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Abstract: This article proposes a distribution static compensator (DSTATCOM) with interface LCL (inductor-capacitor-inductor) filter for load compensation in threephase four-wire distribution system. DSTATCOM, consisting of voltage source inverter (VSI), is connected in
parallel to the load and injects currents corresponding
to load reactive, harmonic powers. But this injected
current consists of unnecessary high-frequency switching ripple generated by VSI. This LCL filter has superior
switching ripple attenuation capability compared to L
filter. Moreover, this can be achieved with small value
of overall LCL filter inductance than L filter. Thus providing high slew rate for output current to track the
desired reference current closely, reducing voltage drop
across it, as well as cost and size of filter. However, one
major concern with LCL filter is its resonating frequency
(determined from its L, C, L values), which can create
high-resonance oscillating currents and results in improper load compensation. Therefore, in this study, proper
design of LCL filter with high switching ripple attenuation and a current controller with proportional integral
(PI) plus harmonic compensation (HC) regulators along
with active damping feature of LCL filter in synchronous
rotating reference (dq0) frame are presented. HC regulator minimizes the steady-state error in the non-sinusoidal filter currents (fundamental and harmonic) which
are tracked by the VSI. Active damping feature (obtained
by capacitor current feedback control of LCL filter)
is used to overcome resonance oscillations and provides
proper control, operation of DSTATCOM under steadystate and dynamic load conditions. Stability studies
for designed LCL filter and current controller using
Bode and root locus plots are also performed and presented. Extensive simulation study, to understand the
compensation performance of LCL filter DSTATCOM
with two types of current controllers (PI and PI plus
HC) under steady-state and dynamic load conditions,
is carried out in PSCAD simulator and the corresponding
results along with THDs of various parameters are
presented.
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1 Introduction
Three-phase four-wire distribution system consists of
various single-phase and three-phase unbalanced
loads. The typical loads 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 harmonics in utility currents, excessive
neutral current, poor utility power factor, voltage harmonics, voltage unbalance, and so forth [3, 4].
DSTATCOM is one of the custom power devices, which
is designed to compensate for all current-related
problems, like load harmonic, reactive currents, and
source neutral current [5, 6]. It makes the source
currents to be balanced and sinusoidal with UPF
operation, as source supplies only fundamental real
power to load. DSTATCOM consists of voltage source
inverter (VSI) and is connected in parallel to load at
the PCC through interface filter. This VSI should be
controlled properly to inject the desired filter currents
into the system at PCC.
The conventional method to interface VSI to PCC is
through first-order low-pass L filter (i.e., inductance-L)
[7]. In other words, the output voltage of VSI is properly
shaped by L filter to inject the desired filter currents at
PCC. This injected current consists of switching ripple
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generated by VSI, and interface L filter can provide an
attenuation ratio of only 20 dB for this switching ripple.
Moreover, under harmonic load conditions, these switching ripple are transferred (in presence of feeder impedance) to the PCC voltages, which can disturb other
sensitive loads on the grid. The amplitude of current
ripple has inverse relation with respect to value of L.
Thus, large value of L is required to have sufficient ripple
attenuation, which increases cost, deteriorates compensation slew rate, and consequently dynamic performance
of system. Application of LC filter for switching ripple
elimination is given in Refs. [8, 9]. However, due to
small value of L, C and uncertainty of grid impedance,
it is sometimes difficult to obtain the desired attenuation
ratio and may even fall in resonance with the system.
Higher order LCL filter has superior switching ripple
attenuation ratio compared with L filter [10, 11], and
this can be achieved with small passive elements (inductance, capacitance). Thus providing high slew rate
for tracking the desired filter currents, reducing voltage
drop across it and reducing cost and size of filter.
Despite of the above merits of LCL filter over L filter,
one major concern with LCL filter is its resonating
frequency, determined by L, C, L values. Thus, at resonance, the resulting network offers low impedance to
filter current and results in high oscillating currents.
Hence, it causes closed loop instability of system.
Therefore, LCL filter DSTATCOM involves two critical
issues, one design of LCL filter and other is proper
damping for resonance oscillations.
Shunt active power filter (SAPF) with LCL filter to
compensate nonlinear load is presented in Refs. [12, 13].
In Ref. [12], a double loop control scheme is presented to
improve the grid current waveform and has fast dynamic
response. A compounded current controller strategy
with inner PI, outer repetitive controllers to improve
steady state and dynamic performance of LCL filter is
given in Refs. [13, 14]. Though the dynamic performance
of LCL filter is analyzed properly, the design details of
LCL filter for the rated system parameters are not presented. Design of LCL filter parameters is a vital aspect
in load compensation by DSTATCOM or SAPF, as its
resonating frequency and attenuation ratio offered to
switching ripple are determined by L, C, L values.
SAPF to compensate nonlinear load with details of LCL
filter design and controller parameters is given in Refs.
[15, 16]. However, the design is done to have equal
converter side (Lf 1 ), grid side (Lf 2 ) inductances, and
thereby have minimum capacitance (Cf ) [16]. But this
will increase the impedance offered by Cf to switching
ripple current and may not be effective in ripple

attenuation. LCL filter for three-phase active rectifier
with converter side inductance (Lf 1 ) greater than grid
side inductance (Lf 2 ) for effective ripple attenuation is
given in Ref. [11]. In Ref. [17], a study on two cases with
L1 > L2 , L1 < L2 of LCL filter for SAPF with hysteresis
controller is carried out. It concluded that, lower compensated source current rms and low damping power
loss is possible with L1 > L2 . Therefore, proper LCL filter
design for effective ripple attenuation with converter side
inductance greater than the grid side inductance is
required.
Other significant aspect with LCL filter is damping
of resonance oscillations. This damping is required to
have proper control and stable operation of DSTATCOM
or SAPF. One straight forward method to provide damping is to use a real passive resistance (called damping
resistance Rd ), in series with capacitor of LCL filter [17].
But this will add additional losses and reduce system
efficiency. Alternatively, the concept of virtual resistance, to damp out oscillations for input LC filter of
PWM converter, is presented in Ref. [18], where the
effect of physical resistance is realized virtually without
actually having resistance in the system, thereby providing damping without losses. Active damping for SAPF
with interface LCL filter to overcome resonance oscillations is presented in Refs. [15, 18]; however, active
damping increases the number of sensors required and
complexity of the current controller. Comparison of
active, passive damping methods of LCL filter SAPF is
given in Ref. [19], and both methods does proper harmonic compensation, ripple attenuation. But active
damping does not have any additional losses, thereby
increases system efficiency.
Therefore, in view of the above-discussed advantages of LCL filter over L filter and the difficulty
involved in its control, a three-phase four-wire
DSTATCOM with interface LCL filter (Lf 1 > Lf 2 ) along
with dqo current controller (PI plus HC regulators)
and proper active damping, to compensate unbalanced
nonlinear load is presented in this article. The complete modeling, design of LCL filter parameters with
converter side inductance (Lf 1 ) greater than grid side
inductance (Lf 2 ), is carried out and presented here. The
LCL filter design is done with objectives of high switching ripple attenuation ratio and setting the LCL resonant frequency far away form the operating frequency
of DSTATCOM (i.e., highest load current harmonic to
be compensated). Sine pulse width modulation (SPWM)
strategy is used to generate VSI gating pulses, this will
simplify the design of LCL filter, as it has to be
designed to attenuate ripple around triangular carrier
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frequency. Synchronous rotating reference (dqo) frame
is used for reference filter current generation and current controller is also realized in dqo reference frame.
Coming to current controller of VSI, two types of controller regulators, one with PI regulator and other with
PI plus HC regulator, are used in this study. PI regulator can provide zero steady-state error while tracking
dc reference quantities alone. But in case of
DSTATCOM with unbalanced nonlinear load, the reference filter currents are non-sinusoidal (i.e., fundamental plus harmonics). So, these currents appear as
oscillating component over an average dc value in
dqo rotating frame. HC regulator (tuned to particular
harmonic) can provide infinite gain to specific harmonic frequency signal and thereby minimize the steadystate error between the controlled signal and its reference [20, 21]. Therefore, PI plus HC regulators are used
in the current controller in this study. Active damping
is achieved by feeding back the capacitor currents as
control variables to the current control loop, so that
they function as damping terms to avoid resonance
oscillations. One more aspect, as the load is unbalanced nonlinear in nature, proper 0 axis controller to
compensate load neural current is used in the current
controller. Also, the dq0 current controller is provided
with cross-coupling and feed forward terms, to have
decoupled d, q controllers and have fast dynamic
response. Extensive simulation study (steady state
and dynamic), to compensate unbalanced nonlinear
load, with both the controllers (PI and PI plus HC), is
carried out and corresponding results along with
THDs (%) of various parameters are presented. PI
plus HC regulator provides better steady-state compensation performance compared to PI regulator. System
stability studies for designed LCL filter and current
controller are also performed and the corresponding
root locus and Bode plots indicating stable operation
of DSTATCOM are presented. Load compensation with
interface L filter is also carried out, and corresponding
results along with quantitative comparison of various
parameters (source current THDs, percentage switching
ripple, overall inductance, source neutral current
amplitude) with LCL filter performance are also
presented.

2 DSTATCOM model with LCL filter
DSTATCOM topology with LCL filter is shown in Figure 1,
here Lf 1 , Cf , Lf 2 form LCL filter and their internal
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Figure 1 Schematic of three-phase four-wire DSTATCOM with LCL
filter.

resistances are Rf 1 , Rd , Rf 2 , respectively. Here vta , vtb , vtc
are the instantaneous phase voltages at PCC and ila , ilb , ilc
are load currents. Source currents and injected filter currents are represented as isa , isb , isc and if 2a , if 2b , if 2c ,
respectively. Vdc1 and Vdc2 are dc link voltages across
Cdc1 and Cdc2 respectively.

2.1 Model of LCL filter
Based on the DSTATCOM model shown in Figure 1, the a
phase dynamics of the VSI ac side variables can be
described in abc frame, as in Ref. [19], is given below.

if 1a

Lf 1

dif 1a
¼
dt

Rf 1 if 1a þ vinv;a

Lf 2

dif 2a
¼
dt

Rf 2 if 2a

if 2a ¼ icfa ;

vcfa ;

vta þ vcfa

vcfa ¼ Rd icfa þ

1
Cf

Z

½1
icfa dt

Laplace transform of [1] result in s domain equations
given in [2], and the corresponding LCL filter plant
model is shown in Figure 2. In order to perform the
stability and harmonic analysis of LCL plant model (operating at switching frequency), the low-frequency voltage
at PCC is assumed sinusoidal and balanced so that the ac
grid voltage can be treated as a short circuit (zero impedance). The LCL filter plant transfer function GðsÞ with
this assumption is given by eq. [3].
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Figure 2 Block diagram of LCL plant model.

If 1a ðsÞ ¼

Vinv;a ðsÞ Vcfa ðsÞ
;
Rf 1 þ sLf 1

If 2a ðsÞ ¼

Vcfa ðsÞ Vta ðsÞ
Rf 2 þ sLf 2

Icfa ðsÞ ¼ If 1a ðsÞ

If 2a ðsÞ;

Vcfa ðsÞ ¼ Icfa ðsÞðRd þ

GðsÞ ¼
B0 ¼ Lf 1 Lf 2 Cf ;

½2

1
Þ
Cf s

2.2 Active damping by capacitor current
feedback control

If 2a ðsÞ
1 þ sCf Rd
¼
Vinv;a ðsÞ B0 s3 þ B1 s2 þ B2 s þ B3

½3

B1 ¼ Rf 1 Lf 2 Cf þ Rf 2 Lf 1 Cf þ Rd Lf 1 Cf þ Rd Lf 2 Cf

B2 ¼ Rf 1 Rf 2 Cf þ Rd Rf 1 Cf þ Rd Rf 2 Cf þ Lf 1 þ Lf 2 ;

B3 ¼ Rf 1 þ Rf 2

To simplify the analysis, the equivalent series resistances
(ESRs) Rf 1 , Rf 2 , Rd of filter parameters (Lf 1 , Lf 2 , Cf ) are
neglected. This is a valid assumption as value of ESRs is
very small and their influence on the LCL filter performance is less. Therefore, the new plant transfer function
Gp ðsÞ is given in eq. [4].
Gp ðsÞ ¼

1
Lf 1 Lf 2 Cf s3 þ ðLf 1 þ Lf 2 Þs

1
¼
Lf 1 Lf 2 Cf sðs2 þ ω2r Þ

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf 1 þ Lf 2
where; ωr ¼
Lf 1 Lf 2 Cf
½4

Controller

It is clear from the characteristic equation of Gp ðsÞ that LCL
filter is unstable and has resonating frequency ωr . In other
words, there is no damping for LCL filter plant model.
Therefore, damping is required to stabilize LCL filter
which will be discussed in the following section.

Damping can be achieved by connecting a physical
passive resistance of appropriate value in series with
Cf , this will help in stabilizing the LCL filter. However,
the presence of physical resistances leads to unacceptable losses in the system. Therefore, the concept of active
damping is used in this study. Active damping is basically a type of virtual resistance concept, where the
effect of physical resistance is achieved by current feedback of LCL filter by Zhao and Chen [19], Tang et al. [22].
Therefore, the controller of LCL filter model consists of
two loops. One, inner capacitor current (icfa ) feedback
loop for active damping with constant, Kc . Second,
actual filter current (if 2a ) feedback loop with current
regulator Gc ðsÞ as shown in Figure 3(a). The LCL model
of Figure 3(a) is restructured as shown in Figure 3(b),
which consists of current regulator Gc ðsÞ and plant
with active damping Gpd ðsÞ. This Gpd ðsÞ is expressed in
standard form given in eq. [5], which shows capacitor

LCL plant

Figure 3 (a) LCL plant model with double loop and (b) LCL plant model with current controller Gc ðsÞ.
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current feedback (with Kc ) provides damping and aids in
stabilizing LCL filter.

Gpd ðsÞ ¼

Kc
1
2
Lf 1 Lf 2 Cf sðs þ s LKc þ ω2r Þ
f1

½5
Figure 4 Equivalent single phase LCL filter at hth harmonic.

The details of current regulator Gc ðsÞ of LCL filter will be
discussion in following sections.

3 Design procedure of LCL filter
parameters
The conventional method to interface VSI of
DSTATCOM to PCC is through first-order low-pass filter
(inductor-Lf ) [7]. Before going into the design details of
LCL (Lf 1 , Cf and Lf 2 ) filter parameters, the design of L
filter will be discussed first. In other words, L filter
means Lf 1 in this study, whose design is done based
on allowable switching current ripple through it,
switching frequency and input dc link voltage of VSI.
Once Lf 1 is determined, the design of Cf , Lf 2 is done
based on the obtained value of Lf 1 . For simplicity, the
internal resistance of inductor is not considered, and
the value of inductance Lf 1 [7] is

Lf 1 ¼

VTdc Dð1
fsw δIp

DÞ
p

½6

where, VTdc is the total dc link voltage, δIp p is the peak
to peak inductor ripple current expressed as the percentage of maximum current through the inductor and fsw is
the switching frequency of triangular carrier signal. Here,
D is the duty cycle of the switch and the worst case
current ripple occurs at 0.5.
Once, L filter (Lf 1 ) is designed, LC filter (i.e., Lf 2 ; Cf ) is
added to form a third-order LCL filter. The aim of LCL
filter is to reduce the switching frequency ripple in source
voltages and currents. A poor design of LCL parameters
can result in lower ripple attenuation than expected and
can even cause increased distortion due to oscillations in
source currents and PCC voltages. Therefore, the inductors should be properly designed considering allowable
current ripple and filter should be properly damped to
avoid resonance. To proceed with the LC filter design,
consider VSI as a harmonic source [11] and the single

phase equivalent LCL filter circuit for hth harmonic is
shown in Figure 4. Here, if 1 ðhthÞ, vinv ðhthÞ are inverter
side current and voltage at hth harmonic. At switching
harmonic (hsw ), the ripple attenuation obtained in if 1 ðhsw Þ
to vinv ðhsw Þ due to Lf 1 (L filter alone) in frequency domain
is given by
If 1 ðhsw Þ
1

:
Vinv ðhsw Þ ωsw Lf 1

½7

Now, with LCL filter the switching ripple attenuation in
grid side current if 2 ðhsw Þ to vinv ðhsw Þ is given by
Zlc2
If 2 ðhsw Þ
¼
Vinv ðhsw Þ ðωsw Lf 1 Þjω2r

ω2sw j

:

½8

This equation is same as given in eq. [4], with
Zlc2 ¼ 1=Lf 2 Cf , ωsw ¼ 2πfsw , and LCL resonating frequency
ωr . Therefore, from eqs. [7] and [8], cascading LC filter to
L filter results in attenuation of switching frequency
ripple in grid currents, given by
Z2
If 2 ðhsw Þ
 2 lc 2
If 1 ðhsw Þ jωr ωsw j

½9

The above equation involves ωsw and ωr , these should
be defined for determining LC filter parameters. The
bandwidth (ωbw ) of LCL filter is defined based on the
highest harmonic order (n) to be compensated by
DSTATCOM, given as ωbw ¼ nω (where, ω is the fundamental frequency in rad/s.) The resonance frequency
ωr of LCL filter should be set higher than ωbw in order
to avoid interaction between them. The desired switching frequency ωsw should also be set at least two or
more times of ωr , so as to provide sufficient harmonic
attenuation around switching frequency. Therefore,
ωr and ωsw are defined as ωr ¼ α ωbw , ωsw ¼ k ωr
with constants α, k. From eqs. [4], [9], and ωr , ωsw
the following expression is obtained
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If 2 ðhsw Þ
Lf 1

If 1 ðhsw Þ jðLf 1 þ Lf 2 Þð1

k 2 Þj

½10

Now, consider Lf 2 ¼ xLf 1 (x percentage of Lf 1 ), as Lf 1 is
already designed based on the allowable grid side current
ripple if 1 ðhsw Þ (i.e., harmonic switching ripple current
magnitude in percentage of rated filter current) as given
in eq. [6]. Therefore, eq. [10] can be rewritten as below:
If 2 ðhsw Þ
1

If 1 ðhsw Þ jð1 þ xÞð1

k 2 Þj

:

½11

Here, if 2 ðhsw Þ represents further switching current ripple
reduction required in grid side current by using LCL filter
as compared to that obtained using L filter. Therefore, for
predefined value of k and desired values of if 1 ðhsw Þ,
if 2 ðhsw Þ, the value of x is obtained. Hence, Lf 2 is computed
using Lf 2 ¼ xLf 1 and Cf is obtained from eq. [4].

4 Synchronous reference (dq0)
frame theory for reference filter
current generation
Various control algorithms can be used for generation
of reference filter currents like synchronous reference
frame theory (SRF) [23], Id Iq method with Fuzzy
logic controller [24], instantaneous reactive power theory (IRPT) [25], instantaneous symmetrical component
theory [26], and so forth. Synchronous reference frame
(dqo) theory is used for reference filter current generation in this study. In order to have balanced and sinusoidal source currents with unity power factor (UPF) at
PCC, the source has to supply only the fundamental real
component of load current. Therefore, the harmonics,
reactive component of load current should be supplied
from DSTATCOM. So, the actual load currents are
sensed and transformed to dq0 reference frame as
follows:
2

3 rffiffi 2
ilq
cos ðθÞ cos ðθ 2π=3Þ
4 ild 5 ¼ 24 sin ðθÞ sin ðθ 2π=3Þ
pffiffi
pffiffi
3
il0
1= 2
1= 2

θðtÞ ¼

ðt

0

32 3
ila
cos ðθ þ 2π=3Þ
54 ilb 5;
sin ðθ þ
p2π=3Þ
ffiffi
ilc
1= 2

ωðtÞdt þ αð0Þ

½12

½13

where ω is the system frequency and αð0Þ is the phase
angle of d axis with respect to vta at time zero. Now, when
θ ¼ ωt (i.e., αð0Þ ¼ 0) the dq0 components rotate at system (line) frequency. So, the line frequency components
of the load currents become dc quantities and the harmonic frequency components are superimposed on this
dc quantity by n ω, where n is the harmonic number. A
low-pass filter, with sufficient cutoff frequency to allow
only dc component is used to extract ild and then subtracted from ild to obtain ~ild (oscillating component).
Therefore, ild and ~ild in d axis, corresponds to real fundamental and harmonic load currents respectively in abc
frame. One more component idc;d , corresponding to dc
voltage regulation is also added to ~ild ; to obtain complete
d-axis reference filter current. As complete ilq , il0 currents
should be supplied from DSTATCOM, no LPFs are
required in q-axis and 0-axis components as shown in
Figure 5. Therefore, the d, q, 0 reference filter currents for
current controller are given as
ifd ¼ ~ild þ idc;d ; ifq ¼ ilq ; if 0 ¼ il0

½14

5 Current controller in synchronous
rotating reference (dq0) frame
Current controller is realized in synchronous rotating
dq0 reference frame in this study. The dq0 current
controller of Figure 5 is shown in Figure 6. This block
consists of actual filter currents (ifd , ifq , if 0 ), capacitor currents (icd , icq , ic0 ), PCC voltages (vtd , vtq , vt0 )
as inputs and control signals (ud , uq , u0 ) as output.
This current controller consists of two feedback
loops. One, inner capacitor current feedback loop
with constant Kc for resonance damping. This loop
consists of cross-coupling terms ( ωLf 12 ifq , ωLf 12 ifd )
and voltage feed forward terms (vtd , vtq ), these terms
help in decoupled control of d, q controllers [27, 28].
The purpose of Cf in the actual physical system is to
provide path for low amplitude switching current ripple. Therefore, the cross-coupling term introduced by
Cf is neglected and those due to Lf 12 (i.e., Lf 1 þ Lf 2 ) are
only considered. Second loop is the actual injected
filter current feedback loop. This loop consists of two
types of current regulators (PI and HC). Zero steadystate error can be achieved by applying PI regulator
if the reference current is a dc quantity (i.e., fundamental frequency component of filter current,
which appears as dc quantity in dq0 frame) given by
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Figure 5 Block diagram of reference filter current generation with current controller and SPWM switching scheme.

Figure 6 dq0 Current control with PI and SSI regulators.

eq. [15]. However, if the reference current is an oscillating signal (i.e., harmonic currents, which appear as
oscillating components in dqo frame), the conventional
PI regulator due to its limited frequency of gain will
cause steady-state error. Therefore, PI and HC

regulators are used in this study. An extensive study
on HC regulator realized by sinusoidal signal integrators (SSI) to compensated harmonic currents is given in
Refs. [20, 21]. Therefore, in this study, in depth explanation regarding SSI regulators will not be presented,
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but a brief discussion on this SSI regulator and its
advantages in terms of steady-state error minimization
will be presented in Section 7.1. The transfer functions
of PI and SSI are given as,

PI ¼ Kp þ Ki =s and SSI ¼

X

Kin s

2
2
n¼1;2;3 s þ ð6nωÞ

:

½15

3 rffiffi 2
pffiffi 32 3
vma
uq
cos ðθÞ
sin ðθÞ
1=pffi2ffi
2
4 vmb 5 ¼
4 cos ðθ 2π=3Þ sin ðθ 2π=3Þ 1= 2 54 ud 5
p
ffi
ffi
3
vmc
uo
cos ðθ þ 2π=3Þ sin ðθ þ 2π=3Þ 1= 2
½16
2

The output of this PI plus HC regulator is the reference
capacitor filter current, which is the input for the inner
loop. The dqo current controller results in the generation
of the control signals ud , uq , uo . These control signals,
rotating at ω in dq0 reference frame, are transformed to
stationary abc frame to obtain modulating signals vma ,
vmb and vmc as given by eq. [16]. Switching signals sa , sb ,
sc , and s0a , s0b , s0c for top and bottom switches of VSI,
respectively, are generated using SPWM strategy with
modulating, triangular carrier signals as inputs.

6 System studies with PI regulator
Based on the design procedure discussed in Section 3,
the obtained parameter values Lf 1 , Cf and Lf 2 of LCL filter
are presented here. The objective of DSTATCOM is to
compensate up to 19th harmonic (n ¼ 19) in three-phase
12.5 kVA load, 400 V, 50 Hz system. The maximum
current rating of DSTATCOM is taken as 25 A (peak).
Therefore, Lf 1 ¼ 4.5 mH is obtained from eq. [6], with
allowable ripple as 25% of rated inductor current and
duty cycle (D) of 0.5. The bandwidth of LCL filter
ωbw ¼ 5,970 rad/s (i.e., nω). Now, ωr is set at
16,750 rad/s (to avoid oscillations due to resonance) by
choosing α ¼ 2.8. In order to have proper current ripple
attenuation, ωsw is set at 62,830 rad/s (fsw ¼ 10 kHz) by
taking k ¼ 3.75. Now, x is calculated from eq. [11], with
grid side switching current ripple if 2 ðhsw Þ as 5% of rated
filter current, as compared to if 1 ðhsw Þ as 25% with L filter.
Thus, Lf 2 is obtained as 2.77 mH (  3 mH) and Cf is
obtained from eq. [4] as 2 μ F.
Once LCL filter is designed, the current controller
parameters PI, SSI (i.e., gains of PI and SSI) along with
active damping constant should be known to study the

Table 1 System parameters for simulation studies.
Elements

Values

System voltage
Feeder impedance
Linear load

400 V Line rms, 50 Hz
Zs ¼ 0:5 þ j0:157Ω
Zla ¼ 30 þ j18:84Ω, Zlb ¼ 45 þ j25:13Ω,
Zlc ¼ 60 þ j37:69Ω
Three-phase diode bridge rectifier with an
R-L load
of 30Ω–400 mH
Cdc1 ¼ Cdc2 ¼ 3,300 μF, Vdc1 ¼ Vdc2 ¼ 520 V
Rf 1 ¼ 0:1Ω, Lf 1 ¼ 4.5 mH, Rf 2 ¼ 0:1Ω,
Lf 2 ¼ 2.5 mH, Cf ¼ 2 μF
PI (Kp ¼ 0.48, Ki ¼ 10), SSI (Ki1 ¼ 80,
Ki2 ¼ 80, Ki3 ¼ 100)
Kc ¼ 90
PI gains (Kpv ¼ 2, Kiv ¼ 1)
10 kHz

Nonlinear load

VSI parameters
LCL filter parameters
Current controller
gains
Active damping
Voltage controller
Carrier frequency

stability of LCL filter. Design of controller parameters for
active power filter is presented in Zeng et al. [16], where a
traditional and visualized method, i.e., parameter-related
root locus of the closed loop transfer function approach is
presented. The same method is used to obtain the controller gains in the present work; however, only the final
obtained controller gains (PI, SSI, Kc as given in Table 1),
and the corresponding system transfer function along
with bode, root locus plots will be presented in following
discussion on stability studies.

6.1 Stability and parametric study with PI
regulator
For stability analysis, the transfer functions of LCL
plant (Gp ðsÞ) and LCL plant with active damping
(Gpd ðsÞ) given by eqs. [4] and [5] are considered. Gp ðsÞ
has one pole at origin and a pair of conjugate poles at
 jωr . The bode plot of Gp ðsÞ is given in Figure 7(a),
whose magnitude plot shows a resonating peak and
moves to unstable region at ωr . Therefore, the operating frequency region of DSTATCOM should be well
below ωr . Gpd ðsÞ with active damping factor Kc ¼ 90
moves the conjugate poles from imaginary axis toward
the left half of s plane (i.e., to stable region). This can
be observed from the characteristic equation of Gpd ðsÞ,
as the all the coefficients in the denominator are finite.
The bode plot of Gpd ðsÞ is given in Figure 7(b), which
shows a stable system with gain margin of 4.44 dB and a
phase margin of 28.5°.
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Figure 7 (a) Bode plot of LCL plant (Gp ðsÞ), (b) Bode plot of LCL plant with active damping (Gpd ðsÞ), (c) Root locus of LCL plant with active
damping and PI (Gpdp ðsÞ), (d) Bode plot of LCL plant with active damping and PI (Gpdp ðsÞ).

In order to control the injected current, current controller
Gc ðsÞ, consisting of PI (Gpi ðsÞ) plus HC (Ghc ðsÞ) regulators
is cascaded to Gpd ðsÞ as shown in Figure 3(b). For ease of
understanding, Ghc ðsÞ is not considered at present stage
of discussion and will be included at later stage.
Therefore, Gpdp ðsÞ is given as
Gpdp ðsÞ ¼ Gpi ðsÞ  Gpd ðsÞ ¼

Kc Ki ð1 þ sTi Þ
;
Lf 1 Lf 2 Cf s2 ðs2 þ s LKfc1 þ ω2r Þ
½17

where; Ti ¼ Kp =Ki
Using the parameter values given in Table 1, the
following expression is obtained
Gpdp ðsÞ ¼

2:77  10

900ð1 þ 0:048sÞ
þ 20000s þ 2:77  108 Þ

11 2 2
s ðs

The corresponding calculated zeros, poles and damping
factor (ζ ) are

21 þ j0; P1 ¼ 0; P2 ¼ 0; P3;4 ¼
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ ¼ 20000=ð2 2:77  108 Þ ¼ 0:6

Z1 ¼

10000  j13333:33;
½19

Therefore, Gpdp ðsÞ is stable with double poles (P1 , P2 ) at
origin and complex conjugate poles (P3 , P4 ) lying in the
left half of s plane with ζ ¼ 0.6. This can also be
observed from the root locus plot of Gpdp ðsÞ shown in
Figure 7(c) at gain K ¼ 0. The bode diagram of Gpdp ðsÞ is
given in Figure 7(d), which shows a stable system with a
GM of 10.8 dB and PM of 63.8°. The corresponding
closed loop system is also stable.

½18
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For the designed LCL filter parameters and controller parameters Gpdp ðsÞ is stable (from Figure 7(c), 7(d)) as
the gain margin and phase margin are within the stability limits. However, in practice the controller parameters (Kp , Ki , Kc ) may not be exactly same and LCL

filter parameters (Lf 1 , Lf 2 , Cf ) may also change due to
inductance tolerance. Therefore, the influence of these
parametric variations on the system stability is to be
studied. Hence, Bode diagrams of Gpdp ðsÞ with  30%
variation in Kp , Ki and Kc are given in Figure 8(a), 8(b),
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Figure 8 Bode diagram of LCL plant model with active damping and PI controller (Gpdp ðsÞ) (a) Kp  30%, (b) Ki  30%, (c) Kc  30%,
(d) Lf 1  30%, (e) Lf 2  30%, (f) Cf  30%.
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Table 2 Variation in GM and PM with parametric variation.
Parameter

Gain margin

Phase margin (degrees)

Kp  30%
Ki  30%
Kc  30%
Lf 1  30%
Lf 2  30%
Cf  30%

8.44–14
10.8
10.8
9.89–12.4
11.9–9.56
10.8

53.8–72.5
63.7–77
52–69
71–54.4
63.7–65.6
58.3–70

and 8(c) respectively, which show a stable system. The
corresponding variations in GM and PM are presented in
Table 2, which are within the stability limits. Similarly,
for  30% variation in Lf 1 , Lf 2 , and Cf , the bode plots of
Gpdp ðsÞ are given in Figure 8(d), 8(e), and 8(f), respectively, and the corresponding GM and PM variation
given in Table 2 indicates a stable system. Therefore,
the open loop system Gpdp ðsÞ is stable even with 30%
parametric variation in controller gains and LCL filter
values.

6.2 Simulation study with PI regulator
Three-phase four-wire DSTATCOM model with LCL filter, shown in Figure 1 is built in PSCAD simulator to
conduct simulation studies. The simulation parameters
are given in Table 1. The individual harmonic THD
spectrum (%) of unbalanced nonlinear load currents
in phases a, b, and c is shown in Figure 9(a). Here,
in order to give clear picture of THD%, the y-axis scale
is limited to 0–15%. The overall THDs are 14%, 15.75%,
and 17% in phases a, b, and c, respectively. The compensated terminal voltages (or PCC voltages), load currents, compensated source currents using PI current
regulator are shown in Figure 9(b), 9(c), 9(d), respectively. Terminal voltages after compensation are
balanced sinusoids and are free from switching ripple.
Switching ripple is attenuated to a major percentage in
compensated source currents also, but are not pure
sinusoids and their THDs are 8.58%, 7.59%, and
8.34% in phases a, b, and c respectively. Thus, resulting in unsatisfactory performance with PI regulator, as
the percentage source current THDs are more than 5%
limit of IEEE 519 standards. This is because PI regulator provides zero steady-state error for dc reference
quantities only (as discussed earlier), and here the
reference is an oscillating quantity. The injected filter
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currents at PCC (if 2a , if 2b , if 2c ) are shown in Figure 9(e)
and do not have any switching ripple, as switching
ripple is bypassed to ground by capacitor (Cf ). The
reference (ifd , ifq , if 0 ), injected (ifd , ifq , if 0 ) filter currents
at the PCC in dqo frame are shown in Figure 9(f) and
the corresponding error signals "d , "q , "0 are shown in
Figure 9(g). It can be seen that the error magnitude is
high and hence resulting in poor compensation performance with high source current THDs. The
voltage across each capacitor (Cdc1 , Cdc2 ) is maintained
close to 520 V using PI controller, as shown in
Figure 9(h).

7 System study with PI plus HC
regulators
In this section, application of HC regulator along with PI
regulator in the current controller of the VSI is done and
the corresponding stability studies are carried out.
Simulation studies under steady-state, dynamic load
change conditions are performed and the corresponding
results are presented.

7.1 Control and stability studies
The tracking performance of PI regulator is not satisfactory for oscillating (fundamental plus harmonics)
reference signal, as discussed above. The harmonic
spectrum of unbalanced nonlinear load currents
(shown in Figure 9(a)), consists of harmonics of order
6n  1 (n ¼ 1, 2, 3) of the fundamental frequency ω in
stationary frame. However, the sequence and harmonic
order of these load currents in dq0 frame with synchronous rotating speed of +ω (‘ þ ’ indicates positive
sequence) is given in Table 3. From this table, the
dominant harmonics appear at 6th, 12th, 18th order in dq0
frame. Therefore, HC regulator (realized by SSIs) is added to
PI regulator. SSI regulator can achieve very high gain in a
narrow frequency band centered around the tuned resonant
frequency [20, 21]. Thus, being capable to eliminate the
steady-state error between the controlled signal and its
reference. The width of this frequency band depends on
the integral gain Kin . Each SSI regulator acts as a tuned
resonant filter and will compensate for two specific
harmonics in dq0 rotating frame. In this study, a single
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Figure 9 Simulation results after compensation using LCL filter with PI regulator (a) Percentage THDs spectrum of load currents,
(b) Terminal voltages, (c) Load currents, (d) Source currents, (e) Injected filter currents, (f) Reference and injected filter currents at PCC in
dqo frame, (g) Tracking error "d , "q , "0 , (h) Voltages vdc1 , vdc2 .

SSI regulator is tuned at the frequency 6nω (n ¼ 1, 2, 3),
for compensation of each couple of harmonics of order
6n  1, i.e., [5, 7], [11, 13], [17, 19] as given by eq. [15].
SSI regulator block is shown in Figure 10. Six
SSI regulators, 3 for d and 3 for q are used for load
compensation up to 19th harmonic as shown in
Figure 6.

The system open-loop transfer function Gol ðsÞ with PI
plus HC regulators, shown in Figure 3(b) is
Gol ðsÞ ¼

If 2a ðsÞ
¼ ½Gpi ðsÞ þ Ghc ðsÞ Gpd ðsÞ
If2a ðsÞ If 2a ðsÞ

½20

where, Ghc ðsÞ is the transfer function of HC regulator,
obtained by summation of three SSIs in parallel. The
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Table 3 Harmonic order and sequence in stationary and dqo
frames.
Harmonic order in
stationary frame

Sequence Harmonic order in dqo frame with
synchronous rotating speed of þ ω

1
5
7
11
13
17
19

Positive
Negative
Positive
Negative
Positive
Negative
Positive

0
6
6
12
12
18
18

order of Gol ðsÞ is raised to 10 by addition of HC regulator.
The root locus plot of Gol ðsÞ is shown in Figure 11(a),
which has a dominant complex conjugate pole pair at
P1;2 ¼ 10; 000  j13; 300 and damping factor of 0.6. All
other poles are near to zeros forming pole–zero dipoles
close to imaginary axis. The bode plot of Gol ðsÞ is plotted
and is shown in Figure 11(b). The GM and PM are 10.4 dB
and 46.8°, respectively, indicating a stable system with a
gain cross over frequency of 982 Hz. In other words, the
bandwidth of Gol ðsÞ is around 1/10th of the switching
frequency (10 kHz). The magnitude plot shows three
resonant peaks at 300 Hz, 600 Hz, 900 Hz corresponding
to the tuned frequency’s of three SSIs of HC regulator.
The pole–zero mapping of closed loop system
Gcl ðsÞ ¼ Gol ðsÞ=ð1 þ Gol ðsÞÞ is shown in Figure 11(c),
which shows a stable system with all poles and zeros
lying in the left half of s plane.

Figure 10 Sinusoidal signal integrator (SSI) block.
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Figure 11 LCL model with current controller (a) Root locus plot of Gol ðsÞ, (b) Bode plot of Gol ðsÞ, (c) Pole zero map of Gcl ðsÞ.
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7.2 Steady-state performance with PI and
HC regulators
The performance of DSTATCOM with PI plus HC regulator is presented here. The compensated terminal voltages, load currents, and compensated source current
are shown in Figures 12(a)–12(c) respectively. The compensated terminal voltages and source currents
are balanced; sinusoidal and switching harmonic
ripple are completely eliminated. The three-phase
injected filter currents (if 2a , if 2b , if 2c ) at PCC are shown
in Figure 12(d). The reference and infected filter currents in dqo frame are shown in Figure 12(e) and the
corresponding tracking errors ("d , "q , "0 ) are shown in
Figure 12(f). It can be seen that the error magnitude is
less with PI plus HC regulator compared to PI alone
(Figure 9(g)). This is because, application of SSIs provides high gain for tuned frequency’s signals, which
improves the tracking performance and minimize the

steady-state error. Thus resulting in balance and sinusoidal source currents. The THD (%) spectrum of compensated source currents are shown in Figure 13 and
the overall THDs are 2.81%, 2.76%, 2.57% in a, b, c
phases, respectively. Therefore, the DSTATCOM compensation performance is better with PI plus HC regulators
as compared to PI regulator.

7.3 Dynamic load change study
In order to understand the dynamic performance of
LCL filter DSTATCOM, the R load of diode bridge rectifier is suddenly changed from 30 Ω to 15 Ω at time
t ¼ 0.5 s. The corresponding load power variations
(Pl , Ql ) are shown in Figure 14(a), resulting in overall
load kVA increase by 35%. The load, compensated
source currents before and after load change are
shown in Figure 14(b) and 14(c) respectively. The
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Figure 12 Simulation results after compensation using LCL filter with PI plus HC regulators (a) Terminal voltages, (b) Load currents, (c)
Source currents, (d) Filter currents, (e) Reference and injected filter currents at PCC in dqo frame, (f) Tracking errors "d , "q , "0 .
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Figure 13 Harmonic THD (%) spectrum of compensated source currents in phases a, b, and c.

THDs of load currents after transient are 14.69%,
15.92%, 16.74% in a, b, c phases, respectively, and
the corresponding compensated source current THDs
are 2.23%, 2.16%, 2.33%. Due to sudden increase in
load, there is a decrease in dc link voltages vdc1 and
vdc2 from the set reference value of 520 V. However, the
PI controller restores the dc link voltage to the set
value in approximately 0.3 s as shown in Figure 14(d).
Thus, the dc link controller provides proper regulation
for the dc capacitor voltages under load transients.

7.4 Performance comparison of LCL
with L filter
To compare the performances of LCL and L filters, compensation with interface L filter is carried out for the

same system parameters of Table 1. The value of L is
chosen as 7 mH (from eq. [6] ) for δip p of 14% of peak
filter current and PI gains are Kp ¼ 3.75, Ki ¼ 50. The
compensated terminal voltages, source currents and filter
currents are shown in Figure 15(a), 15(b), 15(c), respectively. Switching ripple is present in both terminal voltages and source currents, as there is no capacitance to
transfer switching ripple to ground. In other words, for a
given ripple percentage in filter current, the overall
inductance of LCL filter is less compared to L filter.
Thus, resulting in high compensation slew rate for
injected filter current, and reducing the voltage drop
across it, as well as cost and size of filter. Based on %
THDs of source currents and terminal voltages given in
Table 4, the performances of L and LCL filters are almost
same. However, LCL filter has advantages over L filter on
various parameters as presented in Table 5.
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Figure 14 Dynamic load change at t ¼ 0.5 s (a) Load powers Pl and Ql , (b) Load currents, (c) Compensated source currents, (d) Voltages
vdc1 , vdc2 .

8 Conclusion
This article has made an investigation on compensation of
unbalanced nonlinear load with interface LCL filter
DSTATCOM in three-phase four-wire distribution system.
LCL filter parameters are properly designed to have resonant frequency far away from the DSTATCOM operating

frequency and provide high attenuation ratio to switching
ripple. Compensation with two types of current regulators,
PI and PI plus HC regulators, is studied, and it has been
shown that PI plus HC regulator had better tracking performance with source current THDs around 2.81%, 2.76%,
2.57% compared to PI regulator with THDs of 8.58%,
7.59%, 8.34% in phases-a, b and c respectively. Better
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Figure 15 Simulation results after compensation with L filter (a) Terminal voltages, (b) Source currents, (c) Filter currents.
Table 4

Percentage THDs of source currents and terminal voltages.

Parameter

THD (%)
Without compensation

isa
isb
isc
vta
vtb
vtc

14
15.75
17
1.21
1.22
1.23

With compensation
L filter

LCL filter

3.26
2.77
2.89
0.44
0.39
0.44

2.81
2.76
2.57
0.63
0.59
0.61

percentage switching ripple attenuation in PCC voltages and
source currents is achieved with interface LCL filter compared to L filter. Moreover, the overall inductance, size of
LCL filter, is also reduced. However, LCL filter DSTATCOM
requires more number of sensors compared to L filter, and
complexity of current control algorithm also increases.
Acknowledgment: Authors would like to thank the
Department of Science and Technology (DST), India
(Project No.: DST/TM/SERI/2k10/47G) for providing
financial assistance to this research work.

Table 5 Comparison of L and LCL filters based on various parameters.
Parameter considered

L filter

LCL Filter

Switching ripple in percentage (terminal voltages, source currents)
Overall value of L for given ripple
Percentage in filter currents (δ ¼ 5%)
Source neutral current (Peak)
Compensation performance in terms of % THDs
Current controller complexity

High (20.5%, 10.4%)
Large
(19.6 mH)
High (3.5 A)
Good (2.5–3.5%)
Less

Low (1.5%, 5%)
Small
(7 mH)
Low (1.25 A)
Good (2.5–3%)
Relatively more
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