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Abstract—This paper proposes a linear quadratic Gaussian
(LQG) servo controller for the current control of shunt-active
power filter (SAPF) operating under balanced and unbalanced sup-
ply voltages. This LQG controller is comprised of a LQ regulator
and a Kalman filter (KF) that minimizes the error between the out-
put currents and their variations. A feedback compensator is used
in LQG servo controller that benefits an SAPF system by increas-
ing tracking error reduction, gain stability, reducing amplitude dis-
tortion and sensitivity to external disturbances. A KF-based new
reference current generation scheme is developed here to resolve
the difficulty of tuning gains of a proportional integral controller
and for avoiding the use of voltage sensors making it cost effective.
Consequently, this reference scheme has self-capability of dc-link
voltage regulation by adaptively estimating the peak value of source
reference current with changing load conditions. The control algo-
rithm is embedded in SAPF using a MATLAB/Simulink software
environment. The effectiveness of the proposed LQG ServoKF al-
gorithm is evaluated through comparison with an existing LQRKF
algorithm and then validated with experimental studies pursued
using a dSPACE1104 computing platform. From the obtained ex-
perimental and simulation results, it is observed that the proposed
control strategy exhibits superior performance in terms of robust-
ness improvement and current harmonics mitigation under steady-
state and dynamic load conditions, thus making it more effective
for practical applications.

Index Terms—Feedback compensator, Kalman filter (KF), linear
quadratic Gaussian (LQG), measurement noise, reference current,
robustness.

I. INTRODUCTION

E LECTRICAL power quality [1], [2], [3] has been a grow-
ing concern because of the proliferation of the nonlinear

loads, which causes significant increase of line losses, instabil-
ity, and voltage distortion. With injection of harmonic current
into the system, these nonlinear loads additionally cause low
power factor. The resulting unbalanced current adversely affects
every component in the power system and equipment. This re-
sults in poor power factor, increased losses, excessive neutral
currents, and reduction in overall efficiency. Although load com-
pensation using passive filters is simple to design and operate,
it has drawbacks such as resonance, detuning, and overloading.
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The aforesaid issues can be effectively mitigated by employing
a shunt-active power filter (SAPF).

Various control schemes have been applied in SAPF [4], [5]
under both balanced and unbalanced loading conditions. How-
ever, these control strategies have not considered some impor-
tant aspects of power system perturbations such as supply un-
balance, variations in the SAPF as well as load parameters and
grid perturbations such as measurement noise and voltage dis-
tortion. A linear quadratic control combined with an integral
control has been employed to control a three-phase three-wire
SAPF to achieve unity power factor at PCC of a heavily distorted
and unbalanced load currents [6]. This control uses the full state
vector available for feedback, but this is unrealistic as there is
always a measurement noise. An optimal control theory [7] sup-
ported LQR and Kalman filter (KF) was proposed considering
measurement noise, load currents, and grid voltage transients.
However PCC voltage has not been considered as a disturbance
in the SAPF model. LQR law is based on the availability of the
complete state vector, which may not be completely measur-
able in most of the real-world situations. To overcome this, a
LQG servo controller was proposed for voltage-source converter
(VSC) connected to the grid [8], where KF was employed to es-
timate the state vector. In this case, power system perturbations
have not been taken into consideration and also the presence of a
time delay at the reference tracking point gives rise to a slow re-
sponse of the overall system. Thus, tracking error is not reduced
effectively and stability of the system is minimally improved.
However, a fast response without any tracking error delay is
indispensable for an SAPF system so that efficient current har-
monics compensation can be achieved under aforementioned
perturbations. To resolve the previous issues, in this paper, a
modification of aforementioned LQG servo controller has been
performed by employing a suitable feedback compensator hav-
ing gain of − (1/2), which has the capability of fast increasing
tracking error reduction of the SAPF system by rejecting all
types of perturbations raised in source and load areas. The idea
behind this feedback compensator is to achieve gain stability,
perfect tracking, and less current harmonics distortion.

Another important aspect of SAPF is the reference current
generation, which ensures capacitor voltage regulation [9] un-
der all types perturbations occurred in source and load sides
and this voltage regulation is achieved by adjusting a small
amount of real power flowing through shunt inverter into the
dc-link capacitor. Further, this small amount of real power is
adjusted by changing the peak value of the reference current.
A PI controller [10] is normally used for determining this peak
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value of reference current and its performance is satisfactory
up to steady-state level. But when load changes, the peak value
of reference current must be adjusted quickly to proportionally
change the real power drawn from the source to keep satisfac-
tory operation of SAPF. In this fashion, dc voltage regulation
is directly dependent upon the peak value of reference source
current. With aforementioned views, our proposed source ref-
erence current scheme is based upon estimation of the desired
peak value of reference current adaptively employing KF, as a
consequence capacitor voltage regulation is very fast with con-
sideration of power system perturbations arisen in load as well
as source sides.

It is not possible to supply quality power to the special equip-
ment, e.g., programmable logic controller, distributed control
system, converters in ac drives through conventional control
schemes [6]–[8], [11] employed in SAPF. This results in mal-
functioning of the above type of equipment, which need pure
power at all moments with fast changing disturbances occurred
in the power system. Hence, a fast and robust control action
is necessary to supply pure and distortion less power to above
equipment with all perturbations taken into account. In view of
aforementioned issues, we focus on the development of robust
LQG servo controller with a faster reference estimation scheme
in SAPF, which permits all perturbations such as PCC voltage
distortion, measurement noise, parametric variations of load,
capacitor voltage and filter impedance, tracking error variations
and supply voltage unbalance so that compensation capability
of the overall SAPF system can be enhanced.

This paper is organized as follows. In Section II, the con-
figuration of SAPF model along with the hardware description
is presented. Section III briefly explains the proposed reference
generation scheme together with proposed LQG servo controller
strategy used in SAPF. The results obtained from simulation
studies using MATLAB and hardware implementations are pre-
sented and discussed for various cases of power system per-
turbations in Section IV. Finally, the conclusion is presented in
Section V.

II. HARDWARE DESCRIPTION OF SAPF MODEL

The basic topology of a prototype SAPF developed in the lab-
oratory prototype is presented in Fig. 1(a). This topology is com-
posed of a voltage-source inverter connected to PCC through
filter impedances (RF ,LF ). A nonlinear load comprising of a
three-phase diode bridge rectifier with RL load is considered.
The control of SAPF is achieved by LQG servo controller-based
algorithm implemented with dSPACE1104. First, the controller
is implemented using Simulink/MATLAB. The real-time work-
shop is used to generate C code for real-time applications. The
interface between Simulink/MATLAB and dSPACE1104 per-
mits running the control algorithm. The basic control structure
and its mathematical equations are presented in Section III. The
switching signals generated from the slave DSP (TMS320F240)
are fed to blanking circuit (integrated circuit of SN74LS123) and
opto-isolation circuit (high speed optocouplers ICHCPL2601).
For implementation, the control algorithm is run at a fixed step
size of 78.125 μs and hence, the maximum switching frequency

Fig. 1. Hardware details. (a) Block diagram of the control and power circuit
of SAPF. (b) Experimental Setup.

of VSC of SAPF is fixed at 12.8 kHz. The design specifica-
tions and circuit parameters in laboratory prototype are given in
Table I.

III. DEVELOPMENT OF THE CONTROL SYSTEM

We present the control algorithm in the development of SAPF
in two distinct steps namely reference generation and current
controller implementation, which are described subsequently
next.

A. Proposed Reference Current Generation Scheme

When load parameter varies, average voltage across the dc-
link capacitor deviates from its reference value and the real
power supplied by the source is not enough to supply the load
demand. The SAPF cannot immediately respond to the load



2862 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 4, APRIL 2016

TABLE I
SYSTEM PARAMETERS USED FOR SIMULATION AND EXPERIMENT

System parameter Supply voltage RMS line–line (Vs ) = 100 V
Supply impedance (Rs = 0.1 Ω and Ls =0.5 mH)
Supply frequency (f) = 50 Hz

Load Nonlinear load: three-phase diode bridge rectifier with
resistive load of impedance (R = 20 Ω and L = 10 mH)
(base case)

SAPF DC-link capacitor (C) = 2350 μF;
Reference DC-link voltage (v ∗

d c ) = 220 V;
Filter impedance (Rf = 0.05 Ω and Lf =2.5 mH)
Switching frequency (fsw ) = 12.5 kHz
Sampling frequency (fs ) = 25 kHz

PI controller Kp = 0.32, Ki = 1

Fig. 2. Proposed control structure. (a) Proposed reference generation scheme.
(b) Proposed LQG servo current controller strategy.

change since it takes a longer interval to calculate a new ref-
erence current. This drawback is overcome by the proposed
reference scheme with a fast and adaptive estimation of peak
value of source reference current, which has the capability of
delivering real power equivalent to conduction and switching
losses occurred during capacitor voltage deviation. As a result,
it is expected that our proposed reference generation scheme
can overcome the demerits of PI control and makes the dc-link
capacitor voltage steady at the set point. This reference estima-
tion approach has merit in avoidance of voltage sensors, tuning
problems, and synchronization circuits needed for hardware;
hence, it becomes cost effective.

The proposed scheme is based on source reference gener-
ation principle and the reference compensating currents i∗f abc
for three phases a, b, and c are generated by subtracting the
source references i∗sabc from the load currents ilabc as shown in
Fig. 2(a). Source reference current generation is implemented
by the modulation of the estimated peak value of source current
(Imax) with the estimated in phase fundamental components
(ip(abc)) of load currents in per unit value, equations of which

are provided next

i∗sabc = Imax × ip(abc) (1)

i∗f abc = ilabc − i∗sabc . (2)

For an accurate estimation of reference current, the unit tem-
plate ip(abc) must be undistorted and this condition is met by
the Kalman filtering estimation algorithm.

1) Formulation of the KF Algorithm for Reference Current
Generation: A linear signal zk of single sinusoid is represented
by

zk = a1 sin(kω1Ts + φ1) k = 1, . . . , N (3a)

ω1 = 2πf1 . (3b)

In (3), Ts denotes the sampling time, parameters a1 and f1
are the fundamental amplitude and frequency, respectively, with
initial phase φ1 . The signal zk+1 can be expressed as

zk+1 = x1k + 1 = x1k
cos(kω1Ts) + x2k

sin(kω1Ts). (4)

Further

x2k + 1 = − x1k
sin(kω1Ts) + x2k

cos(kω1Ts) (5)

where x2k
is known as the in quadrature component and is

orthogonal to x1k
and they are represented by

x1k
= a1 sin(kω1Ts + φ1) (6a)

x2k
= a1 cos(kω1Ts + φ1). (6b)

To model amplitude or phase variations of the signal, a per-
turbation vector

[
γ1 γ2

]T

k
in the system states is considered

with the state space representation as

xk+1 = Φkxk + wk (7)

yk = Hkxk + vk (8)

where wk and vk are the process and measurement noises, re-
spectively, and the state transition matrix Φk and the observed
value Hk are given as follows:

Φk =

[
cos(ω1Ts) sin(ω1Ts)

− sin(ω1Ts) cos(ω1Ts)

]

(9)

Hk = [1 0 ]. (10)

Denoting the estimate of xk+1 as x̂k+1|k , the sequential re-
cursive computation steps for fundamental component identifi-
cation are given by

x̂k+1|k = Φk x̂k |k−1 + Kk (yk − Hkx̂k |k−1) (11)

where

Kk = ΦkPk |k−1H
T
k

(
HkPk |k−1H

T
k + Rmk

)−1
(12)

is the Kalman gain and the error covariance matrix is given as
follows:

Pk+1|k = ΦkPk |k−1ΦT
k − KkHkPk |k−1ΦT

k + Qmk
. (13)
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Qmk
and Rmk

are the process and measurement error covari-
ance matrices, respectively

Pk+1|k = E{(xk+1 − x̂k+1|k )(xk+1 − x̂k+1|k )T } (14)

Qmk
= E{w

k
wT

k
} (15)

Rmk
= E{vkvT

k }. (16)

Based on the previous estimates (x̂1k | and x̂2k |), the funda-
mental component’s magnitude [12] is calculated as follows:

Imax =
√

x̂2
1k + x̂2

2k . (17)

The in-phase fundamental component with per unit value
(ip(abc))can be expressed as

ip(abc) = sin (kω1Ts + φ1) =
x̂1k |

Imax
. (18)

B. Proposed LQG Servo Current Controller

In the proposed LQG Servo controller, we consider a tradeoff
but regulation/tracking performance and the control effort con-
sidering both process disturbances and measurement noise. We
present next the design of our proposed LQG servo controller.

1) Design of the Proposed Feedback Compensator: The pro-
posed feedback compensator plays a significant role in achieving
gain stability, perfect reference tracking, less current harmonics
distortion as well as improved bandwidth. Referring Fig. 2(b),
the output of feedback compensator is expressed by the follow-
ing equation:

δdqk
= edqk

× β (19)

where β is the gain of feedback compensator and the correspond-
ing gain value is determined as (−1/2). edqk

is the tracking error
of SAPF system and can be represented as

edqk
= i∗f dqk

− if dqk
(20)

where if dq is the dq transformation of compensating current
if abc .

2) Construction of Kalman State Estimator: KF is used for
measurement of harmonics [13], detection of grid perturbations
[14], and estimation of fundamental component as well as sys-
tem variables [15]. For linear systems contaminated with addi-
tive noise, KF is found to be an optimum estimator. In this paper,
we need Kalman state estimator for LQG servo control because
we cannot implement LQ optimal state feedback without full
state measurement.

For implementation of the KF, one inherent computational
delay is considered within the switch input udq to the SAPF
system due to finite computation time and PCC voltage vdq also
acts as an input to the estimator. The linear discrete-time system
in dq frame can be represented as

xf dqk + 1
= Gf xfdqk

+ Sf uf dqk
+ wfk

yf dqk
= Cf xf dqk

+ vfk
(21)

where wfk
and vfk

are modeled as white noise and the associated
noise covariance matrices are given by Wf and Vf .

Further

xf dqk
=

[
if d

k
if q

k

]T

uf dqk
=

[
gdqk

vdqk

]T
(22)

where

gdqk
= udqk −1

Gf = L−1{(sI − A)−1}|t=Ts
(23)

where

A =

⎡

⎢
⎢
⎣

−Rf

Lf
ω

−ω −Rf

Lf

⎤

⎥
⎥
⎦

Sf =
[
A−1

(
eATs − I

)
B1 A−1

(
eATs − I

)
B2

]
(24)

where

B1 =

⎡

⎢
⎢
⎣

−Rf

Lf
ω

−ω −Rf

Lf

⎤

⎥
⎥
⎦ , B2 =

⎡

⎢
⎣

vdc

Lf
0

0
vdc

Lf

⎤

⎥
⎦

Cf = C (25)

where

C=

[
1 0

0 1

]

. (26)

The values of matrices A, B1 , B2 , and C prescribed in (24)–
(26) are associated with the continuous state space model of
SAPF [7].

The state estimation by KF is formulated in two steps [16]
namely predictive and update. In the predictive step, x̂f dqk + 1 |k

is determined from x̂f dqk |k

Pfk + 1 |k = Gf Pfk −1 G
T
f + Wf (27)

x̂f dqk + 1 |k = Gf x̂f dqk
+ Gf uf dqk

. (28)

After measuring the output yf dqk
, the update step corrects

the prior estimate-covariance pair (x̂f dqk + 1 |k , Pfk + 1 |k ) giving a
posterior estimate-covariance pair (x̂f dqk + 1 |k + 1

, Pfk + 1 |k + 1 ). The
update equations are represented as follows:

Pfk + 1 |k + 1 =
((

Pfk + 1 |k

)−1 + Cf V −1
f Cf

)−1
(29)

x̂f dqk + 1 |k + 1
= x̂f dqk + 1 |k − Pfk + 1 C

T
f V −1

f

(
Cf x̂f dqk + 1 |k − yf dqk

)
. (30)

3) Design of Optimal State Feedback Controller: For full
state feedback control design, LQR design seeks to minimize
the total transfer of energy from system input to output. The
associated Riccati equation solution provides the optimal state
feedback controller (KLQR ) that can minimize the cost function
of the closed-loop system given as follows:

J =
1
2

∞∑

k=0

{xT
f dqk

QLxf dqk
+ uT

dqk
RLudqk

} (31)
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where QL is a positive semi-definite matrix (state weighting
matrix) and RL is a positive-definite matrix (control weighting
matrix). The entries of matrices QL and RL are chosen such
that the fastest dynamic response in the SAPF system can be
achieved.

4) Formulation of the Proposed LQG Servo Controller: The
proposed LQG servo controller ensures that the filter output
current of SAPF (if dq) tracks the reference command (i∗f dq)
while rejecting process disturbances and measurement noise.
The servo controller is the combination of optimal Kalman es-
timator and optimal state feedback controller and both designs
are solved separately, based on the “separation principle.”

The extended state space model of the proposed LQG servo
controller equations according to Fig. 2(b) is given next

xservok + 1 = Aservoxservok
+ Bservoudqk

(32)

yservok
= Cservoxservok

(33)

udqk
= −Km xservok

(34)

where

xservok
=

[
if dk

if qk
gdk

gqk
δdk

δqk

]T
(35)

Aservo =

⎡

⎢
⎢
⎢
⎣

AL

... 0

· · ·
... · · ·

−CLAL

... 1

⎤

⎥
⎥
⎥
⎦

(36)

AL =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Gf

... Sf

. . .
... . . .

0
... 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

, CL =

[
1 0 0 0

0 1 0 0

]

Bservo =

⎡

⎢
⎢
⎣

BL

· · ·
−CLBL

⎤

⎥
⎥
⎦ , BL =

[
0 0 1 1

]T
(37)

Cservo =
[
CL

... 0
]

(38)

Km =
[
KLQR

... −KLQI

]
. (39)

KLQI and KLQR are the linear quadratic integrator and linear
quadratic regulator gains of the proposed LQG Servo controller,
respectively, and the values of previous gains can be achieved
from the solutions of the state space model of LQG servo
controller.

IV. RESULTS AND DISCUSSIONS

A. Simulation Results

A simulation model for the three-phase SAPF with the
same parameters shown in Table I has been developed us-
ing MATLAB-Simulink. A triangular carrier-based pulse width
modulation method is employed for driving three-phase IGBT
inverter.

Fig. 3. Step response of the LQG servo control system with different matrices
of QL .

For the LQR design, weighting matrices QL and RL are used
considering the conventional model of (21) extended to include
different elements inside the state vector of (35). For simplic-
ity, QL and RL are chosen as QL = diag {q1 , q2 , q3 , q4 , q5 , q6}
and RL = diag {r1 , r2}. Since the output currents (ifd , ifq) of
SAPF appear to behave similarly, they should have accompa-
nied with similar weights. Low or close to zero weighting may
be placed on these states. But, for effective reactive power com-
pensation through SAPF, the quadrature component (ifq) should
be little higher than in-phase component (ifd), i.e., q1 ≤ q2 . Fur-
ther, the states associated with the computational delays (gd, gq )
are actually constrained given other states and hence they are
assumed to be zero, i.e., q3 = q4 = 0. Taking into previous con-
siderations and system symmetry, we have to choose q5 ≤ q6
and also a fairly high weighting closer to one should be placed
on the output of the feedback compensator in order to attain
high bandwidth. We also need to consider the control effort lim-
itation of ud and uq , which should be within [−1, +1]. Since
RL is considered to be more than QL to avoid large track-
ing error, we select r1 = r2 = 1. Taking into account afore-
mentioned considerations, several choices for q1 , q2 , q5 and q6
have been used for analyzing the behavior of SAPF (Case-A:
q1 = 0.000001, q2 = 0.000003, q5 = 0.75, q6 = 0.79; Case-B:
q1 = 0.0031, q2 = 0.0035, q5 = 0.91, q6 = 0.93; Case-C: q1 =
0.043, q2 = 0.045, q5 = 0.94, q6 = 0.96; Case-D: q1 = 0.63,
q2 = 0.65, q5 = 0.95, q6 = 0.99). It is seen by trial and error
that with the choice of Case-B, the step response of the proposed
LQG servo control system is quite satisfactory as depicted in
Fig. 3, where settling time is found to be 3 ms. Thus, QL and
RL are expressed by

QL =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0031 0 0 0 0 0

0 0.0035 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0.91 0

0 0 0 0 0 0.93

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

RL =

[
1 0

0 1

]

. (40)
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Fig. 4. Simulation results. (a) Waveforms of balanced supply voltages. (b)
Response of the proposed SAPF in Case-1. (c) Response of the proposed SAPF
in Case-2.

For KF design in reference current estimation, Qm = 0.01
I22A

2 and Rm = 20A2 were chosen initially to tune KF in sim-
ulation. Further, the weighting signal is minimized more with
increase of weighting parameter. Hence, the simulation process
is continued by increasing the aforementioned covariance values
until an optimality of KF can be enriched. After several iteration
processes, Qm and Rm are set to 0.05I22A

2 and 200A2 . Simi-
larly, Wf and Vf are set to 0.1I22A

2 and 300A2 , respectively,
for KF implementation in LQG servo controller.

The simulation results obtained with the proposed SAPF are
shown in Fig. 4 considering two Cases (Case-1: steady-state
load condition; Case-2: load impedances are increased by 50%).
The supply voltage waveforms are shown in Fig. 4(a). Fig. 4(b)
presents the steady-state performance of SAPF when the load
impedances are kept at the base value (100%). The load cur-
rent, compensating current, source current, and the capacitor
voltage are shown for three phases in top to bottom order. The
compensated source currents are found to be sinusoidal.

Similar results are found for Case-2 as seen in the respective
graphs shown in Fig. 4(c). The robustness of proposed SAPF
is analyzed here. The harmonics distortion results of the source
current for phase “a” before compensation and after compen-
sation with proposed SAPF in both cases are given in Table II.
In Case-1, the source current total harmonics distortion (THD)
is reduced from 25.67% to 3.18%. When load impedance is
increased by 50%, the THD is reduced from 21.44% to 2.59%

TABLE II
HARMONICS COMPENSATION EFFECT OF THE PROPOSED

LQGServoKF -BASED SAPF (SIMULATION)

Cases THD% of phase-a source current

Before compensation
THD (%)

After compensation
THD (%)

HCR (%)

Case-1 25.67 3.18 12.38
Case-2 21.44 2.59 12.11

and also the harmonics compensation ratio (HCR) is differed
by only 0.27%. Therefore, THDs of the source current are unaf-
fected by the parametric variations of the load. This shows the
robustness of the proposed SAPF under parametric variations
of the load. The HCR factor is calculated as follows:

HCR =
THD% After Compensation
THD% Before Compensation

× 100%. (41)

B. Experimental Results

The proposed control algorithm has been implemented in real
time on the hardware setup developed in our Lab. A photograph
of the experimental setup is shown in Fig. 1 (b). The efficacy
of the proposed scheme is compared with the existing method
(LQRKF ) [7], where LQR is employed as current controller
and KF for reference current generation in SAPF. The experi-
mental studies for both steady state and dynamic conditions are
performed and discussed in the following sections.

Case 1: Balanced supply voltages-steady-state load condi-
tion. The performance of the proposed SAPF is analyzed with
the base case load impedance. A diode bridge rectifier with a
resistive-inductive load is chosen as the test load to study the
operation of SAPF for load compensation. The three-phase unit
templates (ua , ub , uc) estimated by KF are shown in Fig. 5(a).
It is seen that unit templates are undistorted and sinusoidal.
Fig. 5(b) and (c) show the load currents (ila , ilb , ilc) and com-
pensating currents (ifa , ifb , ifc) in phases a, b, and c, respectively.
The overall performance of the proposed LQGServoKF -based
SAPF is shown in Fig. 5(d). The waveforms shown in this fig-
ure are phase-a source voltage, compensating current, source
current, and dc-bus voltage. The source current is found to be
almost sinusoidal. The reference tracking behavior of the com-
pensating current for both the proposed and existing method is
presented in Fig. 6(a) (i) and (ii), respectively. It is observed that
a tracking delay of “1 ms” is arisen in existing one, whereas it
is zero for the proposed method resulting toward an excellent
tracking behavior of the LQGServoKF -based SAPF system.
Further, the waveforms of the source current are shown with
start-on condition for the proposed as well as existing method
[see Fig. 6(b) (i) and (ii)]. The source currents in case of pro-
posed approach are observed to be smooth and distortion less as
compared to the existing method. The harmonic spectra are ana-
lyzed using a power quality analyzer and the recorded harmonic
spectra for uncompensated as well as compensated phase “a”
current are shown in Fig. 7. The THD in the load current is
as high as 25.9%, but the THD in the source current has been
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Fig. 5. Case-1: (a) unit voltage templates, (b) three-phase load currents, (c)
three-phase compensating currents in the proposed method, and (d) phase-a
quantities in the proposed method.

Fig. 6. Case-1: (a) waveform showing tracking behavior of compensating cur-
rent and (b) waveforms of three-phase source currents (with start-on condition).
(i) Proposed method. (ii) Existing method.

lowered to 3.3% and 4.1% in case of the proposed and existing
method, respectively. Hence, it can be concluded that the pro-
posed LQGServoKF -based SAPF provides better reduction in
%THD as a requirement set by IEEE519 standard.

Case 2: Balanced supply voltages—load impedances are in-
creased by 50%. In this case, the load impedances have been in-
creased by 50% from the base case without alternating any other
parameters of the system. Fig. 8(a) shows the three-phase load
currents, where the amplitude is reduced by 4 A as compared
to Case-1. Fig. 8(b) shows the compensation characteristics of

Fig. 7. Case-1: harmonic spectra of (a) phase-a load current, (b) phase-a
source current in the proposed method, and (c) phase-a source current in existing
method.

Fig. 8. Case-2: (a) three-phase load currents, (b) phase-a quantities in the
proposed method, (c) three-phase source currents in the proposed method, and
(d) three-phase source currents in existing method.

Fig. 9 Case-2: harmonics spectra of (a) phase-a load current, (b) phase-a
source current in the proposed method, and (c) phase-a source current in existing
method.

the proposed SAPF. The source voltage is kept at 100 V and
the dc-link voltage is maintained at 220 V. Fig. 8(c) shows the
three-phase source currents which are all balanced (�6.32 A)
and sinusoidal in the proposed SAPF; however, distortions are
observed in case of existing method as depicted in Fig. 8(d).
The harmonic spectra for load and source current are specified
in Fig. 9 employing aforementioned two methods. The THD of
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Fig. 10. Case-3: (a) three-phase compensating currents and (b) three-phase
source currents. (i) Proposed method. (ii) Existing method.

Fig. 11. Case-3: harmonics spectra of (a) phase-a source current in the pro-
posed method and (b) phase-a source current in existing method.

the load current is reduced from 22.2% to an extent of 2.8%
in case of the proposed method whereas it is reduced to 3.6%
in case of existing method. It is observed that even under para-
metric variations of load, the proposed control scheme behaves
better than the existing control strategy.

Case 3: Balanced supply voltages—changing SAPF param-
eters. In this case, the SAPF parameters are increased from
Rf = 0.05Ω, Lf = 2.5mH to Rf = 0.5Ω, Lf = 3mH. Un-
der this condition, the performance of the proposed control al-
gorithm is verified with existing technique through Figs. 10
and 11. It is seen that in case of the proposed approach the
waveforms for compensating current and the source current are
smooth and distortion less as compared to the existing LQRKF
method. Hence, the effective harmonics compensation is more
in case of the proposed LQGServoKF method. Also, the THD of
phase-a source current after compensation is analyzed in Fig. 11,
which shows the superiority of the proposed method (i.e., THD
= 3.4%) over existing method (i.e., THD = 4.5%).

Case 4: Balanced supply voltages—dynamic load condi-
tion. The performance of the proposed SAPF, considering the
balanced supply voltages, during a sudden load change con-
dition is illustrated in Fig. 12(a). To create dynamic con-
dition, the load is changed from (R = 30Ω, L = 15mH) to

Fig. 12. Case-4: (a) three-phase load currents, (b) three-phase compensating
currents, and (c) three-phase source currents. (i) Proposed method. (ii) Existing
method.

Fig. 13. Case -4: waveforms of capacitor voltages in the proposed and existing
method.

(R = 20Ω, L = 10mH). As soon as the load is changed, the
compensating current quickly responds to changes to compen-
sate the harmonic currents in the load, as shown in Fig. 12(b).
Also, the compensated source current profiles can be viewed
from Fig. 12(c) for both existing and proposed techniques. As
noticed, the SAPF system with proposed LQGServoKF ap-
proach achieves better compensation waveforms as compared
to LQRKF . Furthermore, the dc-link voltage in case of exist-
ing method settles to the reference value with a time delay of
0.1 s, while a delay of only 0.025 s is created for the proposed
method as illustrated in Fig. 13. Fig. 14 shows that the supply
current THD is effectively reduced from 26.8% to 3.5% and
4.9% in the proposed and existing method, respectively. Thus,
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Fig. 14. Case-4: harmonics spectra of (a) phase-a load current, (b) phase-a
source current in the proposed method, and (c) phase-a source current in existing
method.

Fig. 15. Case-5: (a) three-phase supply voltages, (b) three-phase load cur-
rents, (c) three-phase compensating currents. (d) Three-phase source currents.
(i) Proposed method. (ii) Existing method.

this dynamic condition demonstrates the true capability and en-
hanced performance of the proposed LQGServoKF algorithm
over LQRKF -based approach.

Case 5: Unbalanced supply voltages–steady-state load con-
dition. In majority of previous cases, the supply voltage has
usually been assumed to be sinusoidal and balanced, but this
voltage condition is rare in practical networks. The unbalanced
supply voltage condition in practical networks may adversely
affect the control performance of the SAPF. To verify the effec-
tiveness of the proposed control algorithm under such condition,
experiments were carried out. The profiles for three-phase sup-
ply voltages and load currents are given in Fig. 15(a) and (b).
To create unbalance, three sensors are required for three phases
and phase-a voltage is reduced by 40 V as depicted in Fig. 15(a).
As a result, phase-a compensating current is increased more to

Fig. 16. Case-5: waveforms of capacitor voltages in the proposed and existing
method.

Fig. 17. Case-5: harmonics spectra of (a) phase-a load current, (b) phase-a
source current in the proposed method, and (c) phase-a source current in existing
method.

counteract the unbalance as shown in Fig. 15(c). However, the
shapes of the compensating current waveforms are smoother in
case of the proposed algorithm. As shown in Fig. 15(d), the
harmonic compensation performance of the SAPF is not dete-
riorated at unbalanced supply voltage condition and the supply
currents are balanced. But, a number of spikes are observed in
case of existing method. Furthermore, the dc-link voltage, as
shown in Fig. 16, is effectively regulated at the set reference
value by employing the proposed LQGServoKF method. From
THD factor analysis for phase-a source current shown in Fig. 17,
the proposed method has lower THD (i.e. 3.1%) as compared
to existing LQRKF (i.e., 3.9%), whereas the load current is
distorted with a THD factor of 24.8%.

It is verified through experiments that the proposed LQG
ServoKF -based SAPF has better steady-state performances as
well as better dynamic responses as compared to existing ap-
proach. In addition, to evaluate the robustness performance of
the existing LQRKF controller and the proposed LQGServoKF
controller considering aforementioned five cases, HCR factors
are calculated and summarized in Table III. The results in Ta-
ble III demonstrate that in case of the proposed approach, HCR
factors are maintained nearly the same (i.e., close to 13%) and
these factors are unaffected by any perturbations raised in load
or source sides, which makes the SAPF system more robust.
In contrast, such robustness cannot be achieved by using ex-
isting control strategy, in which HCR factor is largely deviated
(i.e., a deviation of 3%) in the presence of transient behavior of
the load. Thus, the superiority of the proposed algorithm over
existing LQRKF is highlighted through all situations of power
system perturbations.
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TABLE III
HARMONICS COMPENSATION EFFECT OF THE PROPOSED AND EXISTING

CONTROL STRATEGY IN SAPF (EXPERIMENTAL)

Cases Methods used in
SAPF

THD% of phase-a source current

Before compensation
THD (%)

After compensation
THD (%)

HCR (%)

Case 1 LQG ServoK F 25.9 3.3 12.74
LQRK F 25.9 4.1 15.83

Case 2 LQG ServoK F 22.2 2.8 12.61
LQRK F 22.2 3.6 16.21

Case 3 LQG ServoK F 25.9 3.4 13.12
LQRK F 25.9 4.5 17.37

Case 4 LQG ServoK F 26.8 3.5 13.05
LQRK F 26.8 4.9 18.28

Case 5 LQG ServoK F 24.8 3.1 12.5
LQRK F 24.8 3.9 15.76

V. CONCLUSION

We presented a robust LQG servo controller design for an
SAPF. The robustness of the proposed LQG servo controller
strategy has been verified by analyzing the performance under
steady state as well as dynamic condition of the power system.
From the obtained simulation as well as experimental results, the
proposed SAPF has been observed to provide efficient current
harmonics mitigation, reference current tracking behavior, and
reactive power compensation with dynamically changing load
conditions (other LQR-based approaches are limited to steady-
state conditions).

In the presence of an additive white Gaussian noise, switching
noise, and distortion at PCC voltage, KF is found to be the
best option involving both in reference generation and current
controller realization of SAPF. The proposed reference scheme
acts as a self-regulator of dc-link voltage escaping from external
linear and nonlinear controller and hence an inexpensive control
strategy can be implemented. Furthermore, the main feature of
the LQG servo controller is the feedback compensator, which
has effects of reducing tracking error distortion, noise and hence
a perfect gain stability of the SAPF system is achieved.
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