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This paper deals with three-phase four-wire shunt active filter to improve power quality. It proposes backstepping control based 
on Lyapunov theory for the filter dc side voltage, and a modified synchronous reference frame approach based on two self-
tuning filters for the identification of harmonic currents. The voltage source inverter of shunt active filter has a four-leg two-
level topology. It is controlled by hysteresis. The proposed shunt active filter is verified by simulation and experimental 
validation. Backstepping control, an approach for nonlinear systems, leads to good dynamic and static performance in the dc 
side voltage control. Three-phase four-wire shunt active filter using the modified synchronous reference frame approach 
reduced the total harmonic distortion in the tested operating conditions.  

 

1. INTRODUCTION 

Starting with incandescent light bulbs, every load today 
creates harmonics. Electronic equipment like computers, 
battery chargers, electronic ballasts, variable frequency 
drives, and switching mode power supplies generates 
perilous amounts of harmonics. Issues related to harmonics 
are of greater concern to engineers and building designers 
because they do more than just distort voltage waveforms, 
they can overheat the building wiring, cause nuisance 
tripping, overheat transformer units, and cause random end-
user equipment failures. As a result, active filters (AFs) 
have gained a lot of attention because of their excellent 
harmonic compensation [1].  

Three-wire active filter provides compensation              
of harmonics and reactive power, but can't compensate zero 
sequence components caused by single-phase non-linear 
loads, inherently generates more harmonics than three-
phase nonlinear loads. In fact, zero line may be overheated 
or causes a fire as a result of the excessive harmonic   
current [2]. For this reason, three-phase four-wire active 
filters (3P4WSAF) are recommended in distribution 
systems [3, 4].  

The control of dc side voltage influences highly the 
performance of shunt active filter (SAF). Many works have 
dealt with 3P4W SAF as in [5–7]. Several control 
techniques and strategies have been developed in the 
literature as in [8–10]. Backstepping control based on 
Lyapunov theory is used to deal with the nonlinearity in 
SAF as in [11, 12]. 

This paper deals with 3P4W SAF to compensate 
harmonic currents. First, the system configuration is 
presented. Then, a modified synchronous referential frame 
(SRF) with self-tuning filters (STFs) is presented. After 
that, backstepping controller is developed to control dc side 
voltage. Finally, the simulation and experimental results 
with two nonlinear loads are presented and discussed. 

2. SYSTEM CONFIGURATION 

As it can be seen in Fig. 1, the power system is 
composed of 3P4W electrical source, that feeds two 
nonlinear loads through three inductors Lc. Nonlinear load-

1 is composed of three single-phase diode bridge rectifiers, 
each rectifier is connected between phase and neutral and 
feeds a variable inductive load. Nonlinear load-2 is 
composed of: one single-phase diode bridge rectifier 
connected between phase ‘a’ and neutral to feed the 
inductive load, one single-phase diode bridge rectifier 
connected between phase ‘b’ and neutral to feed the 
inductive load, one single-phase dimmer connected 
between phase ‘c’ and neutral to feed a resistive load with   
α = 60°.  

Three-phase four-wire SAF is composed of a four-leg 
two-level voltage source inverter (VSI) using insulated-gate 
bipolar transistor (IGBT) switches connected in parallel 
with a three-phase four-wire network through three 
inductors Lf. These inductors are used in order to minimize 
the noise injected by the VSI in the network. Four-leg VSI 
topology is preferred to be implemented as many 
researchers have appointed it as the most proficient 
alternative to be used in the SAF [5, 13]. The capacitor Cdc 
at the dc side of the VSI is used as dc energy source. In the 
experimental part, it is initially charged through the diodes 
of the VSI [14].                           

3. HARMONICS IDENTIFICATION 

To identify harmonic currents of the three phases and the 
neutral from the side of the nonlinear load, SFR method 
used in [14] for three-wire networks is modified to be 
suitable for four-wire systems. The classical phase locked 
loop (PLL) is replaced by a  PLL with STF.  

As shown in Fig. 3 below, the load currents ila, ilb and ilc 
are transformed into the αβo axis as follows: 
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As known, currents in the stationary frames can be 
respectively decomposed into fundamental and harmonic 
components by: 
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Fig. 1 – 3P4W SAF system configuration. 
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oiii ,, βα : fundamental components of the load currents. 

oiii
~

,
~

,
~

βα : distortion components of the load currents. 

Figure 2 shows the STF structure. This highly selective 
filter allows extracting the fundamental components at the 
pulsation ωf directly from the distorted signal in the αβ axis. 
Its principle operation is based on the following equations: 
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 , (3)
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 , (4)

xα, xβ: input signals in the stationary frames, 

xx ,α : output signals (fundamental of the input signals), 

ωf: fundamental pulsation, 
k: selectivity parameter (gain). 

Then the αβ distortion currents components are 
computed by subtracting the STF input signals from the 

corresponding outputs. The resulting signals are α
~
i  and β

~
i , 

which correspond to the distortion components of the load 

currents ila, ilb and ilc in the stationary reference frame. The 
STF is used in the harmonic isolator instead of classical 
extraction filters (low pass (LPF) or high pass filters 
(HPF)). 

The authors in [15] tested the selectivity of STF by 
varying the gain k. They observed that a small variation of 
this gain influences the filter selectivity. They also 
concluded that by decreasing k the selectivity of STF 
increases, but transient response time increases. 
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Fig. 2 – Self-tuning filter tuned to the fundamental pulsation. 

The o component of the load current is composed of: 

 oi
~

: harmonic current of order three and its odd 

multiple, 

 oi : fundamental current (which is equal to zero in 
the case of balanced load). 

Using the PLL with the proposed STF in [16] and 
mentioned in Fig. 3,  θcos  and  θsin  are generated from 

the source voltages vsa, vsb and vsc. 
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The currents expression in the d-q reference frame is 
given by: 
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The reference currents expression in the αβ reference 
frame is given by: 
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Idc: the output of voltage controller, which represents the 
necessary amount of active current to maintain dc side 
voltage constant. 

Then the filter reference currents in abcn coordinates are 
defined by: 
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In the experimental validation, these digital reference 
currents are the outputs of the DSPACE system. They are 
converted into analog signals by digital-to-analog 
converters. The measured currents ifabcn are compared with 

ref
abci . Then, the switching patterns of the VSI are generated 

by an implemented (at LGEB laboratory) hysteresis current 
controller [14]. 

4. BACKSTEPPING CONTROLLER DESIGN 

Classical proportional integral (PI) controller requires 
precise linear mathematical models, which are difficult to 
obtain. In addition, it can't give satisfactory performance 
under parameter variations and load disturbances. It causes 

a dc voltage overshoot and inrush reference currents which 
leads to protection or even equipment damage when SAF is 
plunged into the system. The voltage overshoot and the 
current inrush have been the constraints that restrict the 
development of SAF. 

Backstepping control is based on Lyapunov theory. 
According to this theory a system is stable at the point x if 
there is a function continually derivable U(x) that satisfies: 

0)0( U , (8)

 xxU ,0,0)0( , (9)


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xxU ,0,0)0( , (10)

)0(


U : derivative of U at the point x = 0, 

Ω: domain of study. 
In order to control Vdc by the application of Lyapunov 

theory, let’s consider the point dcdcdc VVV  ref . This 

point should be near zero. The following expression is 
used: 

  2

2

1
dcdcdcdc VCVE  , (11)

Edc : capacitor energy, 

Vdc : dc side voltage, 
ref

dcV : dc side reference voltage. 

For small variations of Vdc
: 

     
dcdc

dcdc
dcdcdcdcdcdcdcdc VC

VP
VVVCVEVP 


. (12)

The error is defined as: 
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To maintain this energy function stable, Lyapunov 
conditions must be satisfied. The first and the second 
conditions are satisfied. The derivative of dcE  is given by: 
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Fig. 3 – The modified SRF method for 3P4W SAF. 
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Substituting (12) in (14), the following expression is 
obtained: 
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To satisfy the third condition, a constant k > 0 is 
introduced in such way that: 
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 dcdc VP  – the necessary active power to maintain dcV  

constant. 
By considering 

  ref
dcdcdcdc VIVP  , (18)

the compensation current of dcV  is obtained as: 
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V
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By choosing k > 0 the stability of dc side voltage is 
guaranteed, but the choice of the parameter k influences the 
performance of dc side voltage control. The optimal value 
of k is influenced by the 3P4W SAF system parameters. 
Simulations realized with MatLab/Simulink for the studied 
SAF confirm that: 

- by increasing k the response time and the dynamical 

error dcV  became very important,  

- by decreasing k the response time and the dynamical 
error are reduced, but the static error became high. 

In this work k = 1.44 is used, that gives better 
performance of backstepping controller. 
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Fig. 4 – Backstepping controller. 

5. SIMULATION AND EXPERIMENTAL RESULTS 

According to the analysis above, SAF system is 
designed. The simulation is performed using 
MatLab/Simulink software. The parameters of 3P4W SAF 
system are shown in Table 3. The parameters of nonlinear 
loads are shown in Tables 1 and 2. 

In the experimental test bench, the electric source is a step-
down transformer (10.60 kVA), connected to the mains (380 
V line to line). It delivers a line to neutral voltage of 110 V. 
The 3P4W SAF is achieved with a three-leg VSI and one leg 
of another VSI. Each VSI contains a three-leg IGBT 1200 V, 

50 A (SKM 50 GB 123D). To ensure the dead time of 
control signals and the insulation, developed cards based on 
the IXDP630 component and a specialized circuit (SKHI 22) 
is used. Analog card is used to generate current hysteresis 
control of IGBTs. The experimental test bench is built 
around the DSPACE-1104. The values of Vsabc, Ilabc and Vdc 
are obtained by sensors. They are used in the identification 

process. The value of ref
fabcni  is converted into analog to be 

used in the analog hysteresis card. The used probes by 
currents and voltages sensors are respectively 10× and 200×. 

The simulation and experimental results for each case are 
given in the figures below.  

Figures 5 and 6 show the simulation and experimental 
results under unbalanced nonlinear load-1. Before the 
insertion of SAF, the source currents are distorted. The 
THDs of the source currents are 20.43 %, 32.12 %, 21.21 % 
for phases ‘a’, ‘b’ and ‘c’ respectively. After the insertion 
of the SAF, the source currents became perfectly 
sinusoidal. The THDs of the source currents are reduced to 
4.09 % for phase ‘a’, 4.43 % for phase ‘b’ and 4.17 % for 
phase ‘c’ which are below the recommended limit (5 %), 
while the neutral current is canceled. 

Figures 7 and 8 show the simulation and experimental 
results during the change of loads. These results show that 
response time is very small and the source currents stay 
sinusoidal. While experimental results show that currents 
magnitudes are greater than currents magnitudes obtained 
by simulation. A small currents distortion can be noticed in 
experimental result. 

Figures 9 and 10 show the simulation and experimental 
results under unbalanced nonlinear load-2. Before the 
insertion of SAF, the source currents are distorted. The 
THDs of phases a, b and c are respectively 12.37 %, 
30.91 % and 30.37 %. After the SAF insertion, the source 
currents became sinusoidal and the neutral current became 
zero. The THDs of the source currents are reduced to 
4.18 % for phase a, 4.37 % for phase b and 4.79 % for 
phase c.  

Figures 11 and 12 show the identification currents 
obtained by simulation and experimentation.  

To prove the dynamical performance of backstepping 
controller, the dc side resistances are changed from R1, R2 
and R3 to R11, R12 and R13 at 0.4 s. It is clear from 
simulation results (Fig. 13) that a good transient 
performance of the source current is obtained. Dc side 
voltage follows its reference (350 V) and the source current 
maintains its sinusoidal waveform. Figure 14 shows the 
corresponding experimental results. 
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Fig. 5 – Simulation - SAF insertion (nonlinear load 1). 
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Fig. 6 – Experimental - SAF insertion (nonlinear load 1). 

 isa, isb, isc, and isn (Ch1, Ch2, Ch3, and Ch4): 10 A/div, 
 Time scale: 0.1 s/div. 
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Fig. 7 – Simulation - Load variation (nonlinear load 1). 

 

 
Fig. 8 – Experimental - Load variation (nonlinear load 1). 

 isa, isb, isc, and isn (Ch1, Ch2, Ch3, and Ch4): 10 A/div,  
Time scale: 0.1 s/div. 
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Fig. 9 – Simulation - SAF insertion (nonlinear load 2). 

 

 
Fig. 10 – Experimental - SAF insertion (nonlinear load 2). 

 isa, isb, isc, and isn (Ch1, Ch2, Ch3, and Ch4): 10 A/div, 
 Time scale: 0.1 s/div. 
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Fig. 11 – Simulation - SAF currents (nonlinear load 2). 

 
Fig. 12 – Experimental - SAF currents (nonlinear load-2). 

 ifa, ifb, ifc, and ifn (Ch1, Ch2, Ch3, and Ch4): 10 A/div, 
 Time scale: 0.1 s/div. 
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Fig. 13 – Simulation - Load variation (nonlinear load-1). 

 

Fig. 14 – Experimental - Load variation (nonlinear load-2). 
 isa, isb and isc (Ch1, Ch2 and Ch3): 10 A/div, 
 Vdc (Ch4) 100 V/div, Time scale: 0.1 s/div. 

 

Fig.15 – The photograph of the experimental test bench. 
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6. CONCLUSION 

In this paper, backstepping controlled 3P4W SAF with 
the modified SRF method is simulated and implemented in 
order to improve the performance of harmonic currents 
mitigation.  

The simulation and experimental results demonstrate that 
the proposed SAF leads to good performances in both 
dynamic and steady state conditions. Backstepping 
controller gives a rapid response, low voltage undershoot in 
dynamic regime. It doesn’t make any overshoot. In 
addition, backstepping controller permits to avoid precise 
mathematical models required by PI controller. The 
modified SRF with STF proved the ability to identify 
harmonics. The THD is well below the limit of 5 % 
imposed by the IEEE 519-2014.  

Received on June 18, 2018 

APPENDIX 

Table 1 

 Nonlinear load 1 parameters 
 Phase a Phase b Phase c 

Resistance (Ω) 
R1 = 20 

R11 = 23.5 

R2 = 12.4 

R12 = 6.6 

R3 = 28 

R13 = 21.3 

Inductance (mH) L1 = 21.1 L2 = 200 L3 = 21.1 

Table 2 

 Nonlinear load-2 parameters 
 Phase a Phase b Phase c 

Resistance (Ω) R4 = 20 R5 = 16.5 R6 = 18.6 

Inductance (mH) L4 = 33 L5 = 200 L6 = 0 

Table 3 

 Power system parameters 
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Supply  Voltage 

Frequency 

Resistance 

Inductance 

VS 

f 

Rs 

Ls 

110 V 

50  Hz 

0.42 Ω 

2.3 mH 

Filter  Dc capacitor 

Dc voltage 

Inductance 

Hysteresis band 

Cdc 

Vdc 

Lf 

Δi 

1100 μF 

350 V 

3 mH 

0.02 A 

ac side  Inductance Lc 1 mH 

STF Selectivity parameter k 60 
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