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Link Voltage for Reactive and Harmonic Power
Compensation of Unbalanced Nonlinear Load in
Distribution System
Abstract: This paper proposes a modified four-leg distribution static compensator (DSTATCOM) topology for compensation of unbalanced and nonlinear loads in three-phase
four-wire distribution system. DSTATCOM, connected in
parallel to the load, supplies reactive and harmonic powers
demanded by unbalanced nonlinear loads. In this proposed
topology, the voltage source inverter (VSI) of DSTATCOM is
connected to point of common coupling (point of interconnection of source, load, DSTATCOM) through interface
inductor and series capacitance, unlike the conventional
topology which consists of interface inductor alone. Load
compensation with a lower value of input DC link voltage of
VSI is possible in this modified topology compared to conventional topology. A comparative study on modified and
conventional topologies in terms of voltage rating of inverter
power switches, switching losses in VSI and power rating of
input DC capacitor of VSI is presented. The detailed design
aspects of DC link capacitor and interface series capacitor
are also presented. The reference filter currents are generated using instantaneous symmetrical component theory
and are tracked using hysteresis current control technique.
A detailed simulation study is carried out, to compare the
compensation performances of conventional, modified
topologies using PSCAD simulator and experimental studies
are done to validate the simulation results.
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1 Introduction
Three-phase four-wire distribution system is facing various
power quality problems due to application of different
single-phase and three-phase unbalanced nonlinear
loads. The typical loads connected in three-phase distribution system are computer-related loads, compact fluorescent lamps, adjustable speed drive systems, arc furnaces,
rectifier loads and other power electronic loads [1, 2].
These loads result in power quality problems like harmonic distortion in utility source currents, excessive neutral
current, poor utility power factor, voltage harmonics, voltage unbalance and so on [3]. Conventionally, passive
filters are used to solve harmonic distortion and power
factor–related problem. However, these passive filters
have disadvantages of filtering characteristics being
dependent on system impedance, parallel resonance with
load parameters, inability to vary the tuned frequency
under different load conditions and so on [4].
Passive power filters are being replaced by power
electronic–based active power filters in some special applications in modern days. These active power filters have
superior filtering performance, smaller physical size and
more flexible in application compared to passive power
filters [5, 6]. These active power devices used in distribution system are given a generic name custom power
devices (CPDs) [7, 8]. Shunt active power filter [also
known as distribution static compensator (DSTATCOM)] is
one of the CPDs which is connected in parallel with the
load at the load center, and the point of interconnection of
source, load, DSTATCOM is called point of common coupling (PCC). DSTATCOM is designed to compensate for all
current-related problems at the distribution load center
like load harmonic current compensation, neutral current
compensation, reactive power control for utility power
factor improvement and so on. Thus, making the source
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current balanced and sinusoidal with unity power factor
operation even though the load is unbalanced and nonlinear in nature. In other words, only fundamental real
power is supplied from source to load, and other harmonic
power and reactive power demanded by load are supplied
from DSTATCOM. This paper deals with DSTATCOM,
which consists of voltage source inverter (VSI) connected
in parallel to the load at PCC through interface parameters.
This VSI should be controlled properly to inject the desired
filter currents (i.e. currents corresponding to load harmonic and reactive powers) at the PCC.
Various types of VSI-based DSTATCOM topologies are
given in literature [9–11], four-leg DSTATCOM topology is
one which has single-input DC capacitor and thereby do
not have the problem of capacitor voltage balancing
(which exists in split capacitor topology DSTATCOM).
However, one major concern with this conventional
four-leg topology is its volt ampere rating which is
usually higher than the load harmonic and reactive
power. In other words, the required DC link voltage
(Vdc ) of VSI for proper load compensation is usually
high, well above the peak value of system voltage. In
Iyer et al. [9], compensation performances of split capacitor and four-leg DSTATCOM topologies are compared
where Vdc of 2 kV is used for a phase rms voltage of 230
V. For a source line voltage of 380 V, Vdc of 1,200 V is
used for topology presented in Lin et al. [12]. In Khadkikar
et al. [13], a DC link voltage of 1.7 times line Vrms is used for
four-leg DSTATCOM. This high value of Vdc increases the
voltage rating of the DC storage capacitor (Cdc ) and thereby
rating as well as cost of VSI switches.
In order to reduce Vdc of VSI, new hybrid filters are
developed consisting of both passive and active filters
connected in series [14, 15]. Comparison between hybrid
and pure (conventional) active filters is carried out in
Akagi [15], for compensation of harmonic current in rectifier load. A hybrid filter was developed for compensation of harmonic currents in a three-phase diode bridge
rectifier used for 400V, 15kW motor drive application as
given in Akagi [16], and uses as low as 21% of mains
voltage amplitude as converter input voltage. In these
above applications, hybrid filters are used to compensate
harmonic current alone, as the loads are rectifier loads.
But in the present study, the concept of passive interface
elements (inductor and capacitor) between VSI and PCC
is applied for DSTATCOM, where reactive power as well
as harmonic power is supplied to unbalanced nonlinear
load along with proper DC voltage regulation of input VSI
voltage.
Hence, in the present work, a modified four-leg
DSTATCOM topology is proposed which requires a lower

input dc link voltage compared to conventional four-leg
topology. This proposed topology has passive capacitor
and inductor as interface elements, unlike the conventional topology which has interface inductor alone. The
design details of dc link capacitor of VSI and interface
passive capacitor are also presented. The compensation
capability of this proposed topology is analyzed based on
simulation studies and the corresponding results (steady
state and transient conditions) are compared with conventional topology. The consequent merits and demerits
di
in terms of voltage rating, dt
current rating of VSI
switches, switching losses in VSI and ripple in compensated source currents in both topologies are discussed.
THDs (%) of compensated source currents, PCC voltages
are also presented. A prototype model of four-leg
DSTATCOM is built in laboratory and experimental studies are carried out to validate the simulation results.

2 Conventional four-leg DSTATCOM
topology
Schematic of conventional four-leg DSTATCOM topology
is shown in Figure 1. This topology consists of VSI which
is connected in parallel to the load at the PCC through
interfacing inductor (Lf ). The purpose of the interfacing
inductor is for proper shaping of the filter currents while
tracking the reference filter currents. Here vta , vtb and vtc
represent the instantaneous phase voltages at the PCC,
which may be unbalanced/distorted because of non-stiff
source considered. The currents ila , ilb and ilc represent
the load currents drawn by the unbalanced and nonlinear
load. The fourth leg is used for compensation of zerosequence currents and triplen harmonics present in the
load. It is connected to the load neutral (n0 ) and the
supply neutral (N) through interfacing inductor. The currents ifa , ifb , ifc and ifn represent the actual filter currents
obtained using hysteresis current control technique and
isa , isb and isc represent the source currents. The capacitance Cdc is the dc storage capacitor used for maintaining
the input voltage of VSI at reference value of Vdc ref .
However, the instantaneous voltage across Cdc is denoted
as vdc in the following sections.

2.1 Design of DC storage capacitor (C dc )
The compensation capability of an active filter depends
on various parameters such as dc link voltage (vdc ),
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Cdc

Figure 1 Schematic model of conventional four-leg DSTATCOM topology

dc storage capacitor (Cdc ), interface inductor (Lf ) and so
on. In order to drive the filter currents, the value of dc
link voltage should have a minimum value of 1.6 times
the peak value of system line voltage (Vlm ) as discussed
in Khadkikar et al. [13], George and Mishra [17]. Once
the value of vdc is selected, the value of Cdc can be
determined from the transient period in the system and
its ability to regulate under this condition as given in
Singh et al. [18]. Consider the active filter is connected
to an x kVA system and deals with 0.5x kVA and 1.5x kVA
handling capability under transient conditions for p
cycles. The energy in x kVA system in joules is
x  1; 000 joules. An increase in system kVA load results
a decrease in vdc during transient and vice versa.
Allowing a maximum of 12.5% variation in vdc during
transients, the differential energy (ΔEc ) across Cdc1 (for
increase in load) is given as

ΔEc ¼

Cdc1 ½ð1:6Vlm Þ2

2

ð1:4Vlm Þ2

i

ð1Þ

The change in system energy (ΔEs ) for load change from
x kVA to 1.5x kVA in joules is
ΔEs ¼ ð1:5x

xÞ1; 000 p T

ð2Þ

where T is the time period of system voltage, and “p” is
the period of transient. Therefore from eqs (1) and (2), Cdc1
is given as
2ð1:5x xÞ1; 000 p T
i
Cdc1 ¼ h
ð1:6Vlm Þ2 ð1:4Vlm Þ2

ð3Þ

Similarly, Cdc2 is calculated for the case of decrease in
load from x kVA to 0.5x kVA, where vdc is allowed to
increase up to 1.8Vlm from a reference value of 1.6Vlm .
Cdc2 ¼

2ðx

0:5xÞ1; 000 pT
i
½ð1:8Vlm Þ2 ð1:6Vlm Þ2

Cdc ¼ maximum of ðCdc1 ; Cdc2 Þ

ð4Þ

ð5Þ

The maximum of the obtained Cdc1 and Cdc2 values
is chosen as the DC storage capacitor Cdc , as given in
eq. (5).

3 Modified four-leg DSTATCOM
topology
The schematic diagram of modified four-leg DSTATCOM
topology is shown in Figure 2. In this topology, a series
combination of passive capacitor and interface inductor
are used between the VSI and the PCC as interface. To
make source currents balanced sinusoids, DSTATCOM has
to inject filter currents corresponding to reactive power
along with harmonic power demanded by the load. The
DC link voltage of VSI should be sufficient enough to
force these desired filter currents into the system against
the PCC voltages. Therefore, a high value of about 1.6Vlm
is chosen as Vdc ref in conventional topology as given in
Section 2. If vdc (which is following Vdc ref ) is not sufficient
enough, then the source currents will get distorted mostly
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Cdc

Figure 2 Schematic model of modified four-leg DSTATCOM topology

at their peak. In case of modified topology, the flow of
filter current through the series capacitor develops a voltage across it. This voltage across Cf eventually adds to
the DC link voltage. This allows load compensation at a
lower DC link voltage in modified topology. The design of
Cf and the voltage developed across it are important
aspects to be considered, which are given below. The
terminology of ac capacitor or series capacitor or passive
capacitor refers to same in the following sections.

3.1 Design of series capacitor (Cf )
In the following discussion, the DC link voltage required
for compensation using conventional and modified topologies are denoted as Vdc ref and Vdcm ref , respectively. The
variable Ifmax1 represents the maximum value of fundamental filter current, corresponding to the phase where
reference filter current is maximum. The volt ampere (VA)
rating of the PWM VSI (active filter) used in conventional
topology is denoted as VAc AF (here the subscript “c”
stands for conventional and “AF” for active filter) and is
given as follows:
VAc AF


pﬃﬃﬃ

pﬃﬃﬃ
3Vdc ref
Ifmax1
pﬃﬃﬃ :
pﬃﬃﬃ
¼ 3
2
2 2

ð6Þ

The rating of the active filter with Vdcm ref as the input DC
link voltage in modified topology is represented as
VAm AF (here the subscript “m” stands for modified) and
is expressed as follows:

VAm AF

pﬃﬃﬃ
¼ 3

pﬃﬃﬃ


3Vdcm ref
Ifmax1
pﬃﬃﬃ
pﬃﬃﬃ :
2 2
2

ð7Þ

The difference in eqs (6) and (7) should be equal to the
VA rating of the series combination of passive elements
interface inductor and series capacitor in order to have
proper compensation. Therefore,
VAc AF

VAm AF ¼ 3ðXC



Ifmax1 2
XL Þ pﬃﬃﬃ
2

ð8Þ

where XC ¼ 1=ð2πfCf ) and XL ¼ ð2πfLf ) represent the reactances of Cf and Lf of filter, as shown in Figure 2.
Therefore from eqs (6)–(8), 1/Cf can be determined as
given in eq. (9), where ω ¼ 2πf and the corresponding
fundamental component of rms voltage (Vcfrms1 ) developed across Cf , is given in eq. (10).
1=Cf ¼

ωðVdc ref Vdcm ref Þ
þ ω2 Lf
2Ifmax1

Vcfrms1 ¼



Ifmax1
pﬃﬃﬃ
2



1
2πfCf



ð9Þ
ð10Þ

4 Generation of reference filter
currents
Various shunt algorithms like synchronous reference
frame theory, instantaneous reactive power theory [19]
(also known as p–q theory) and instantaneous symmetrical component theory are available in literature [20].
Instantaneous symmetrical components theory, due to
its simplicity, is used for generation of reference filter
currents in this study. The presence of feeder impedance
results in unbalanced and distorted PCC voltages when
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the load is unbalanced and nonlinear. Therefore, fundaþ
þ
þ
mental positive-sequence voltages vta1
and vtc1
of dis; vtb1
torted PCC voltage are extracted and are used for
reference filter current generation as presented in
Karthikeyan and Mishra [21], which are given as follows:
ifa ¼ ila

isa ¼ ila

þ
þ
vta1
þ γðvtb1
þ
Δ1

þ
vtc1
Þ

isb ¼ ilb

þ
þ
vtb1
þ γðvtc1
Δþ
1

þ
vta1
Þ

ðPlavg þ Ploss Þ
ð12Þ

ifc ¼ ilc

isc ¼ ilc

þ
þ
vtc1
þ γðvta1
Δþ
1

þ
vtb1
Þ

ðPlavg þ Ploss Þ
ð13Þ

where
Δþ
1 ¼

X

j¼a;b;c

pﬃﬃﬃ
þ 2
ðvtj1
Þ ; γ ¼ tanf= 3; and

ð14Þ

f is the desired phase angle between the fundamental
þ
þ
þ
, vtc1
) and compenpositive sequence PCC voltages (vta1
, vtb1
sated source currents (isa ; isb and isc ). The term Plavg is the
mean value of the load power and Ploss term takes care of the
switching losses in VSI. This Ploss term is generated by a
proportional integral (PI) controller to maintain vdc across
Cdc at the reference value (Vdc ref ). This is given as follows:
Ploss ¼ Kp ðVdc ref

ð

vdc Þ þ Ki ðVdc ref

voltage. The reference filter current for fourth leg is
obtained from other legs, given as
ifn ¼

ðifa þ ifb þ ifc Þ

ð16Þ

The control block diagram of reference filter current
generation and hysteresis switching is given in Figure 3.

ðPlavg þ Ploss Þ
ð11Þ

ifb ¼ ilb

267

vdc Þdt

ð15Þ

where Kp and Ki are the gains of the PI controller and
Ploss is updated at every zero crossing of the phase-a

4.1 Hysteresis current control scheme
Hysteresis current control scheme consists of þh and h
tolerance bands above and below the reference quantities, respectively. The switching commands (Sa , Sb , Sc
and Sn ) are directly issued to the top switches in legs a,
b, c and n and their complement signals (S0 a , S0 b , S0 c and
S0 n ) to corresponding bottom switches. The switching
logic for the generation of switching commands is given
as follows:
if ifa  ifa þ h, bottom switch is turned ON, whereas top
switch is turned OFF (Sa ¼ 0 and S0 a ¼ 1)
else if ifa  ifa h, top switch is turned ON, whereas
bottom switch is turned OFF (Sa ¼ 1 and S0 a ¼ 0)
The switching pulses for the other legs of VSI can also be
generated following the same logic and using the reference current in that particular leg.

5 Simulation studies
In this section, load compensation capability of
conventional, modified DSTATCOM topologies based on
simulation studies is discussed, and the corresponding
merits and demerits of modified topology over

Figure 3 Block diagram of reference filter current generation and hysteresis controller
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conventional topology are presented. In the following
discussion, vdc and vdcm represent the instantaneous
voltage across Cdc for conventional and proposed topologies, respectively.

1,000
dc

5.1 Steady-state performance study
The models of the conventional and modified DSTATCOM
topologies shown in Figures 1 and 2, respectively, are
built in PSCAD simulator to conduct simulation studies.
A time step of 27.7 μs is chosen for simulation. The
system, unbalanced nonlinear load and VSI parameters
are given in Table 1. Load compensation is first carried
out using conventional topology with a set Vdc ref of 900V
(i.e. 1.6Vml ) and Cdc of 1,250 μF obtained from eq. (3) with
p ¼ 1 for 12 kVA system. The hysteresis band (h) is chosen
as 5% of the rated filter current of 10A (i.e. h ¼ 0.5 A) [17].
The voltage across DC capacitor (vdc ) is maintained
around 900 V using PI controller as shown in
Figure 4(a). The compensated PCC voltages and load
currents drawn by unbalanced nonlinear load are
shown in Figure 4(b) and 4(c), respectively. The source
currents obtained after compensation are shown in
Figure 4(d), which are sinusoidal and balanced, but consists of switching frequency current ripple due to switching action in VSI. The three-phase injected filter currents
ifa ; ifb ; ifc and filter neutral current ifn are shown in Figure
4(e). The voltage (vind a ) developed across the interface
inductor (Lf ) in phase-a is shown in Figure 4(f), where a
peak-to-peak voltage of 830V is seen. Therefore, compensation of unbalanced nonlinear load using conventional
DSTATCOM topology (Vdc ref ¼ 900 V) is carried out satisfactorily, as the THDs (%) of compensated source

−
−
−
−

−
−
−

−
−
−

−
−
−

ind a

−
−
−
−

Figure 4 Simulation results using conventional topology with Vdc ref
of 900V: (a) dc link voltage vdc , (b) PCC voltages, (c) load currents,
(d) compensated source currents, (e) injected filter currents and
(f) voltage across the interfacing inductor in phase-a

Table 2

Percentage THDs of source currents and terminal voltages

Parameter

THD (%)
Without
compensation

Table 1

System parameters for simulation studies

System quantities
System voltage
Feeder impedance
Linear load

Values

400 V rms line to line, 50 Hz
Zs ¼ 1 þ j0:314 Ω
Zla ¼ 30 þ j18:85 Ω, Zlb ¼ 45 þ j25:1 Ω,
Zlc ¼ 60 þ j37:69 Ω
Nonlinear load
Three-phase full bridge rectifier load feeding
an R–L load of 30 Ω 400 mH
VSI parameters
Cdc ¼ 1; 250 μF, Lf ¼ 20 mH, Rf ¼ 0:1 Ω
DC link voltage
Conventional topology (Vdc ref ¼ 1:6Vml ¼ 900 V),
Modified topology (Vdcm ref ¼ Vml ¼ 560 V)
PI controller gains Conventional topology (Kp ¼ 12, Ki ¼ 0.1),
Modified topology (Kpm ¼ 9, Kim ¼ 0.1)
Hysteresis band (h) 0:5 A

isa
isb
isc
νta
νtb
νtc

14.5
16
17.25
2.55
2.58
2.58

With compensation
Conventional

Modified

(Vdc ref ¼ 900V)*

(Vdcm ref ¼ 560V)*

1.15
1.01
1.00
0.55
0.45
0.51

0.94
1.14
1.36
0.42
0.52
0.68

Note: *Reference DC link voltage for particular topology.

currents and PCC voltages are less than 5% limit of
IEEE 519 standards as given in Table 2.
Now, compensation capability of modified topology
is analyzed for the same load parameters given in Table 1.
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is shown in Figure 5(f), which has a peak-to-peak value of
650V as compared to 830V in conventional topology
case. This results in lower ripple in compensated PCC
voltages and source currents in modified topology compared to conventional topology. The THDs of compensated PCC voltages, source currents are given in Table 2.
Based on THDs, the performances of modified and
conventional topologies are almost same.

dcm

−
−
−
−

iln

5.2 Comparison of conventional and
modified topologies

−
−
−

isn
−
−
−

−
−
−

ind a

−
−
−

−
−
−
−

Figure 5 Simulation results using modified topology with Vdc ref of
560V: (a) dc link voltage vdc , (b) PCC voltages, (c) load currents,
(d) compensated source currents, (e) injected filter currents,
(f) voltage across the interfacing inductor in phase-a and (g) voltage
across Cf in phase-a

Comparison of conventional and modified DSTATCOM
topologies on various parameters like voltage rating,
average switching frequency of VSI switches, power rating of dc link capacitor, and so on, is presented as
follows.
1. Voltage across VSI switch: As the input DC link voltage of VSI in modified topology is 560V, the OFF
state voltage developed across the power switch is
also 560V. Therefore, lower voltage rated switches
are sufficient in modified topology compared to conventional DSTATCOM topology. This reduces the cost
and voltage stress on the switch.
2. Average switching frequency of power switches: The
generated switching pulses Sa and Sn for conventional topology are shown in Figure 6(a) and 6(b),
respectively, and the corresponding switching pulses
for modified topology are given in Figure 7(a) and
7(b). From Figures 6 and 7 (shown for a duration of
half cycle, for clarity), it is clear that the number of
switchings are less in modified topology compared to
conventional topology. This is because of lower vdc in
modified topology, which results in lower voltage
di

The reference DC link voltage (Vdcm ref ) is chosen as 560V,
and the series capacitor Cf is obtained as 130μ F as
calculated from eq. (9). The simulation results under
steady-state condition are shown in Figure 5. The DC
capacitor voltage vdcm is maintained close to 560V as
shown in Figure 5(a). The PCC voltages, load currents,
compensated source currents and the injected filter
currents are shown in Figure 5(b)–5(e), respectively. The
compensated source currents are balanced and sinusoidal, this is achieved with vdcm of 560V (i.e. 38% less
than 900V of conventional topology) as the voltage
developed across Cf (shown in Figure 5(g) aids vdcm and
helps in injecting the filter currents against the PCC
voltages. The voltage across inductor (vinda ) in phase-a

across interface inductor and hence reducing dtf
slope across Lf , which in turn consequently increases
the time to hit the “h” bands and thereby reducing
the number of switchings over one power cycle.
Therefore, average switching frequency of power
switches is discussed in the present study. The average switching frequency of any leg-k is calculated as
the number of switching cycles (ON plus OFF periods
of switch) in one time period of power cycle. The
total average switching frequency, fav total , is thus
defined as follows:

fav total ¼
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Figure 6 Switching pulses developed using conventional DSTATCOM: (a) Sa – top switch of leg-a and (b) Sn – top switch of leg-n

Figure 7 Switching pulses developed using modified DSTATCOM: (a) Sa – top switch of leg-a and (b) Sn – top switch of leg-n

3.

4.

where Nk is the number of switching cycles in leg-k
during one-cycle period of the system voltage.
Therefore, the average switching frequency of
switches in various legs for conventional and modified DSTATCOM topologies are calculated and given
in Table 3, which shows modified topology has lesser
average switching frequency. Hence, modified topology has the advantage of reducing the inverter
di
switching losses and dt
rating of the switch compared
to conventional topology.
Power rating of DC link capacitor: As the input DC
link voltage across the capacitor is less in modified
topology, its power rating is also less in modified
topology compared to conventional topology.
Interface series capacitors: Three series capacitors
(one in each phase) are required in modified

Table 3
Various
legs

Average switching frequency of inverter switches
Average switching frequency (kHz)
Conventional topology
(V dc ref ¼ 900 V)

Modified topology
(V dcm ref ¼ 560 V)

4.3
4.8
4.6
9.9

2.7
2.6
2.1
4.8

Leg-a
Leg-b
Leg-c
Leg-n

topology, which may result in additional cost. But,
modified topology has advantages in terms of cost
reduction (in VSI switches, DC link capacitor) and
di
other parameters such as switch voltage stress, dt
stress, ripple in PCC voltages and source currents.
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5.3 Dynamic performance studies
In order to understand the dynamic performance of conventional and modified DSTATCOM topologies, the R load
of diode bridge rectifier is suddenly changed from 30 Ω to
60 Ω at time t ¼ 0.8 s. In other words, the load kVA is
reduced by 30% from its initial load of 12 kVA. The corresponding load current variations are shown in Figure 8(a),
whose THDs after transient are 12.54%, 14.73% and 16.5%
in a, b and c phases, respectively. The compensated source
currents (with THDs 1.38%, 1.21% and 1.05%) using conventional topology are shown in Figure 8(b), and the voltage regulation of DC link capacitor is shown in Figure 8(c).
Due to sudden decrease in load, there is an increase in vdc
from the set reference value of 900 V to 925 V. However, the
PI controller restores vdc to the reference value in approximately 12 cycles. Thus, the DC link controller provides
proper regulation for the DC capacitor voltage. This
ensures satisfactory performance of the compensator
under load transients.
Dynamic load change study for modified topology is
also done, and the corresponding compensated
source currents (1.44%, 1.48% and 1.33%) are given in
Figure 9(a). The voltage vdcm variation is shown in
Figure 9(b), which has a overshoot of around 50V from
set reference of 560V. The overshoot in vdcm is relatively
more in modified topology (560–610 V) as compared to

271

conventional topology (900–925V). This is because, the
energy stored in input DC capacitor is less in modified
case compared to the conventional case. However, in
around 12 cycles the PI controller restores vdcm to the
set reference value, ensuring satisfactory load compensation under transient condition.

6 Experimental studies
To verify the efficacy of the modified topology, a laboratory prototype model of four-leg inverter-based
DSTATCOM is developed to carry out the experimental
studies. This model comprises voltage and current transducers, signal conditioning and protection circuits, digital signal processing (DSP) circuit and four-leg inverter,
apart from DC-regulated power supply. The voltage and
current quantities at power level are converted to 5 V
range using the hall effect voltage (500 V to 5 V) and
current (10 A to 5 A) transducers. These signals are
further converted to 0–3 V range using signal conditioning circuit in order to make them compatible with the
analog input channels of the TMS320F2812 DSP. The
control algorithm is developed and implemented using
code composer studio V3.1 in the host computer and
loaded into the DSP. The signals are processed in digital
domain in DSP to generate the reference filter currents.

−
−
−

−
−
−

dc

Figure 8 Dynamic load change study (t ¼ 0.8 s) using conventional topology with Vdc ref of 900 V: (a) load currents, (b) compensated source
currents and (c) variation in DC link voltage vdc during load change
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−
−
−

dcm

Figure 9 Dynamic load change study (t ¼ 0.8 s) using modified topology with Vdcm ref of 560 V: (a) compensated source currents and
(b) variation in DC link voltage vdcm during load change

The corresponding switching pulses are obtained and
given to the switches of four-leg VSI. The protection
circuit gives a fault signal whenever current or voltage
levels exceed limits, thereby halting the operation of VSI.

6.1 Steady-state performance study
The system parameters for experimental studies are given
in Table 4, where a line voltage of 173 V rms is chosen
and an unbalanced nonlinear load is considered.
The uncompensated terminal voltages are shown in
Figure 10(a) which are distorted due to non-stiff source,
and the corresponding unbalanced load and neutral currents are shown in Figure 10(b). Load compensation with
conventional DSTATCOM topology is carried out, and the
DC link voltage vdc (maintained at 390 V) along with

Table 4

System parameters for experimental studies

System quantities
System voltages
Feeder impedance
Linear load

Values

173 V rms line to line, 50 Hz
Zs ¼ 1 þ j1:57 Ω
Zla ¼ 33 þ j13 Ω, Zlb ¼ 50 þ j26 Ω,
Zlc ¼ 80 þ j39 Ω
Nonlinear load
Three-phase full bridge diode rectifier feeding
an R–L load of 120 Ω and 400 mH
VSI parameters
Cdc ¼ 1,750 μF, Lf ¼ 20 mH, Rf ¼ 1 Ω
DC link voltage
Conventional topology (Vdcref ¼ 1:6Vml ¼ 390V),
Modified topology (Vdcmref ¼ Vml ¼ 240 V)
PI controller gains Conventional topology (Kp ¼ 0.04, Ki ¼ 0.002),
Modified topology (Kpm ¼ 0.04, Kim ¼ 0.002)
Hysteresis band (h) 0:26 A

compensated terminal voltages is shown in Figure 11(a).
The compensated three-phase balanced and sinusoidal
source currents along with source neutral current are
shown in Figure 11(b). The three-phase injected filter
currents and voltage developed across the interfacing
inductor in phase-a are shown in Figure 11(c) and 11(d),
respectively. The switching pulses (Sa ; Sb ; Sc and Sn )
given to the top switches of VSI are shown in Figure 11(e).
For the same system parameters given in Table 4,
experiment is conducted with a DC link voltage of 240 V
(i.e. Vdcmref ¼ Vml ) using modified topology. A series capacitor (Cf ) of 50 μF is used, obtained from eq. (9). The
compensated terminal voltages along with DC capacitor
voltage (vdcm ), source currents after compensation, filter
currents, voltage across interfacing inductor of phase-a
and switching pulses (Sa ; Sb ; Sc and Sn ) are shown in
Figure 12(a)–12(e), respectively (which closely resembles
with the conventional topology results with Vdc ref of
390V). Table 5 shows a quantitative comparison based
on THDs (%) of source currents and terminal voltages
obtained from conventional and modified topologies. The
THDs are same for both the topologies, which clearly show
the capability of modified topology to compensate source
currents. The average switching frequencies of switches in
VSI for both the topologies are listed in Table 6. The total
average switching frequency is reduced by 30% in modified topology compared to conventional topology. This
average switching frequency along with the corresponding
dc link voltage, results in reduction of average switching
loss per power cycle by 50% (approx.) in modified
topology as compared to the conventional [22].
Compensated PCC voltage and source currents with
conventional topology at reduced Vdc ref of 240 V are
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(b)

Figure 10 Uncompensated (a) three-phase terminal voltages and (b) three-phase load and neutral currents

(a)

(b)

(c)

(d)

(e)
Figure 11 Experimental results using conventional topology with Vdc ref of 390V: (a) DC capacitor voltage vdc and terminal voltages,
(b) compensated source and neutral currents, (c) injected filter currents, (d) voltage across the interfacing inductor in phase-a and
(e) switching pulses given to the top switches in three phases and neutral
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(a)

(b)

(c)

(d)

(e)
Figure 12 Experimental results using modified topology with Vdcm ref of 240 V: (a) DC capacitor voltage vdcm and terminal voltages,
(b) compensated source and neutral currents, (c) injected filter currents, (d) voltage across the interfacing inductor in phase-a and (e)
switching pulses given to the top switches in three phases and neutral
Table 5

THDs of source currents and terminal voltages from experimental studies

Parameter

THDs (%)
With compensation

Without compensation

isa
isb
isc
vta
vtb
vtc

9.73
10.96
13.70
2.54
2.93
2.97

Conventional
(390 V)*

Modified
(240 V)*

Conventional
(240 V)*

2.63
2.22
2.16
1.86
1.82
1.61

2.40
2.04
2.52
1.87
1.44
1.92

11.55
13.09
12.42
3.68
3.65
3.66

Note: *Reference DC link voltage for particular topology.
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Average switching frequency of inverter switches

Various legs

Average switching frequency (kHz)
*

Modified topology (V dcm ref ¼ 240 V)*

1.1
1.4
1.5
2.15

0.85
1.0
0.9
1.5

Conventional topology (V dc ref ¼ 390 V)
Leg-a
Leg-b
Leg-c
Leg-n
Note: *Reference DC link voltage for particular topology.

(a)

(b)

Figure 13 Experimental results after compensation using conventional topology with Vdc ref of 240V: (a) DC capacitor voltage vdc and
terminal voltages and (b) source and neutral currents after compensation

Table 7

Experimental parameters for dynamic studies

Parameters

Values

System voltages
Linear load

138 V rms line to line, 50 Hz
Before time t1 (Zla ¼ 115 þ j18:85 Ω, Zlb ¼ 115 þ j15:7 Ω, Zlc ¼ 76 þ j6:28 Ω)
After time t1 (Zla ¼ 29:6 þ j18:85 Ω, Zlb ¼ 17 þ j15:7 Ω, Zlc ¼ 21:5 þ j6:28 Ω)
Three-phase full bridge rectifier feeding an R–L load of 120Ω and 600mH

Nonlinear load

shown in Figure 13(a) and 13(b), respectively, and their
corresponding THDs(%) are given in Table 5 (source currents are unbalanced, and THDs(%) are around 11–13%).
Therefore, with Vdc ref of 240V, load compensation performance using conventional topology is not proper,
whereas with modified topology compensation is good
with THDs around 2–2.5%.

6.2 Dynamic load change study
Compensation performance of conventional DSTATCOM
under dynamic load change condition is carried out for
the system parameter given in Table 7 with DC link

Figure 14 Experimental results using conventional DSTATCOM with
Vdc ref of 310 V, showing compensated phase-a currents (ila , isa , ifa
and isn ) during dynamic load change at time t1 (4A/div)
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dcm

(a)

(b)

Figure 15 Experimental results using modified DSTATCOM with Vdcm ref of 195 V during dynamic load change: (a) three-phase compensated
source currents (4 A/div) and DC link voltage vdcm (200 V/div) and (b) phase-a currents (ila , isa and ifa ) and source neutral current (isn ) (4A/div)

voltage of 310V. The corresponding phase-a load (ila ),
source (isa ) and injected filter (ifa ) currents along with
source neutral current (isn ) are shown in Figure 14. The
source current isa during load change is balanced and
sinusoidal with isn almost negligible, indicating good
performance of conventional DSTATCOM under
dynamic conditions. Dynamic compensation capability
of modified DSTATCOM is also studied, and the compensated source currents along with vdcm are shown in
Figure 15(a). The sudden decrease in vdcm (maintained
at 195V) at time t1 (increase in load current) is due to
momentary supply of real power from DC link of VSI.
The compensated currents of phase-a (ila , isa and ifa )
along with isn are shown in Figure 15(b), indicating
satisfactory dynamic load compensation capability of
modified DSTATCOM.

7 Conclusions
A modified four-leg DSTATCOM with interface capacitor and
inductor is proposed for compensation of unbalanced nonlinear load. This proposed topology requires lower input DC
link voltage compared to conventional topology.
Simulation, experimental studies of proposed and conventional topologies are carried out, and proper load compensation with THDs of source currents, PCC voltages within 2–
3% are obtained. The proposed topology has the advantage
of lower VSI switch operating voltage of 240V as compared
to 390V of conventional topology. As a consequence of this,
the average switching losses are reduced significantly in the
proposed topology as compared to the conventional topology. Dynamic performance of the compensator has also
been studied to demonstrate its effectiveness to compensate
under sudden load variations.
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