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Abstract—Voltage imbalance in capacitors is a well-known
problem in compensator topologies which use two or more
capacitors. This imbalance may exist even if the load does not
contain any dc component, due to practical factors. However,
when the load contains a dc part, the voltage imbalance problem
becomes critical. In this paper, a two-quadrant chopper has
been used to regulate the capacitor voltages in a two-capacitor
compensator structure. Two different control strategies for the
two-quadrant chopper to equalize the voltage of the capacitors
have been proposed. The strategies are validated through detailed
simulation studies. Experiments have also been carried out to
validate the hysteresis control of chopper.
Index Terms—Active shunt compensators, chopper control, dc
load, voltage equalization, voltage imbalance.

I. INTRODUCTION
shunt compensator suitable for a three-phase, four-wire
distribution system [1] is shown in Fig. 1. The compensator uses a current source, comprising of a voltage source in, operated in a hysverter (VSI) with six switches
teresis band current control scheme. It has two capacitors whose
common terminal is the neutral point of the compensator. The
and the inductor
form a chopper which is
switches
arises
used to equalize the capacitor voltages. The resistor
due to the finite quality factor of the inductor. The compensator
is directly coupled to the ac system through the interface inductor that has a resistance of as well.
The neutral points of the source, the load, and the compensator are connected together as shown in Fig. 1. If the loads
connected to the system draw significant dc current, the use of
a coupling transformer prevents the compensation of the zero
sequence current. Therefore, the compensator structure given in
[2] is not suitable for such loads. The compensator given in [3]
uses a coupling transformer, which may be discarded for a low
voltage distribution system. The compensator then is similar to
that shown in Fig. 1, except that it does not include the chopper
circuit.
The compensator topology of Fig. 1 may employ more
than two capacitors when four or higher level inverters are
used. Unfortunately, however, the capacitors in such compensator topologies are associated with the problem of voltage
imbalance [4]–[7]. This problem may be classified into two
categories—minor and major voltage imbalance. The minor
voltage imbalance problem arises due to practical factors when
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Fig. 1. Compensator for star-connected three-phase, four-wire distribution
system.

the load does not have a dc component. The following practical
factors are responsible for small imbalance in the capacitor
voltages [7], [8]
• unequal capacitance leakage currents;
• unequal delays in the semiconductor devices;
• asymmetrical charging of the capacitors during transients;
• asymmetrical circuit configuration (due to measurement
and signal conditioning circuit).
The minor voltage imbalance problem has been discussed in
[4]–[7]. These references also provide guidelines for the remedial actions that can be taken to alleviate this problem, such as
to
in
changing the switching instants (of gating signals
Fig. 1) in a direct or indirect manner so as to achieve the voltage
balance.
However, when the load current contains a dc component, the
capacitors are associated with the major voltage imbalance. For
this case, the methods suggested in [5]–[8] will fail to deliver
due to the limit imposed on the switching rate. Beyond that limit,
the tracking of the reference current will be affected. The major
voltage imbalance problem of capacitors has been dealt with
in [1]. However, in this control strategy, the maximum chopper
current is not constrained. Therefore, the device implementing
the chopper switch must have sufficiently high current rating. In
this paper, we propose two control schemes of chopper—duty
cycle control and hysteresis band current control which do not
suffer from the mentioned limitation.
II. COMPENSATOR STRUCTURE
The VSI is operated in a hysteresis band current control to
track the reference currents
, , and
in phases , , and

0885-8977/03$17.00 © 2003 IEEE

MISHRA et al.: SCHEMES FOR EQUALIZATION OF CAPACITOR VOLTAGES IN SHUNT COMPENSATOR

539

Note that , , , , , , , and represent gating
signals for switches , , , , , , , and , reimplies that
is closed, and
spectively. For example,
implies that
is open. A gating signal for
is the
and
are binary variables and
complementary signal .
are given by

Fig. 2. Control scheme for VSI operating as current source.

, respectively. The control scheme for the VSI operating as a
current source is shown in Fig. 2. The reference currents are generated on the basis of the theory of instantaneous symmetrical
components [2], [9] and these currents are given by
(1a)
(1b)

(5)

. is the desired phase angle. between the
where
supply voltages
,
, and
and the line currents
, ,
and , respectively. Note that for unity power factor operation
, and therefore,
. The term
is the dc value of
the load power and is computed using a moving average filter
(MAF) that has an averaging time of half a cycle. The term
in (1) accounts for the losses in the inverter. To generate
,
a feedback loop is used, which regulates the total voltage
across the two capacitors to a constant value
as shown in Fig. 2.

IV. VOLTAGE IMBALANCE IN CAPACITORS
The voltage imbalance problem of the capacitors
and
of the compensator (Fig. 1) is discussed in [1]. In this topology,
if the load currents contain dc components, one capacitor gets
charged and another gets discharged. When the compensator
is working perfectly, the current (Fig. 1) flows through the
path
, and
. Considering all kinds
of unbalances in the load and steady state operation, current
can be assumed to be a nonsinusoidal periodic waveform. In
general, the spectrum of may contain a dc component, supply
frequency component, and its harmonics, that is
(6)

III. STATE SPACE MODEL OF INVERTER-CHOPPER
,
, and
in Fig. 2, the caThe actual filter currents
and
, and the chopper current
are obpacitor voltages
tained using the state space model of combined inverter chopper
[1] of Fig. 1. In brief, the state space model is
(2)

and

(4)
Here, the symbol and are logical AND and OR operators,
respectively. In logical expressions, the terms in (3) and (4) are
explained as

(1c)

where

(3)

The second term on the right-hand side of (6) is responsible
for generating ripples in the capacitor voltages at fundamental
and harmonic frequencies. For large values of capacitors, these
ripples are small and do not cause any problems. However, the
effect of the first term , which is the dc part of , is significant
as it is directly responsible for causing the voltage imbalance. A
feedback loop regulates the sum of the capacitor voltages
to be a constant
. Consequently, current
divides
equally between the two capacitors. Therefore, we can write
(7a)
(7b)
and
are the average
where is the time in seconds and
values of
and
, respectively. At
,
and
. In general,
and
. Thus, the capacitors may have unequal initial voltages and voltage drift due

540

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 2, APRIL 2003

A. PI Duty Cycle Control
In this method, the chopper is run at fixed frequency, which is
sufficiently high so that
is essentially ripple free. The current
controller in Fig. 3 is a PI controller. The duty cycle is limited
and is determined as follows:
between 0 and
(10)
Fig. 3. Schematic of chopper control.

to . It is also clear that if is sufficiently large, in a few cyor
will go below the peak of the system ac voltage
cles
and the tracking of reference filter currents will be lost. If is
small, it will lead to imbalance after several cycles. Hence, it
is necessary to regulate the voltage of each capacitor to a refer, when three phase load draws a dc current.
ence value
In the present work, a two-quadrant chopper has been employed
to regulate the voltages of each capacitor. Two control schemes
have been discussed. In principle, the chopper is required in the
steady state to generate a current , whose average value
is equal and opposite to the average value of . Effectively, it
means that the current is bypassed around the capacitors
and , through switches
and
.
V. CONTROL SCHEMES OF CHOPPER
In [1], the problem of voltage imbalance has been corrected
by a single cycle control of the chopper using the state space
model. This uses an approximation in which the currents and
(Fig. 1) are ignored due to fast action of the chopper. However, this method has the disadvantage that the peak chopper current is large. To overcome this problem, a new control scheme
is proposed.
The block diagram of chopper control is shown in Fig. 3. It
incorporates an outer voltage control loop and an inner current
in the load neutral path
control loop. The current
is sensed and filtered to remove the fundamental and the harmonics, thus leaving only (the average value of ). The difis sensed and filtered to
ference in capacitors voltage
remove the ripples. The filtered voltage difference is denoted as
. The proportional voltage controller outputs
a control signal
which is added with
to generate the
. The inner control loop ensures
reference chopper current
that the average chopper current is equal to . The current control loop has faster dynamics than the voltage control loop. The
reference current for the chopper can be written as

and
are proportional and integral constants of the
where
PI controller. The steady state value of is approximately 0.5
for a high inductor. The value of
is always chosen to be
higher than 0.5. Its value decides the maximum chopper current
and the transient response of the loop. It is chosen to be 0.7 in
the simulation.
, a particular switch of
Depending upon the polarity of
or
is operated. If
is less than or equal
the chopper
is operated at the duty cycle given
to zero, then the switch
is greater than zero, then the
by (10). On the other hand, if
switch
is operated at the duty cycle given by (10).
B. Chopper Current Control in Hysteresis Band
In this control scheme, the chopper circuit is employed to
in a hysteresis band. This nullifies the initial voltage
track
imbalance in the capacitors as well as the voltage drift due to
the dc component of the load current. As compared to the single
is limcycle control [1], this method has the advantage that
in the steady state. In case of single
ited to a value close to
may reach three or four times to that of
cycle control [1],
, and thus, the switching devices and inductor need to be
over-rated.
and
(Fig. 1)
In hysteresis control mode, the switches
operated at high frequency. Therefore, the switching losses in
the hysteresis control associated with these switches are higher
than those in the PI duty cycle control, in which only one
chopper switch is operated at a time. However, the implementation of the hysteresis control scheme is easier than that of the
PI duty cycle control scheme.
VI. SIMULATION RESULTS
In this section, the system of Fig. 1 has been simulated using
MATLAB 5.3. The source voltages are assumed to balanced and
sinusoidal. The load consists of (i) an unbalanced three-phase
resistive load; and (ii) a three-phase half bridge diode rectifier with highly inductive load. The load currents are shown in
Fig. 4. The system parameters are as follows:

(8)
mH

An error is formed using the reference chopper current as per
(8) and the actual chopper current
(9)
The current controller (Fig. 3) can be a hysteresis controller or
a PI controller. In the following subsections, these two chopper
control schemes to equalize the voltages of the capacitors will
be discussed.

V
mH
Injected filter current hysteresis band of 1 A and chopper current
hysteresis band of 0.2 A are chosen.
From the given source voltages and the load currents, the ref, , and
are generated using (1a)–(1c).
erence currents
In this algorithm, is set to 0 for unity power factor operation.
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Fig. 4. Load currents with dc component.
Fig. 6. Effect of dc component of load on tracking performance.

Fig. 5. Voltage imbalance in capacitors.

The term
in (1a)–(1c) is computed using moving average
filter [2] over half cycle. The
term is computed using PI
and
as given before. The
controller (Fig. 2), with
term is updated once in a cycle. The state space model of the
inverter-chopper given in Section III has been used to compute
the actual filter currents, capacitor voltages, and chopper current. Once we know the actual and the reference filter currents,
the VSI is operated in order to track them in the hysteresis band
(1 A). If there is a dc component in the load, the chopper operates to eliminate the voltage imbalance in capacitors as per
control schemes, described in Section IV (Fig. 3).
A. Operation without Chopper
and
are assumed to be
In this simulation, the switches
off. It is seen from Fig. 4 that average value of neutral current
A. The effect of this dc component is to discharge and
and , respectively, as explained in
charge the capacitors
Section IV. The effect on the voltage of the capacitors and the
tracking performance is shown in Figs. 5 and 6, respectively.
decreases and
Due to the presence of a positive (Fig. 4),
increases continuously as per (7a) and (7b). However, (7a)
and (7b) remain valid only until the current tracking is faithful. It
s), the voltages
is observed that beyond ten cycles (i.e.,
and
(Fig. 5) do not decrease and increase at the same rate.
s,
becomes constant and the tracking does not
After
remain faithful. As a consequence of the loss of tracking, the
and
stabilize to 300 and 700 V, respectively,
voltages
after the 100th cycle (Fig. 5), instead of the reference value of
500 V.
Fig. 6 shows the steady state tracking performance over one
cycle of the supply voltage. To compare the nature of the voltage
and current waveforms in the same graph, the voltages in Fig. 6
have been scaled down by 50. From Fig. 6, it is observed that
between the points and , the tracking is lost as voltage;

. As a consequence of this, the
is close to the source voltage
compensator is unable to track the sudden changes in the refat the points and . It is observed that
erence current
is less than
, and therebetween the points and ,
has negative slope. Later, after the point
fore, the current
,
is smaller than
, and therefore, the tracking is regained for the rest of the voltage cycle. In summary, the operation without chopper results in highly unequal capacitor voltages (300 and 700 V) and distorted filter currents resulting in
imperfect compensation.
B. Operation with Chopper
In this section, the chopper operation under two control strategies has been simulated. An initial voltage imbalance of 150
V.
V has been assumed in each case, giving
1) Duty cycle control: In this method, the chopper is operated
at a frequency of 1800 Hz. Equations (8)–(10) and the chopper
current computed from the state space model are used to calculate the duty cycle . The capacitor voltages and chopper currents are shown in Figs. (7a) and (7b), respectively. It is seen that
the chopper is able to cancel the initial voltage imbalance and
maintain the capacitor voltages at the reference value of 500 V.
As a result, the compensator is able to provide the unity power
factor operation.
2) Hysteresis band current control: In this control scheme,
and
are controlled in such a way that the
the switches
chopper circuit tracks
. This counteracts the initial voltage imbalance in the capacitors and nullifies the effect
of on the capacitor voltages in the steady state. The simulation results are shown in Fig. (8a) and Fig. (8b). From Fig. (8a),
it is seen that with the hysteresis controller, both the voltages
and
are stabilized to the reference value of 500 V with a
tracks
small ripple. Fig. (8b) shows that the chopper current
with a hysteresis band of
the reference value
0.2A. For this hysteresis band and the chopper circuit parameters given in Section VI, the chopper switching frequency is
approximately 3 kHz in the steady state.
C. Current Rating of the Chopper
If the frequency of the chopper is sufficiently high such that
is nearly ripple free, then the chopper current rating is at least
. An additional current rating is required to provide the
of the chopper current, to correct any initial
component
voltage unbalance at the time when the chopper starts working.
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(a)

Fig. 9. Experimental load currents.

, the current rating
500 V and 360 V, respectively. For
of the chopper is found to be approximately 18 A. It is seen
from the simulation results of Figs. (7b) and (8b) that the peak
chopper current is 15 A, which compares well with the worst
case value calculated before.
VII. EXPERIMENTAL RESULTS
(b)
Fig. 7. (a) Capacitor voltages with chopper duty cycle control. (b) Chopper
current using duty cycle control.

(a)

A scaled down prototype with voltages reduced by a factor of
ten has been chosen for experimentation. The source voltages
are balanced and sinusoidal with a peak of 36 V. The system
,
, and
and load current
, , and
voltages
are sensed using hall effect voltage and current sensors. The
voltage and current signals are acquired by a PC (P-II, 350
MHz) through two data acquisition cards (9118 DG NuDAQ).
The algorithm for the generation of the reference filter currents
is implemented in Turbo C. To obtain the average load power
, a moving average filter has been used. Then, the filter
reference currents are generated using (1a)–(1c). This computation takes approximately 100 s. This speed is sufficient
to generate filter currents containing harmonics up to 1 kHz
through a VSI-based current source using the hysteresis control.
The steady state load currents are shown in Fig. 9. As seen
from Fig. 9, the load currents are unbalanced ac due to unequal
resistive loads of 25, 35, and 100 in phases , , and , respectively. In addition, there is a dc component due to the three-phase
half wave rectifier. The total dc component of the neutral current shown by the dotted line in Fig. 9 is 0.33 A.
A. Operation without Chopper

(b)
Fig. 8. (a) Capacitor voltages with chopper hysteresis control. (b) Chopper
current using hysteresis control.

Under dc load condition, when the chopper is not turned on, one
of the capacitor voltages settles around the peak of the system
. The other capacitor will have a voltage of
phase voltage
. Therefore, in the worst case, the current rating
of the chopper should be approximately
. For example, in simulation
and
are taken as

Initially, the load is unbalanced resistors only, and therefore,
and
are regulated to 50
the voltages of the capacitors
V, which is above the peak system voltage of 36 V. The rectifier
containing dc is switched on at the instant as shown in Fig. 10.
Due to the action of the dc component of neutral current , the
is discharged, while the capacitor
is charged
capacitor
settles at a little below the peak of the system voltage
until
(approximately 25 V). However, the PI voltage control loop of
,
) maintains the total capacitor
inverter (
at 100 V. The tracking current performance
voltage
of the compensator in phase is shown in Fig. 11. It is seen
in Fig. 11, that the tracking is lost between the points and ,
is close to system voltage
. Between the points
because
and , the slope of
is negative due to the fact that
is

MISHRA et al.: SCHEMES FOR EQUALIZATION OF CAPACITOR VOLTAGES IN SHUNT COMPENSATOR

Fig. 10.

Fig. 11.

543

Voltage imbalance in capacitors: experimental.
Fig. 13.

Equalized voltage due to chopper action.

Fig. 14.

Compensated source currents.

Effect of dc load on tracking performance: experimental.

shows that the capacitor voltages
and
are equalized close
to the reference value of 50 V each due to the chopper action.
This ensures a good tracking performance of the inverter. The
resulting compensated source currents are shown in Fig. 14. It
is seen that the source currents after compensation are balanced
and sinusoidal and are in phase with their respective phase voltages. The chopper is thus able to nullify the effect of the dc
component of the neutral current in the steady state.
VIII. CONCLUSIONS
Fig. 12.

Chopper current using hysteresis control: Experimental.

a little below
. The experimental waveforms of Fig. 11 are
similar to the simulated waveforms given in Fig. 6.
B. Operation with Chopper
In this experiment, the compensator is operated first without
chopper as discussed before. The chopper is then turned on and
operated using hysteresis band current control (Section V, Part
. Active lowpass filters with
B) which is tracking
cutoff frequency of 10 Hz are used to obtain from the signal
and
from
and
. In the experiment, the value of
is chosen as 0.001. In the steady state,
tends to zero
to maintain equal caand the chopper effectively tracks
pacitor voltages. This is shown in Fig. 12, which displays the
and
. It can also be seen from this figure
waveforms of
that the switching frequency of the chopper, as observed from
, is approximately 500 Hz. This relatively low
waveform of
switching frequency is due to a large hysteresis band. Fig. 13

A shunt compensator topology with two capacitors and
inverter-chopper has been analyzed. A state space model of
the system has been given. The problem of voltage imbalance
arises in the case of load currents containing dc components.
A control strategy for chopper employing an inner current and
an outer voltage loop has been proposed for eliminating the
voltage imbalance. Simulation results using a state space model
are given for both the PI duty cycle and the hysteresis control
of the chopper. The hysteresis control has been further verified
by experiments for loads containing three-phase unbalanced resistance and three-phase half bridge rectifier. The effectiveness
of the proposed control strategy has been demonstrated.
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