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Abstract

Load variations on a distribution line result in voltage fluctuations at the point of common coupling (PCC). In order to keep
the magnitude of the PCC voltage constant at its rated value and obtain zero voltage regulation (ZVR), a D-STATCOM is
installed for voltage correction. Moreover, the ZVR mode of a D-STATCOM can also be used to balance the source current
during unbalanced loading. For medium voltage and high power applications, a D-STATCOM is realized by the cascaded
H-bridge topology. In the ZVR mode, the D-STATCOM may draw unbalanced current and in this process is required to handle
different phase powers leading to deviations in the cluster voltages. Zero sequence voltage needs to be injected for ZVR mode,
which creates circulating power among the phases of the D-STATCOM. The computed zero sequence voltage and the individual
DC capacitor balancing controller help the DC cluster voltage follow the reference voltage. The effectiveness of the control
scheme is verified by modeling the system in MATLAB/SIMULINK. The obtained simulations are further validated by the
experimental results using a dASPACE DS1106 and five-level D-STATCOM experimental set up.
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I. INTRODUCTION

A shunt compensator or D-STATCOM is used in
distribution systems for unbalanced load compensation,
power factor correction and voltage regulation. The
D-STATCOM plays an important role in power quality
improvement and reactive power compensation because of its
fast dynamic response[1]. The V-Q method based voltage
stability analysis of a D-STATCOM is studied in [2]. A
voltage source converter (VSC) that is suitable for the
D-STATCOM is realized by: (i) a two-level converter and a
line frequency transformer, (ii) multi-pulse converters, and
(iii)) multilevel converters. However, the line frequency
transformer is costly, bulky, and lossy. Therefore, the first
type of configuration (i.e. two-level converter with a
transformer) is avoided for medium voltages. A multi-pulse
static converter is realized for shunt compensator in [3].
However, due to the requirements of complex phase shift
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transformers, multilevel converters are preferred. Owing to
the disadvantage due to the use of transformers in the
previous two classifications, multilevel converters [4], [5] are
preferred for medium voltage and high power applications.
The basic topologies in terms of multilevel converters are
diode-clamped converters, flying capacitors converters, and
cascaded H-bridge converters. In realizing shunt
compensators, the diode clamped and cascaded multilevel
converters were used in [4], [5]. The advantage of the
cascaded multilevel converter is that it has a modular
structure[6], which makes both its extension and maintenance
quite easy. The main difference between the diode clamped
and cascaded H-bridge converters is that in the diode
clamped converter, a common dc link capacitors can supply
compensating currents, while in the cascaded H-Bridge
converter, isolated dc capacitors are required, as shown in Fig
1. The capacitor isolation in the cascaded H-bridge converter
(i.e. D-STATCOM) causes deviation in the DC capacitor
voltages when supplying unbalanced currents.

To generate the reference D-STATCOM currents for
unbalanced conditions, different control theories have been
developed [7]-[12]. A D-STATCOM used for the voltage
support of self-excited induction generators is discussed in
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Fig. 1. Cascaded H-bridge D-STATCOM.

[13]. In [14], a diode-clamped converter which has a common
DC-link to support the compensating currents and DC
capacitor voltage balancing is discussed. The DC capacitors
in the cascaded H-bridge D-STATCOM are isolated for each
phase and the work mainly focuses on capacitor voltage
balancing [15]-[19]. A DC capacitor voltage balancing
method with a negative sequence current was proposed in
[17]. However, it cannot handle a large voltage unbalance.
The energy transfer between the phases of the cascaded
H-bridge D-STATCOM is achieved by injecting a zero
sequence voltage [15]. The zero sequence voltage injection
concept is used in [20], [21] for maintaining the DC capacitor
voltage balance when a STATCOM is used for reactive
power compensation.

When the cascaded H-bridge D-STATCOM is used for
load balancing as well as for the PCC voltage regulation, it
has to handle the unbalanced power within its phases. This
unbalance in the phase power leads to a wide deviation in the
capacitor voltages. A control strategy is developed to
investigate the ability of the cascaded H-bridge (CHB)
D-STATCOM to balance capacitor voltages even though it is
supplying unbalanced currents.

This paper investigates this case of zero voltage regulation
with an unbalanced load for a CHB D-STATCOM with the
injection of zero sequence voltage to balance the DC
capacitor voltages and source currents. The zero sequence

voltage injection in [19] is based on selecting the line-neutral
voltage of the equivalent power supply and the individual
capacitor balancing is not focused. In [20], [21], the zero
sequence voltage injection is based on the DC capacitor
voltage feedback and the individual capacitor balancing
algorithm for the unbalanced current injection is not focused.
Unlike [19]-[21], this paper determines the necessary zero
sequence voltage magnitude and phase. In addition, the
individual capacitor algorithm is used based on the active
voltage superposition technique (AVS). The overall control
strategy of a D-STATCOM is implemented using the block
diagram approach to synthesize compensating currents which
are capable of maintaining zero voltage regulation at the PCC,
balancing of source currents with a low THD and capacitor
voltage balancing. These capabilities of the proposed
D-STATCOM controller are evaluated with an unbalanced
linear load. This paper is divided into three sections: impact
of zero sequence voltage, control strategy of the
D-STATCOM, and simulation and experimental results.

II. IMPACT OF ZERO SEQUENCE VOLTAGE

The zero sequence voltages to be injected at the
D-STATCOM output terminals (i.e. V,y, Vi, and Ve, in Fig.
1) are given in eq.(1). When the load is unbalanced, the
reference D-STATCOM currents are given by eq.(2), which
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do not contain zero sequence component due to the 3-wire
system. The individual real and reactive power injected by
each phase leg is given by eq. (3)-(4). Since the sum of the
phase powers in eq. (3) is zero, it can be interpreted that the
injected zero sequence phase powers represent the power
exchanged between the phases. Similarly eq. (4) represents
the reactive power exchanged between the phases and the
sum of the three phase reactive powers is again zero. The
implication for the injection of zero sequence voltage is that it
does not affect the three-phase active power or the reactive
power. However, it can be used for adjusting the active power
in individual phases. The concept of adjusting the active
power in individual phases is applied to a cascaded H-bridge
D-STATCOM, as shown in Fig. 1, when it is operated in the
ZVR mode.
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III. CONTROL STRATEGY OF THE D-STATCOM

The single-phase equivalent diagram of source,
D-STATCOM and load is given in Fig. 2. The supply voltage
along with the internal impedance represents the source,
which is feeding a lagging power factor load connected at the
PCC. Fig. 3(a) and 3(b) give phasor diagrams for two cases:
without and with a D-STATCOM. From Fig. 3(a), it can be
seen that the magnitude of the PCC voltage is less than that of
the supply voltage due to the voltage drop across the internal
impedance. On the other hand, Fig. 3(b) illustrates that with
the leading source current, the magnitude of the PCC voltage
can become equal to the supply voltage. This leading current
component is supplied by the D-STATCOM. Thus, the
D-STATCOM can achieve zero voltage regulation and
balance the supply currents in the case of unbalanced loads.
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Fig. 2. Single-phase diagram of D-STATCOM.
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Fig. 3. Phasor diagram (a) without D-STATCOM (b) with
D-STATCOM.
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Fig 4. Calculation of compensator powers.

A. Calculation of Zero Sequence Voltage

Zero sequence voltage is calculated based on the unbalanced
power in the D-STATCOM phases. The phase active power
reference of the D-STATCOM can be determined from a PI
controller as shown in Fig. 4. The actual cluster voltage is
subtracted from the reference cluster voltage and the error is
processed in the PI controller. The output of this controller is
treated as the desired active power required for that particular
phase. The three phase compensator power is the sum of the
desired active power required by each phase. The unbalanced
compensator power is increased due to the unbalanced load
on the AC line. The zero sequence voltage is injected so that
the desired active power of a phase is equal to the addition of
the zero sequence power and the average three-phase
compensator power.
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Fig. 5. Calculation of zero sequence voltage.
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Fig. 6. Generation of reference D-STATCOM currents.

The power in phase-a and phase-b with zero sequence
voltage injection can be found from eq. (5)-(6). In eq. (5)-(6),
1|¢, and I,4, are the known reference D-STATCOM

a

currents, ¥, and ¥,, are unknown quantities, which can be
determined by solving these two equations and given in Fig.
5. The instantaneous zero sequence voltage to be injected is
given in the block diagram of Fig. 5 with the necessary
computation.
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B. Generation of Reference D-STATCOM Currents for the
ZVR Mode

The generation of reference D-STATCOM currents is
shown in Fig. 6. The D-STATCOM is required to
compensate unbalanced linear loads and to maintain the
voltage at the PCC. In this control strategy, the load currents
are sensed and converted into the d-q synchronous frame with
the help of a three phase PLL.

These currents have two components: oscillating and
average components. The oscillating component is due to the
negative sequence load current and the individual averages of

both the d-axis current, which contributes to the active power,
and the g-axis current, which contributes to reactive power.
Therefore, the d-axis current is separated into oscillating and
average components by a low pass filter. The former is then
used in the control algorithm as a compensation component.
Similarly, the q axis current also has both oscillating and
average components representing the negative sequence
current and the reactive power, respectively. Both of these are
to be compensated. In addition, in order to regulate the
voltage (i.e. the ZVR mode) at the PCC, the D-STATCOM is
required to provide reactive power. In order to obtain the
ZVR mode of operation, the necessary reactive current can be
found from a PI voltage controller. The voltage (RMS) at the
PCC is measured and subtracted from the rated voltage
(RMS). Then the error is processed in a PI controller and the
output is the reactive current required to obtain zero voltage
regulation. Thus, the D-STATCOM should produce the

K3 K3
following compensating currents 7., and 1, :

1. d-axis current: to cancel the oscillating d-axis
component of the load current to remove the
negative sequence load and an average current
component to supply the D-STATCOM losses.

2. g-axis current: for the removal of the negative
sequence load current and the reactive current
required for zero voltage regulation.

Therefore, the reference compensating currents for a
D-STATCOM on the d-q synchronous frame are given by the
following eq.(7)-(8):

A

lg =—ld +1, @)
i, =i, +i, ®)

These currents are then converted back into abc quantities by
using an inverse transformation to obtain the reference
currents of the D-STATCOM. The maximum voltage support
that the D-STATCOM can provide with supply impedance
Z, is given by eq.(9):

meax(rms):|zs|lcmax €

Where 1., is the maximum current that the D-STATCOM
can deliver.

C. Current Controller

Fig. 7 shows a current controller where the reference
compensating currents and the actual/sensed compensating
currents are passed through a PI controller to determine the
reference voltage across the coupling inductance. Then the
computed zero sequence voltage and the voltage drop across
the coupling inductance is subtracted from the phase voltage
at the PCC to generate modulating signals.

A block diagram of a PI current controller is shown in Fig. 8.
The transfer function of the PWM modulator is taken as a first
order lag element. If phase shifted pulse width modulation
(PS-PWM) is implemented, the inverter phase and line voltage
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Fig. 8. Block diagram representation for a PI controller.

does not contain a harmonic with frequency less than 4£,, (f,; is
the carrier frequency). The open loop transfer function of Fig.8
is given by eq.(10). It has two finite poles: a PWM modulator
delay pole and a plant pole. The pole-zero cancellation method
is used to design the controller parameters. The dominant pole
is the plant pole and this pole should be canceled with the
controller zero to get a faster response. After the pole-zero
cancellation, the resultant transfer function is given by eq.(11).
The condition after the pole-zero cancellation is given by
eq.(12), which gives the relationship between the controller
parameters. To determine the absolute values of the controller
parameters, the bandwidth of the controller needs to be fixed.
The current controller is designed for a bandwidth of 1500 Hz.
At this bandwidth frequency, the magnitude of eq.(11) is to
unity. Thus, the controller parameters are found from eq.(13).
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D. Individual DC Capacitor Voltage Balancing
The modulating signals (i.e. v:M , VZM , and v:M )

generated by the current control loop are averaged. If they are
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2

(b)

Fig. 8. (a) Phasor diagram for the active voltage superposition of
Hl1-bridge. (b) Individual DC capacitor voltage balancing
method.

given directly as a modulating signal to each H-bride, the
capacitor voltage may deviate. This is due to the fact that the
active power generated with this average modulating signal in
the H-bridge may not be the desired active power for that
H-bridge. In this situation, the active voltage superposition
(AVS) method is used in order to modify the modulating
signal. In the AVS method, the average modulating signal for
each of the H-bridges is changed to a new location in the
direction of the D-STATCOM current and an independent
modulating signal for each of the H-bridges is generated. The
actual DC voltage of an H-bridge is subtracted from the
reference voltage and processed in a proportional controller.
Then the output is multiplied with a D-STATCOM phase
current. A phasor diagram to modify the modulating signal
for the H1-bridge in phase-a of the D-STATCOM is shown in
Fig. 8(a). In addition, its implementation of the modulating
signals for the two H-bridges in phase-a is shown in the Fig.
8(b). The remaining modulating signals in the other phases
can be generated in a similar manner.

IV. RESULTS AND DISCUSSION

The performance of the proposed zero sequence voltage
injection method is verified by simulation and experimental
results for unbalanced linear loads.

A. Simulation Results

The calculated zero sequence voltage, as shown in Fig. 5,
is used in the control strategy of the D-STATCOM. The
complete system is modelled in MATLAB-SIMULINK to
validate the effectiveness of the investigated method.
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TABLE1
SYSTEM PARAMETERS FOR THE SIMULATION STUDY

System voltage 2.2 KV (line-line)
DC capacitors 700uF each
Reference DC capacitor
voltage reference (V") 1200V
Interface inductors(L¢) 10 mH
Switching frequency 2KHz
Kv 1.2
Source impedance(Zs) Zsa_z-%jsg f_l Zsc
Z.=10+i8 Q
Unbalanced linear load Z,=18+j25 Q
7.=10+22 Q
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Fig. 9 Response of a D-STATCOM under the ZVR mode of
operation.

The unbalanced linear load and the other system
parameters are given in Table I. Fig. 9 shows simulated
results with an injection of zero sequence voltage i.e. 3-phase
current waveforms of the load, D-STATCOM and source
along with the capacitor voltages of phases-a, b, and ¢. From
Fig. 9 it is observed that at t=1 sec the ZVR mode of the
D-STATCOM is activated and that before to this time
interval the source current is seen to be unbalanced. After the
ZVR mode is activated, even though the load current is
unbalanced with a peak values of 62 A, 64 A and 76 A, the
source currents are balanced with a peak value of 56 A in
each phase. The D-STATCOM currents supplies unbalanced
currents with a peak values of 95 A, 80 A and 105 A. To
supply these unbalanced currents from the D-STATCOM, the
capacitor voltages should be properly regulated. To regulate
the capacitor voltages, a zero sequence voltage with a 618 V
magnitude is injected with a phase of 70°. When this zero
sequence voltage is used in the control strategy, the DC
capacitor voltage waveforms are observed (Fig. 9) to be
closely regulated. It can also be seen that they closely follow
the voltage reference value of 1200V.

Fig. 10 shows the amplitude of the source voltage, the PCC
voltage and waveforms of the source voltage and current. At
t=1 sec the ZVR mode of the D-STATCOM is activated.
Before this time interval the PCC voltage is found to be 1020
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Fig. 10 Source phase voltage and phase current under the ZVR
mode.
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Fig. 11 Three-Phase voltage under the ZVR mode.

V (RMS) which is less than the source voltage of 1270 V
(RMS). The voltage drop is attributed to the source
impedance. After activation of the ZVR mode, the
D-STATCOM injects additional reactive power to make
source current leading and to compensate for the drop in the
source impedance. The PCC voltage then follows the supply
voltage, as shown in Fig. 10, and the three-phase voltages at
the PCC are balanced, as shown in Fig.11.

Fig. 12(a)-12(c) show the capacitor voltage dynamics. Fig.
12(a) shows the variation of the capacitor voltages without an
injection of zero sequence voltage. It can be observed that the
capacitor voltages do not converge to the reference, which
makes it more difficult to track the reference compensating
currents. Fig. 12(b) shows the variation of the capacitor
voltages with an injection of zero sequence voltage like that
in reference 19. It is observed form Fig. 12(b) that the
capacitor voltages are nearly steady but that they deviate
from the reference value of 1200 V. Fig. 12(c) shows the
variation of the capacitor voltages with an injection of zero
sequence voltage and the individual balancing method. It is
observed that the capacitor voltages converge to the reference
voltage of 1200V, which helps in maintaining/tracking the
reference compensating currents.

B. Experimental Results

To validate the capacitor voltage balancing with the zero
sequence voltage injection proposed in this paper, a prototype
experimental setup has been developed, which is shown in
Fig. 13. This prototype consists of a five-level cascaded
H-bridge converter with IRF 540 MOSFET switches. The
prototype is connected to a 100 V grid and with a capacitor
voltage reference of 50 V. The other parameters of the
hardware setup are given in Table II. The proposed
D-STATCOM control algorithm is implemented in
MATLAB-SIMULINK, the resulting code 1is then
downloaded to a dSPACE platform. Phase shifted pulse
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Fig. 12. (a) DC Capacitor voltages without injection of zero
sequence voltage. (b) DC Capacitor voltages with injection of
zero sequence voltage [19]. (c) DC Capacitor voltages after the
injection of zero sequence voltage and individual voltage
balancing method.

Fig.13 Photo of the experimental setup.
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TABLEII

SYSTEM PARAMETERS FOR THE EXPERIMENTAL STUDY

System voltage

100V(line-line)

DC capacitors

2200uF each

Reference DC capacitor

voltage reference N S0V
Interface inductors(L¢) 2 mH
Switching frequency 2KHz
Kv 1.2
Source impedance (Zg) j5Q

Unbalanced linear load

Z,=5+4Q,Z,=9+j12Q,

Z.=5+11Q
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Fig. 14. (a) Response of the D-STATCOM currents under the
ZVR mode. (b) Response of the load currents under the ZVR
mode. (c) Response of the source currents under the ZVR mode.
(d) DC Capacitor voltages of phases a and b.
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Fig. 15. Zoomed-out source phase voltage and phase current.

width modulation is used as the PWM technique with a
carrier frequency of 2 KHz.

Fig. 14(a)-(d) show experimental results with the injection
of zero sequence voltage and after the activation of the ZVR
mode. Fig. 14(a)-(c) shows 3-phase current waveforms of the
D-STATCOM, load and source, respectively. From Fig. 15(a)
it is observed that even though the load current is unbalanced
after the ZVR mode is activated with peak values of 8.6 A, 7
A and 7.4 A, the source current are balanced with a peak
value of 6 A in each phase as shown in Fig. 14(b)-(c). The
D-STATCOM currents are also unbalanced with peak values
of 8 A, 7.5 A and 6.5 A, as shown in Fig. 14(a). These
unbalanced D-STATCOM currents are generated by the
control strategy to obtain balanced source currents. To supply
these unbalanced currents from the D-STATCOM, the
capacitor voltages should be properly regulated. For
regulating the capacitor voltages, a zero sequence voltage is
injected. When this zero sequence voltage is used in the
control strategy, DC capacitor voltage waveforms are
observed to be closely regulated and to follow the voltage
reference value of 50V, as shown in Fig. 14(d). Fig. 15
shows the response of the phase voltage and source current

when the ZVR mode is activated. It also shows that the
source current is leading the source voltage and that PCC
voltage tracks the rated source voltage.

V. CONCLUSION

The proposed D-STATCOM controller is capable of
eliminating the unbalance in source currents due to an
unbalanced load, and maintains the PCC voltage at the rated
value by injecting suitable compensating currents. While
dealing with such situations, it is found that the capacitor
voltage varies over a wide range, which compromises the
capability of a D-STATCOM to produce
compensating currents. This problem is resolved by the
injection of zero sequence voltage in each phase. The
effectiveness of the zero sequence voltage injection method
for the ZVR mode of operation of a D-STATCOM is
successfully demonstrated by detailed simulation and
experimental results.

desired
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