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Abstract
The increased use of non-linear loads results in more harmonics content in the source current. Shunt active power filters 
are used for correction of distorted source current by injecting a compensating current in parallel to the load current. 
The injected current will shape the supply current to a sinusoidal. In this paper an improved performance of shunt active 
power filter is achieved by using sliding mode controller for generation of gate pulses of voltage source inverter. The 
implemented control technique has been evaluated and compared with hysteresis current control. The performance 
parameters used for evaluating the shunt active power filter are total harmonic distortion, power factor and harmon-
ics compensation ratio. The simulation results show excellent performance of active power filter in terms of harmonics 
mitigation and dynamic response. Experimental tests are also performed using NI DAQ card in Labview environment to 
validate the simulation results. Both the simulation and experimental results prove good performance of sliding mode 
control for accurate injection of reference current.

Keywords Harmonics mitigation · Shunt active power filter · Power quality improvement

1 Introduction

The technology advancement results in increased usage 
of electrical energy. The quality of power directly affects 
the performance efficiency of different electric apparatus. 
A distortion in the voltage waveform of the power source 
from a sine wave, or in the amplitude from a known ref-
erence level is considered as a power quality issue [1]. 
Voltage fluctuations, voltage sags, voltage unbalance, 
transients and harmonics are the well-known issues that 
affect the power quality [2].

Among the various power quality problems harmonics 
is considered as a major issue [3]. Harmonics in the power 
system are increasing rapidly due to the large scale use 
of power electronics equipment. The currents or volt-
ages that are integer multiples of fundamental frequency 
are considered as harmonics [4]. The nonlinear loads 

connected to the supply are the main cause of harmonic 
currents.

The methods used for harmonics mitigation are K-rated 
transformers, separate neutral conductors, and harmonic 
filters [5]. Among all the techniques active power filters 
(APFs) are widely used for correction of distorted voltage 
or current waveforms. The concept of active power filters 
was first introduced by Gyugi and Strycula [6].

Due to significant growth in power electronics, the use 
of APF has unique advantages as compared to passive filter 
devices in harmonics mitigation [7]. In order to mitigate cur-
rent harmonics the active power filter is connected in paral-
lel with the load, this configuration is known as shunt active 
power filter (SAPF). The block diagram of SAPF connected to 
a three phase source driving a three phase non-linear load 
is shown in Fig. 1. The blocks included are reference current 
generator block, current injection controller block, dc link 
voltage control block and a voltage source inverter.
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The procedure includes recognition of harmonic com-
ponents, generation of reference current and gate pulses 
generation for the power circuit to inject the reference cur-
rent. The power circuit consists of voltage source inverter 
with a DC link capacitor. In order to correct the distorted 
source current waveform the active power filter injects the 
reference current in parallel to the load thus cancelling out 
the current harmonics introduced by the nonlinear load. The 
reference current is actually anti-phase to the harmonic cur-
rent, thus the injected current when added to the load cur-
rent will make the source current very near to pure sinusoid. 
The supply current (is) can be expressed as a difference of 
non-linear load current (il) and compensating current (ic) as 
shown in Eq. 1.

The performance evaluation parameters used in active 
power filtering are Total Harmonic Distortion (THD), power 
factor and harmonics compensation ratio (HCR). The total 
harmonic distortion (THD) for a current signal is defined as 
a measurement of the harmonic contents present by taking 
the ratio of addition of all the harmonic components of the 
current waveform  (I2,  I3,  I4 ….In) to the fundamental compo-
nent of the current waveform  (I1) [8] as shown in Eq. 2 below:

IEEE Std. 519 recommendations for harmonic control in 
power systems limits the THD of the source current to less 
than 5% [9]. The HCR factor [10] can be calculated as shown 
below:

(1)is = iL − ic

(2)THD =

√√√√ I2
2
+ I2

3
+ I2

4
+… .I2

n

I2
1

100%

(3)HCR =
THD after compensation

THD before compensation
× 100%

The methods used for reference current generation are 
established on either time domain techniques like Instan-
taneous Reactive Power (p-q) theory, Synchronous Refer-
ence Frame (d-q) theory and perfect harmonic cancella-
tion or frequency domain techniques like Discrete Fourier 
Transform (DFT) and sine multiplication method. The con-
trol of dc link voltage is also very important for accurate 
injection of the corrective current waveform at the point of 
common coupling (PCC) [11, 12]. PI control or PID control 
is mostly used to regulate the dc link voltage. Different cur-
rent controllers have been implemented to generate gate 
pulses for voltage source inverter [13–16]. In [13] the cur-
rent injection is performed using deadbeat controller. The 
controller shows good dynamic response but is complex 
in implementation and has parameter dependence too. In 
[17, 18] the repetitive control method is introduced that 
shows good performance in terms of THD minimization 
but it is also supposed to have stability problems.

In [17, 18] the repetitive control method is introduced 
that shows good performance in terms of THD minimiza-
tion but it is also supposed to have stability problems. In 
[19] One-cycle control (OCC) is implemented for current 
injection and showing good results in reducing THD, is 
robust and simple to implement. However, OCC con-
troller is not stable for certain types of loads. In [20, 21] 
the conventional single band hysteresis current-control 
(SBHCC) scheme is used showing good accuracy and 
quick response, but the high switching frequency results 
in high switching losses. To overcome the problem of high 
switching frequency an adaptive hysteresis current-control 
[22] and double band hysteresis current control [23] are 
proposed.

In this paper sliding mode control is implemented to 
inject the reference current at the PCC. The implemented 
control technique results in good stability and reduced 
THD as compared to the conventional PWM control. Both 
simulation and experimental results verify the good per-
formance of used control technique. This paper is organ-
ized such that Sect. 2 describes reference current genera-
tion technique. In Sect. 3 mathematical model of SAPF 
is discussed and in Sect.  4 current injection control is 
explained. Detailed results are given in Sect. 5. Section 6 
concludes the paper.

2  Reference current generation

One of the main contribution in active power filtering 
is generating a reference current which is actually 180° 
out of phase with the harmonics current. The addition of 
reference current to the load current results in sinusoi-
dal source current. Many techniques are used for refer-
ence current generation but in this paper lnstantaneous 

Fig. 1  Block diagram of SAPF
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Reactive Power theory (p-q theory) is used due to its sim-
plicity and accuracy.

2.1  Instantaneous reactive power theory

This theory is mostly used for reference current genera-
tion in active power filters. In this theory variable trans-
formation is used to transform the co-ordinates from a-
b-c reference frame to the α-β-0 reference frame [24]. The 
instantaneous three phase voltages and currents are used 
as input for doing the co-ordinate transformation [25] as 
shown in Eqs. 4 and 5.

The source currents and phase neutral voltages are 
used to derive the instantaneous real and imaginary 
power components as given in Eq. 6.

The zero sequence power only exists in three phase sys-
tems with a neutral wire. As the system considered in this 
paper is three phase three wire, the zero sequence power 
and current are ignored.

This active and reactive power can be expressed in two 
parts i.e. AC and DC as given by Eq. 8.

A low pass filter is used to get the DC part of active and 
reactive power by passing p and q signal through it. The 
high frequency component will be filtered out and leav-
ing the expected signal i.e. Fundamental part. In the next 
step the reference current in α-β co-ordinates is calculated 
by Eq. 9.
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In the final step the reference current in a-b-c co-ordinates 
is calculated by using Eq. 10.

3  Mathematical model of SAPF

The three phase source with active filter connected in paral-
lel to the distribution load is analyzed by building a math-
ematical model of SAPF. The basic structure of three phase 
SAPF in parallel to a non-linear load is shown in Fig. 2. The 
source voltage vs is supposed pure sinusoidal. It is modeled 
in the stationary a-b-c reference frame using Eq. 11.

where  fa,  fb, and  fc are switching functions. Lc and Rc are 
filter inductance and its resistance, respectively. Cdc is the 
capacitance at the DC link. The above Equation can be 
written in matrix form as:
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Fig. 2  Basic structure of SAPF
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The stationary a-b-c reference frame model of the active 
power filter can be converted to the rotating d-q reference 
frame in order to reduce control complexity. The transfor-
mation matrix required for conversion from a-b-c to an 
arbitrary rotating d-q-0 reference frame is given below:

For simplicity a balance three-phase system without a 
neutral line is considered for which the sum of the instan-
taneous three-phase voltages and currents is zero as 
shown in Eq. 14.

The dynamical model of the system in d-q-0 reference 
frame results in Eq. 15.

where the switching state functions of the system in d-q 
reference frame are denoted by  fd and  fq and ω is the sup-
ply angular frequency. Equation 16 is shown as:

4  Current injection

The injection of reference current in parallel to the load 
must be done accurately so as to make the source current 
sinusoidal. Different controllers are used for current injec-
tion. In [26] a comparison is made between hysteresis cur-
rent control and sinusoidal pulse width modulation tech-
niques. In [27] a new current control scheme was proposed 
for selective harmonic compensation. The proposed work 
used an array of resonant current controllers achieved 
good results in terms of THD reduction. Many research-
ers employed different controllers for current injection 
[28–36] including model predictive control, repetitive 
control, kalman filter based H infinity control strategy, one 
cycle control and sliding mode control. Current control-
lers force the actual compensating current to follow the 
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reference current and hence the performance of SAPF is 
significantly affected by current controller’s selection.

4.1  Sliding mode control

Sliding mode control is a nonlinear control method which 
changes the dynamics of a nonlinear system by application 
of a discontinuous control. Since the APF system is a non-
linear system and the control of APF is completely based 
on control of the switches, SMC method is known to be a 
best method to produce switching signals for voltage source 
inverter by applying it to bring the system’s state trajectory 
on to a user defined surface called sliding surface and to 
maintain the trajectory on that surface for the rest of the 
time [37]. The design methodology of sliding mode control 
for shunt active power filter is outlined in this section.

The sliding mode control is the motion of state variables 
under the sliding surface. The state variables of the system 
can converge to the equilibrium point in steady state condi-
tion. After the creation of sliding surface the trajectories are 
enforced to reach sliding surface in finite time and stay there 
for the rest of the time. After reaching the sliding surface the 
system dynamics are unaffected by circuit parameters and 
only depend on the selected sliding surface.

SMC can be designed basically in two steps. In first step 
a suitable sliding surface is designed and in the second step 
a control law is designed to force the system trajectories to 
reach the sliding surface and stay there. For the active power 
filter, modulating signal U is considered as the control input. 
While designing the sliding mode controller, control input 
can be composed of two components, a continuous compo-
nent Ueq and the discontinuous one Un as shown in Eq. 17.

The discontinuous component brings the system on slid-
ing surface and once the system reaches the sliding surface, 
the continuous component ensures the system to be there. 
In d-q frame the control can be expressed by Eq. 18.

where

4.1.1  Sliding surface design

In general form the sliding surface can be written as:

(17)U = Ueq + Un

(18)Udq = Ueq,dq + Un,dq

Udq =

{
Ud

Uq

}
, Ueq,dq =

{
Ueq,d

Ueq,q

}
and Un,dq =

{
Un,d

Un,q

}

(19)S = K (x − x∗)
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The sliding surface on d-q frame is given by Eq. 20 while 
Und and Unq are given by Eq. 21.

The mathematical model described in Sect. 3 is used to 
derive the equivalent control on d-q frame. The state vari-
able model of SAPF can be written in general form as:

where A, B and G are obtained as shown in Eq. 23.

The equivalent control can be found by setting the deriv-
ative of the sliding surface to zero and substituting U = Ueq.

4.1.2  Stability analysis

The stability analyses are performed to ensure that the sys-
tem trajectory reaches the equilibrium point and settles 
there for the rest of the time. The system trajectory for a sta-
ble system should slide along the surface and finally settle at 
the equilibrium point. In case of an unstable system the tra-
jectory does not settle at the equilibrium point but crosses it 
and moves toward infinity. In this section the system stability 
using the sliding mode controller is analysed by adopting a 
Lyapunov function as a candidate function i.e.
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The time derivative of Eq. 25 is written as:

In general the condition of the sliding mode controller 
is defined by Eq. 27.

The time derivative of Eq. 19 results in

Assuming zero initial values and neglecting the external 
disturbances Eq. 28 can be written as:

The condition for selecting the sliding mode gains can 
be obtained by putting Eqs. 20 and 29 into 27 as shown 
below:

4.2  Hysteresis current control

In hysteresis current controller the switching pulses of 
inverter are generated by setting a fixed hysteresis band 
and comparing it with a current error signal [30]. When-
ever the injected current exceeds the upper or lower limit, 
the hysteresis controller generates the switching pulses 
of IGBT. This technique has the advantages of simplicity, 
good accuracy, robustness and fast dynamic response. 
The tracking of reference current is done by limiting the 
actual current within the set band. When the actual cur-
rent increases than the upper limit of the hysteresis band 
(HB), it should be reduced. This is done by turning ON 
of the lower switch of the inverter arm and turning OFF 
the upper switch, thus the current starts falling. Similarly 
when the actual current exceeds the lower boundary of 
the band, the upper switch is turned ON, and the lower 
switch is turned OFF, thus the current starts rising. Conse-
quently, the current is retained within the hysteresis band. 
Therefore, the actual current is forced to track the refer-
ence current in the hysteresis band.

5  Results

5.1  Simulation results

The Shunt active power filter has been simulated twice 
for each test case, first by injecting current using sliding 
mode control and second time by using hysteresis current 
control. For the purpose of simulation a three phase three 
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wire system with balanced load has been considered. The 
parameters used for simulation are shown in Table 1.

The performance of the SAPF is analyzed by calculating 
the THD of the source current, power factor and HCR. The 
model is simulated for three different loads. These cases 
are discussed separately.

Case 1: Resistive load
In this case a resistor is connected across a three phase 

bridge rectifier and its current waveform is shown in Fig. 3. 
The reference current generated in this case is shown in 
Fig. 4. THD of the source current without active power filter 
is 29.02% and with active power filter using sliding mode 
control, THD has been reduced to 1.45% as shown in Fig. 5. 
The circuit is again simulated by using hysteresis current 
control technique for current injection thus reducing THD 
to 2.28% as shown in Fig. 6.

Case 2: RC load
For case 2 a capacitor is connected in parallel with the 

resistor as shown in Fig. 7 and THD of the source current 

without SAPF is noted as 31.53%. The distorted source cur-
rent waveform in this case is shown in Fig. 8 and reference 
current waveform is shown in Fig. 9. Injection of reference 
current is done again with both SMS and HCC and THD 
results for the compensated source current waveform are 
shown in Figs. 10 and 11.

Case 3: RLC load
In case 3 RLC load is connected to analyze the current 

control technique. THD of the distorted source current 
waveform is found to be 35.33%. The distorted source cur-
rent waveform is shown in Figs. 12 and 13 shows the refer-
ence current. The complete model is again simulated with 
the two techniques for current injection and the resultant 

Table 1  Source parameters

Elements AC Source SAPF Non-linear load

Parameter RMS line–line 
supply volt-
age

Supply 
frequency

Dc link volt-
age reference

Dc link 
capacitor

Filter induct-
ance

3-phase 
diode recti-
fier

Load impedance

Case 1 Case 2 Case 3

Value 380 V 50 Hz 800 V 2200 µF 2 mH – 10 Ω 10 Ω, 100 µF 10 Ω, 100 µF
18 mH
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Fig. 3  Distorted source current waveform for case 1
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Fig. 4  Reference current waveform for case 1
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0 100 200 300 400 500 600 700 800 900 1000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Frequency (Hz)

Fundamental (50Hz) = 54.69 , THD= 2.28%

M
a

g
 (

%
 o

f F
u

n
d

a
m

e
n

ta
l)

Fig. 6  THD using HCC
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THD of the compensated source current for both cases is 
shown in Figs. 14 and 15.

The THD results for all the three cases are shown in 
Figs. 5 & 6, 9 & 10 and 13 & 14. It is observed that by using 
sliding mode control for current injection source current 
THD is reduced to a lower value as compared to hyster-
esis current control. This proves the good performance of 
sliding mode control in accurately tracking the reference 

current. Moreover the HCR factor only changes slightly 
due to change in load thus proving good stability. The 
summary of results is shown in Table 2.

Fig. 7  Non-linear Load
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Fig. 8  Distorted source current waveform for case 2
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Fig. 9  Reference current waveform for case 2

   
0 100 200 300 400 500 600 700 800 900 1000

0

0.2

0.4

0.6

0.8

1

1.2

Frequency (Hz)

Fundamental (50Hz) = 409.5 , THD= 1.52%

M
a

g
 (

%
 o

f F
u

n
d

a
m

e
n

ta
l)

Fig. 10  THD using SMC
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Fig. 11  THD using HCC
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Fig. 12  Distorted source current waveform for case 3
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Fig. 13  Reference current waveform for case 3
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Fig. 14  THD using SMC
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5.2  Experimental results

The simulation results are verified experimentally in a lab-
view environment. The NI DAQ (USB6002) board is used 
for data acquisition. Signal conditiong module is used for 
interfacing the voltage and current signals at the analogue 
input of DAQ board. The labview software reads the dis-
torted source current waveform and generates the refer-
ence current waveform. The reference current generated 
is sent to the current controller to generate gate pulses for 
VSI. Three different loads are used to evaluate the sliding 
mode control technique. The experimental setup is shown 
in Fig. 16. Figures 17, 18 and 19 shows the load current, ref-
erence current and source current after compensation for 
case 1. Similarly Figs. 20, 21, 22 and Figs. 23, 24, 25 shows 
results for case 2 and case 3 respectively. These results vali-
dates the simulation results.

6  Conclusion

In this paper an improved performance of shunt active 
power filter is achieved by using sliding mode control for 
generating gate pulses of voltage source inverter. A three-
phase three-wire system with a balanced non-linear load 
is used. The performance of the sliding mode control is 

analyzed by comparing it with the hysteresis current con-
trol technique. The parameters used for performance eval-
uation are THD, power factor and HCR. The results show 
that by using SMC, SAPF is able to mitigate harmonics with 
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Fig. 15  THD using HCC

Table 2  Performance 
parameters

Load THD before compen-
sation (%)

THD after compensa-
tion (%)

Power factor HCR (%)

SMC HCC SMC HCC SMC HCC

Case 1 29.02 1.45 2.28 0.998 0.988 4.99 7.85
Case 2 31.53 1.52 2.40 0.991 0.981 4.82 7.61
Case 3 35.33 1.68 2.90 0.980 0.975 4.75 8.21

Fig. 16  Experimental setup

Fig. 17  Load current (case 1)

Fig. 18  Reference current (case 1)
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good accuracy and THD of the source current is reduced to 
a lower value as compared to HCC. The power factor has 
been significantly improved using sliding mode control. 
The HCR factor in case of SMC also changes by only a small 
margin as compared to HCC for three different loads ensur-
ing good stability against a change in load.
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