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Abstract.

This work presents a simulation of Three-Phase Four-Wire
Shunt Active Power Filter (SAPF) destined to suppress harmonic
currents generated by nonlinear loads.

The SAPF guarantee also the compensation for unbalanced
nonlinear load currents, reactive power and harmonic neutral
current. The identification method is based on the synchronous
reference frame.

In order to have good performances of DC voltage control,
simplified Backstepping control for three-Phase four-Wire
(SAPF) system is proposed.

Complete simulation of the resultant active filtering system
validates the efficiency of the proposed simplified Backstepping
control law over to the traditional control with Pl controller.

Keywords: DC bus voltage control, Harmonic currents,
Simplified Backstepping control, Three-Phase Four-Wire Shunt
Active Power Filter (SAPF).

1. Introduction

The use of nonlinear loads connected to the utility
knows a fast growth; these nonlinear loads have
contributed to the deterioration of the power quality (PQ)
by the generation of harmonics and reactive currents
which are distorting the voltage at the point of common
coupling [1]. Several solutions have been studied to
improve the PQ by reducing the harmonic currents in the
electrical power system, such as passive filters and active
filters [2]. Passive filters cannot totally eliminate all of
the harmonic currents and it can present resonance
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problems [3]. However, in order to cancel the harmonic
currents, to compensate reactive power and to improve the
filtering performances; the three- and single-phase shunt
active power filters (SAPF) and hybrid filter topologies
have been used [4], but when nonlinear single-phase load

are connected to three-phase, four-wire systems, the
problem of circulation of harmonic currents through the
neutral conductor occur, in this situation SAPF can also
compensate the current unbalances [5].

An important point in the SAPF is the control of DC
voltage across the capacitor at a fixed value. This is
necessary because there are the active filter losses.

In order to control DC link voltage, several works
treated with DC bus controllers, such as P and PI
controllers [6].These controllers require a precise
mathematical model of the system, which are difficult to
obtain under load disturbance and parameters variation.

In this work, our objective is to design a model based
on simplified backstepping controller for DC voltage
control allowing a very good dynamic with small
response time.

The rest of the paper is organized as follows: the next
section, principle of SAPF with mathematical system
modeling has been presented. Section 3 presents a
controller design of the three phase four wire SAPF
using both traditional Pl controller and a novel
simplified backstepping technique for dc link voltage.
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This work is illustrated by simulation works in
Matlab/Simulink, and results are discussed in Section 4.
Lastly, a precise conclusion has been added in section 5
to finalize the work.

2. Three-phase four-wire SAPF: Basic
scheme and modeling

Figure 1 shows the scheme that represents the a SAPF
topology applied to a three-phase system using a four-leg
full-bridge VSI converter [7]; the four-leg SAPF is
connected in parallel with the AC three-phase four-wire
system through four inductors. The inductances L; are
used to reduce and smooth the ripples of the harmonic
currents injected by SAPF and the capacitor is used to
stock energy.
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Figure 1: Active power filter: power circuit

In the power circuit shown in Figure 1, V;,, and if, ,
X = @, b, c, represent the point of common coupling
(PCC) voltages and AC side currents of the SAPF,
respectively. R, is a line resistance that models the
parasitic resistive effects of the inductor L.
dify

. di
Vanpwm = Rpp.igatLs —L2 4 Vsa + Ly
dt

+ Ryf.ipn (1)
dt
. difb difn .
Vbnpwm = RLf I’fb+Lf —+ VSb + Lf —+ RLf lfn (2)
dt dat

difn

, di
V'CTLme = RLf lfC+Lf —fe + ‘/SC + Lf
dt

Where Venpuwm = Ve =W

+ Ryplpn (3)
dat

x=a,b,c

As ifq + iy + ifc = gy its derivative form is given by:
difa
dt

difb
dt

dife _
at

difn
dt

(4)

For obtaining the state space system and the transfer
functions in the two-phase stationary reference frame (af0-
axes) and in the dq0 frame, the mathematical modeling is
presented. To perform the modeling, all the coupling
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inductances and their resistances are assumed to be
identical, such as;
La=Lp=Lt=Lmn=Ls and Riu=Rip=Ric=Rim=Rys

So, the state-space model in the two-phase stationary
reference frame (af0-axes) and into dq0 -axes represented
by (5) and (6), respectively can be obtained, (Vio, Vsg
and V) are not taken into account in the model because it’s
considered as disturbances [8][9].

dt

u . 1 0 0) |l L 4 0 0})fYanpwm

d_ftB:LLf 0 -1 0]|is ton 0 4 0||Venpwn ®)
1o o =1 ifo T10 0 1 Vonpwm)

i

Ldt J

(aifq)

dt

u . 1 w 0)|ira L 4 0 Vdnpwm

ﬁ :LLf o -1 0||irq +E 0 4 0 anpwm (6)
1o 0 —1|ir Tlo o Vonpwm

difO

\dtJ

3. Control system

In this section, the control system is described in two
subsections, as follows:
i. Algorithm for extraction of compensation currents
references and ii. Control design.

3. a. Reference currents extraction

In order to extract the three-phase compensation reference
currents (i* sq , i"sp and i*s.) and specifically, the neutral
reference current (i*s,), the SRF-based algorithms are used
to perform load unbalance compensation or to independently
compensate each of the three phases .

In order to detect all the harmonic currents (i,q, , ivp,
and i, ), the fundamental currents (i.q, , i1y, and i, )
are substracted from total load currents ( i, , iy, and i;. )
using a SRF-based algorithm. In provision of unbalanced
loads connected to a four-wire three-phase system, the
fundamental currents are represented by positive- negative-
and zero-sequence components, such as (i*;,, ,i*.,, and
i"re, ) (ITpay » iTpp, and i7pc, ),
i, ) [8]:

In order to extract each one of the fundamental
components ( i*11apc) i L1cape) @D ®L1@pe)  from
unique three-phase load which are represented into the
synchronous reference frame (dgq -axis), the SRF algorithm
allows this extraction perfectly with some modification that
must be done to apply it to a three-phase system, as can be
seen in Figure 2.

and (i, , %5, and
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Figure 2: Algorithm for extraction of compensation reference currents

In order to detect all of harmonic currents, as it can be
seen in the algorithm shown in Figure 2, only the
harmonic currents in the load can contribute to the output
quantities (" r4 , s and iz ) by subtracting ( iy, and
iqu) (i fe and i""fp ) and (%, and i%, ), which
are related to fundamental currents [8].

3. b. Control design

3. b. 1. The compensation current control loops

The current control loops are implemented in two-
phase stationary reference frame and it can be represented
by three independent control loops, Figure 3. According to
the model presented in (1)-(4), the three-phase converter
acts as three single-phase systems in the af30 coordinates

(5) [81.[9].
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Figure 3: Currents control loops
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So we can obtain three independent transfer functions as
given by (7) and (8),

G, 4(5)= - (7
’ Ve () Ry +5s.Ly
5 ()_if(a,ﬂ)()_ L ®)
io - -
\/0 (s) 4(Ry; +sLy)

.. . i
Similarly, the closed loop transfer function —L“£2 can

P

Pf@po
be obtained for the three current control loops, as given

by (9).

if(a,ﬁm
N, (s) = =

Ut (a,p.0)

Ays” 4 ALs+ A

(9)

3 2
B;s" +B,s +B; s+ B

Where: Ay = Vye. Kpwm- K;

in

Ay Ve K- [Key, = Koy, (/)]

Ay = ~Vae Kowm-Ki), Bo = Vac- Kowm- Ky,
By =Ryr + Vac. Kpwm- [Ki,, — Ky, (TS/4 )]

B, = ('5/4) Ry — Vae- K- Koy, - (15 /4)

B; = (TS/4.) Lf

3. b. 2. DC link voltage regulation

The DC link capacitor voltage has to be regulated and
maintained at a constant value, for satisfying this
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objective, the active power flowing into the active filter
needs to be controlled. If the active power flowing into
the filter can be controlled equal to the losses inside the
filter, the DC link voltage can be maintained at the
desired value.

A traditional Pl and simplified Backstepping
controllers are presented in the next section for
controlling the DC link voltage.

3. b. 2.1. The DC-bus voltage control by traditional
PI controller

The output of the PI controller is considered as peak
value of the supply current (l,,o), which is composed of
two components: (a) fundamental active power
component of load current, and (b) loss component of
APF; to maintain the average capacitor voltage to a
constant value.

Figure 4 shows the mathematical model for the closed

related to the dc-bus

- vV
loop transfer function —4<
dcref

voltage control which can be obtained by (10), with
Vac,, y is the DC capacitor reference voltage.

\pr '5+Vd'Kvin (10)

2
Cdc 'Vdc'S +Vdm 'Kvpr

Vd+K

.s+Vdm.KM-n

All the proportional and integrative gains (Kvpr and

K, ) are projected using the methodology of Ziegler-

Nichols [10].
g)—mc. Vi s) L6

Figure 4: P1 DC Bus voltage control

K[-‘pr

Vdrre 1

Koin- (1/s)

3. b. 2.2. The DC-bus voltage control by simplified
Backsteping controller

Recently, Backstepping controllers have been
introduced in SAPF control [11]. The advantage of
Backstepping controllers over the proportional P
controllers is that, it does not need an accurate
mathematical model of the system; another advantage of
this simplified method is the simplicity of calculations,
since only algebraic operations are required.

Based on Lyapunov theory; for a nonlinear system to
be stable at the point m, it is necessary and sufficient that
there is a function continually derivable G(m) that
satisfies the following three conditions:

G(m) =0
Gm)>0Vm+=0,meQ
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Gm)<O0Vm#0,meQ @: domain of study
To start with, for controlling V., we consider the error
defined as follows: e,; = Vacyep = Vac-

We define the energy of the capacitor as follows.

1
Edc(Vdc) =3 C. Vzdc (11)

We define a new term T, (V) for small variations of
Vdc

. . . TacWVae)
Tdc(Vdc) = Edc(Vdc) =C.Vy.Vde Vg = % (12)

We define the second error as follows.

1
er, = AEq. =3

.C.e?., (13)
According to the previous expression, the first and the
second conditions are satisfied where G=. e,.,(V;.) and
M=Vac,,,

Let us now check the third condition, for this purpose we
derivate e., = AEg4, e, = ATy

—C. e;.Vge <0 (14)

e, <0 o AT; <0 -

From (12) we can write:

—C Tac(Vac)

Tac(Vac)
Tl . - < O
CVac

Vdc

<0 o —e. (15)
In order to satisfy the third condition, a constant L

(Strictly positive) is introduced so that:
TacVac) - L
Vdc 21

LVgc
TdC(VdC) - 4

e = AVy: Small error caused by variation of DC
voltage capacitor.

(16)

Tdc(Vdc) L
Vac e

a7

lsref(dc)

Tae(Vae) 1,

(ADCde)
L ==

Figure 5: Simplified Backstepping technique scheme

4. Simulation results
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Figure 6: Simulation works in Matlab/Simulink
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The Matlab/Simulink simulation tool [12] was used to
develop a model that allowed the simulation and testing
of the control, which were implemented in the SAPF for
three phase four wire systems. The simulation use thres
phase four wire system 127V 50Hz directly from source
as shows in Figure 6.
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Figure 7.a: Load currents before harmonics compensation
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Figure 9.b : Harmonic source current specter (Phase a).
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Figure 10: DC voltage obtained with PI controller under
unbalanced nonlinear load after total harmonics compensation
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Figure 12: Neutral Current of the source under unbalanced
nonlinear load after total harmonics compensation using
Simplified Backstepping control
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4. a. Discussion of results

In Figure 7.a the nonlinear load currents are distorted
and unbalanced, while Figures 8.a and 9.a show the
source currents after harmonic currents compensation for
both controllers Pl and simplified Backstepping
technique, respectively.

As can be noted, the source currents have almost
sinusoidal shapes and the active filter decreases the total
harmonic distortion (THD) in the supply currents from
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50.11% to 4.19% (Phase a) with PI controller (Figures
7.b and 8.b). However, with simplified Backstepping
controller, the THD is decreased to 2.23% (Phase a)
(Figure 9.b) which proves the effectiveness of the
Backstepping controller.

According to the simulation wave forms for Vg
regulation using Pl and simplified Backstepping
controllers under nonlinear load after harmonic currents
compensation (Figures 10 and 11), we can see that:

The performance of the PI controller suffers from
critical overshoots, because it requires precise linear
mathematical model, which are difficult to obtain and
may not give satisfactory performance under parameter
variations, load disturbances...etc. In opposition the
simplified Backstepping technique present no overshoots
and the response time is the smallest, which demonstrate
the effectiveness of this nonlinear controller, especially in
case to use when the load is mostly under dynamic
regimes.

The simulation results demonstrate that simplified
Backstepping control is better than PI control in transient
regime; there are a small response time and no overshoot.

As shown in Figures 12, the neutral current is almost
cancelled with low ripples.

5. Conclusion

In this paper we have presented a three-phase four-
wire SAPF based on the SRF-based algorithms for
suppressing all of harmonics current, compensating
reactive power and eliminating the neutral current.

The objective was to improve the performance of the
three-phase four-wire SAPF a new DC voltage controller,
simplified Backstepping technique instead of traditional
PI controller .

The simulation results demonstrate that Simplified
Backstepping control is better than PI control in transient
regime; there are no overshoot and small response time.

Another advantage to implement simplified
Backstepping control instead of traditional PI is related to
that no precise linear mathematical model of the system
is required when Backstepping controller is implemented.
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