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Abstract: A distribution static compensator (DSTATCOM) is used for power quality improvement in the distribution system. In
the conventional DSTATCOM, the dc voltage is kept constant and it is selected based on rated reactive load. Under light load or
reduced load conditions, the compensator works perfectly even though the dc voltage is reduced from its rated value.
Maintaining the dc voltage constant under reduced or light load conditions leads to unnecessary voltage stress across the
switching devices. Therefore, in this study, a simple dynamic dc voltage regulation is proposed to reduce the voltage stress
across switching devices under the reduced load conditions. The proposed algorithm optimises the value of dc voltage based on
reactive load without compromising the performance of the DSTATCOM. To validate the proposed method, simulation and
experimental studies were carried out on the three-phase two-level split-capacitor DSTATCOM for harmonic mitigation, reactive

power compensation and load balancing.

1 Introduction

The increase of non-linear loads due to the proliferation of power
electronic devices and inductive loads in a three-phase four-wire
(3P4W) distribution system results in power quality issues such as
current harmonics, poor voltage regulation, load unbalancing and
excessive neutral current, which are extensively reported in the
literature [1-3]. The solutions to these distribution system
problems are investigated and reported in the literature [4-6]. A
distribution static compensator (DSTATCOM) is one of the suitable
solutions to compensate for the above distribution system problems
[7-9].

In the 3P4W distribution system, three individual single-phase
DSTATCOMs, four-leg DSTATCOM and  split-capacitor
DSTATCOM topologies are widely used for harmonic mitigation,
reactive power compensation, load balancing and neutral current
compensation [10-13]. The first two topologies require more
number of switching devices, which leads to high switching losses
and increases the cost. The split-capacitor DSTATCOM topology
suffers from dc capacitor voltage unbalancing due to dc loads.
However, there are several techniques proposed in the literature to
overcome the capacitor voltage unbalancing problem [14-16]. In
general, the dc voltage in any topology is maintained at twice the
peak of point of common coupling (PCC) voltage [17]. In [18],
compensation performance was investigated by varying the dc
voltage and interfacing inductance; it has been concluded from the
empirical relation and the analytical expression that, the required
dc voltage is 1.6 times the peak of PCC voltage. An optimum dc
voltage for an active filter is defined based on vector trajectories by
theoretical analysis, but it is considered only harmonic
compensation [19]. In [20], a transformer-less hybrid series active
filter was proposed to improve the power quality with reduced dc
voltage. This topology does not require an isolation transformer.
However, it requires three H-bridges with isolated dc sources fed
from auxiliary power supply. In [21], dc-link voltage was reduced
by connecting an ac capacitor in series with the DSTATCOM, so
that the ac capacitor voltage was added to ac voltage of the
DSTATCOM and leads to reduction in the dc voltage requirement.
Further, hybrid filter topologies are proposed to reduce the dc
voltage with the combination of active and passive filters [22, 23].
In the above discussed DSTATCOM topologies, the dc voltage is
constant and its value is selected based on rated reactive load. In
general, the system may not always operate at rated load condition,
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under this condition, the required dc voltage is less when compared
to dc voltage requirement at rated or full load condition. However,
in the above-discussed DSTATCOM methods, even the system is
operating under reduced or light load conditions, the voltage stress
across switching devices will be the same as that of rated load
condition.

An adaptive dc voltage regulation method has been discussed in
the literature to minimise the switching loss of voltage source
inverter (VSI). In [24], an LC hybrid active power filter (LC-
HAPF) with adaptive dc voltage regulation is presented for only
reactive power compensation. In [25], LC-HAPF is extended to
fifth harmonic mitigation and reactive power compensation.
However, these approaches require the calculation of reactive
power supplied by passive and active power filters, which
increases the number of sensing elements. In [26], a combination
of active filters with thyristor controlled LC (TCLC) is developed
to reduce dc voltage. This approach increases the cost and
switching loss because of many switching devices. Moreover, the
gate pulses generation for both the active filter and TCLC makes
the system more complex. The topologies discussed in [24-26],
require more transformations to calculate dc voltage, which leads
to computational burden on the controller. The hybrid filter
topologies suffer from resonance, slow in response and complex in
design. In [27], a DSTATCOM with adaptive dc-link voltage
regulation under load variations is discussed based on minimum
dc-link voltage and minimum filter current. However, the
maximum dc voltage limit is not defined and experimental
validation is not presented.

In this study, an algorithm is proposed for dynamic dc voltage
regulation of the DSTATCOM based on reference filter currents
derived from instantaneous symmetrical component theory (ISCT).
These reference filter currents are used to compute the reference dc
voltage. In the case of an unbalanced system, a maximum of three
reference filter currents is selected to calculate the reference dc
voltage. The proposed dynamic dc voltage regulation method
maintains optimum dc voltage corresponding to DSTATCOM
burden. Therefore, the voltage stress across switching devices is
minimised under reduced reactive load conditions, which in turn
reduces switching loss and increases the inverter reliability. The
effectiveness of the proposed method is validated through
simulation and experimental studies.
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Fig. 1 Three-phase two-level split-capacitor DSTATCOM for power quality improvement in the distribution system
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Fig. 2 Single-line diagram of the split-capacitor DSTATCOM in the
conventional method

2 Operation of conventional split-capacitor
DSTATCOM

In this study, a split-capacitor DSTATCOM is considered because
of less number of switching devices compared to three single-phase
DSTATCOMs and four-leg DSTATCOM, which will reduce the
cost of DSTATCOM and switching loss. The three-phase two-level
split-capacitor DSTATCOM topology in the distribution system is
shown in Fig. 1.

During the operation of the DSTATCOM, the filter currents i,
itp, irc and i, are injected into the system such that source currents
become sinusoidal, balanced and in-phase with respective source
voltage. The filter currents injected by the DSTATCOM depend on
control algorithm, which is explained with the help of a single-line
diagram of the split-capacitor DSTATCOM, is shown in Fig. 2. The
reference filter currents (if) are calculated based on PCC voltages
(Vpee)» load currents (i), average real power (Playg) and power loss
in VSI (Pyss) using ISCT [28]. Here, ISCT is considered for a
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three-phase four-wire system supplying star-connected load. Then,
the reference filter currents from ISCT are given as

o . Vpu - Vp()
g = lg — (ﬁ (Plavg + Ploss)
Zj-ab.cVpj = 3Vpo
Vop — W
P pb po
iy = dyp — (ﬁ)(ﬂavg + Pioss) (D
2j:a.b.cvpj - 3Vp0
e . Vpe — Vpo
Ye=Ue— | 3 52 (Plavg + Ploss)
Zj:a.h.cvpj =3V

where vy = (1/3)(Vpa + Vb + Vpe) s zero sequence voltage, and
Pyyss indicates losses in the VSI. If the dc capacitors are in self-
charging mode, the dc voltage is reduced due to losses in VSIL.

This will deteriorate the performance of the DSTATCOM. To
overcome this, the dc voltage (V4.) is maintained constant to a
fixed reference dc voltage (Vi.) by a proportional integral (PI)
controller and the output of the PI controller is considered as a real
component (Pyy), which is included in control algorithm, as shown
in Fig. 2. To track the reference filter current, hysteresis current
control technique is used. The input for the hysteresis controller is
error (e), which is the difference between the reference filter
current (if) and actual filter current (i). Depending on the error (e),
the hysteresis controller generates gating pulses, which are applied
to insulated gate bipolar transistor (IGBT) switches. According to
gating pulses, the DSTATCOM will inject filter currents to achieve
perfect compensation.

In general, the dc voltage is maintained constant at twice the
peak of PCC voltage during DSTATCOM operation [17]. This high
dc voltage requirement increases the stress in switching devices
under light load conditions. The dc voltage can be reduced without
affecting DSTATCOM compensation performance under reduced
or light load conditions. The proposed method to compute the
required dc voltage is explained in the next section.

3 Proposed algorithm for dynamic dc voltage
regulation

In the proposed method, the dc voltage is varied dynamically based
on load but the maximum dec voltage is limited to twice the peak of
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Fig. 3 Power flow diagram of the single-phase system

PCC voltage. Since, the DSTATCOM injects maximum reactive
power at Vg, = 2V, which is explained from the power flow
between VSI and PCC. The power flow diagram of a single-phase
system is shown in Fig. 3, where P and Q; are real and reactive
powers supplied by the source, respectively; P; and Q, are real and
reactive powers drawn by the load, respectively; Py and Qy are real
and reactive powers injected by the DSTATCOM, respectively.

The current and power injected by the DSTATCOM are derived
from the power flow diagram shown in Fig. 3, and are given below

Vi 20 = Ve LO°
AL S 2
t X290 2

P+ jOr = Vpcconjugate(ly) 3)

By substituting /¢ in (3) and rearranging the real and imaginary
parts, the real (Py) and reactive (Qr) powers are given below

Pp=- - “sin ), @)
g 2
V pec Viny V pec
=—4—  _"cosf — s 5
Qf X; Xt ( )

where 6 is the angle between the output voltage of VSI and PCC
voltage. In general, dc voltage design is carried out based on the
reactive power injection, Qr by the DSTATCOM into the system,
because there is no real power injection, P; by the DSTATCOM. In
that case, the possibility of real power injection, P is zero only
when 0 is very small (i.e. ;0°) and it is observed from (4). By
substituting @ = 0" in (5), the reactive power (Qy) is

Viee Vi Vi
_ Ypee Vinv - Vpee
R e (©)
In (6), the Vy,, is dependent on the amplitude modulation index of
VSI is m. So, ac side voltage of VSI, Vj,,, is m times the dc side
voltage (V) of VSI, i.e. Vi,, = mVy.. By substituting Vj,, in (6),
O 1s expressed as

V, cc(mvdc) Vzcc
R ™)
The DSTATCOM injects reactive power (Qf) when mVge > Vi, as
observed from the above equation. During the process of reactive
power injection by the DSTATCOM into the system, the PCC
voltage, V. will vary. By dQ¢/dVy. =0, the condition for
maximum reactive power injected by the DSTATCOM is as
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m

Voce = () Vae- ®)

In the design of DSTATCOM, m value is selected as unity and the
dc voltage of VSI is equal to twice the peak of PCC i.e.
Ve = 2Vpee. Thus, the maximum dc voltage is limited to twice the
peak of PCC voltage in the proposed method. The maximum
reactive power (QOfmax) compensated by the DSTATCOM is
derived by substituting maximum dc voltage (Ve max = 2Vpee) in
(7) and is given as

2

V
Qf,max = XL:c = VpCcIf,maxa (9)
Vpcc . . .
where It i = . 18 the maximum filter current corresponding to
f

Qf,max~

In general, the reactive power required by load is not always
Of max- Under the reduced reactive load conditions, the required
reactive power injection by the DSTATCOM is achieved with a
reduced value of dc voltage. The reactive power injected by the
DSTATCOM is dependent on the dc voltage, which can be
observed from (7). This motivates to reduce the dc voltage
whenever the reactive load is less than the Qf 1., Which reduces
the voltage stress across switching devices. An algorithm is
proposed to find the optimum dc voltage, which is as follows. In
the case of reduced load conditions, the required reactive power
injected by the DSTATCOM and dc voltage is considered as Qf and

Vie, respectively. Then, Qf is expressed from (7) as

VoeeMmVie = Viee
0= VoeltWie= Vo) _y_; (10)

where [ is the reference filter current corresponding to Qf. Using
(9) and (10), If is expressed in terms of /¢ ,,.x and is given below

(m VZ;C - Vpcc)

Ir= Vpcc

If,max~ (11)

By rearranging the above equation, the reference dc voltage is
expressed as

Véc — Vpcc(IE + If.max) )

m If.max

(12)

Therefore, the reference dc voltage, Vi, is computed from the
reference filter current (I5).

In general, load changes frequently, so that it requires the
frequent change of reference dc voltage, this will affect the
performance of the DSTATCOM. To eliminate this problem, the
final dc voltage is selected from the look-up table in step
variations. These step variations are done in between minimum to
maximum dc voltage values. If the calculated reference dc voltage
falls between the specified step variation, the higher value is
selected as the final dc voltage reference.

The single-line diagram of the proposed method is shown in
Fig. 4a. Here, the dc voltage is varied dynamically when compared
to the conventional method of Fig. 2. The dynamic dc voltage
reference generation is explained with the help of a flow chart as
shown in Fig. 4b. First, initialise Vg, max and It max corresponding to
the rated reactive load. Among the generated three reference filter
currents from ISCT, the maximum reference filter current is
selected to decide the reference dc voltage. If the difference
between the maximum filter current Iy ., and the reference filter

current (If) is equal to zero, then the maximum dc voltage (i.e.
Ve max = 2Vpec) 18 considered as a reference dc voltage. Otherwise,
the optimum Vg, is computed from (12) and the final value is
selected from the look-up table. The advantage of the proposed
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Fig. 4 Single-line diagram and control algorithm of the proposed method
(a) Proposed dynamic dc voltage regulation-based DSTATCOM, (b) Flow-chart for
the selection of reference dc voltage

method is evaluated based on the IGBT switching losses, and the
methodology is explained below.

The switch (IGBT) loss is calculated from the switching
frequency (f,,) and energy dissipation (Eg,) of the switch, i.e.
Py, = E, fsw The energy dissipation of switch is dependent on the
current through switch (/;), voltage across switch (Vy4.) during
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OFF-state and junction temperature (7;). The energy dissipation

under working conditions with respect to nominal test conditions is
obtained from (13) [29, 30].

I\ Ve ™
Esw = Esw,n(f) (Vd&) (1 + Tng(TJ - Tjn))? (13)

where Iy, Vgen, Tjn and energy dissipation E, , are reference
values at nominal test conditions, by the data sheet of the IGBT
switch (SKM 75GB123D), k; is the current dependency (for
IGBT; 1, diode; 0.5), k, is the voltage dependency (for IGBT ; 1.2
or 1.4, diode ; 0.6), TC,,, is the temperature coefficient of switching
losses (for IGBT ;0.003, diode;0.005). The reduction in the
switching losses with the proposed method is validated with the
simulation and experimental studies, discussed in below sections.

4 Simulation studies

To verify the proposed dynamic dc-link voltage regulation,
simulation is carried out in MATLAB simulink software. The
parameters used for simulation studies are given in Table 1. The
simulation results for both conventional and proposed dynamic dc-
link voltage methods are presented here. In simulation results, the
variables are named as: PCC voltage (vy); source phase currents
(iy); load current (3); filter currents (i); source side neutral current
(isn); total de-link voltage (Vg.); voltage across switch (Viy,);
inverter ac side line voltage (Vjp,).

4.1 Simulation results for stiff voltage source

The simulation results of the 3P4W distribution system with the
conventional split-capacitor DSTATCOM supplying unbalanced
star-connected linear load and three-phase diode bridge load are
shown in Fig. 5. To study the performance of the DSTATCOM, the
following events are considered to occur in the system for
simulation studies.

(1) At t=0.04s, an unbalanced star-connected linear load is
connected without the DSTATCOM.

(i) At t=0.12 s, the DSTATCOM is connected to PCC.

(iii) At r=0.3s, load is increased by connecting a three-phase
diode bridge.

It is observed from Fig. 5, from t=0.04 s to t=0.12 s the load
and source currents are the same, and the unbalance load current
flow through a neutral conductor. The DSTATCOM is connected at
t=0.12 s, and the compensation starts in 1-2 cycles, and the source
currents become balanced, sinusoidal and in-phase with the PCC
voltages, while the source side neutral current becomes zero. The
dc-link capacitors charged to reference voltage (1200 V) and
maintained constant with the PI controller. At t=0.3 s, load is
increased by connecting a three-phase diode bridge load, under this
load condition also the dc voltage is maintained at 1200 V. The
voltage across the switch (V) is shown in Fig. 5. The inverter ac
side line voltage (V;,,) is maintained constant even if the load is
varied because of constant dc voltage regulation in the
conventional method. From the above simulation studies, it is
observed that, in the conventional method of dc voltage regulation,
the voltage across switch is constant (i.e. equal to dc voltage of
1200 V) irrespective of load variation. It leads to high voltage
stress across switching devices during reduced or light loaded
conditions. To show the effectiveness of the DSTATCOM with
dynamic dc voltage regulation, the same simulation events (i.e. in
the conventional method) are considered in the proposed method.

The simulation waveforms with the proposed dynamic dc
voltage regulation are shown in Fig. 6. It is observed from Fig. 6
that during the DSTATCOM operation, the source currents become
sinusoidal, balanced and in-phase with PCC voltages. If the load is
increased by connecting a three-phase diode bridge load at t=0.3 s,
the compensation is not affected. The required dc voltages for both
the load conditions are calculated from the proposed method and
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Table 1 Simulation parameters

Symbol System parameters Values
Vs supply voltage 440V, 50 Hz
R, L source impedance 0.2Q,1mH
L interfacing inductance 12mH
Cyc dc-link capacitance 1600 pF
kp, ki P1 controller gains 10, 0.01
h hysteresis band +0.1A
unbalanced linear load a-ph: 20 Q, 32 mH
(Y-connected load) b-ph: 16 Q, 42 mH
c-ph: 10 Q, 60 mH
three-phase diode bridge load 36 Q, 128 mH
Ve rated dc voltage 1200 V

Non-stiff source parameters: R, L —0.8 Q and 3.5 mH; Ripple filter —28 Q and 5 pF.

Unbalanced star DSTATCOM

connected load ON
¥ £=0.12s

Three-phase diode
bridge Ioaq connected

y £=03s

450

1250

810

1250

sw

810

1400
V. o0

iny

-1400

0.02 0.12 0.22

0.32 0.42 0.52 0.6

Fig. 5 Performance of DSTATCOM with constant dc voltage regulation (conventional method)

are given in Table 2. In the case of unbalanced star-connected
linear load, the required dc-link voltage is computed from (12) as
768 V. However, the final dc voltage is selected from the look-up
table, which is equal to 780 V. At t=0.3 s, the load is increased by
connecting a three-phase diode bridge, then the dc voltage is
computed from the proposed algorithm is 861 V. However, the
final dc voltage is selected from the look-up table, which is equal
to 880 V. Therefore, the proposed dynamic dc voltage regulation
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method maintains less dc voltages (i.e. 780 and 880 V for two load
conditions) than the conventional fixed dc voltage regulation (i.e.
1200 V) for the same load. The voltage across the switching device
Vw 18 shown in Fig. 6. The inverter ac side line voltage (Vj,,) is
varied when the load is varied because of the proposed dynamic dc
voltage regulation.

The switching losses in conventional and dynamic methods are
calculated from the energy dissipation across switch, which is
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Fig. 6 Performance of DSTATCOM with dynamic dc voltage regulation (proposed method)

Table 2 Reference dc voltages corresponding to loads

Type of connected load Load current (A)

Filter current (A)

Proposed (Vy.), V Conventional (Vy.), V

I Ly L L, L, I Cal@ Finalb
unbalanced linear load 7.5 10 16 2.2 3.4 10.4 768 780 1200
unbalanced plus diode bridge loads 245 268 31 87 116 18 861 880 1200

ACal: calculated from (12).
bFinal: selected from the look-up table.

:....Prope :
: method Valtigs ... e

Switch energy
dissipation (Esw)
P N w Py

700 goo N P
900
1000 1100 400 oy
De-link voltage (Vdc)

Fig. 7 Variation of switching energy dissipation with respect to dc voltage
and filter current

explained below. The variation of switching energy dissipation
with respect to the variation of dc voltage and filter current is
shown in Fig. 7. It is observed that in the proposed method for the
filter current 18 A and dc voltage 880V, the switching energy
dissipation is 6.27 mJ, which is less compared to 9.09 mJ in the
conventional method. The corresponding switching loss (Pg,) in
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the proposed method is 31.35 W, which is less compared to 45.48
W in the conventional method.

4.2 Simulation results for non-stiff voltage source

A combination of three-phase diode bridge load and unbalance star
connected linear load, and non-stiff parameters which are given in
Table 1 are considered for simulation. The simulation waveforms
for the conventional and proposed dynamic dc voltage regulation
DSTATCOM with non-stiff voltage source are shown in Figs. 8a
and b, respectively. It is observed in Fig. 8a, before DSTATCOM
connection, PCC voltages are distorted and non-sinusoidal. After
the DSTATCOM is ON at t=0.06 s, the PCC voltages and source
currents become sinusoidal, source currents in-phase with the PCC
voltages, respectively. Here, an extra ripple filter is connected at
PCC to eliminate the high frequency ripples in PCC voltage.
Initially, the dc capacitors are charged to 85% of rated dc voltage
and when the DSTATCOM is ON, the dc voltage is maintained to
1200 V with a dc voltage regulation loop.

It is observed from the proposed results shown in Fig. 8b that
the compensation performance in the case of PCC voltage and
source current is the same as that of the conventional method.
During the transient period, that is the DSTATCOM is ON at =
0.06 s, the magnitudes of source and filter currents are high and
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Fig. 8 Simulation results for non-stiff voltage source with considering source impedance

(a) Conventional DSTATCOM method, () Proposed DSTATCOM method

Table 3 Experimental parameters

Symbol Parameters Values

I’A supply voltage 50V, 50 Hz

L interfacing inductance 8 mH

Cye dc-link capacitance 3600 uF

kp, ki PI controller gains 20, 0.04

h hysteresis band 0.1 A

Load-1 three-phase diode bridge load 30 Q, 150 mH

Load-2 unbalanced linear load a-ph: 14 Q, 18 mH
b-ph: 14 Q, 32 mH
c-ph: 14 Q, 25 mH

Vie rated dc voltage 160 V

takes more time to settle in the conventional method compared to
the proposed method because of higher dc voltage. Initially, the dc
capacitor is charged to 65% of rated dc voltage. The DSTATCOM
is ON at r=0.06 s, then the dc voltage is maintained to 860 V,
which is derived from the proposed adaptive dc voltage regulation
method. Therefore, the voltage stress appearing across the switch is
860 V in the proposed method, which is less compared to 1200 V
in the conventional method.

5 Experimental results

The performance of the proposed dynamic dc-link voltage
regulation method is verified with experimental studies. dSPACE

IET Gener. Transm. Distrib., 2017, Vol. 11 Iss. 17, pp. 4373-4383
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DS-1104 is used to implement the control algorithm for the
DSTATCOM. The experimental parameters are given in Table 3.
The experimental setup consists of IGBT switches based three-leg
split-capacitor VSI DSTATCOM. The required feedback signals
such as PCC voltages, load currents, filter currents and dc-link
voltages are measured by using Hall-effect voltage and current
transducers. dSPACE DS-1104 acquires current and voltage
signals, as well as processes to generate reference filter currents, dc
voltage and switching signals for IGBTs. The switching command
signals are taken out from the master I/O pins of dSPACE and
given to inverter switches with proper isolation.

5.1 Steady state performance of the proposed dynamic dc
voltage regulation method

The dynamic dc voltage regulation of the DSTATCOM has been
tested for harmonic mitigation, reactive power compensation and
balancing in the presence of non-linear three-phase diode bridge
load. The source voltage, source current after compensation, load
current and filter current under steady state conditions with the
proposed method for three phases are shown in Figs. 9a—c. In these
figures, the different waveforms are: trace 1: source voltage (X-
axis: 10 ms/div and Y-axis: 50 V/div); trace 2: source current after
DSTATCOM compensation (X-axis: 10 ms/div and Y-axis: 4 A/
div); trace 3: current drawn by load (X-axis: 10 ms/div and Y-axis:
4 A/div); and trace 4: filter current inject by the DSTATCOM (X-
axis: 10 ms/div and Y-axis: 2 A/div). It is observed from Figs. 9a—
¢, that the source currents become sinusoidal and in-phase with
respective phase voltages. The harmonic spectra of phase-a source
current before and after compensation are shown in Figs. 10a and
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Fig. 9 Experimental waveforms obtained with the proposed dynamic dc
voltage regulation DSTATCOM under steady state conditions
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(a) Phase-a source current harmonic spectra before compensation, (h) Phase-a source
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and source currents before compensation, (d) Phasor diagram of source voltages and

source currents after compensation
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b, respectively. Before compensation, the source current total
harmonic distortion (THD) is 20.2%, after compensation the THD
is reduced to 4.8%, which is <5% of the IEEE-519 recommended
value. The phasor diagram of source voltages and source currents
before compensation is shown in Fig. 10c. It is observed that the
three-phase source currents lag the respective phase voltages by
15°, 15° and 16°. The phasor diagram of source voltages and
source currents after compensation is shown in Fig. 10d. The
source currents are in-phase with respective source voltages after
compensation.

5.2 Transient performance of the proposed method

The proposed dynamic dc voltage regulation for the DSTATCOM
has been tested under transient load conditions for harmonic
mitigation, reactive power compensation and load balancing. In
this case, the load is increased by connecting an additional
unbalanced three-phase linear load to the previous three-phase
diode bridge load. Before and after transient load conditions, the
source voltage, source current, load current and filter current for
three phases are shown in Figs. 11a—c, respectively. The different
waveforms in Fig. 1la—c are: trace 1: source voltage (X-axis: 10
ms/div and Y-axis: 50 V/div); trace 2: source current after
DSTATCOM compensation (X-axis: 10 ms/div and Y-axis: 4 A/
div); trace 3: current drawn by load (X-axis: 10 ms/div and Y-axis:
4 A/div); and trace 4: filter current injected by the DSTATCOM (X-
axis: 10 ms/div and Y-axis: 4 A/div). It is observed that the source
currents are in-phase with respective source voltages. The dc-link
voltage (V4.) and switch voltage (V) for transient load variation
are shown in Fig. 11d as X-axis: 1 s/div and Y-axis: 40 V/div. It is
observed from Fig. 11d that the dc-link voltage is maintained at 82
V for load-1 and it is increased to 126 V when both the loads are
connected. These dc voltage magnitudes will appear across the
switches. However, in the case of the conventional split-capacitor
DSTATCOM, the total dc-link voltage is maintained constant
(i.e. ;160 V) without considering load conditions. Due to the
proposed method, the voltage stress across switches decreased
under reduced or light loaded conditions. It leads to reduction of
the switching losses.

The harmonic spectra of phase-a source current before
compensation for change in load are shown in Fig. 124 having
THD 9.8%. After compensation the harmonic spectra of phase-a
source current are shown in Fig. 12b. It is observed that the THD
of the source current is reduced to 3.6%. The phasor diagram of
source voltages and source currents before compensation is shown
in Fig. 12¢. It is observed that the phase-a, b, ¢ source currents lag
the phase-a, b, ¢ source voltages by 30°, 32° and 35°, respectively.
After compensation the phasor diagram of the source voltages and
source currents is shown in Fig. 12d. The source currents are in-
phase with respective source voltages after compensation. The
experimental %THD of the source current before and after
compensation in the proposed and conventional methods are shown
in Table 4.

6 Comparison of the proposed DSTATCOM with
other topologies

The comparison of different DSTATCOM topologies for 3P4W
distribution systems in terms of switch count, ratings and cost is
given in Table 5. The switch count is less in the proposed method,
even though the dc capacitors are more than other topologies.

The dc voltage is maintained fixed in first three topologies, but
in the proposed method dc voltage is varied. Therefore, the
switching voltage stress and losses are less in the proposed
dynamic three-leg split capacitor DSTATCOM. Further, the
switching losses are minimised with the proposed dynamic dc
voltage regulation because of the optimisation of dc voltage
corresponding to reactive load conditions. The advantages and
disadvantages between existing topologies in the literature and
proposed method are listed in Table 6.
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Fig. 11 Experimental waveforms for the proposed dynamic dc voltage regulation DSTATCOM under transient load conditions
(a) Phase-a, (b) Phase-b and (c¢) Phase-c waveforms, (d) Dc voltage (V) and voltage across switch (V) waveforms
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Table 4 Experimental %THDs of source currents

Type of load Before compensation (%THD) After compensation (%THD)
Proposed method Conventional method

load-1 isa1 20.2 4.8 4.6

lsb1 20.6 4.2 4.5

sl 201 43 4.4
load-2 Isa 9.8 3.6 3.9

isb2 10.3 4.1 4.2

Isea 13.8 3.8 3.8

7 Conclusion

This study presents an algorithm for dynamic dc voltage regulation
for a DSTATCOM to compensate unbalanced and non-linear loads
in a 3P4W distribution system. The performance of the proposed
dynamic dc voltage method has been investigated through
simulation and experimental studies. It is observed that the
proposed method compensates the reactive power, source current
harmonics and neutral current with dynamic dc voltage variations.
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The advantage of the proposed method is evaluated based on
the IGBT switching losses. In the proposed method of
DSTATCOM operation, a significant reduction in switching losses
is observed when compared to the conventional method. The
voltage stress across the switching devices also reduced, which in
turn extends the life time of switching devices.
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Table 5 Comparison of DSTATCOM topologies in terms of device count, ratings and cost

Topology features Three single-phase  Four-leg DSTATCOM Conventional 3-leg split- Proposed dynamic 3-
DSTATCOMSs [10] [31] capacitor [12] leg split-capacitor

number of switches 12 8 6 6

no. of dc capacitors 1 1 2 2

DC voltage fixed fixed fixed variable

voltage stress across each switch 2 v 2(Vem)L-L 4 v variable & reduced?

\/g( sm)L—L ﬁ( sm)L—L

switching loss very high high moderate low

unbalance compensation yes yes yes yes

cost highest medium low low

AUnder reduced reactive load conditions.

Table 6 Comparison of different DSTATCOM topologies with the proposed method for power quality improvement

Topologies Advantage Disadvantage
Singh et al. [17] better compensation at full load higher dc link voltage (i.e. two times peak of PCC voltage)
switching losses are more
Mishra and Karthikeyan [18] compensation is good switching losses are more under reduced or light load conditions
and Manoj Kumar and
Mishra [32]
dc voltage is reduced to 1.6 times peak of PCC
voltage
Javadi et al. [20] DC voltage is reduced requires three H-bridges with isolated dc sources fed from the

auxiliary power supply
does not require an isolation transformer

Lam et al. [24, 25] reactive power compensation with optimum dc limited to reactive power and fifth harmonic compensation
voltage
it requires three extra ac capacitors

switching losses are reduced resonance problem
Lam et al. [26] reduced dc voltage more number of switches required

switching losses are reduced complex control and cost high
Wei et al. [23] low cost more number of switches required

DSTATCOM rating is low large-rating of thyristor switched capacitors required
compensation fails in the presence of dc off-set in load current

Proposed method dynamic dc voltage regulation under full load conditions, the switching losses are high compared

to hybrid reduced dc voltage topologies [23, 25, 26]
switching losses are optimised
no resonance problem
easy to implement the control algorithm
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