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Abstract:- This paper presents a thyristor-controlled
reactor (TCR) in combination with a fifth-tuned LC
passive filter and active power filter (APF) in order to
compensate the reactive power and to reduce
harmonics.In addition, it reduces significantly the volt-
ampere rating of the APF part. The shunt hybrid power
filter (SHPF) is the combined system of a small-rating
APF connected in series with a fifth-tuned LC passive
filter. A control scheme based on proportional-integral
controller has been used to mitigate the harmonics and
reactive power.The proposed system also helps in
achieving alow cost highly effective control.
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[.INTRODUCTION

Now a day’s power electronic equipment’s are
mostly used in industrial and domestic purpose. This
equipment’s have major impact on the quality of supply
voltage and have increased the harmonic current
content of distribution systems. They have many
negative effects on distribution system side equipment’s
and customer, such as additional losses in overhead and
underground cables, transformers and rotating electric
machines, problem in the operation of the protection
systems, over voltage and shunt capacitor, error of
measuring instruments, and malfunction of low
efficiency of customer sensitive loads.The most
important power quality problems are harmonics and
high neutral current.The definition of power quality
given in the IEEE dictionary originates in IEEE
Std1100: Power quality is the concept of powering and
grounding sensitive equipment in a manner that is
suitable to the operation of that equipment. Power
quality problems are common in most of commercial
and industrial networks. Natural phenomena, such as
lightning are the most frequent cause of power quality
problems.Also, the connection of high power non-linear
loads contributes to the generation of current and
voltage harmonic content the major and critical power
quality problems are voltage sags due to the high
economical losses that can be generated [1]. For all
these reasons, from the consumer point of view, power
quality issues will become an increasingly important

factor to consider in order satisfying good productivity.
On the other hand, for the electrical supply industry, the
quality of power delivered will be one of the
distinguishing factors for ensuring customer loyalty in
this very competitive and deregulated market. Reactive
power, Power factor, Harmonic distortion and Voltage
unbalance in power supply are the major problems of
power quality. According to IEEE-519, total harmonics
distortion is defined as the summation of the effective
value of the harmonics components in the distorted
waveform relative to the fundamental component.
Passive filter have been used traditionally for
minimizing the distortion due to harmonic current in
industrial power systems. But they have many
drawbacks such as resonance problem, dependency of
their performance on the system impedance, absorption
of harmonic current of nonlinear load, which could lead
to further harmonic propagation through the power
system [2].To overcome those problems active power
filters is introduced. It has no such drawbacks like
passive filter. They inject harmonic voltage or current
with appropriate magnitudes and phase angle into the
system and cancel harmonics of nonlinear loads [9]. But
it has also some drawbacks like high initial cost and
high power losses due to which it limits there wide
application, especially with high power rating system

[3].

To minimize these limitations, hybrid power
filter have been presented and implemented in practical
system applicationg[ 4] - [8]. Shunt hybrid filter consists
of an active power filter which is connected in series
with the passive filter and with a three phase PWM
inverter. This filter effectively mitigates the problem of
a passive and active filter when used alone. It provides
cost effective harmonic compensation, particularly for
high power nonlinear load [5]. Severd filter topologies
for compensating harmonics and reactive power have
been proposed in the literature [9]-[12]. In [9], a multi-
converter conditioner topology formed by an
activeconditioner operating in parallel with a hybrid
conditioner hasbeen proposed. The hybrid conditioner
is a combination of one or morepassive filters in series
with a low-rated active power filter(APF). The
conditioner =~ compensates  harmonic  distortion,
imbalance,and reactive power in three-phase four-wire
systems.This topology constitutes an effective solution
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at high-powerlevels, which is cost-effective because of
the kilovoltampererating reduction of the inverters. A
hybrid consists of a three-phase three-level neutral
pointclamped (NPC) inverter and a series connection of
a three-levelH-bridge inverter with a novel control
scheme to control thefloating voltage source of the H-
bridge stage has been introduced in [10]. In this
topology, the NPC inverter is used to supplythe tota
active power while the H-bridges operate as seriesactive
filters for the harmoniccompensation of the NPC
outputvoltage. The rating of the series active filter is
reduced becauseit provides only the reactive power for
the operationof the floating capacitor.Different control
techniques are present for extracting harmonic
components of the source current. Some of them are
synchronous reference frame (SRF) transformation,
instantaneous power (p-g) theory, etc. where high pass
filters (HPF) are wused or extracting harmonic
components of the source current from the fundamental
components [6].

The proposed combination of SHPF and TCR
is as shown Fig. 1 which compensates the reactive
power and reduces harmonic currents. In addition, it
reduces significantly the volt-ampere rating of the APF
part. The SHPF consists of a small-rating APF
connected in series with a fifth-tuned LCpassive filter.
The APF consists of a three-phase full-bridge voltage-
source pulse width modulation (PWM) inverter with an
inductor (L,e.Rp¢) and a dc bus capacitor (C4c). The
APF sustains very low fundamental voltages and
currents of the power grid, and thus, its rated capacity is
greatly reduced.Considering the above mentioned
merits, the presented combined topology is very
appropriate in compensating reactive power and
eliminating harmonic currents in power system. The
tuned passive filter in parallel with TCR forms a shunt
passive filter (SPF). This latter is mainly for fifth
harmonic compensation and power factor correction.
The small-rating APF is used to mitigate the harmonics
generated by the load and the TCR by enhancing the
compensation characteristics of the SPF aside from
eliminating the risk of resonance between the grid and
the SPF. The TCR goal is to obtain a regulation of
reactive power.The simulation results are listed in
comparison of different control strategies and for the
verification of results.

Il. MODELING AND CONTROL OF
SHPF

A. Modeling of SHPF

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

1gq
Vsl Lpf dt T+ Rpflcl T chfl i Vim + anvs2
di.,
- Lpi dt 7+ Rpflcz + chfz + VZm
+ Vinn
di4
V., 53 — Lpf dt + R 1:3 + chfs & V3m + anvcpfl
dlcl d chfl
- LT dt prT cpr
dlcz cpfz

— LEl_lc_3_ Ciy d chf3 dVdc
1' de PP der e
= —i 1
Cdc lac ( )

The switching function Cyof the ky, leg of the converter
(for k =1, 2, 3) isdefined as

_ (1ifsy isonand s is off
Ci {D if sy is off and sy is on @
A switching state functiond nk is defined as
e = {cic = Z Endhn ©)

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

digy ;

Lpf at == _Rpflcl — dp1Vae — Vepft T Va1
di; ;

Lpf dt == _Rpflcz — dn2Vae — Vepfz T Va2
dic3 F

Lpf dt = -_Rpflc3 - dn3vdc ~ Vepts + Vg3

d\n’d Va = 1 i
Cr;ic_n:l—tC + ;_C i dnllcl T dnzlcz + dn3lc3 (4)
dc

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. Since the steady state fundamental
components are sinusoidal, the systemis transformed
into the d-g reference frame &t constant supply
frequency. The conversion matrix is

G =
5| cosé cos (9 - 333) cos (9 - ——)
J; —-sinf@ —sin (9 ~2—”) —sin (9 ~—) @
3
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Fig. 1 Basic Circuit of SHPF-TCR Compensator

Where 8 = wt and the following equalities hold: CY, s
- (0123dq)—1 - (0123dq)T.

Then, by applying dgtransformation, the state space
model of the system in the synchronous reference frame
is obtained.

B. Controlling of Harmonic Current

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 dc voltage loop, is adopted.
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.

By using the d-g transformation, the decoupled

state errors can be achieved. The expressions of the
tracking controllers are
dig

U = (Lpe(1 = Cpelrw?) + L) at
+ Rpe(1 — Cpelpw?)ig
— kpid + ki f iddt
< di
Ug = (Lpe(1 — Cpelrw?) + L,r)d—f
+ Rpe(1 = Cpelrw?)ig

= kpig + ki f igdt (6)
Where i = i*¢ igand ig= i*q~ iqare current
errors and i*gand i* denote the reference signals of
igand i respectively.
The transfer function of the proportional—
integral controllersis given as

dynamics of the current tracking is obtained. The Giy(s) = L_J () = Ky, Kix

currents igand igcan be controlled independently. i (s) ¥ S
Furthermore, by using proportional integral G (s) = Ug(s) _ K +@ @
compensation, a fast dynamic response and zero steady- 12 iq (s) P2 T g
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Fig. 2 Inner Control Loop of the Current iq

The inner control loop of the current igis
shown in Fig. 2. The closed-loop transfer functions of
the current loops are

(s+2)
kpi

1 (s) _ kps
- A B+kpy
I (s) A sz gy (——+AD )s +Kj;
iz
NORNS (”kpz)

1)~ TsZJr(B—t\‘”—Z)erki2 ©

Where A = Ly(1 — Ceely @%) + Lyand B =
Ceelt (.02).

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

Rpe(1

Wnj
I (s) s+ 27
1 (s) Cni s2 + 20Wps + Wi ©)

wherew,,;is the outer loop natural angular frequency
and  isthe damping factor. For the optimal value of the
damping facter =,/ 2/2, the theoretical overshoot is
20.79%. The following design relations can be derived
Kpr = Kpz = 20wpi(Lpe(1 = Cprlrw?) + Ly)
—Rpe(1 — Cplrw?)
kit = kiz = (Lpe(1 = Cplre?) + Le)wh;  (10)
Note that the inputs g,4 and g,, consist of a

nonlinearity cancellation part and a linear decoupling
compensation part.

C. DC BusVoltage Regulation

The active filter produces a fundamental
voltage which is in-phase with fundamental leading
current of the passive filter. A small amount of active
power is formed due to the leading current and
fundamental voltage of the passive filter and it delivers
to the dc capacitor. Therefore, the electrical quantity
adjusted by the dc-voltage controller is consequently.
The outer control loop of dc bus voltage is as shown in
Fig. 3. To maintain equa to its reference value, the
losses through the active filters resistive-inductive
branches will be compensated by acting on the supply
current equation(4) can be rewritten as

(11)

The three-phase filter currents are given by
—sinf

" 2:1)
3

(12)

(13)

B

A

':,|
~

Fig. 3 outer control loop of the dc bus voltage
The g-axis ective filter voltage Vi, is expressed as
(14)

VMq = qnquc & _prl ial

Where Zpr; is the impedance of the passive filter at 60
Hz and i* 4, isadc component.

Uge = qnqiq (15)
The control effort of the dc¢ voltage loop is deduced
Vg

~Zptilg

IE] Uge (16)
The dc component will force the SHPF-TCR
compensator to generate or to draw a current at the

fundamental frequency.

To regulate the dc voltage V. the error Vg, =

V* 43— Vycdspassed through a Fi-type controller given
by

Uge = KiTac + Kz | Taedt a7

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

form:
Vdc(s) _ S+ “’2_?’
Vi (s) 2y 52 + 2LWy,yS + W2, (18)

The closed-loop transfer function of dc bus
voltage regulation is given as follows:
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V3Zprkple | V3Zppikile
Vdc(s) — VacCde VacCde (19)
Vic(s) s + V@_?fprlknlc oy Vrizpnkilc
VacCde VacCde

Where Vg.is the average value of dc voltage which
isequal to 50volts.The proportional k; and k,integral
gains are then obtained asfollows:

k 1= sznv (ViacCq l:"'{\/3ZPF1| c) )

kZ ﬁwznv (Vdc Cdc"ﬁ\/azPFll c)-

Fig. 4 Schematic diagram of SHPF and TCR controller

By designing the dc bus voltage loop much
sower than the current one, there would not be any
interaction between the two loops. The controller of the
proposed SHPF and TCR system is as shown in Fig. 4.
The system parameters are givenin Table .

TABLE I: SYSTEM PARAMETERS

Lineto Line source v 208Vf_ 60 Hz

voltage and frequency s-L-L
Line impedance L-=05mH,R:=01Q
Nonlinear load L= 10mH,R==—==-27Q
Linear load L= =20mH,R===270Q

Passive filter parameters L= .2 mH,CE5 .40 pF

Active filter parameters C:zi= 3000 pF,R-= = 1 kQ

DC busvoltage of APF of I
SHPE Vﬂ_ 50V
Switching frequency 1920 Hz
Inner controller parameters .43.38
Ku— Kh 37408
Outer controller parameter K O 26 K27 42
Cut off frequeljcy of the F 2 70 Hz
low passfilters e =
TCR inductance L: =25mH

I1. MODELING AND EXTRACTION OF
FIRING ANGLE OF TCR

TCR equivalent circuit is as shown in Fig. 5.
Using Kirchhoff’s voltage law, the following equations
in 123 reference frame are obtained

di, dLp,
Vs = Lpfdd—t Ly — dgt + Ryl + dni Ve
Iez T2
VS2 - LDf dct * LT dt + Rpflcz + dn2Vac
Viz = Lpr €+ L S 4 Rgics + dng Ve (20)
i t 4
% I N I e
Ly ¢ ' i1y ;f v i
- ( — T
—_— PF lrla) E/g/ — ij—

Fig. 5 TCR equivalent circuit
Applying Park’s transformation to above equation we
get

d'LTd . ] diy
LT( ) LT( )mli,Tq + Lpf(mq — Lpr
n Rpfid —0dpqVae +V
diy _ _ 5
Lr(e0) “Tq = —Lt( Jwiprg — Lprwig — Lpff -

pfl dnqul: + V (21)

The reactive part is chosen to control the
reactive current so that Vo= 0and Lr(0)wiprg =0

1ITq diq__’ L
= B( )(.0[ Lpfl‘.l.)ld Lpr Rpflq

dngVvdc(22)

Where B () = U/L¢(e<)w is the susceptance.
An equivalent input ugris defined as

dig,
Ugr = —5° (23)

According to this expression, vne deduces

UgT
)=
w [—Lpfﬂ)ld - Lpr pfl dnquc]

(24)

On the other hand, the equivalent inductance is given by

18
Lpe() = Lyt 2n—2 +sin(2 )
The susceptance is given by

(25)

B( ):BZT[—Z +sin(2 ) 26)

T
WhereB = 1/Lp|:(.00'
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Fig.6. Susceptance versus firing angle.

Fig.6. illustrates the susceptance versus firing
angle. A Pl controller is used to force the reactive
current of the SHPF-TCR compensator to follow
exactly the reactive current consumed by the load.

IV.SIMULATION MODEL AND
RESULTS

Simulations were performed numerically using
the “Power System Block set” simulator operating
under MATLAB/Simulink environment, in order to
verify the operation of the proposed SHPF-TCR
compensator using the nonlinear control scheme.

Fig.7 Simulink model of proposed SHPF and TCR
combination for power quality enhancement

E}—HK L
—¥

:

= fon— zhe tmoeqh
Trensuimziw )

Fig.9 Hybrid power filter controller

Fig.7, Fig.8, Fig.9, are the Simulink model of
SHPF - TCR compensator, TCR controller and
controller of hybrid power filter respectively.Here
simulation is carried out in several cases, in that 1).
Proposed Hybrid Power Filter with Steady State
Harmonic Generated Load. 2) Transient State
Harmonic Load and 3) Transient State Harmonic and
Reactive Power Generated Load.

1) Steady State Response of the System for
Harmonic Generated L oad
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Fig.10Source Voltage, Source Current, Load Current,
Compensation Current, DC Link Voltage.

Fig.10 shows the Steady State Response of
Source Voltage, Source Current, Load Current,
Compensation Current and DC Link Voltage of the
SHPF-TCR Compensator on Harmonic Generation
Load.

) Display selecled signal (@) Display FFT window
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Fig.11FFT Analysis of Source Current
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Fig.11shows FFT Analysis of Source Current
of the SHPF-TCR Compensator on Harmonic
Generation Load, attains THD as 0.90%.

2) Transient State Response of the System for
Harmonic Generated L oad

Fig.12 Source Voltage, Source Current, Load Current,
Compensation Current, DC Link Voltage

Fig.12 shows the Transient Response of
Source Voltage, Source Current, Load Current,
Compensation Current and DC Link Voltage of the
SHPF-TCR Compensator on Harmonic Generation
Load.

3) Transient State Response of the System for
Har monic and Reactive Power Generated L oad

q“l]"l.lllll‘lnllll Jllll I“|I|'ill F.'(ln”}\ Il\i|]|| lJ. IJ.\lljl | 1 . ’ _II':"

Jiy [ T i

lllqilllll|l I

Fig.13 Source Voltage, Source Current, Harmonic Load
Current, Compensation Current, DC Link Voltage and
Reactive Load Current

Fig.13 shows the Source Voltage, Source
Current, Harmonic Load Current, Compensation
Current, DC Link Voltage and Reactive Load Current
of the Dynamic response of SHPF-TCR compensator
under the harmonic and reactive power type of loads.
Fig.14 FFT Analysis of Source Current of the SHPF-
TCR Compensator on Harmonic and Reactive Power
Generation Load attains THD as 0.88%.
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V. CONCLUSION

In this paper a SHPF — TCR compensator is
proposed in order to suppress the current harmonics and
reactive power compensation generated by the load. In
addition, it reduces significantly the volt-ampere rating
of the APF part. The control circuit for the SHPF and
the TCR are also explained. A control technique is
proposed to improve the dynamic response and
decrease the steady-state error of the TCR. The output
of the system for various conditions had been explained
with the help of the simulation results. The
performances of the SHPF — TCR compensator for
steady state and transient state of various harmonic and
reactive loads are found to be effectively eliminated the
current harmonics and reactive power compensation. It
has been shown that the system has a fast dynamic
response, has good performance in both steady-state
and transient operations, and is able to reduce the THD
of supply currents.
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