase, to single phase, to two phase and to
balanced three phase to the same value. The three-phase supply
currents are balanced and are having unity power-factor while
the corresponding load currents lag the ac terminal voltages.
Even under the condition of load change to two-phase and
single-phase, the STATCON is able to balance the load and to
correct the power- factor of the load to unity.

CONCLUSIONS

It has been observed that the STATCON is capable of maintain-
ing the ac terminal voltage along with load balancing. In all
operating conditions the STATCON maintains the ac terminal
voltage and balances the load. For the power factor correction
the STATCON is found capable correcting the power factor of
load to unity along with load balancing. The proposed control
scheme of the STATCON has maintained the self supporting dc
bus of the STATCON in all operating conditions. It is hoped
that the proposed STATCON will find a number of applications
in utilities, process industries and isolated power generation.
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APPENDIX

System Parameters Used in Simulation

Load Parameters

The three-phase, three-wire load is considered for power factor correction, load
balancing and regulating the terminal voltages. Per phase load specification for
delta connected load is as follows : R1  =  18 Ω, L1  =  38.22 mH.

PI Controllers Parameters

Kpd  =  0.4325; Kid  =  0.062; Kpa  =  0.051; Kia  =  0.044

System Parameters

Vs = 239.60 V rms/phase; f = 50 Hz; Rc  =  0.1 ohms; Lc = 2.4 mH; Cc  =  3 µ F;

Cdc = 4700 µ F; Rs = 0.1 ohms; Ls = 5.0 mH; hb  =  0.25.
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