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Abstract -

Any electrical power system consists of wide
range of electrical and power electronic
equipment in  commercial and industrial
applications. The quality of the power is effected
by many factors like harmonic contamination,
due to the increment of non-linear loads, like
large thyristor power converters, voltage and
current flickering due to arc in arc furnaces and
swell due to the switching of the loads etc. The
uncontrolled ac-dc converter suffers from
operating problems of poor power factor,
injection of harmonics into the ac mains,
variations in dc link voltage of input ac supply,
equipment overheating due to harmonic current
absorption, voltage distortion due to the voltage
drop caused by harmonic currents flowing
through system impedances, interference on
telephone and communication line etc. A Fuzzy
logic controller was used to control the TCR. A
nonlinear control of APF was developed for
current tracking and voltage regulation. The
latter is based on a decoupled control strategy,
which considers that the controlled system may
be divided into an inner fast loop and an outer
slow one. Thus, an exact linearization control
was applied to the inner loop, and a nonlinear
feedback control law was used for the outer
voltage loop. The simulation results are found to
be quite satisfactory to mitigate harmonic
distortions and reactive power compensation.

Index Terms—Harmonic Suppression; Hybrid
Power filter; Modeling; Hybrid Power filter And

Thyristor-Controller ~ Dreactor  (SHPF-TCR
Compensator); Fuzzy Logic Controller
I. INTRODUCTION

Global competition is ballooning, forcing
companies to seek value and automate processes
where ever possible. Computer technology is
increasingly used to accomplish these goals,
which means more compute power is required
[1]. The growing use of non-linear and time
varying loads has led to distortion of voltage and
current wave forms and increased in reactive
power demand in AC mains. Harmonic distortion
is known to be source of several problems such
as increased power losses, excessive heating of
rotating machines, audible noise and incorrect
operation of sensitive loads etc [2]. To design a
more cost-effective power distribution system for
modern computer systems, this paper defines
mitigation technique using SHPF-TCR, discusses
options that might be recommended to control
Shunt Active Filter [1],[9].

However, the costs of active filters are relatively
high for large-scale system and require high
power converter ratings [9], [10]. Hybrid filters
effectively soften the problems of the passive
filter and an active filter solution and provide
cost-effective harmonic compensation,
particularly for high-power nonlinear loads [11].
Many control techniques such as instantaneous
reactive power theory, synchronous rotating
reference frame, sliding-mode controllers, neural
network techniques, nonlinear control [12], feed
forward control [13], Lyapunov-function-based
control [14], etc., have been used to improve the
performance of the active and hybrid filters.
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Several filter topologies for compensating
harmonics and reactive power have been
reported in the literature. In, a multi converter
conditioner topology formed by an active
conditioner operating in parallel with a hybrid
conditioner has been proposed.

A control technique is proposed to improve the
dynamic response and decrease the steady-state
error of the TCR. It consists of a PI controller
and a lookup table to extract the required firing
angle to compensate a reactive power consumed
by the load. A nonlinear control of SHPF is
developed for current tracking and voltage
regulation purposes. It is based on a decoupled
control strategy, which considers that the
controlled system may be divided into an inner
fast loop and an outer slow one. The currents
injected by the SHPF are controlled in the
synchronous orthogonal dq frame using a
decoupled feedback linearization control method.
The dc bus voltage is regulated using an output
feedback linearization control. The SHPF can
maintain the low level of dc bus voltage at a
stable value below 50 V. The proposed nonlinear
control scheme has been simulated and validated
experimentally to compute the performance of
the proposed SHPF-TCR compensator with
harmonic and reactive power compensation and
analysis through the total harmonic distortion
(THD) of the source and the load current. The
proposed methodology is tested for a wide range
of loads as discussed further. Simulation results
show that the proposed topology is suitable for
harmonic suppression and reactive
compensation.

The current reference circuit generates the
reference currents required to compensate the
load current harmonics and reactive power, and
also try to maintain constant the dc voltage
across the capacitor [3]. In this paper, a new
combination of a shunt hybrid power filter
(SHPF) and a TCR (SHPF-TCR compensator) is
proposed to suppress current harmonics and
compensate the reactive power generated from
the load. The hybrid filter consists of a series
connection of a small-rated active filter and a
fifth tuned LC passive filter. In the proposed
topology, the major part of the compensation is

supported by the passive filter and the TCR
while the APF is meant to improve the filtering
characteristics and damps the resonance, which
can occur between the passive filter, the TCR,
and the source impedance. The shunt APF when
used alone suffers from the high kilo volt ampere
rating of the inverter, which requires a lot of
energy stored at high dc-link voltage. On the
other hand, as published by some authors, the
standard hybrid power filter is unable to
compensate the reactive power because of the
behaviour of the passive filter.
Because of these merits, the presented combined
topology is very appropriate in compensating
reactive power and eliminating harmonic
currents in power system. These works study the
compensation principle and different control
strategies used here are based on PI/FUZZY
controller of the shunt and TCR active filter in
detail. The control strategies are modelled using
MATLAB/SIMULINK. The performance is also
observed under influence of utility side
disturbances such as harmonics, flicker and
spikes with Non-Linear and Reactive Loads. The
simulation results are listed in comparison of
different control strategies and for the
verification of results.

I1l. MODELING AND CONTROL

STRATEGY

A. Modeling of SHPF
The system equations are first elaborated in 123
reference frame. Using Kirchhoff’s voltage law,
one can write

vs1 = LpF rH — + Rpric1 +vepr1 + via + UMN
dies
,32_}4)}-#—}?” le2 T UCPF2 + V20 + UMN
di
Vs3 = LpF pr + Rprics +veprs + vsm + vMN
dig d*vepr1
UCPF1 —LTW - C}’l-‘LT dt2
digs d*vcprs
Ucpr2z = L’r? = CppLy A2
dios Pveprs
UCPF3 = LT? CprLr di2
dvg. 1
= —1de-
it Ca (1)

The switching function ck of the kth leg of the converter
(for k=1, 2, 3) is defined as
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if Sj, is On and S}, is Off

1,
Ck — { [] if Sﬁ.‘ is Off and S}: is On.(z)

A switching state function dnk is defined as

3

Cr — % Z Cm

Y m=1 n (3)

dlnk =

Moreover, the absence of the zero sequence in the ac
currents and voltages and in the [dnk] functions leads to
the following transformed model in the three-phase
coordinates [15]:

dit:l ‘
Lpp = — Rppic1 — dp1vge — vopr1 + Va1
dt
dit:? .
LPFW = — Rppiea — dnavac — Vopr2 + Vs
(!'1-(_-3 .
LPFW =-R PFle3 — dnaf--‘dc — UCpF3 T Us3

dvg. v,
 de de . . '
“de T =d allel T dn2'1c:2 + dnﬁﬂcﬁ-

3 phase AC Mains i T
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Fig.1. Basic circuit of the proposed SHPF-TCR compensator.

The system of (4) is transformed into the synchronous
orthogonal frame wusing the following general
transformation matrix:

i 4] s ot -Dejd) ol -def)

Gy = 3o -salf-de) -~

Where 6 = wt and the following equalities hold:

dg 1231 _ 1234T
C;..;!S - (crir} ) - (('?u_{q_

Then, by applying dq transformation, the state space model
of the system in the synchronous reference frame

This model is nonlinear because of the existence of
multiplication terms between the state variables {id, iq,
Vdc} and the switching state function {dnd, dnqg}.
However, the model is time invariant during a given
switching state.

Furthermore, the principle of operation of the SHPF
requires that the three state variables have to be controlled
independently. The interaction between the inner current
loop and the outer dc bus voltage loop can be avoided by
adequately separating their respective dynamics.

B. Harmonic Current Control

A fast inner current loop, and a slow outer dc voltage loop,
is adopted. The first two equations in the model can be
written as shown in the Appendix by (27). Note that the
first and the second time derivative TCR capacitor voltages
have no significant negative impact on the performance of
the proposed control technique because their coefficients
are too low. Consequently, they can practically be ignored.
Define the equivalent inputs by (28) as given in the
Appendix.

Fig.2.Inner control loop of the current ig.

Thus, with this transformation, the decoupled dynamics of
the current tracking is obtained. The currents id and iq can
be controlled independently. Furthermore, by using
proportional integral compensation, a fast dynamic
response and zero steady-state errors can be achieved. The
expressions of the tracking controllers are

. i, _ .
ug = (Lp(L - CorLrw’) + L) ?!1 + Rop(1 - CprLw)iy
= kyig + ki / iqdt

, . i, .
Uy = (Lw(l - (7|>|.~L-va2) + L]') ?!f + Bpp(1- CHJL-]WE)L‘

=%a+&fgﬁ
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The transfer function of the proportional-integral
controllers is given as

Ja(s) ki1
G S N
l( ) -d(*";) . 8
ng( ) {—() -'I'p;' - k_
J'q 5 5 @)

The inner control loop of the current id is shown in
Fig.2.The closed-loop transfer functions of the current

loops are
Iy(s) _ kp (5 N f’l)
I:;("") A E—I— (H+k’l)5+k'ﬂ
Iq(-‘?) . I'-p'l kp2

() A gy (H“*’z) s+ kiz
®

The closed-loop transfer functions of the current loops
have the following form:

2("“ ni
2 J I} . O § .2
_|_ ZC [11_“'1,’ _I_ ni

Where w ni is the outer loop natural angular frequency and
{ is the damping factor. For the optimal value of the
damping factor ¢ = V2/2, the theoretical overshoot is
20.79%. The following design relations can be derived:

kpl _AJZ = C Wi (Ll’l'( p'b'L'I‘WQ) T LI) - Rw(l - Q?[“Lg'wz)

kit =hiy = (Lpp(1 - CppLyw?) + Ly )’

ni

The control law is given in the Appendix by (29) and (30).
Note that the inputs gnd and gng consist of a nonlinearity
cancellation part and a linear decoupling compensation
part.

C. DC Bus Voltage Regulation

In order to maintain the dc bus voltage level at a desired
value, acting on ig can compensate the losses through the
hybrid power filter components. The output of the
controller is added to the g-component current reference iq
as shown in Fig. 3. The third equation in the model (6) is
rewritten

d"f,-‘dc Vdc —d i
— Hnqtg

The three-phase filter currents are given by

¥
(:dc

lel —sinfl
i | =1/ =i | —sin (0 - %)
- [l . 2-”-
le —sin (0 — <L
e3 ( 3 ) (11)
The fundamental filter rms current Ic is
)
I, =—L.
3 12)
The g-axis active filter voltage vMq is expressed as
VMg = (naVde = —Zpri1t.,
Mg IngUde PF1%41 13)

Where ZPF1 is the impedance of the passive filter at 60 Hz
and i*qgl is a dc component.
An equivalent input udc is defined as

Uge = Qnqlg (14)
The control effort of the dc voltage loop is deduced
i = fde u
'-.5;1 Z— dc:
— ?
PF1 (15)

The dc component will force the SHPF-TCR compensator
to generate or to draw a current at the fundamental
frequency.
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Control of TCR
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Control of hybrid power filter

Fig.3.Control scheme of the proposed SHPF-TCR compensator.

The response of the dc bus voltage loop is a second-
order transfer function and has the following form:

Vae(s) — 2% s + g?
1.(s) T 62 4 2wy s + w2,

The closed-loop transfer function of dc bus voltage
regulation is given as follows:

V/gl_ZPl-'lkp!c‘;_'_ V/g_Zpl-‘]_kifc

T/:ic('gj _

— VacCldc ' VacClac
_f(‘}} 02 ﬁz?k‘lkpfc V3Zppikil,
de 8§+ —— 5 —
Ve (fdc Ve C de

Fig.4.TCR equivalent circuit.
IV. MODELING OF TCR
Fig.4. shows the TCR equivalent circuit. Using
Kirchhoff’s voltage law, the following equations in 123
reference frame are obtained:

diL[l dil
vy =Lr—— i Ll’bi_r+Rl’b¢l+ Ve

dirprr diy
Vg =Lp—— Ll’b +Rm a1 by

dt

dirpr3 dig
Vg3 = Lr Lm — + Rppicg + dugtge

Applying Park’s transformation, one obtains

tirgg , l

LI(O)W Li(ﬂ) iqu'l'LPl.M m ‘RI}F nd Ujo
i

Lq‘(ﬂ)% -l ( ) Ll’k Ll’b Rl) q Uge T

(20)
The reactive part is chosen to control the reactive

current S0
that v, =0 and L¢(alwitra =10

dir : di .
p i = H(ﬂ)w‘ —LpFu.'!d - Lde—; - HPFE:‘I - dnq Ude
(21)

Where B(o)=1/LF(a)o» is the susceptance. An
equivalent input ugT is defined as

— dirrg
aT = .
: dt (22)
According to this expression, one deduces
il
H(Q)_ qT

- . di . '
w [—LPFWJ_LPF% ~ Ropiy — dhg i«-‘dc]
(23)

On the other hand, the equivalent inductance is given by

m

Lp =L '
pr(c) PES 9, + sin(2a)

(24)
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The susceptance is given by

B(a) = HE:T — 2a + sin(2a)

T (25)

V.FUZZY LOGIC CONTROL

L. A. Zadeh presented the first paper on fuzzy set
theory in 1965. Since then, a new language was
developed to describe the fuzzy properties of reality,
which are very difficult and sometime even impossible
to be described using conventional methods. Fuzzy set
theory has been widely used in the control area with
some application to power system [5]. A simple fuzzy
logic control is built up by a group of rules based on the
human knowledge of  system behaviour.
Matlab/Simulink simulation model is built to study the
dynamic behaviour of converter. Furthermore, design of
fuzzy logic controller can provide desirable both small
signal and large signal dynamic performance at same
time, which is not possible with linear control
technique. Thus, fuzzy logic controller has been
potential ability to improve the robustness of
compensator.

The basic scheme of a fuzzy logic controller is shown in
Fig 5 and consists of four principal components such as:
a fuzzy fication interface, which converts input data into
suitable linguistic values; a knowledge base, which
consists of a data base with the necessary linguistic
definitions and the control rule set; a decision-making
logic which, simulating a human decision process, infer
the fuzzy control action from the knowledge of the
control rules and linguistic variable definitions; a de-
fuzzification interface which yields non fuzzy control
action from an inferred fuzzy control action [10].

FLC ENOWLEDGE BASE

[ule Base | Daln Bose
r + Fuazzy

I Fugzy e
FUZZIFICATION | "7 M7 DECISION MA.KINL}—>| DEFUZZIFICATION

Real

k| =il k- d i k)

wefkizegk|ek-1) Input ety Crisp value

Vde_actual

Error Amplifier vdc_l"ef

Fig.5. Block diagram of the Fuzzy Logic Controller (FLC) for
proposed converter.
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Fig.6. Membership functions for Input, Change in input, Output.
Rule Base: the elements of this rule base table are
determined based on the theory that in the transient
state, large errors need coarse control, which requires
coarse in-put/output variables; in the steady state, small
errors need fine control, which requires fine
input/output variables. Based on this the elements of the
rule table are obtained as shown in Table, with ‘Vdc’
and ‘Vdc-ref’ as inputs

e

Ae NL |NM |NS |EZ |PS |PM |PL
NL NL |NL [ NL | NL | NM | NS | EZ
NM NL | NL | NM | N5 [ EZ | PS
NS NM | NS | EZ | PS | PM

EZ NL |[NM | NS | EZ | PS | PM | PL
Ps NM | NS | EZ | PS | FM | PL | PL
PM NS | EZ | PS | PM | PL | PL | PL
PL NL |[NM | NS | EZ | PS | PM | PL

VI.MATLAB/SIMULINK RESULTS
Case 1: Performance of SHPF-TCR for harmonic
generated load.

e

iy

PRI
f;'r %Jr T%
] P T
[ Bl w

Fig.7.Simulink Circuit for SHPF-TCR under Harmonic Generated
Load.

Fig.8.Simulation Results for Source Voltage, Source Current, Load
Current, Compensation Currents and Dc Link Voltage.
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Fig.9.Harmonic Spectrum for Source Current without Compensation.
Fundamental (0Hz) = 7.379, THD=151%
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Fig.13.Simulink Circuit for SHAF-TCR for Harmonic and Reactive
Type Load.
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Fig.10.Harmonic Spectrum for Source Current with Compensation.

Case 2: Performance of SHPF-TCR for distorted
harmonic generated load

Fig.14.Simulation Results for Source Voltage, Source Current, Load
Current, Compensation Currents and Dc Link Voltage
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Fig.11.Simulation Results for Source Voltage, Source Current, Load
Current, Compensation Currents and Dc Link Voltage
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Fig.15.Harmonic Spectrum for Source Current With Compensation.
Case 4: Performance of SHPF-TCR for harmonic
generated load with fuzzy controller

r
T
I

J“m“llm o ]

I L ] L
0 1000 2000 3000 4000 5000 6000 7000 8000 000 10000
Frequency (Hz)

tag (% of Fundamental)
T
1

Fig.12.Harmonic Spectrum for Source Current With Compensation.
Case 3: Performance of SHPF-TCR for harmonic and
reactive type load

Fig.16.Control Design for Fuzzy Logic Model.
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Fig.17.Simulation Results for Source Voltage, Source Current, Load
Current, Compensation Currents and Dc Link Voltage.
—FFT analys

Fundamenta (50Hz) = 1371, THD=1.00%
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Fig.18.Harmonic Spectrum for Source Current with Compensation.

VII. CONCLUSION

A fuzzy logic HAPF controller has been designed
for stabilization of power systems. The control has
been tested on several load conditions with
transient/dynamic/steady state conditions. The
transient response of the power system with the
proposed fuzzy controller has been compared with
a conventional Pl control design. In this paper, a
Intelligent based SHPF-TCR compensator of a
TCR and a SHPF has been proposed to achieve
harmonic  elimination and reactive power
compensation .The shunt active filter and SPF
have a complementary function to improve the
performance of filtering and to reduce the power
rating requirements of an active filter. The scheme
has the advantage of simplicity and is able to
provide self-supported dc bus of the active filter
through power transfer from ac line at fundamental
frequency. The performance of conventional Pl
controller and fuzzy controller has been studied
and compared. Overall, the fuzzy controller gives
the best SAPF performance in comparison with the
Pl controller in regards voltage regulation, %
THD, settling time, current overshoot etc.
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