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Abstract—This paper presents an adaptive source current
THD oriented fuzzy logic controller for a 3-phase 4-wire center
split hybrid power filter. The controller adaptively changes the
hysteresis band in order to trace the reference total harmonic
distortion — THD of the source current at the desired value, so
that the switching frequency and switching losses can be
minimized, thus reduces the total costs of the system. The
proposed control method is workable in PI and fuzzy logic
control and is verified by simulations. Moreover, the
comparison between the PI and fuzzy logic control is also
studied.

1. INTRODUCTION

The more use of power electronic equipments and non-
linear devices in power systems has given rise to power
quality problems, mainly in reactive power and current
harmonic. High current harmonic causes various problems in
power systems and in consumer products, such as equipment
overheating, blown capacitor fuses, transformer overheating,
excessive neutral current, low power factor, etc [1][2].

In order to diminish the current THD, shunt passive,
active and hybrid power filters can be implemented. Passive
power filters (PPF) have disadvantages about fixed
compensation and resonance problems, while active power
filters (APF) are considered high rating with higher cost.
Hybrid power filters (HPF) topologies composed of PPF
connected in series to APF, which significantly improve the
compensation characteristics of PPF, also make the APF

available for high power applications, at a relative lower cost.

Among various control methods for compensating the
harmonic current, hysteresis band (HB) current control
method is the most popularly used because of the simplicity
of implementation and fast controllability. In principle of
decreasing HB leads increasing inverter operation frequency
and helps to get a better compensating waveform with low
THD. Normally, HB should be smaller in order to get a
better performance with small THD. Moreover, less HB
means higher switching frequency of the switching devices,
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as a result, higher switching losses is one of disadvantages.
Therefore, a new control strategy is proposed to adaptively
changing the HB according to the desired source current
THD value, so that the switching frequency and switching
losses can be minimized, thus reduces the total costs of the
system. Furthermore, since it is not easy to find out the direct
relationship between source current THD and HB, the fuzzy
logic controller is suitable to apply in here. Hence, a novel
adaptive source current THD oriented fuzzy logic controller
is proposed in this paper, in order to adaptively changing the
HB for optimizing the switching frequency and the source
current THD. Finally, simulation results are presented to
verify the proposed control method, and a comparison
between the proportional-integral (PI) and fuzzy logic
control is also given.

II. HPF STRUCTURE AND MATHMETICAL MODEL

A HPF is composed of a PPF and an APF, which
combines both advantages of two filters for providing a cost-
effective solution for power quality compensation of the
nonlinear load [3].

Due to the development of the ‘custom power’ concept,
the 3-phase 4-wire system will play a very important role in
the distribution site. There are two common topologies to
provide neutral current compensation in the 3-phase 4-wire
system via 3-phase voltage-source inverter: (a)3-leg center
split topology; (b)4-leg topology. For the economical
consideration, the 3-leg center split topology can reduce the
initial costs because of less switching devices are required,
therefore, it is more preferable and is chosen in this paper.
However, its DC-link control strategy is relatively
complicated as compared with the 4-leg one [4]. In this
paper, since the main idea is the proposed adaptive source
current THD oriented fuzzy logic controller, the DC-link
voltage control will not be discussed and all the following
analysis will be based on sufficient and stable DC-link
voltage condition.
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Figure 1. Circuit structure of hybrid power filter.

The circuit structure of a HPF is shown in Fig. 1. v,
(x=a,b,c) is the source voltage, vy, is the load voltage, Lg is
the system inductance normally neglected due to its low
value compared to load value, thus vs,=v;,; is, and iy, are the
source and load current, i, is the compensating current; Ty
and T, are the complementary trigger signals; Cc and L are

the coupling part capacitance, and inductance.

The switching function of the inverter can be expressed
as (1),

@

Sx

_ |1 whenT, closed,fopened
-1 whenT, opened,fclosed
The DC link voltage is assumed to be an ideal voltage

source, the terminal inverter voltage Vi,a, Vinbs Vime Can be
expressed as (2),
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Moreover, since the system voltage is balanced, the
neutral voltage, neutral compensating current and neutral
capacitor voltage can be defined as (3), (4) and (5)
respectively,

1
Vsn = 3 (vSa +Vgp Ve )=0 3)
. 1. . .
loy = g(lCa +igy +ice) “4)
1
Veen = E(VCCa tVeer TVeee ) (5)

According to (3), (4), (5) and Fig. 1, the relation among
the compensating currents (icy,, icp, ice» icn), the source
voltages (Vsq, Vsp, Vse), the capacitor voltages (Veeas Veens Veees

Veew) and the inverter voltages (Vi Vips Vime) can be
expressed as,
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From (6) and (7), a general mathematical model of the 3-
phse 4-wire 3-leg center split HPF in a-b-c-n frame can be
established as

ZX=AX+BU (8)

where
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111 HPF COMPENSATION PRINCIPLE

According to the circuit structure of the HPF, it allows
the APF to improve the compensation characteristic of the
PPF with small rating under inductive non-linear load
consideration.

The compensation principle of the shunt HPF is to
generate a compensating current to the utility, so that it
cancels harmonic current and corrects the power factor close
to unity. The compensating current is achieved by the well-
known instantaneous active and reactive power theory (p-q
theory) proposed by H. Akagi [5]. By injecting the ideal
compensating current into the system, the source current
keeps pure sinusoidal and in phase with the source voltage.

The original p-q theory is based on instantaneous values
in 3-phase power systems without neutral wire, and is valid
for steady-state or dynamic operations. The core of p-q
theory is to converter the instantaneous currents and voltage
into instantaneous space vectors. 3-phase instantaneous
voltages and currents on the a-b-c coordinates can be
transformed into those on the 0-o-f coordinates by the
Clarke transformation:

v, 1/42
2

Vg 2\/; 1

_Vﬁ 0

[, 1/42

lﬁ 0

N2 12 o,
—1N2 =12 | v, ©)
V32 =312 v,

U2 2 T
—1UN2 —142
32 =372

For a 3-phase 4-wire system, the modified p-q theory in
[6] defines an instantaneous real power p and three
instantaneous imaginary powers, qo, q, and qg as follows:
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The inverse transformation of the above equation is
performed as follows:

. p
iy : Vo 0 Vg Vg q
. 0
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qp
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where p and ¢ are the instantaneous active and reactive
power originating from the symmetrical fundamental
component (positive-sequence) of the load current, p and
q are the instantaneous active and reactive power originating

from harmonic and the asymmetrical fundamental
component (negative-sequence) of the load current.

In order to extract the compensated harmonic current, the
reference harmonic current corresponding to reactive power
on a-f-0 coordinates should be first calculated as follows:

p

ico | v O Vg Vg g

ico |=5—55|va —vg 0 v a4
o Vo +Ve tVg o

icp vg Vg vy O 45

Finally, the compensated harmonic currents in a-b-c
coordinates can be obtained by inversed matrix of Clarke
transformation in o-f-0 coordinates:

it V21 o i,

iv =\/§1/\/5 -1/2 B2 |i, (15)

A 3 :
ive N2 —12 =372 i

IV. SOURCE CURENT THD ORIENTED WITH FUZZY
LoGic CONTROL

According to the power quality standards IEEE-519 [7],
the source current THD should be limit within an acceptable
range. A narrow HB can provide a good compensating
performance with low current THD, and a high current THD
will be occurred when the inverter of HPF is operating in a
wide HB [8].

The switching loss of the switching device can be
classified as turn-on and turn-off losses. (12) is the total turn-
on and turn-off power loss given in [9]. In (12), Ve, Iem, Iens
t.n, and f are the DC-link voltage, maximum collector current,
rated collector current, rated rise time, reated fall time and
switching frequency respectivly. It can be seen that except
for the switching frequency, the other values are constant or
determined by the characteristic of the switching devices.
Therefore, it is obvious that the switching loss is directly
proportional to the switching frequency[10].

1 Igy 11 Igy
p, .=V, I —ty ——+t | —+———| |12
loss dc* CM f[g rN ]CN N 37 24 ICN ( )

Therefore, a controller can be applied for controlling the
HB value at a maximum level to minimize the switching
frequency when the source current THD is at the acceptable
value. The input and output variables of controller can be set
as the error of source current THD and the change of HB
respectively. Fig. 2 shows the single-phase control block
diagram of the source current THD oriented control, it can be
expanded into three-phase system. ic, is the reference
compensating current, which is deduced by the p-q theory;
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Figure 2. Single-phase control block diagram of source current THD
oriented fuzzy logic controller.

icy is the actual compensating current obtained by the
difference of i5, and i;,. According to the control block
diagram, the source current THD is firstly calculated and
compared with a reference value THD,,, a larger current
THD value than the reference value means that the HB of
inverter is not small enough; inversely, the HB needs to be
increased when getting a smaller current THD value than the
reference value. Then the HB signal will be sent to the HB
current controller to generate the trigger signals, Ty and T_ ,

this control loop will be continuously executed until an
optimal HB is computed. Finally, the switches of the inverter
are controlled to produce the compensating currents, which
let the source current THD as the reference value. Under this
control, the initial and operating cost of HPF can be further
decreased by releasing the switching frequency. It is because
the higher of the operating switching frequency, the more
expensive and more stress of the switching devices.

However, the relationship between the source current
THD and the HB is nonlinear and cannot be found easily, a
fuzzy logic controller can be effectively applied to deal with
in this kind of problem. The control action of a fuzzy logic
controller is determined from the evaluation of a set of
simple linguistic rules, these linguistic rules can be converted
from the numerical variables of the real system, the
following seven fuzzy levels or sets are chosen as [11]: NL
(negative large), NM (negative medium), NS (negative
small), Z (zero), PS (positive small), PM (positive medium),
and PL (positive large). And the corresponding control rule
can be established as Table I based on the intuitive feeling
for, and experience of the process.

The fuzzy controller is characterized as follows: [12]
seven fuzzy sets for input and output;
triangular membership functions for simplicity;
fuzzification using continuous universe of discourse;
implication using Mamdani’s minimum operator;

wn A W N =

defuzzification using the center of gravity method.

TABLEI. Fuzzy RULES OF Fuzzy LOGIC CONTROLLER

V.  SIMULATION RESULTS

In order to verify the performance of proposed control
strategy, a simulation model is built by MATLAB/Simulink.
Table II lists the simulated system parameters, and the DC-
link voltage of the inverter is supplied by an ideal DC
voltage source.

By using the proposed control method, the HPF has
ability to compensate the source current at the required THD
value. The source and neutral current compensation
waveforms with THD,,=8% are illustrated in Fig. 3. At 0.1Is,
the HPF is switched on to do the compensation with initial
HB=0.1, the source current THD is under the reference value
(THD<8%) and trends to the reference value during 0.1s -
0.2s. After 0.2 s, the source current THD is controlled as the
reference value (THD=8%).

TABLEIL.  SYSTEM PARAMETERS IN THE SIMULATION
System parameters Physical values
Vi_rms 220Vac
Source
Lg 0.5mH
Lc 10mH
HPF Cc 40uF
Ve 80Vdc
Ry 60Q
Load L 30mH
CL 400uF

errorTHD NL NM NS VA PS PM PL

/\HB NL NM NS z PS PM PL

-«—before compensation—m-«————after compensation——»
THD <8%

THD =8%»

<

B

Current (A)

time (s)

Figure 3. Source current compensation by using Current THD, HB and
swithcing freqeuncy waveforms with reference value THD=8%.
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A. Adaptive HB control vs. Fixed HB control

(i) Adaptive HB with PI control
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Figure 4. Comparison between adaptive HB and fixed HB control, (a)
soruce current THD; (b) switching frequency; (c) swithcing loss.

TABLEIII. SIMULATION REULSTS WITH DIFFERENT HB CONTROL
HB control THD Max. SW SW loss of each
(%) freq. (kHz) switching device (W)
Adaptive HB 8 4 9
Fixed HB=0.1 2 15 10

Fig. 4 shows the source current THD, switching
frequency and switching loss comparisons between the
adaptive HB with PI control and fixed HB control. Fig. 4(a)
shows the source current THD, Fig. 4(b) shows the switching
frequency and Fig. 4(c) shows the switching loss of one
switching device waveforms respectively under (i) adaptive
HB with PI control; (ii) fixed HB=0.1. The simulation results
illustrate that even though the source current of HB=0.1
gives a better compensation performance with THD=2%, its
maximum switching frequency is relatively high (max. at
15kHz), and provides a higher switching loess. When the
proposed control method is applied, the switching frequency
(max. at 4kHz) and switching loss are released with the
desired source current THD (THD=8%). The corresponding
simulation results are summarized in Table III.

B.  PI control vs. Fuzzy logic control

In addition, the simulation results under (a) PI control
and (b) fuzzy logic control are shown in Fig. 5 and Fig. 6.
From Fig. 5 and Fig. 6, both control methods have the ability
to track the reference current THD (THD,.;=5% and 8%).
However, the performances of fuzzy logic control are better
than that of PI control. The fuzzy logic control provides
smaller overshoot, faster settling time, and smaller steady-
state error, in which their performances are compared and
shown in Table I'V.

THD (%)

time (s)
(a) PI control
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Figure 5. source current THD, HB and swithcing freqeuncy waveforms
with reference THD,.i=5% under (a) PI control; (b) fuzzy logic control.
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Figure 6. source current THD, HB and swithcing freqeuncy waveforms

with reference THD,.=8% under (a) PI control; (b) fuzzy logic control.

TABLEIV. SYSTEM PARAMETERS OF THE SIMULATION
PI controller Fuzzy contorller
Parameters | ™7p7, THD, THD,y THD,y
=5% =8% =5% =8%
Percentage
Overshoot 3.6 9.4 1.6 2.5
(%)
Se‘“‘gg) tme | o362 0203 0.2 0.204
Steady state 15 0.625 125 05
error (%)

VI. CONCLUSION

In this paper, a 3-phase 4-wire 3-leg center split HPF
with adaptive source current THD oriented fuzzy logic
controller is proposed and verified by simulation. The
controller adaptively changes the HB according to the source
current THD reference value, so that the initial and operating
costs of the HPF can be further reduced by releasing the
switching frequency and switching losses of the switching
devices. Comparisons between conventional PI and fuzzy
logic control are studied; the fuzzy logic control
demonstrates better dynamic and steady-state performances
than the conventional PI control.
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