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Abstract:This paper presents an adaptive Fuzzy-hysteresis band current con-
troller for four-wire shunt active power filters, to eliminate harmonics and to
compensate reactive power in distribution systems, in order to keep currents

at the point of common coupling sinusoidal and in phase with the correspond-
ing voltage and the cancel neutral current. The conventional hysteresis band
controller, known for its robustness and its advantage in current controlled

applications is adapted with a fuzzy logic controller, to change the bandwidth
according to the operating point in order to keep the frequency modulation
at tolerable limits. The algorithm used to identify the reference currents is
based on the synchronous reference frame theory(dqγ), considering disturbed

network voltage. Finally, simulation results using Matlab/Simulink are given

and compared with some Proportional-Integral control results, to measure and
to validate the performances of proposed control.
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1. Introduction

Active filters have came into view around 1970, after that, the
concept has been successfully developed, tested and assisted
by the power electronics technology, and put in practical uses
. In term of topology, three-phase filters can be divided into
three-wire and four-wire active filters [1-11]. The first one is
well-developed and put in industrial applications, however, in
last years, researches are more oriented to the second one for
its advantage in four-wire distribution systems [6-8].

In this paper the four-wires three-phase shunt active filter for
current compensation, using the conventional voltage three legs
source inverter as illustrated in Fig 1 is studied.

The active filter control can be divided into two different parts;
the first is the algorithm used to identify the suitable currents to
be injected in the network to achieve compensation objectives,
while the second part is the current control or regulation, which
forces the shunt active filter to synthesize the desired current
with minimized error. For this part, many kinds of technics
are used as PI controller [9-10], RST controller [11], with
PWM modulation, or hysteresis controller, this last one is very
suitable for several reasons such as: simplicity, easy imple-
mentation, very fast response and good accuracy. However, the
hysteresis band current control presents an undesirable feature
in its high commutation frequency, which varies with the op-
erating point. From the theoretical point of view, increasing
switching frequency permits a very good reproduction of the
reference currents especially in harmonics current control, but

Fig.1. Configuration of the four-wires shunt active filter.

in practical uses, this frequency is limited by the nature of the
semi-conductors and the passive elements.

This paper focuses on the idea of compromising between the
robustness of an hysteresis controller and the constraint due the
the stability of switching frequency. For this, a Fuzzy-hysteresis
controller is proposed; the role of the Fuzzy-controller is to
adapt the hysteresis bandwidth following the operating point,
thus, the switching frequency is keep almost constant at prede-
fined value.

The layout of this paper is as follows: first, we have presented
briefly the four wires active filter configuration and the refer-
ence current identification based on the synchronous reference
frame. Next, the adaptive Fuzzy-hysteresis band current con-
troller is described. Finally, simulation results are given putting
the accent on the comparison with some simulation results
obtained with a conventional Proportional-Integral controller,
followed by the conclusion.

2. Four-Wire Shunt Active Filter

The general configuration of the four wires shunt active filter
presented in this paper is shown in Fig 1. TheDC bus is
constituted of two capacitorsC1 = C1 = C with a midpoint
connected to the neutral wire of the network. TheAC side of
the active filter is connected to the network through a first order
passive inductive filter. This topology permits to compensate
not only phase currents but also to cancel the neutral current.
The model of the three-leg four-wire voltage source inverter (1)
permits to show that the output voltage of thek-leg depend only
of the switching functiondk (k = a, b, c) of the same leg, this



mean that this topology can be assimilated to three decoupled
single phase active filter.

vk = dkVC1 − dkVC2 (1)

The interaction between the shunt active filter and the network
can be described by the following state equation (2).

[Ẋ] = [A][X] + [B] (2)
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With ea, eb and ec are the network voltages at the point of
common coupling;
ica, icb, icc are the compensating currents;
rc, Lc are respectively, the resistance and the inductance of the
coupling passive filter.

3. Reference Currents Identification

The synchronous reference frame used to identify the reference
compensating currents consists to transform the instantaneous
load currentsiLk in a turn coordinate system by using Park
transformation, in order to make easy the separation of the
undesired components from the measured currents [12].[
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In fact, if the rotating anglêθ correspond to the fundamental
frequency, then currents indqγ-axis are composed by a DC
component (related with fundamentals) and AC components
(with harmonics), which can be separated easily by using high-
pass filter.

iLd = iLd + ĩLd

iLq = iLq + ĩLq

iLγ = iLγ + ĩLγ

(4)

Note thatiLd correspond to the reactive power,iLq correspond
to the active power andiLγ to the homopolar power flowing
through the neutral wire.

(a) PLL system

(b) Compensating current identification.

Fig.2. Complete Block diagram of the reference current identification.

In general, the rotating anglêθ used in the Park transformation
is given by a Phase Locked loop (PLL) since network voltages.

3.1. PLL System

The PLL system used to extract the instantaneous fundamental
angleθ̂ is shown in Fig 2(a), it is based on thepq-theory[13].
The instantaneous real power in the PI-controller input is:

pPI = eαi′α + eβi′β (5)
Where eα and eβ are the measured voltages transformed in
(α, β) coordinate, and the feedback signalsi′α, i′β are the cosine
and the sine of the angle at the PLL circuit.

This circuit can reach the stable point of operation only if the
outputpPI of the PI-controller has zero average value (pPI=0)
and minimized alternative value (pPI ≈ 0). Otherwise, the
average power in three-phase system is given by:

Pavg = 3E+
1 I+

1 cos(φE+
1
− φI+

1
) (6)

This means that the stable point of operation is found onlyω̂
correspond to the fundamental frequency of the system and the
auxiliary signalsi′α andi′β become orthogonal to the measured
network voltageseα andeβ respectively.

3.2.DC Voltage Regulation

It is well known that the voltage of theDC bus should be
maintained at a predefined design value to achieve correctly
the compensation. As a particular characteristic for four-wire
three-leg active filter is that theDC voltage regulation is con-
stituted of two control loops; the first loop keeps the voltage
VC = VC1 + VC2 constant around its referenceV ∗

C . This is
achieved by a PI-controller, which generate an active current
IV C added to the active filter reference current in order to
inject or to absorb an additional active current in or from the
network, which keepsVC constant. The second loop permits
to balance the voltagesVC1 and VC2 , for this, the deference
IV Cγ

= VC1 − VC2 is added through a low pass filter as an



homopolar current in the active filter reference current with the
same effect as the regulation [8].

3.3. Reference Current calculus

The reference compensating currents are calculated by the non
desired parts of the currentsiLd, iLq andiLγ to achieve com-
pensation objectives, if we wan to compensate exclusively har-
monics, theñiLd, ĩLq and ĩLγ are used to calculate reference
compensating currents, but in general the fundamental reactive
power should be compensated. In this case, theDC part ofiLd

is included, therefore, the reference compensating current are
given in theabc-coordinate using the inverse Park transforma-
tion.
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Finally, the complete block diagram of the compensating cur-
rent identification is illustrated in Fig 2.

4. PI Current Control

The conventional PI control is the most classically used for the
current control applications [9-10][14], it is used often with a
PWM modulator as shown in Fig 3.

The proportionalKp and integratorKi gains of the PI controller
are in general chosen from the closed transfer function of the
system (active filter+PI controller);

HCL =
kps + ki

Lcs2 + (rc + kp)s + ki
(8)

Which can be rewritten as:

HCL =
(2ξωc − rc

Lc
)s + ω2

c

s2 + 2ξωcs + ω2
c

(9)

For a good dynamic response,ξ is generally chosen equal to
0.7. Otherwise, for a maximal reject of harmonic due to the
commutation, the cut pulsationωc must be distant as much
that possible of the pulsation of commutation of the PWM
frequency.
If this kind of control is known for its simplicity, it is important
to note that it is not an adequate solution to control multi-
frequency signals. In fact, it is easy to show from the frequency
analysis of (9), that this controller cannot with perfect fidelity

(module〈HCL(jw)〉 = 1, and argument ̂HCL(jw) = 0) high
frequency references [10][14]. This is an important handicap
for harmonic compensation. Some authors preconize the use of
PI-controllers in multi-turn frames, each one is turning in syn-
chronism with the frequency which will be eliminated [10][14],
but this solution require an important effort of calculus.

4. The Adaptive Fuzzy Hysteresis Band Current Controller

Fig.3. PI inverter current control scheme.

Fig.4. The adaptive Fuzzy-hysteresis band current controller.

(a) Universe of discourse ofek.

(b) Universe of discourse of
di∗

ck
(t)

dt
.

(c) Universe of discourse ofHBk.
...

Fig.5. Universes of discourse for the inputs and output variables.

As it was mentioned in the introduction, the hysteresis band
current control technique presents very good characteristics for
current control applications. In the case of a voltage source in-
verter with a midpoint in the DC bus the width of the hysteresis
bandHBk is given for each phase in [15] by:

HBk =
VDC

8fmLc

[
1− 4L2

c

V 2
DC

(ek(t)
Lc

+
di∗ck(t)

dt

)]
(10)

Wherefm is the modulation frequency,di∗ck

dt(t) is the slope of
the reference current for thek-phase,ek is the instantaneous
voltage at the common coupling point of the same phase,Lc

andVC are respectively the decoupling inductance and the DC
bus voltage.

Regarding the equation (10), we can remark that in order to
keep the modulation frequencyfm constant it is necessary
to regulate the bandwidthHBk at different operating points,
following the variations of the different parameters in (10).



Table.1. Fuzzy rules for the hysteresis bandwidth.

ek

HBk NB NM AZ PM PB

NV B V V S V S V V L V V L V L
NB V S M V V L V L M
NM S L V V L L S

di∗ck/dt AZ S V L V V L V L S
PM S L V V L L S
PB M V L V V L L V S

PV B L V L V V L S V V S

To improve good performances without precise knowledge
of the active power filter parameters, the bandwidthHBk is
controlled using a fuzzy logic Controller [16] withek and di∗ck

dt(t)

as input variables andHBk as the output variable as shown in
Fig 3.

In reality, we can take in account theDC voltage as a third
input variable but this can complicate the fuzzy logic controller
without a substantial contribution if we suppose that theDC
voltage regulation is correctly achieved.

The fuzzy logic controller is constituted of three principal ele-
ments which are: the fuzzification, rule base, and the defuzzifi-
cation [17].

The fuzzification converts the real values into linguistic size
with assigning to each variable a set of fuzzy subsets. For this
step, five fuzzy subsets are chosen forek: NB is negative
big, NM is negative mediumAZ is almost zero,PM is
positive medium andPB is positive big (Fig 4(a)). However, in
order to increase the dynamic performances of the fuzzy logic
controller, seven fuzzy subsets are chosen for the reference
current slope:NV B is negative very big,NB is negative big,
NM is negative medium,AZ is around zero,PM is positive
medium,PB is positive big, andPV B is positive very big (Fig
4(b)). The universes of discourse of these variables are fixed
between -1 and 1 by introducing a simple gain for each variable.

Otherwise, the output variableHBk is fuzzed also with seven
fuzzy subsets:V V S is very very small,V S is very small,M is
mediumL is large andV L is very large, andV V L is very very
large (Fig 4(c)). The universe of discourse of the variableHBk

is fixed between 0 and 1, so, it is necessary to introduce a gain
GHBk

at the fuzzy logic controller output.

Thus, the rule base is expressed as a set of 35IF ...T HEN ...rules
with the use of Mamdani’s implication, these rule consigned in
the Table 1.

Finally, the defuzzification which gives the real value of the in-
stantaneous hysteresis band is realized by the centroid method.

6. Simulation Results

The complete model of the system shown in Fig 1 is imple-
mented and simulated using Matlab/Sumilink. The fuzzy logic
controller is established using the Fuzzy Inference System Ed-
itor.

The main parameters of the simulated circuit are recapitulated
in the Table 2.

Firstly, we show in Fig 6 an d Fig 7 the limits of the conven-
tional PI-control for harmonic compensation. In fact, if the total
harmonic distortion (THD) is improved, it remains relatively
important (about 8% for each phase at the source side). The
source current don’t presents a good symmetry, this can explain

Table.2. Main parameters of the simulated model.

Power 230V rms, 50Hz
Source Rs = 50mΩ

Ls = 0.15mH

Non linear • Six-pulse current-source converter bridge
Load with a firing angle=15◦.

• Four-pulse current-source converter bridge
between theb-phase and the neutral wire.
• Single phase diode bridge between
thec-phase and the neutral wire.

Active • CapacitorsC1 andC2 ..........................5mF
Filter • DC voltagesVC1 andVC2 ....................500V

• Inverter side inductance.......................3mH
• Switching frequency..........................10kHz

(a) The three-phase load current.

(b) The three-phase source current.

(c) Load current equivalent phasor. (d) Source current equivalent phasor.
...

Fig.6. Three-phase current compensation and balance with PI control.

the non total cancelation of the neutral source current as shows
Fig 7.

For the proposed control, we present in first time the perfor-
mances of the fuzzy logic controller are shown in Fig 8. It
makes in evidence the advantage of the Fuzzy-hysteresis band
controller compared with a conventional fixed bandwidth one.
In fact, the Fig 8(a) shows that the variations in instantaneous
switching frequency in the case of a fixed bandwidth are im-
portant and it is to note that these variations are increasing
with decreasing the hysteresis bandwidth. The instantaneous
bandwidth established by the fuzzy logic controller is shown in
Fig 8(b), and the instantaneous resulting switching frequency
in Fig 8(c), we can remark that with varying the instantaneous
bandwidth, the instantaneous switching frequency is remained
constant around10kHz. This frequency can be increased or



(a) Load neutral current.

(b) Source neutral current.
...

Fig.7. Neutral current compensation with PI control.

(a) Switching frequency (Conventional hysteresis band controller).

(b) Hysteresis bandwidth (Fuzzy hysteresis band controller).

(c) Switching frequency (Fuzzy hysteresis band controller).
...

Fig.8. Instantaneous switching frequency of the adaptive Fuzzy-hysteresis
band current controller compared with a conventional fixed hysteresis band
controller.

(a) The three-phase source current.

(b) Load current equivalent phasor. (d) Source current equivalent phasor.
...

(c) Source neutral current.
Fig.9. Performances of Fuzzy-hysteresis control on the three-phase and neutral
current compensation.

Fig.10.DC Voltage regulation.

decreased by decreasing or increasing the gain at the fuzzy
controller output.

The Fig 9(a)(b) illustrate the waveforms of the load and the
source current such as there corresponding equivalent phasors
in (α, β) coordinate, this figure shows clearly that the harmon-
ics and unbalance are correctly compensated, in fact the unbal-
ance rates are5% and0.35% for the load and the source current
respectively, therefore, the current in the neutral at source side
is almost canceled as shows Fig 9(c).

Otherwise, for the DC voltage control, we can sea in Fig 10
that the voltage in the two capacitors are balanced and remained
constant.

To show more clearly the performances of the proposed control,
Fig 11 represents the harmonics spectrum of the load and
source currents for each phase, and in Table 3, we resume



(a) Load current,a-phase................(b) Source current,a-phase.

(c) Load current,b-phase................(d) Source current,b-phase.

(e) Load current,c-phase................(f) Source current,c-phase.
...

Fig.11. Harmonics current spectrum of the load and source current.

Fig.12.a-phase current and its harmonic spectrum with PI control and Fuzzy-
hysteresis control.

Fig.13. Instantaneous active power and its harmonic spectrum, drawn by the
non-linear load.

Fig.14. Instantaneous active power and its harmonic spectrum, drawn from the
source with the two kinds of control.

the fundamental magnitudes and the total harmonic distortion
(THDs) for each phase.

In order to make in evidence the comparison between the pro-
posed control with the conventional PI control, we compared
the current for thea-phaseisa in Fig 12, and the three-phase
instantaneous active powerps in Fig 14, at the source side. As
it can be seen, the Fuzzy-hysteresis control permits to mitigate
almost all harmonics, and to guarantee a best waveform quality
improvement of the current, and therefore of the instantaneous



Table.3. Fundamental component and THDs of the load and source current for
each phase (Fuzzy-hysteresis control)

Phase Load current Source current
I1 THD I1 THD

a-phase 74.55 32.17% 79.50 03.17%
b-phase 82.79 29.86% 79.41 02.49%
c-phase 90.49 26.02% 79.23 02.30%

Table.4. Few main harmonics persisting on the source current and the
instantaneous active power, obtained with the two kinds of control.

a-phase currentisa Instantaneous powerps

h PI Fuzzy-hyst h PI Fuzzy-hyst
(Hz) control control (Hz) control control

0 (DC) 0.66% 0.18% 0 (DC) 100% 100%
50 100% 100% 50 1.35% 0.37%
150 2.93% 1.23% 100 4.44% 3.38%
250 5.64% 0.69% 300 3.32% 1.51%
350 3.31% 1.15% 600 1.37% 0.53%
450 2.38% 1.09% 800 0.86% 0.27%
550 4.31% 1.00% 900 2.26% 0.63%

THDisa 8.90% 3.17% THDps 7.28% 3.87%

active power. In table 4 we have resumed the magnitudes of few
main harmonics of the currentsisa and the powerps, all as the
total harmonic distortion with the two control kinds.

Note that the THD is calculated at the40th order, and for active
power, this one is given to the DC componentp.

6. Conclusion

In this paper, an adaptive Fuzzy-hysteresis band current con-
troller for four-wire shunt active filter is proposed in order to
achieve robust control with a moderate switching frequency. A
particular attention was given to compare this controller with
a PI one. The Fuzzy-hysteresis controller was firstly described
theoretically in detail, to be after verified and validated by sim-
ulation. The obtained results for the proposed Fuzzy-hysteresis
controller, presents clearly more satisfaction to compensate har-
monics and to cancel neutral current, but its principal advantage
is that in practical uses, this controller permits to optimize
active filter parameters, therefore, to reduce active losses in
the passive elements. However, it is important to note that a
Fuzzy-hysteresis controller taking in account the DC voltage
variations permits to improve the dynamic characteristics of the
control and especially the transient state.
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