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Sliding Mode Controller for Four Leg Shunt
Active Power Filter to Eliminating Zero
Sequence Current, Compensating Har monics and
Reactive Power with Fixed Switching Frequency

Ali Chebabhi!, Mohammed-K arim Fellah?,
M ohamed-Fouad Benkhoris?, Abdelhalim K essal®

Abstract: In this paper, the four leg inverter controlled by the three dimensional
space vector modulation (3D SVM) is used as the shunt active power filter
(SAPF) for compensating the three phase four wire electrical network, by using
the four leg inverter with 3D SVM advantages to eliminated zero segquence
current, fixed switching frequency of inverter switches, and reduced switching
losses. This four leg inverter is employed as shunt active power filter to
minimizing harmonic currents, reducing magnitude of neutral wire current,
eliminating zero sequence current caused by nonlinear single phase loads and
compensating reactive power, and a nonlinear sliding mode control technique
(SMC) is proposed for harmonic currents and DC bus voltage control to improve
the performances of the three phase four wire four leg shunt active power filter
based on Synchronous Reference Frame (SRF) theory in the dg0 axes, and to
decoupling the four leg SAPF mathematical model.

Keywords: Shunt active power filter, Space vector modulation, Sliding mode
control, Synchronous reference frame.

1 Introduction

The increasing development of the industry has led research in the field of
semiconductors and in particular power electronics. The results of these
researches are very important in the industrial and improved significantly the
process performances, which explains the high use of static converters in the
industry, these great benefits are not without disadvantages, the main
disadvantage is the static converters are nonlinear loads absorb reactive power
and non sinusoidal current, which is very bad for the network, as a degradation
of the current and voltage waveform quality [1—3]. Today, many active
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compensators, or also called active filters are proposed and studied, they differs
in how they connect to the network (series or shunt), by their functionality
(current or voltage compensating) and the electrical structure of the power
circuit (voltage or current inverter) [3—5]. These active filters have, as main
objective, to inject harmonic currents or voltages in the electrical network, equal
to that absorbed by the non-linear load and in phase opposite, consequently it
improve the powers quality and power factor [6 — 8].

The three leg shunt active power filters for three phase three wire and four
wire distribution systems have already been presented [9 — 10]. These three leg
shunt active power filters can compensate the harmonic current generated by
nonlinear three phase loads, however they are not preferable to compensate the
harmonic current due to nonlinear single phase loads connected to the four wire
distribution systems and the amplitude of the zero sequence current is not
reduced. To remedy these problems it will be necessary to provide a four leg
shunt active power filter [11-14].

The four leg shunt active power filter topology, Fig.1, can reduce zero
sequence current and the harmonic currents cussed by nonlinear single phase
loads in three phase four wire electrical network. This topology based on four
leg inverter, which is the most common one because of its good efficiency. Its
performance depends on the adoptive control approaches, for this, there are four
major parts of an active power filter controller. The first is the reference signal
generate techniques, the second is the switching signal s generate techniques, the
third is the harmonic currents and DC bus voltage control, and the fourth is the
four leg inverter.

In this paper, the synchronous reference frame theory in the dg0 axes for
the reference signals generate is applying, and we use the 3D SVM technique
for generating the switching signals, [13 — 19], and aso the nonlinear diding
mode control (SMC) is used to harmonic currents and DC bus voltage of four
leg SAPF controller, because the advantages of robustness and stability under
unbalanced or large loads variations, decoupling the nonlinearity of these four
leg SAPF mathematical model, eliminated the DC bus voltage overshoot,
minimizing the harmonic currents, simple to obtain, and has been widely
applied to el ectrical power systems and electrical machine drives[20 — 27].

2 Structureand Modeling of the Three Phase
Four Wire Four Leg SAPF

The three phases four wire four leg shunt active power filter topology
presented in this paper is shown in Fig. 1 [3, 12 — 13]. The main circuit contains
a three phase power source with three series impedance Ls — Rs and a three
single phase nonlinear loads composed of three filters characterized as
L, — R with three single phase rectifier supplying a three Ry— L loads, this
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SAPF is shunt connected to a three phase four wire electrical network in a point
called the Point of Common Coupling (PCC) on the loads side through a filter
featured as Ly — R. This is necessary for eliminating current ripples due to
switching [3].

/V\Slj RS LS iSl vll i\l R L‘ [ x Lch%

= im if3 ifz iu
K, K, K, K,
R L

Fig. 1 — Four leg shunt active power filter connected in
Parallel to a three phase four wire electrical network.

The four leg inverter is composed by four legs, each leg of the inverter is
composed of two switches, and each switch is constituted by a transistor with
anti-paralel diode, and DC side capacitor is used to store the necessary reactive
energy Fig. 1.

The neutral current is, and zero sequence current i, are given by

. 1. 1. . .
I —Elsn —ﬁ(lsl +ig, +ig), D

where iy,i, i, aresource currents.

Equation (2) expresses the inverter output voltages. These output voltages
are expressed as a function of the voltage (Vq.), and of the switching functions
S; [12, 15, 18]

Vin = (S = S)Vee
Via =(S, = Ve » )
Vis = (S5 = S)Vee
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where v;; are phase-to-neutral voltages (i =1, 2, 3, n), S is switching state and
V4 is DC bus voltage.
The input current iy of the four leg inverter is calculated as (3).

id:aifl+52if2+%if3_snifn A3)
The vector tension of the four leg inverter is represented by:

Vo =V 0 +V ] +VioK, 4
where v,,,V,,V;, arethe projections of vector v inthe a0 axes. That gives
[15]:

p 22
v 2 2 %
fa fl
2 YERRE
Vig :\/;Vdc 0 > T ||V | %)
Vio 1 1 1 |LVis
Z 2 V2
0 1110
vzsj//_;c ."A‘llOO
0110 ﬁ ......
V=2\\g 'qu)lomv. ;’
v ><\ / ----- 1000
Vn=ﬁ OClO'..[ \ /.‘A.
ny a
- Ve A
Vo / \\i1o
ora ol i AN
N, -7/ 101t
VvV, o=— 5 #Ol 1 E
R RN R 1001
AT - )
Vo==Tf5 0011
y 0001

Fig. 2 — Space vector diagram showing switching states of four leg inverter.

The space vector diagram of a four leg inverter is showed in Fig. 2. They
are 16 possible switching vectors: fourteen active vectors and two null vectors

of four leg inverter.
The four leg SAPF mathematical model in the dgO axesis given by [13].
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difd Rf. . 1 1
T:_L_f'fd+w'fq+|__fvfd _L_fvld’
Olifq——R’i o, +Lv — Ly
AT O Ve e
. t t f (6)
di,, R . 1 1
== ot T Vio =T Vios
dt L °L L
av,. —ii*
dt C*

3 TheThreeDimensional Space Vector Modulation (3D SVM)

In three dimensional space vector modulation (3D SVM), there are 16
possible switching vectors: fourteen active non zero vectors and two null
vectors[7 —8].

Six prisms in the 3D space vector diagram can be identified and numbered
as Prisms | through VI, each of these six prisms is decomposed into four
tetrahedrons are labeled T,—T,4. Within the selected prism, there are six none
zero switching state vectors and two zero switching state vectors [13]. This
method is represented and studied in detail as[15 — 19].

4 Sliding Mode Control

The three phase load currents,i,, i, i,;, based on Clark transformation, are
used to obtain synchronous reference frame load currents, i, i, i, , @cording
to the following equation.

[ . 2 2r) |
| cos(6) s n(e - ?J cos[e + ?] ,
Id 11
. 2 . . 2 . 2 .
qu = § —sin(0) —sm(e—?n] —Sln(e*‘?nj !|2 . )
io 1 1 1 I3
A 7

Based on the SRF theory [28, 29], the currents i,and i, can be expressed
as the sum of two components, one direct and the other is alternative, such as:
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with §, and i, are the direct components, the i, and i, are alternative
components of i, and i, respectively.

To obtain the direct and aternative current components of the reference
state variable vector x*, the i, current is extracted based on the SRF theory [28,
29] by the low pass filter (LPF) to calculated the reference component
ity (alternative components). Thei,, and zero sequence currents i, are used as

reference components iy, and iy, [14, 22].

The model (6) is a multi-input multi-output nonlinear system [21 —24], in
the three phase four wire four leg shunt active filter with sliding mode control,
the outputs filter i,,,i .y i;o, and Vg are the d—axis, g—axis and the zero sequence
axis SAPF currents and the DC bus voltage respectively, the control variables

Vi, Vig, Vio are the reference voltages. This model can be written into the
following state space genera form: [14, 22]

X =AX +Bu+D, 9)
where:
X I X q g Uy V*fd
szz—.fqaxzxz—a fq [» U uqzv*fq’
X3 Ito X o U, V*o
__iv _
Rf Lf Id
- —w )
A: f y B= _i y D: - qu 1
R Ly Ly
_a) [R—
L, 1
— Mo
(- Lf =
ki, 00 ky, 00
K={0 k, 0| K=0 k, 0]
0 0 k 0 0 Kk,
Equation (10) represents the three dliding surface of the filter currentsiy,,
igandig,:
S(X)=K (X" = X)+ Kij'(X*—X)dt, (10)
where:
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XI i;d ﬂd _idc
X* = X2 = ifq = iIq (11)
X3 ito Iio

The current ig a the output of DC bus voltage controller used to
compensated the losses power of four leg inverters and to conserved the
necessary reactive energy stored in the DC side capacitor is calculated as follow
[11]:

uv = idc = C1)(4y1 +C2X5y2 ! (12)
wherey; and y, are switching functions

X4:e(vdc)zvt;c _Vdc’ XSZXS’ XB :J.X4dt ’

1,%,S(x,)>0
= 13
Y {—LX4S(X4)<O’ (13
1,%S(x,)>0
= . 14
y2 {—l)gS(X4)<0 ( )
The diding surface S(x4) of the DC bus voltage is given by (15) [23]
S(X4) = S(\/dz _Vdc) =CX% + X% +GX,
(15)

S(%,)=ce(Vy )+ %e(vdc) +C Je(Vdc)dt

and ¢, ¢ are positive constants.
The three dliding surface of the three filter currentsi i, ,i;, are

Sisg ) =ks (i —ifd)mdj(i’;d iy )dt,
S(ig) =, (i —i1a) + ko [ (i —ir)dt, (16)
S(ito) =ko(it0—ir0)+ ko] (ifo —iro)dt.
During the diding mode, we have
Sit)=S(i)=S(io)
Si)=S(i)=S(io)

The control variables are given by:

0,
(17)
0
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Vig
u= qu =Uys + ueq . (18)
Vio

Solving (9) gives the expression of the equivalent command as follows:

Uggg
Uy =(KB) [ K (X" =X) =K (X = AX D) | =| Uy |. (19)

Ueo

If the trgjectories are different from the state of the diding surface, the
discontinuous control ensures decrease the distance between the state trajectory
and the diding surface [22, 26]. This command is selected to ensure the
convergence of the path to its reference [14]. In our case, we chose the
discontinuous control function as:

Ugisq
udis: udisq :$n(S(X))Umax’ Umax =

Ugiso

d max
gmax (20)

Omax

cC C C

5 Simulation Results

The SimPower Systems and S-Function of MATLAB are used for
implemented the three phase four wire four leg shunt active power filter
controlled by nonlinear sliding mode technique Fig. 3.

The components, parameters, and conditions considered for simulation are
listed in Table 1 and 2.

Tablel
System parameters for simulation and load specifications.
Capacitance of the capacitor 5mF
Coupling impedance Ry, L¢ 0.2mQ, 0.15mH
The source voltage and frequency 220V, 50Hz
Source impedance R, L 1mQ,1mH
Line impedance Ry, Len 1mQ,1mH
Load impedance R, L, 5Q, 10 mH
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Vi V.
'fa v,,| Four Leg C Ve
S %
lt123 '1123 Ll Inverter

0
L] - o
abe Vi —| Vi, |dgo Vye ST SZI S“T SJ
. s . —>
ha L) 1PF =t ] giding Mode Vi Via Three Dimensional
ha =1 Control . Vi, Space Vector
A Vi, Modulation
o =1t v (3D SVM )
dgo [P afo fo

Fig. 3 — Schematic block diagram of shunt active
power filter with Siding Mode control technique.

Table2
The conditions considered for simulation.
PI Sliding Mode
The switching frequency: fs 14 kHz 14 kHz
The reference voltage: Vigres 800V 800V
_ _ _ 5
The currents regul ators ko =kq =ko =55€
frequency: f. 10 kHz ky =k, =k, =2¢e*
k’ ki' umax:congant udmax _uqmax _UOmax =800
C, =¢ =950
Thevoltage regula_tor frequency: fgs 4Hz ¢ =043
Ck, Gi, C1, C;=constant.
c,=5e°
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5.1 Simulation Wlth Pl control

g 5°7’\/‘/‘/\/\/Y\/‘/Y‘/\/’YY /}A/\/Y‘/*/Y‘/)/\ /‘/f /\/?/\ /\/'/\ f\ﬁ/\ /\/‘/\ F/f /\/ﬁ
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Fig. 4 — Performance of the three phases four wire four leg SAPF using
Synchronous Reference Frame theory (SRF) based 3D SYM
control strategy using PI control in the dg0 axes.

Fundamental (50Hz) = 52.3, THD=1.19%; t<0.4s Fundamental (50Hz) = 68, THD=1.91%; t>0.4s
g 100+ g 100
2 g g
E 80f E 80
o ©
S 60f 5 60
w w
s 401 S 40
X =
2 20 g 20
= 0 = g . L

0 10 20 30 40 0 10 20 30 40

Harmonic order Harmonic order
@ (b)

Fig. 5 —Magnitude Spectrum of Source Currents for the PI control:
(a) before unbalanced load, (b) after unbalanced Load.
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5.2 Simulation with Sliding Mode Control

507::)'\‘1,,\ /‘\f\{’\ /\/\ a [\,\ A /\A“.‘ //\\f\ s /\ \\ f\h A.‘;(\’\"a At/\’\A/\:
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Fig. 6 — Performance of the three phase four wire four leg SAPF using
Synchronous Reference Frame theory (SRF) based 3D SYM
control strategy using SMC in the dg0 axes.
Fundamental (50Hz) = 52.4 , THD=0.87%; 1<0.4s Fundamental (50Hz) = 68.38, THD=1.77%; t>0.4s
ig‘ 100 g 100
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Fig. 7 — Magnitude Spectrum of Source Currents for the SMC:
(a) before unbalanced load, (b) after unbalanced Load.
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Fig. 4 and 6 illustrates the three phase four wire four leg SAPF perfor-
mance with the two controller (Pl and SMC) under unbalanced loads, the source
currents waveform is sinusoidal and in phase with the corresponding voltage
(the power factor is unitary). The amplitude of the neutral wire current isin the
range of +6A with Pl controller and the range of £3A with Sliding Mode
controller, the DC bus voltage control presents good dynamic and static
characteristics without overshoot. When the unbalanced loads, the voltage
converges to the given value with a short time adjustment.

Figs. 5 and 7 Illustrates the Harmonic spectrum of source current for the
two theories, before unbalanced loads, total harmonic distortion (THD) is
1.19% with Pl control and 0.87% with SMC, when after a 1.91% with Pl
control and 1.77% with SMC.

Table 3 gives the THD and amplitude of neutral wire current comparison
between the two control techniques Pl and SMC using Matlab/ Simulink.

Table3
Comparison of the different techniques.

Before unbalanced loads After unbalanced loads

Pl control SM control | PI control SM control

Source current THD
%
The amplitude of the
neutral current (A)

1.19% 0.87% 1.91% 1.77%

+6A +3A

6 Conclusion

In this work we studied and verified with the simulation of a nonlinear
sliding mode control technique for reference harmonic currents and DC bus
voltage regulation based on Synchronous Reference Frame (SRF) theory and
three dimensional space vector modulation (3D SVM), to generate reference
harmonic currents and switching signals respectively, for afour leg shunt active
power filter, have shown high performance of four leg shunt active power filter
to eliminated zero sequence current, fixed switching frequency, reduced
magnitude of neutral current, and power factor correction in the three phase four
wire network.

The obtained simulation results of these SAPF with sliding mode control
shows the four leg shunt active power filter under unbalanced loads is capable
to compensate harmonic currents, reactive power, eliminated zero sequence
current, and also shows better dynamic performance over conventiona Pl
controller.
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