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Abstract—The cascaded H-bridge (CHB) low-capacitance Stat-
Com (LC-StatCom) has a limited operating area in the inductive
region compared to a conventional StatCom’s V–I characteristic.
This limitation for operation in the inductive region is considered
to be the biggest disadvantage of CHB LC-StatCom. In this paper,
the effect of adding parallel and series reactors on the LC-StatCom
system’s V–I characteristic is analyzed. Then, a new configuration,
which fully compensates for the lost operating area of the LC-
StatCom, is introduced. A scaled down single-phase seven-level
laboratory prototype is used to confirm practicability of the pro-
posed system.

Index Terms—Cascaded H-bridge, low-capacitance (LC)-
StatCom, reactive power compensation, thin dc capacitor.

I. INTRODUCTION

THE cascaded H-bridge multilevel converter (CHB-MC) is
a popular choice in many industrial applications due to its

modularity, ability to decrease switching loss while maintaining
excellent harmonic performance, and the possibility to eliminate
the step-up transformer in medium-voltage applications [1], [2].
An additional feature which makes this converter suitable for
the StatCom application is its linear relationship between level
number and component count [2], as opposed to monolithic
multilevel converters where this relationship is quadratic.

Compared to monolithic multilevel converters, the require-
ment for isolated dc power sources is considered to be one of
the main disadvantages [1]. However, in StatCom applications,
the isolated dc sources are floating capacitors, and, therefore, the
isolation requirement is easily met. The idea of using a CHB-
MC as a StatCom was introduced in [3]. Thereafter, different
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aspects of this application for CHB-MC have been studied in
the technical literature [4]–[23].

A three-phase CHB converter is constructed from three
single-phase converters, which implies that each phase leg must
buffer the per-phase variations in instantaneous power that occur
within each fundamental cycle. Typically, the voltage variation
on the capacitors due to flow of this instantaneous power is lim-
ited to less than 10% of nominal dc voltage [24] by utilizing
large dc capacitors. The need for large capacitors increases the
cost, weight, and volume of the system. Furthermore, utilizing
electrolytic capacitors to achieve the required high capacitance
reduces the reliability of the system [25], [26].

Recent studies demonstrated the feasibility of operating CHB
StatCom with low capacitor sizes, implying operation with ca-
pacitor voltage ripples in excess of the conventional 10%. In
[27], a CHB StatCom was developed that was able to operate
with approximately 30% voltage ripple on the capacitors. The
system was constructed using film capacitors to achieve high
reliability [28]–[31]. Reduced capacitor size requires a faster
control system to regulate capacitor voltages during transient
conditions. Simultaneously, removing the effect of voltage rip-
ple components on the controller becomes more challenging
due to the increased size of the ripple. To address these issues,
the control system in [27] utilizes an analytic formula to elimi-
nate the ripple component from each measured cluster voltage
(sum of capacitor voltages in a phase leg) without imposing any
significant delay into the control loop.

In a conventional CHB StatCom, the minimum cluster volt-
age is designed to be at all times higher than the sum of peak grid
voltage and peak voltage drop across the connection inductor.
As a consequence, in conventional CHB StatComs, increasing
the ripple on capacitors causes increased peak cluster voltages,
which is a major limiting factor for reducing the capacitor en-
ergy and size. Larger peak cluster voltages were also the main
disadvantage of the system developed in [27].

In [32], the CHB low-capacitance StatCom (LC-StatCom)
concept was developed. In the CHB LC-StatCom, the desire
to minimize H-bridge capacitances is achieved by restricting
the V–I operating characteristic of the converter. In theory, the
LC-StatCom system is able to operate with 100% ripple on the
capacitors and facilitate lower peak capacitor/cluster voltages
compared to a conventional CHB StatCom. It was shown that
when operating in the capacitive region, the synthesized output
voltage waveform has the same phase angle as the capacitor
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voltage ripple waveform. This implies that there is sufficient
cluster voltage to maintain current control even when the cluster
voltage reduces to almost zero. Hence, the CHB LC-StatCom is
a promising solution for significantly reducing H-bridge capac-
itance values. Furthermore, better voltage and current quality,
lower voltage stress on switches, and lower switching losses
are additional benefits of the LC-StatCom [32]. However, the
limited V–I operating capability is the main disadvantage.

In this paper, a passive reactive compensated LC-StatCom
system, which integrates the concept of a thyristor bypassed
reactor (TBR), is proposed to overcome the aforementioned
shortcoming of the LC-StatCom. In a TBR device, thyristor
switches are connected in parallel to the inductor. Therefore,
this concept differs from the conventional thyristor-controlled
reactors (TCR) where the switches are placed in series with
the inductor. The proposed compensated LC-StatCom system
maintains the benefits of the LC-StatCom, while reshaping its
V–I characteristics to match a conventional StatCom.

The rest of this paper is organized as follows. Section II pro-
vides the background on the CHB LC-StatCom system. The
effect of series and parallel reactors on the V–I characteristics of
the LC-StatCom system is analyzed in Section III. The proposed
compensated LC-StatCom system is introduced in Section IV.
Experimental results are provided in Section V. Finally, conclu-
sions from the study are summarized in Section VI.

II. CHB LC-STATCOM SYSTEM

A. CHB LC-StatCom Model

Fig. 1 shows a single-phase CHB LC-StatCom. A three-phase
configuration is composed of three identical single-phase con-
verters. Therefore, for the rest of this paper, without the loss of
generality, a single-phase system is considered.

Using Kirchhoff’s voltage law on the ac side yields

N∑

j=1

vj − vg − Rig − L
dig
dt

= 0 (1)

where vj is the ac voltage generated by the jth H-bridge (j ∈
1, . . . , N), L represents the filter inductor, and R is its parasitic
series resistance. vg and ig are the grid voltage and converter
current, respectively.

On the other hand, on the dc side of each H-bridge

iC−j + C
dvc−j

dt
= 0 (2)

where C represents the capacitance of the capacitors (C =
C1 = C2 = . . . = CN ) and vc−j is the voltage across the
individual capacitors. iC−j represents the current flowing into
the jth capacitor. Assuming that the losses are negligible, the
input power on the ac side is equal to the output power on the
dc side; hence

iC−j =
vj

vc−j
ig . (3)

Replacing ic−j from (3) in (2) yields

vj

vc−j
ig + C

dvc−j

dt
= 0. (4)

Fig. 1. General single-phase (2N+1)-level CHB converter StatCom.

Equations (1) and (4) are the core equations that model the
behavior of the CHB converter.

B. Control System

From a hardware perspective, except for facilitating smaller
H-bridge capacitance values, the CHB LC-StatCom is similar
to a conventional CHB StatCom, as can be seen from Fig. 1.
However, the control system must operate differently due to the
low capacitances and large voltage ripples on the capacitors. The
overall view of the utilized control system is shown in Fig. 2 [32].

The individual capacitor voltage loops use separate PI con-
trollers to balance the voltage on each capacitor [33]. The current
is controlled by a dead beat controller to achieve fast dynamic
performance. The cluster voltage controller uses the square of
the voltage to linearize the control system, which is important as
the voltage reference varies throughout a wide range, implying
the nonlinear relationship between voltage and capacitor energy
would otherwise cause significant control interaction between
loops [33]. The feedforward ripple compensator subtracts the
second-order ripple component from the measured capacitor
voltages. The ripple compensator replaces the low-pass filter
typically utilized in conventional controllers [9] and allows an
increase in the bandwidth of the cluster voltage controller.

The LC-StatCom is well suited to operate in capacitive re-
gion as the ripple on the capacitor voltages is in phase with the
grid voltage, which allows the control system to lower the clus-
ter reference voltage well below the peak grid voltage. Fig. 3
shows the operational principal of the LC-StatCom compared
to a conventional CHB StatCom. The LC-StatCom’s ability to
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Fig. 2. LC-StatCom control system composed of three subsections: 1) cluster voltage controller, 2) current controller, and 3) voltage balancing (individual
capacitors’ voltage controller).

Fig. 3. Comparison between operation of (a) LC-StatCom system and
(b) conventional StatCom system.

operate with capacitor voltages lower than the grid voltage peak
provides the control system with a degree of freedom to main-
tain a fixed maximum voltage on the capacitors Vdc−max , when
the ripple is large (as high as 90% of the nominal dc capacitor
voltage). The LC-StatCom control system uses a capacitor volt-
age limiter (CVL) module to generate a reference signal for the
cluster voltage controller [32]. The operation principal of the
CVL is provided in the Appendix.

III. PASSIVE REACTIVE COMPENSATION

It was shown in [32] that the operational limits of an ideal
LC-StatCom are as follows:

Capacitive:

(0 ≤ Iq(p.u) ≤ 1) , (0 ≤ Vg(p.u) ≤ 1). (5)

Inductive:

0 < Iq(p.u) ≤ 1
Vg (p.u)

− Vg(p.u) , (0.62 ≤ Vg(p.u) ≤ 1)

0 < Iq(p.u) ≤ 1, (0 ≤ Vg(p.u) < 0.62). (6)

The details and the assumptions to derive these limits are
provided in the Appendix. It is worthwhile mentioning that to

Fig. 4. V–I characteristics of an LC-StatCom.

Fig. 5. Integrating a compensating inductor into an LC-StatCom system.
(a) Parallel and (b) series configuration.

simplify the comparison between compensation options; the
rest of this section considers an ideal case. That is, the effect of
series filtering inductor (Lf ), included in any StatCom voltage
source converter to facilitate current control, is neglected. The
effect of this inductor on the I–V characteristic will be addressed
in Section V. The operational limits defined in (5) and (6) are
shown graphically in Fig. 4 by the solid black lines. Therefore,
the dashed area shown in Fig. 4 needs to be added to the V–I
characteristic of the LC-StatCom, in order to compensate for its
shortcoming compared to a conventional StatCom.

To expand the inductive operating region, a compensating
inductor can be added to the LC-StatCom in either parallel or
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Fig. 6. Parallel compensation. (a) LC-StatCom characteristic and the current required for full compensation, (b) minimum current required for full compensation
and the excessive current added by a 1-p.u. parallel inductor, and (c) V–I characteristics of a parallel inductor compensated LC-StatCom.

series configurations, as shown in Fig. 5. If utilizing a parallel
compensation inductor, the disconnecting switch Sp needs to
be OFF when the LC-StatCom operates in the inductive region.
Alternatively, if utilizing a series compensation inductor, the
bypass switch Ss needs to be ON when the LC-StatCom operates
in the inductive region. In the following analysis, both series and
parallel compensation strategies are explored in detail.

A. Parallel Compensation

Parallel compensation is achieved by installing a thyristor
switched reactor (TSR) [33]. Once switched into the circuit,
a TSR provides a constant inductive current (proportional to
voltage) with no explicit control on the magnitude or phase of
the current. In the parallel system, the total reactive current when
operating in the inductive region can be controlled by varying
the capacitive current injected by the LC-StatCom. Therefore,
there is no need for utilizing a TCR to achieve variable inductive
current [33]–[36]. Whereas the current in a TCR is varied by
modifying the applied firing angle, a TSR produces no switching
harmonics and has a simpler control system. Furthermore, the
LC-StatCom provides a faster dynamic response compared to a
TCR [37].

The maximum inductive current that the LC-StatCom can
generate is lower than 1 p.u. for grid voltages higher than
0.62 p.u. as described in (6). Therefore, the minimum per-unit
current that needs to be supplied by the TSR, Ip−min(p.u) , in
order to achieve full compensation is

Ip−min(p.u) = 1−
(

1
Vg(p.u)

− Vg(p.u)

)
, (0.62 ≤ Vg(p.u) ≤ 1).

(7)
The current supplied by the TSR must be larger than

Ip−min(p.u) , as follows:

Vg (p.u)

Xp(p.u)
≥ Ip−min(p.u) , (0.62 ≤ Vg(p.u) ≤ 1). (8)

In (8), Xp(p.u) represents the per-unit value of the parallel
compensating reactor. The maximum value of Xp(p.u) that sat-
isfies (8) is 1 p.u. Therefore, a value of 1 p.u. for the parallel
reactor is assumed in the following analysis.

The characteristic of a parallel reactor compensated LC-
StatCom in the inductive region is

0 < Iq(p.u) ≤ 1
Vg(p.u)

, (0.62 ≤ Vg(p.u) ≤ 1)

0 < Iq(p.u) ≤ Vg(p.u) + 1, (0 ≤ Vg(p.u) < 0.62). (9)

The effect of the TSR in reshaping the LC-StatCom V–I char-
acteristic is depicted in Fig. 6. Fig. 6(a) shows the area that needs
to be compensated by a TSR. Fig. 6(b) shows the minimum re-
quired current for full compensation and the current provided
by the TSR. As can be seen from this figure, the minimum re-
quired 1-p.u. inductor provides excessive current for voltages
lower than 1 p.u. This excessive current extends the operating
region of the compensated LC-StatCom system beyond 1-p.u.
current, as shown in Fig. 6(c).

B. Series Compensation

In the inductive region, the maximum voltage at which the
LC-StatCom is able to operate is lower than 1 p.u. as can be seen
in Fig. 4. Therefore, from (6), the minimum per-unit voltage that
needs to be added by a series compensator Vs−min(p.u) for full
compensation is

Vs−min(p.u) = 1 −
−Iq(p.u) +

√
I2
q(p.u) + 4

2
. (10)

The voltage drop across the compensating series reactor must
be larger than Vs−min(p.u)

Xs(p.u)Iq(p.u) ≥ Vs−min(p.u) . (11)

In (11), Xs(p.u) represents the per-unit value of the series
compensating reactor. The minimum value of Xs(p.u) that sat-
isfies (11) is 0.5 p.u. The characteristic of the series TBR inte-
grated LC-StatCom in the inductive region is

0 < Vg(p.u) ≤
√

I2
q(p.u) + 4

2
, (0 < Iq(p.u) ≤ 1). (12)

The effect of the 0.5-p.u. series inductor in reshaping the
LC-StatCom characteristic is summarized in Fig. 7. Fig. 7(a)
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Fig. 7. Series compensation. (a) LC-StatCom characteristic and the voltage
required for full compensation, (b) minimum voltage required for full compen-
sation and the excessive voltage added by a 0.5-p.u. series inductor, and (c) V–I
characteristics of a series inductor compensated LC-StatCom.

shows the area that needs to be compensated by a series in-
ductor. Fig. 7(b) shows the minimum required voltage for full
compensation and the voltage provided by the series inductor.
As can be seen from this figure, the selected 0.5-p.u. inductor
provides some excessive voltage for currents higher than 1 p.u.
This excessive voltage extends the operating region of compen-
sated LC-StatCom system beyond 1-p.u. voltage, as shown in
Fig. 7(c).

IV. PROPOSED SYSTEM

From the previous section, it is clear that both series and par-
allel inductors require the same current rating. Therefore, the

Fig. 8. Proposed series reactor compensated LC-StatCom.

option with lower inductance will have a lower energy stor-
age capacity (eL ), according to eL = 0.5Li2 . Since the series
compensation solution has a lower inductance, it is a smaller
and cheaper option. Additionally, the series compensation helps
us to improve current quality because the extra inductance is
added in series in this configuration, meaning it helps us to filter
harmonics produced by the LC-StatCom. Therefore, the series
configuration is a superior choice.

The proposed compensated LC-StatCom system is shown in
Fig. 8. In this figure, Lf represents the existing filter inductor in
the original LC-StatCom system. As the filter inductor is also
placed in series with the LC-StatCom, it helps us to reduce the
required inductance value of the compensating inductor Ls .

Fig. 9 shows the effect of the filter inductor on the V–I charac-
teristic of the system. Due to the presence of the filter inductor,
the LC-StatCom rated voltage needs to be overdesigned to pro-
vide nominal capacitive current (1 p.u.) at 1-p.u. voltage. The
same overrating is also required for the conventional CHB Stat-
Com. The voltage overrating reduces the area that needs to be
compensated in the inductive region of the LC-StatCom system,
as shown in Fig. 9(a). Fig. 9(b) shows the minimum required
voltage for full compensation and the voltage provided by the
compensating inductor Ls . The compensating inductor’s value
can be calculated from

Xs(p.u) = 1 − 0.62 − 2Xf (p.u) . (13)

Fig. 9(c) shows the series inductor compensated LC-StatCom
characteristic, which includes the effect of the filter inductor.
The effect of Lf in reducing the size of Ls is multiplied by
2 as can be seen from (13). The reason is that Lf reduces the
operating area on the capacitive side but increases the area on
the inductive side. Therefore, selecting a larger Lf reduces the
size of the total reactance (Lf + Ls) required in the system. For
instance, in the worst case where Xf is zero, Xs(p.u) is 0.38,
whereas when Xf (p.u) = 0.19, Xs is zero. Therefore, when
Xf (p.u) = 0.19, the total required inductance is the small-
est one and there is no need for any additional compensating
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Fig. 9. Proposed series compensation. (a) Effect of the filter inductor on
LC-StatCom characteristic and the voltage required for full compensation,
(b) minimum voltage required for full compensation and the excessive volt-
age added by a series inductor, and (c) V–I characteristics of an LC-StatCom
with filter inductor and a series TBR compensator.

inductor, which prevents any additional hardware complexity
being added to the system. However, the voltage drop on the fil-
ter inductor becomes larger with an increasing Xf (p.u) , which
increases the converter’s voltage rating to allow operation in the
capacitive region. This implies that there is a design tradeoff
between the size of the filter inductor (and subsequent size of
the compensating inductor) and the converter voltage overrat-
ing. To keep the voltage overrating in the same range as that
required in a conventional CHB StatCom, this paper uses a fil-
ter inductance of 0.127 p.u. From (13), this implies use of a
series compensating inductor rated at 0.127 p.u. to achieve full
compensation.

The bidirectional switch used to connect the series compen-
sating inductor into the circuit can be turned off when the current
reaches zero to change the operating mode from capacitive to
inductive. Utilization of naturally commutated switches, such as
thyristors, as shown in Fig. 8, ensures the transition will happen
at close to zero current where there is approximately zero energy
stored in the magnetic field of the filter inductor, which would
otherwise produce destructive overvoltages. Thyristors are also
relatively cheap, robust, have very low conduction losses, and
can be series connected to increase the overall blocking voltage
of the switch [38]. Similar to TCRs, a snubber circuit to control
the voltage transients during thyristor turn off may be necessary
[39], [40]. The current rating of these bypass thyristors is equal
to the rating of the semiconductors used within the LC-StatCom.
However, their required voltage rating is equal to the maximum
voltage drop across the series compensating inductor, which ex-
pressed in per unit value is equal to Xs(p,u) . Therefore, these
bypass switches have only a fractional voltage rating compared
to the LC-StatCom. Both thyristors share the same gate signal.
When the gate signal is activated, the switches start conduct-
ing (regardless of current magnitude or direction) to bypass the
compensating inductor. On the other hand, when the gate signal
is deactivated, the conducting thyristor will remain conducting
until the current goes below a certain value (ideally zero), after
which the thyristor turns off.

In addition to the abovementioned hardware changes, two
sets of different parameters for the current controller need to be
used for operation in capacitive and inductive modes as the total
inductance value changes. In this paper, the dead beat current
controller uses a discretized version of (1) to produce the ac
reference voltages [32]. Therefore, L and R need to be updated
when the extra inductor switches in or out. Operation around
the boundary of inductive and capacitive regions (zero reactive
current) could cause rapid switching of the bypassing thyristors.
This unwanted switching can easily be circumvented by intro-
ducing a hysteresis band in between the changeover of modes.

V. EXPERIMENTAL RESULTS

To experimentally verify the compensated LC-StatCom sys-
tem, a single-phase seven-level CHB converter was constructed.
A photograph and a block diagram of the experimental setup
are shown in Fig. 10, and its parameters are given in Table I.
The 240-V grid voltage was reduced to 110 V and isolated
from the grid using a step-down transformer. Three POWEREX
PP75B060 single-phase H-bridge converters were connected in
series to form the seven-level LC-StatCom converter. Phase-
shifted pulse width modulation (PWM) was implemented using
a DS5203 FPGA module. The PWM signals are transferred to
the converter driver board by optical link for galvanic isolation.
The feedback signals are routedback to the processor using a
DS2004 ADC module. All other control systems were imple-
mented using a dSPACE DS1006 processor board.

In this section, several case studies are performed to demon-
strate operation of the compensated LC-StatCom system. In the
first case study, response of the system to step changes in reac-
tive current command is investigated. In Fig. 11, operation in
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Fig. 10. (a) Photograph and (b) block diagram of the single-phase seven-level
CHB converter LC-StatCom experimental setup.

TABLE I
PARAMETERS OF THE EXPERIMENTAL LC-STATCOM

Symbol Quantity Values

Vg n −rm s Grid voltage rms value 110 V
C Capacitance—H-bridge capacitors 260 μF
Lf Filter inductor 14 mH (0.127 p.u.)
Ls Series compensating filter inductor 14 mH
fs Switching frequency (per H-bridge) 2 kHz
Vd c−m a x Maximum voltage on capacitors 180 V
Vd c−m in Minimum voltage on capacitors 60 V
fg Grid frequency 50 Hz
S Converter nominal power 350 VA
R Filter inductor series resistance 0.5 Ω
wv Bandwidth of the voltage controller 300 rad/s
N Number of H-bridges 3

the inductive region is shown (the series compensating inductor
Ls is conducting). In this case, initially the system is provid-
ing 4-A inductive current. At t0 , the reactive current command
changes to 2-A inductive. Prior to t0 , a standalone LC-StatCom
would not be able to operate in this part of the inductive region

Fig. 11. Operation of compensated LC-StatCom system when the reactive
current reference changes from 4-A inductive to 2-A inductive at t0 .

Fig. 12. Operation of the LC-StatCom system when the reactive current ref-
erence changes from full inductive to full capacitive at t0 .

because the grid voltage waveform overlaps the cluster volt-
age waveform. However, by adding the compensating inductor,
the converter was able to maintain control over the capacitor
voltages and provide the requested inductive current.

In Figs. 12 and 13, more dramatic step changes are investi-
gated, in which the reactive current reference changes from full
inductive to full capacitive and vice versa, respectively. The tran-
sitions occur at zero current to allow for safe disconnection and
connection of the compensating inductor. The voltage across the
bypass switch when changing state from on to off is shown in
Fig. 14. As can be seen, a transient voltage is generated during
the change of modes. This is due to a small nonzero inductor
current at the time of switching. It is worthwhile mentioning
that in this setup, no turn-off snubber was utilized. However, for
higher voltage and current systems, a turn-off snubber would
be necessary to safeguard the switches from excessive transient
voltages.
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Fig. 13. Operation of the LC-StatCom system when the reactive current ref-
erence changes from full capacitive to full inductive at t0 .

Fig. 14. Voltage across the bypassing semiconductors turning off at t0 .

The current total harmonic distortion (THD) remains less
than 5% (4% in capacitive and 3.5% in the inductive region).
In capacitive region, the filter inductor value is half of that in
the inductive region but the current THD remains low because
of better utilization of the available voltage levels within the
LC-StatCom [32]. As shown in Fig. 15, the capacitor voltage
ripple in capacitive region helps us to synthesize a sinusoidal ac
voltage and the converter utilizes its full capacity (seven-level
voltage) in most of the period which results in better current
quality. On the other hand, in inductive region, the quality of
synthesized ac voltage is lower and the system relies on a higher
filter inductor value to reduce the current THD.

Operation under grid voltage fluctuation is demonstrated in
Fig. 16. In this experiment, the converter is supplying its rated
inductive current. A grid voltage sag is generated by dropping
the grid voltage from 110 to 75 V in approximately three cycles.
As can be seen, the compensated LC-StatCom’s operation was
not affected by the transient on the grid voltage. The control
system was able to supply the rated current and keep the maxi-
mum capacitor voltages constant.

Fig. 15. Demonstration of converter’s use of available voltage levels in the
LC-StatCom.

Fig. 16. Operation of the compensated LC-StatCom during grid voltage
variation.

The maximum voltage on each capacitor in the proposed sys-
tem is 60 V. Therefore, the total energy stored in the capacitors is
1.4 J at peak cluster voltage. In comparison, a conventional CHB
StatCom (with maximum 10% voltage ripple on the capacitors)
will have a maximum voltage of 66 V on each capacitor and the
capacitors’ size will be approximately 1 mF, which results in a
total capacitor energy storage requirement of 6.5 J. Therefore,
the required capacitor energy storage for the proposed system is
approximately 79% less than a conventional CHB StatCom. In
terms of inductor energy storage requirement, the proposed sys-
tem requires 0.28 J, which is double the size of a conventional
CHB-StatCom system due to presence of the series compensat-
ing inductor. Therefore, overall the compensated LC-StatCom
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system provides an approximately 75% reduction in stored en-
ergy associated with passive components in the system.

VI. CONCLUSION

The effects of adding series and parallel passive compensat-
ing reactors on the LC-StatCom’s operating regions have been
investigated. It is shown that a series compensator requires a
much smaller inductor size compared to the parallel option.
A series compensating reactor is designed to fully compensate
the operating range of the LC-StatCom in the inductive region.
Effective operation of the proposed concept is demonstrated
through experiments using a single-phase seven-level CHB LC-
StatCom system. The compensated LC-StatCom system was
able to operate throughout the full range of inductive and capac-
itive regions and provide a satisfactory response to transients
such as step changes in reactive power and grid voltage varia-
tion. The proposed compensated LC-StatCom system offers an
approximately 75% saving in overall stored energy compared
to a conventional CHB StatCom system.

APPENDIX

Introduction to LC-StatCom

Neglecting converter current and grid harmonics, the voltage
square on the capacitors will have a pure sinusoidal ripple with
double the grid frequency [32]:

N∑

j=1

V 2
c −j

(t) = V 2
0 ± V Ig

2ωC
cos(2ωt + 2αv ). (14)

In (14), V is the peak value of the generated ac voltage by the
inverter and αv is its angle. V 2

0 is the square of the dc component
in the cluster voltage, which is controlled by the cluster voltage
controller.

In the LC-StatCom control system, the square of the refer-
ence cluster voltage (V 2

0−ref ) is a function of the reactive current
reference. The reason for having a variable capacitor voltage ref-
erence is to keep the maximum allowed voltage on the capacitors
constant. Hence, V 2

0−ref is generated by the CVL block, in Fig. 2,
to limit the maximum voltage on the capacitors. From (14), the
total maximum voltage on the capacitors can be written as

Vdc−max = N

√
V 2

0−ref

N
+

(Vg ± XLIq−ref )Iq−ref

2ωNC
(15)

where XL is the reactance of L and Iq−ref is the reactive current
reference of the LC-StatCom. From (15), in order to have a con-
stant Vdc−max , the CVL block generates the reference voltage,
V 2

0−ref as follows:

V 2
0−ref =

(Vdc−max)
2

N
− (Vg ± XLIq−ref )Iq−ref

2ωC
. (16)

The LC-StatCom control system can keep Vdc−max fixed for
all values of Iq−ref within its operational limits. These limits
in capacitive and inductive regions are not symmetrical. At full
capacitive load, the minimum instantaneous value of the clus-
ter voltage hits its minimum allowed value Vdc−min . Therefore,

from (14) and (16), the nominal reactive power (Iqn) is calcu-
lated as

Iqn =
V 2

dc−max − V 2
dc−min

VgnN

ωC

1 + XL(p.u)
(17)

in which XL(p.u) represents the per-unit value of the filter re-
actance. In (17), subscript n indicates the nominal value of a
quantity. In the following, the operational limits of an ideal
LC-StatCom are derived.

The LC-StatCom system can work at a given operating point if
the instantaneous cluster voltage is higher than the instantaneous
grid voltage (absolute value of vg ) for the entire period

NVc(t) ≥ |vg |. (18)

In (18), the effect of filter inductor is neglected. Replacing
|vg | = Vg |sin(ωt + αv )| in (18) and squaring each side

NV 2
c (t) ≥ V 2

g

2N
(1 − cos(θ)) (19)

where θ = 2ωt + 2αv . For the theoretical limit case in the
capacitive region where Vdc−max = Vgn , from (14) and (16),
(19) can be rewritten as

V 2
gn

N
− VgIq

2ωC
(1 + cos(θ)) ≥ V 2

g

2N
(1 − cos(θ)). (20)

The condition in (20) is valid for any 0 ≤ Vg < Vgn and
0 ≤ Iq < Iqn if it is valid for the worst case (nominal oper-
ating condition) where Vg = Vgn and Iq = Iqn . At nominal
operating condition, (20) can be rewritten as

(
Vgn

N
− Iqn

ωC

)
(1 + cos(θ)) ≥ 0. (21)

For the ideal limit case (Vdc−max = Vgn , Vdc−min = 0, and
X(p.u) = 0), from (17) NIqn = ωCVgn . Hence, (21) is valid
for the whole period (0<θ�2π). Consequently, the I–V charac-
teristic of the LC-StatCom system is equal to the conventional
StatCom system (0 ≤ Vg ≤ Vgn , 0 ≤ Iq ≤ Iqn) for the capaci-
tive region.

In the inductive region, on the other hand, the following in-
equality must be satisfied:

V 2
gn

N
− VgIq

2ωC
(1 − cos(θ)) ≥ V 2

g

2N
(1 − cos(θ)). (22)

The relation between Vg and Iq to define the operating region
is determined by replacing θ = 3π/2 in (22), resulting in

Iq ≤ V 2
gn − V 2

g

NVg
ωC, (0 ≤ Vg ≤ Vgn). (23)

By analyzing the inequality in (23), it can be seen that as Vg

approaches 1, Iq approaches zero, while below Vg � 0.62Vgn ,
there is no extra limitation on Iq . The inductive operating region
can, therefore, be described by

0 < Iq ≤ V 2
gn − V 2

g

NVg
ωC, (0.62Vgn ≤ Vg ≤ Vgn)

0 < Iq ≤ Iqn , (0 ≤ Vg < 0.62Vgn). (24)
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versity of New South Wales, Australian Energy Re-
search Institute, Sydney, Australia. He is currently
a Postdoctoral Researcher with the University of
Newcastle. His current research interests include
topologies and modulation strategies for multilevel

converters.
Dr. Townsend is a Member of the Power Electronics and Industrial Electron-

ics Societies of the IEEE.

Branislav Hredzak (M’98–SM’13) received the
B.Sc./M.Sc. degree from the Technical University
of Kosice, Slovak Republic, in 1993, and the Ph.D.
degree from Napier University of Edinburgh, Edin-
burgh, U.K., in 1997, all in electrical engineering.

He was a Lecturer and Senior Researcher in
Singapore from 1997 to 2007. He is currently a Se-
nior Lecturer with the School of Electrical Engineer-
ing and Telecommunications, The University of New
South Wales, Sydney, N.S.W., Australia. His current
research interests include hybrid storage technologies

and advanced control systems for power electronics and storage systems.

Josep Pou (S’97–M’03–SM’13–F’16) received the
B.S., M.S., and Ph.D. degrees in electrical engi-
neering from the Technical University of Catalonia
(UPC), Catalonia, Spain, in 1989, 1996, and 2002,
respectively.

In 1990, he joined the faculty of UPC as an Assis-
tant Professor, where he became an Associate Profes-
sor in 1993. From February 2001 to January 2002, and
February 2005 to January 2006, he was a Researcher
with the Center for Power Electronics Systems, Vir-
ginia Tech, Blacksburg, USA. From January 2012 to

January 2013, he was a Visiting Professor with the Australian Energy Research
Institute, University of New South Wales (UNSW), Sydney, Australia. From
February 2013 to August 2016, he was a Professor with UNSW. He is currently
an Associate Professor with the Nanyang Technological University, Singapore.
Since 2006, he has collaborated with Tecnalia Research and Innovation, Madrid,
Spain, as a Research Consultant. He has authored more than 220 published tech-
nical papers and has been involved in several industrial projects and educational
programs in the fields of power electronics and systems. His research inter-
ests include modulation and control of power converters, multilevel converters,
renewable energy generation, energy storage, power quality, and HVdc trans-
mission systems.

Vassilios G. Agelidis (S’89–M’91–SM’00–F’16)
was born in Serres, Greece. He received the B.Eng.
degree in electrical engineering from the Democri-
tus University of Thrace, Thrace, Greece, in 1988,
the M.S. degree in applied science from Concordia
University, Montreal, QC, Canada, in 1992, and the
Ph.D. degree in electrical engineering from Curtin
University, Perth, W.A., Australia, in 1997.

He was with Curtin University from 1993 to 1999,
with the University of Glasgow, U.K., from 2000 to
2004, with Murdoch University, Perth, from 2005 to

2006, with the University of Sydney, Australia, from 2007 to 2010, and with
the University of New South Wales, Sydney, Australia, from 2010 to 2016. He
is currently a Professor in the Department of Electrical Engineering, Technical
University of Denmark, Lyngby, Denmark.

Dr. Agelidis received the Advanced Research Fellowship from the U.K.’s
Engineering and Physical Sciences Research Council in 2004. He was the Vice-
President Operations within the IEEE Power Electronics Society from 2006
to 2007. He was an AdCom Member of the IEEE Power Electronics Society
from 2007 to 2009 and the Technical Chair of the 39th IEEE Power Electronics
Specialists Conference, Rhodes, Greece, in 2008.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


