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Abstract—The performance comparison of Sliding Mode 
(SM) control and instantaneous reactive power theory (PQ) 
control for three-phase Active Power Filter (APF) is 
presented. Algorithms for SM and PQ techniques were 
developed and used in the control of APF to shunt 
harmonics due to non-linear loads from the power grid. 
Total Harmonic Distortion (THD) was used for 
performance verification. The PQ control reduced the THD 
value, on average, from 29.84% to 4.937% while the SM 
control reduced the THD value, on average, from 29.84% to 
5.27%. The results obtained show that PQ control offered 
slightly better performance in terms of reduced THD than 
the SM control even though the implementation of SM was 
less complex due to the use of programmable chips. In 
addition, the SM control recovered faster from transient 
disturbances than the PQ algorithm.  Both results are, 
however, within the conformity limit of the IEEE standard 
and have proven to be good for harmonic mitigation. 
MATLAB/Simulink 2018 version was used as the simulation 

tool. 

 

Index Terms—Sliding-mode, instantaneous reactive power, 
active power filter, harmonics mitigation, total harmonic 
distortion 

I. INTRODUCTION 

Harmonic distortions are of significant concern in 
power quality research [1]-[9]. Harmonics in grid power 
supplies have been a topic of great interest and the use of 
active power filters for harmonic mitigation have been 
reported in the literature. 

Current harmonics control using active power filters 
(APFs) and filters comparison were presented in [10] 
with the circuits capable of complexity reduction. A 3-
level inverter topology characterized using Bidirectional 
Neutral Point Clamped (BNPC) inverter involving 
energy-based Lyapunov control was presented in [11] for 
harmonic compensation of loads. APFs circuit 
configuration which used a neural network controller 
having fast speed of response on a 3-phase voltage source 
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active power filters connected in shunt configuration and 
referred to as shunt active power filter (SAPF) was 
presented in [12]-[14] while the work in [15] shows the 
use of phase-shift technique in harmonic detection. Other 
circuit configurations for harmonic compensation such as 
hybrid APF [16]-[17], use of fuzzy logic for Cascaded H-
Bridge Multi-Level Inverter [18], type-2 fuzzy logic 
controlled three-level shunt active power filter [19], 
multilevel inverters for selective harmonic elimination 
[20], [21] 

Analysis of novel harmonic filtering strategy that uses 

phase-shifting; mitigation of power quality problems 

based on discrete time filtering (Wiener filtering) for 

reference supply and distorted current extraction and the 

use of extended Kalman Filter (KF) for system state-

space variable estimation incorporated in a sliding mode 

controller were presented in [22]-[25]. Optimal control of 

shunt active power filter to meet IEEE std. 519 current 

harmonic constraints under non-ideal supply condition 

was presented in [26] while [27] presented a verifications 

based on 3-phase PWM voltage converter connected to 

AC mains. An optimal control algorithm for power factor 

improvement on the converter topology was presented in 

[28]. The power quality issue of harmonics using 

capacitor-clamped voltage source inverter [29], neural 

APF [30] and sliding mode control technique [31]-[33] 

presented different trending control methods. A clear gap 

exists in comparing different methods of harmonic 

mitigation. 

In the present work, a comparison of the performance 

of sliding model-based control and instantaneous reactive 

power (PQ) theory on harmonic mitigation using three-

phase Shunt Active Power Filters (SAPF) for industrial 

application is presented. The major interest is on 

harmonic mitigation of the odd harmonics using three-

phase SAPF  coupled with capacitor dc bank with the aid 

of a passive circuit. Detailed development of 

mathematical algorithms for the two methods was done in 

section II. Simulations and discussion of results were 

done in section III while section IV was devoted to 

conclusion of the work. 
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Fig. 1. Principle of compensation action of SAPF. 

II. DEVELOPMENT OF MATHEMATICAL ALGORITHM 

Mathematical Algorithm based on SM control, PQ 

theory control and stability test of the sliding mode were 

presented. Considering the single line diagram shown in 

Fig. 1. 

tload fload rload hload( ) ( ) ( ) ( )p t p t q t p t           (1) 

with fload ( )p t ,
rload ( )q t and hload ( )p t being the instantaneous 

real, reactive and harmonic powers respectively drawn by 

the load and fload ( )p t obtained by the difference of the 

real power by the AC mains, 
ac-source ( )p t  and the real 

component of power from the utility contributing 

to ac-lossp  which accounts for the switching losses of the 

supply and to ensure a constant dc link voltage. 

Assuming the source reactive power ac-source ( )q t  to be 

zero, the real power drawn by the load is obtained by 
adding the real and harmonic powers drawn by the load 
while the reactive power drawn by the load is obtained by 
adding the reactive and harmonic powers drawn by the 
load. Also, the real power supplied by the APF is 
obtained by subtracting the real ac power loss from the 
real power drawn by the load while the reactive power 
supplied by APF is summation of reactive power and 
harmonic power drawn by the load. 

A. Estimation of Reference Source Current 

From Fig. 1, applying Kirchhoff’s current law and 
considering industrial loads, which are usually nonlinear 

in nature, the load current load ( )i t  has two components: 

the fundamental component 
0load ( )i t and the harmonic 

components load ( )
h

i t  as in (2) 
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              (2) 

Also,   

( ) sins mu t u t                                (3) 

where ( )si t , load ( )i t , 
filter ( )i t , ( )su t , mu , 

0loadi , 0 , loadhk
i , 

and k represent the instantaneous value of source current, 

load current, filter current, instantaneous and peak values 

of the source voltage, the amplitude of the fundamental 

load currents, angle deviation from fundamental voltage, 

kth harmonic load current, and kth angle of deviation 

from voltage.  

However, the total instantaneous load power expressed 

as tload ( )p t  can be stated as: 

load load( ) ( ) ( )t sp t u t i t                      (4) 

Substituting the first two components of (2) which 

constitute load ( )i t and (3) into (4) and applying 

trigonometric identities to the result gives: 
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By comparing (5) with the equation usually given 

by fload ( )p t , it can be deduced as 

0

2

fload load 0( ) (sin ) cosmp t u i t                 (6) 

In compensation, it is typical that the real power 

fload ( )p t  is supplied by the source. All other components 

rload ( )q t  and hload ( )p t  are supplied by the SAPF. 

Therefore,  

filter rload hload( ) ( ) ( )p t q t p t                  (7) 

Substituting (6) into the source power form of (4) and 

making ( )si t the subject gives: 

load 0( ) cos sin
osi t i t                         (8) 

The total source current is an addition of  (8) and the 

total loss component of current taken from the source for 

switching operation, sw-lossi . This accounts for the 

switching losses in the inverter circuit. 

From the foregoing, to design SAPF that compensate 

for reactive and harmonic power, the inverter circuit must 

be guided by the (9):  

filter load( ) ( ) ( )si t i t i t                         (9) 

B. Mode of Switching of the APF Circuit 

Fig. 2 shows the power circuit of the APF. Switching 

action takes place in pairs. That is one switch ON, the 

other OFF as follows (p1, p4), (p3, p6), and (p5 p2) at a 

time. The six distinct switching states are shown as: State 

One (p1, p6, p5), State Two (p1, p6, p2), State Three (p1, p3, 

p2), State Four (p4, p3, p2), State Five (p4, p3, p5), State Six 

(p4, p6, p5). This switching sequence produces the output 

voltages and current. With this scheme, the instantaneous 

voltages of the active filter are af bf cf, ,u u u  and dcu or 

zero. Also, line-to-line output voltages ab bc,u u ,and cau  

are dcu , zero or dcu . 

 

Fig. 2. APF Power circuit with coupling filter. 
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The switching function, tm of the mth leg(abc) of the 

APF as: tk which is either 1 or 0 and its prime being a 

complement of the initial digital state. Since the APF 

voltage mfu  per phase is dependent on the switching state  

kt , where 1,2, ,6k  . Thus: 

mf dcmu t u                                   (10) 

By applying Kirchhoff’s rules for voltages and currents 

at the point of common contact, PCC (output side of the 

active power circuit with a coupling filter per phase) and 

with the switching state (tm) converted to switching 

function (dm) and considering absence of zero sequence in 

AC currents, the complete model of the APF in the “abc” 

referential is obtained as shown in (11) 
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         (11) 

In other to equalize the instantaneous power flow on 

the DC-AC side of the APF considering only 

fundamental component, it implies that from Fig. 2 
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Applying equation d-q transformation on the dynamic 

model of the APF in the d-q frame gives: 

fd fa fa fd
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C. Mode of Switching of the APF Circuit 

Generally, the sliding surface is chosen to be a linear 

combination of state variables. Here, the three state 

variables 
1 2 3[ ] [ ]fd fq dci i u x x x which involve 

two inductors current and the other involving the dc 

output voltage. Two currents had to track their respective 

harmonic references. In addition, the DC voltage must be 

regulated at a fixed set point. Thus, the sliding surface ss 

is defined as 

0( )s i v vs x c x c x                            (14) 

where ci and cv are the sliding surface coefficients which 

must be carefully chosen to ensure that the sliding mode 

exists at minimum around the desired equilibrium point. 

On reaching the surface, the dynamics of the system lead 

toward the equilibrium point.  
More so, x0 and xv are the state variables defined as 

*

0 loadix x x   and *

dc dcvx u u   respectively, where, 
*

loadx  is the corresponding nonlinear load currents that is 

transformed to the synchronous reference frame, dcu  is 

the component of the APF and *

dcu  is the reference 

voltage of the system. 
Applying (14) as in this case, the sliding mode 

switching functions were given as  

* *
sd 1 1 3 3

si *
sq 2 2

( ) (
( )

( )

i v

i

s c x x c x x
s x

s c x x

     
    

   
         (15) 

The two-sliding mode switching functions are linear. 

These are to control the legs a, b, and c using the two 

switching functions sds  and 
sqs . 

There were many approaches to this, using the form 

shown in (16) 

ieq iNiu u u                                (16) 

Thus, 
*

si load

*

load

( )

   ( ( ) )

   0

S Q x x

Q Ax B x u G Qx

 

   



             (17) 

When equ u , this implies solving (17) gives a result 

which when solved part by part yields: 

*fm
1 1 1

fm fm

eq_d
3 1
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*1 fm
1 2 2

fm

3 3 1
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         (18a) 

*fm fm
eq_q 1 2 2

3 fm

L R
u x x x

x L

 

    
 

             (18b) 

D. Stability Evaluation of SM Control 

A more general method of Lyapunov theory is used for 

exploring the stability of system states in the time domain 

for both linear and nonlinear system. Assuming a 

Lyapunov function given below 

( ) T

s s sV s s Hs                                (19) 

where T

ss  is the transpose of the column vector ss . To 

render ( ) 0sV s  , the matrix H must be positive definite 
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(if and only if all its determinates are positive). Now, to 

obtain a sufficient condition for the stability in the sliding 

mode surface operation, given the form of Lyapunov 

function as in (19) Then, the Lyapunov function, in this 

case, is given as: 

Hence, evaluating the second condition of the 

Lyapunov function, ( ) 0sV s   for all ss , for the 

continuous system. We have that 

( ) ( ) ( )T T T T

s s s s s s s s sV s s s s s f s s s f s          (20) 

Thus, (19) must be less than zero for the existence of 

the sliding mode to ensure the trajectory attraction toward 

the switching surface. If it happens that the initial state 

vector ( )ox t  is not on the sliding surface ( ss ) or that there 

is a deviation from the sliding surface due to nonlinear 

load parameter variations and disturbances. The control 

law must hence enforce the trajectory to reach the sliding 

surface and to stay on it. Applying the control law given 

by equations of switching part and using (20) 

with eq sgn( )su u s  , the time derivate of ss  becomes: 

*

si eq( ( )( sgn( )) )

   ( )sgn( )

s

s

s Q Ax B x u s G Qx

QB x s

    


       (21) 

Hence, the time derivate is given as si( ) 0T

s sV s s s   

must hold when 0ss   Thus,  

si( ) ( )sgn( )T

s sV s s QB x s                   (22) 

Which implies the sufficient condition for V  to be a 

negative-definite function, simplified as 

1 sd 2 sqfm
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Thus, the stability criterion is  

1 sd 2 sqfm
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sd sd sq

sgn( ) sgn( )
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This implies that: 

sq sdfm
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Thus, the sufficient condition for equation (23) to be 

verified is  

sq sdfm
3 1

sd sq

sq sdfm
2

sd sq

sgn( )

sgn( )
0

i v

f

v

f

s sl
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            (23c) 

 
Fig. 3. Block diagram of the APF with the coupling filter 

Assuming that  

sq sd

1 1

sd sq

sgn( )s s
x x

s s



 and 

sq sd

2 2

sd sq

sgn( )s s
x x

s s



 

Hence, for 
.

( ) 0sV s  we arrive the sufficient condition: 

 fm
1 2 3( )v i

f

l
c x x c x

c
                    (24) 

The inequality was satisfied by a careful selection of 

the sliding mode surface coefficients ic  and vc to ensure 

speedy convergence of the state variables. From the 

knowledge of the nonlinear load ratings, assuming 

maximum possible values of the currents in the d-q model 

and maximum input voltage to the APF; putting these 

maximum values in (24), one can select the parameters ci 

and cv by trial and error method. Fig. 3 shows the block 

diagram of the complete system. 

E. PQ Theory Algorithm 

PQ theory algorithm is derived as shown in equations 

below. Given line to neutral voltage as sau , sbu , and scu  

the transformed voltage is gotten as  

sa

sb

sc

1 1
1

2 2 2

3 3 3
0

2 2

s

s

u
u

u
u

u





 
                 

 

            (25) 

Also, given the current on the lines as isa, isb, and isc, 

hence the transformed current is obtained using similar 

trend as in (25). 

The instantaneous real and reactive power of the 

system denoted as p and q is stated as  

s s s

s s s

u u ip

u u iq

  

  

    
           

                  (26) 

Now, to calculate ,     compensation current, it 

implies that 

loss

2 2

1c s s

c s s

i u u p p

i u u qu u

  

   

      
           

      (27) 

III. SIMULATIONS, RESULTS AND DISCUSSIONS 

Simulations are carried-out for the system without APF 

control and with APF using both SM and PQ control 

algorithms. The system parameters are shown in Table I 

while a summary of control parameters for PQ and SM 

control algorithms are shown in Table II. 
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TABLE I: SYSTEM PARAMETERS 

TABLE II: SUMMARY OF CONTROL PARAMETERS FOR PQ AND SMC 

Control parameters 
Values 

PQ SMC 

Butterworth low pass filter 
passband edge frequency 

314.159 rad/sec 314.159 rad/sec 

PI controller 
2.654iK   

3.6pK   
-- 

Coefficient of the 
switching surface 

-- 
0.8ic   

0.24vc   

Reference voltage ref 400V  V ref 400V  V 

Coupling resistor and 
inductor 

R =2 Ω 
L=4.5mH 

R =2 Ω 
L=4.5mH 
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Fig. 4. Line current (A) without the APF at PCC 

First, the grid is simulated without APF but with 

nonlinear load connected. The line current of the grid as 

shown in Fig. 4 is non-sinusoidal and continues all 

through the grid, interfering with other loads connected to 

the network. This is because of three-phase rectifiers 

connected to an R-L load. As a result, there is severe 

harmonics distortion, up to THD value of 29.97% per 

phase as in Fig. 5. This is because of the nonlinear load 

connected to the network. This effect needs to be 

mitigated for the safety of other loads in the grid, hence 

the need for APF. Thus, to protect other loads in the 

network from being affected by the harmonic generated, 

the source of the harmonics (load side) need to be 

shunted from entering the network and other loads in the 

grid. The APF is connected to shunt these effects by 

returning the non-sinusoidal load current to near 

sinusoidal.  

Low pass filter was used as an optimal strategy to 

obtain improved steady state results while using no 

coupling transformer and no passive filter in coupling the 

APF. This helped to reduce cost of control implementa-

tion. The value of the filter was tuned to an optimal value 

to effectively filter-out noise and high-frequency 

harmonic components. Fig. 6 shows the line current when 

the SM controlled- APF was connected while Fig. 7 

shows the harmonic content of the three phases.  

Finally, PQ algorithm was used to control the APF to 

compare its behaviour with SMC techniques following 

the same timing sequence achieved earlier. The results 

obtained are as follows in Fig. 8. In addition, the % THD 

are shown in Fig. 9. 
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Fig. 5. % THD against frequency (Hz) without APF 
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Fig. 6. Line current (Amp) using SMC. 

Parameters Values 

Phase-to-phase Vrms voltage source 295V 

Frequency 50Hz 

Base voltage Vrms (phase to phase) 295V 

X/R 2 

Load resistance and inductance Rload=200, Lload=10mH 
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Fig. 7. % THD against frequency (Hz) with APF using SMC  
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Fig. 8. Plot of line current (Amp) with PQ control method. 
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Fig. 9. % THD against frequency (Hz) with PQ control method 

The results obtained show that when the APF is 

connected to the grid using either of the control methods, 

it shunts the harmonic from the nonlinear load from 

entering the grid. In both SM and PQ methods, the grid 

phase and line voltages remain undistorted. 

Based on the analysis already made, it is clear that 

there are deviations as regards to the operation of the PQ 

Theory and SMC control techniques. The transformation 

algorithm for PQ is based on α-β transformation (AC) 

while the SMC is based on d-q reference frame (DC). 

This technically implies that there is a real and reactive 

power manipulation in PQ and none in SMC. In addition, 

due to the presence of PI controller in PQ and switching 

function in SMC for dc regulation, there is an improved 

THD (%) in PQ than in SMC although the response of 

SMC to transients is faster than in PQ. 

However, in both techniques, a set of transformation, 

which reduces harmonics in the grid using Butterworth 

and Coupling Filters, were developed. A hysteresis 

carrier-less comparator was used in both techniques for 

circuit complexity reduction. 

IV. CONCLUSION 

The results obtained show that SM control and PQ 

theory control are good techniques for controlling APF to 

achieve harmonic mitigation in power grids. The results 

obtained show that PQ theory offered slightly better 

performance than the SM control even though the 

algorithm and steps for implementation of SM is simpler 

due to the use of programable chips. In addition, the 

execution time for implementation of the PQ theory 

control was more than that for the SM control. Thus, SM 

control remains more flexible to execute than the PQ 

control method. The PQ control theory reduced the THD 

value on average from 29.84% to 4.937% while the SM 

control reduced the THD value on average from 29.84% 

to 5.27%. However, both values were in conformity with 
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the IEEE recommended standard for a system in the 

voltage level considered. 
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