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Abstract

In this paper, a new continuously and linearly controlled capacitive static VAR compensator is proposed for the automatic

power factor correction of inductive single phase loads in 220V 50Hz power system networks. The compensator is constructed of
a harmonic-suppressed TCR equipped with a new adaptive current controller. The harmonic-suppressed TCR is a new
configuration that includes a thyristor controlled reactor (TCR) shunted by a passive third harmonic filter. In addition, the

parallel configuration is connected to an AC source via a series first harmonic filter. The harmonic-suppressed TCR is designed

so that negligible harmonic current components are injected into the AC source. The compensator is equipped with a new

adaptive closed loop current controller, which responds linearly to reactive current demands. The no load operating losses of this

compensator are negligible when compared to its capacitive reactive current rating. The proposed system is validated on PSpice

which is very close in terms of performance to real hardware.
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I. INTRODUCTION

Poor power factor is a challenging issue facing power
quality achievement. It causes extra losses in transmission
systems and power generation stations. In addition, it may
restrict the transmission capability of transmission systems.
Therefore, power factor correction is an effective remedy for
this issue. The benefits of power factor correction include
energy savings, transmission loss reductions, and the
feasibility of operating transmission lines closer to their
thermal limits. Effective tools used to achieve power factor
correction include static VAR compensators such as fixed
capacitor thyristor controlled reactors, thyristor switched
capacitors (TSC), static synchronous compensators (statcom),
and power converter based static VAR compensators [1]-[8].
The traditional thyristor controller reactor (TCR) is simply a
reactor connected in series to two anti-parallel thyristors
where the series combination is supplied by the phase or line
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to line voltage of the AC power system network. It is
controlled continuously by the symmetric firing angles of its
thyristors. It releases significant amounts of odd current
harmonics. As a result, it requires the installation of harmonic
filters at its location [9]-[11]. TCRs are considered to be an
important application of what is known as Flexible
Alternative of Current Transmission Systems (FACTS)
devices, which represent the recent application of power
electronics in transmission systems [12]-[16]. FACTS
devices are designed to satisfy the real time demands of
power systems. A TSC is constructed of a capacitor
connected in series to two anti-parallel thyristors where the
series combination is supplied by the phase or line to line
voltage of an AC source. A compensator constructed of
several TSCs is characterized by a stepwise capacitive
reactive power response [17]-[19]. In the design of TCRs,
and TSC based static VAR compensators, naturally
commutated thyristors are usually employed. These kinds of
compensators are commonly referred to as traditional static
VAR compensators.

Power converter based static VAR compensators are
constructed of either voltage source inverter (VSI) or current
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source inverter (CSI) [20]-[22]. They are designed to
exchange real power and reactive power with the AC
networks through certain impedances. They can be adjusted
to exchange reactive power and active power with the AC
power system networks by changing the phases of the
triggering signals of their solid-state switching devices. These
kinds of compensators are usually supported by energy
storage devices in order to stabilize their DC voltages. A
statcom is an application based on the power conversion
principles. It is either a voltage source inverter shunted by a
DC capacitor [23] or a current source inverter shunted by a
DC reactor [24]. Both categories can exchange capacitive or
inductive reactive power with the AC network through, to

some extent, small series impedances (usually small reactors).

Statcoms can be used to control both real power and reactive
power. They are built with different topologies in order to
satisfy the requirements of being employed in applications
requiring higher voltage and current ratings in addition to
treating the current harmonics associated with their
compensating currents [25]-[27]. Static VAR compensators
built on the basis of power conversion are usually denoted by
advanced static VAR compensators.

In this paper, a modified harmonic-free configuration
constructed with a TCR and two passive circuits is presented
as a reliable replacement for a fixed capacitor thyristor
controlled reactor shunted by high power harmonic filters.
This configuration represents a continuously and linearly
controlled capacitive static VAR compensator. The capacitive
current of this compensator is controlled by a new adaptive
closed loop current controller, which forces the compensator
to respond linearly to the reactive current demand.

Il. SCHEMATIC DESIGN OF THE PROPOSED
AUTOMATIC POWER FACTOR CORRECTION
SYSTEM

The layout of the proposed system is shown in Fig. 1. The
compensator power circuit is built with a traditional TCR and
two filtering circuits. Ly and Ry are the self-inductance and
resistance of the TCR reactor. The first filtering circuit is
represented by the series circuit Cg; L Re1, which is tuned at
the AC source fundamental angular frequency w. Rg; is the
self-resistance of Lg;. The second circuit is formed with
CrLeRE, and it is tuned at 3w. Ry, is the self-resistance of
Le.

The actual waveform of the TCR current iy at a certain firing
angle o is shown in Fig. 2. In this figure, vy represents the AC
voltage exerted across the TCR terminals, and « is the angle
measured from the positive peak point of vy to its next
negative slope zero-crossing point. This angle varies in the
range of 0<a<n/2. The absolute fundamental and nth harmonic
current components of the TCR current are given by [1]:
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Fig. 1. Layout of the proposed automatic power factor correction
system.
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Where, V., is the amplitude of vy, and n is a positive odd
integer greater than unity.
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Since the first and second filtering circuits are tuned at @ and
3w, respectively, the following can be written:

1
wCpq

Xp1 = wlpy =

©)
4)

Xpy = 3wLlg, = ﬁ
Where, X; and Xp, are the characteristic impedances of the
first and second filtering impedances, respectively, at the
corresponding resonance frequencies of @ and 3w. At the
fundamental angular frequency o of the AC source, these
impedances can be expressed as follows:

, 1
Zp1(0) = jo Lpg +—— c + Rpy = Rpy (%)
Jw CF1

, 1 . (8
Zpy(w) = jo Lpp + T Cra +Rpp = —j (5) Xr2  (6)

Cr2

Where, Zp;(w) and Zg,(w) are the impedances of the first and
second filtering circuits at the AC source fundamental. In
Equation (6), the self-resistance Ry, is neglected because it is
very small when compared to the imaginary part of Zp)(w).

The second filtering circuit and the TCR circuit are designed
so that the parallel combination draws zero reactive current
during zero reactive current demand. This implies that:

1 1
Zpz(w)  jwLx+Rx

)

Since Ry is negligible when compared to wLy, Equation (7)
can be closely approximated to:

3
Xpp = ngx 3

At the nth harmonic frequency, the impedances of the first
and second filtering circuits can be expressed as follows:

Zp(w) = jw Lpy + (ﬁ) = jXm (n2—1) )

n

2
Zp(w) = jw Lp; + ﬁzjxn (n3_n9) (10)
To make this compensator suppress all of the current
harmonics with orders higher than the 9" harmonic, the nth
harmonic current component flowing through the AC source
side should be at least one tenth the component released by the
TCR. This implies that:

Zry(nw) = (3) Zpy (), n > 9 (11)

Substituting Equation (9) and (10) into (11) gives the following
closely approximated equation:

Xp1=3Xp (12)

Equations (8) and (12) are the basic design equations of the
proposed harmonic-suppressed TCR. Using these equations,
the passive elements of the harmonic-suppressed TCR can be
expressed in terms of its reactor inductance as follows:

L = 2Ly (13)
Ly = 5Ly (14)
Cr1 = 5o (15)
Cr2 = 5o (16)

III. SCHEMATIC DESIGN OF THE NEW ADAPTIVE
CONTROLLER

The controlling scheme of the proposed compensator is
shown in Fig. 3. The inputs to this controller are the
instantaneous AC source voltage v, a voltage signal
proportional to the instantaneous compensator current Kjic, and
a voltage signal proportional to the instantaneous load current
Kji;. Where, K; is a constant depending on the current
transformer turn ratio and the parameters of its circuitry. The
voltage v, is exerted to a step-down voltage transformer in
order to produce the analogue voltage K;v,c. Where, the K
constant stands for the primary to secondary turn ratio of the
voltage transformer. The analogue voltage Kwv, is
zero-crossed and then delayed by Sms to produce the voltage
waveforms vg; and vg,. A third voltage waveform vg; is
produced through the XOR operation of vg; and vs,. The
waveform vg; is exerted on a saw-tooth generator to produce
the signal vg; which has an amplitude of 4V and runs at a
frequency of 2f. Where, f'is the frequency of the AC source
(FFw/2m).

The voltage waveform vy is subtracted from a DC voltage
of 4V to produce the reference voltage waveform vz which is
used together with the output of the current controller to
determine the TCR firing angle o. The inputs of the current
controller are the analogue voltages Kjic and Kj;. In this
controller, a closed loop strategy is adopted so that its output
vey settles when the reactive current components of the
inductive load and the compensator current cancel each other
out. The analogue signal controlling the firing angle of the
TCR is obtained by comparing the output of the current
controller vy with the reference voltage waveform vgge The
latter waveform varies in the range of 0 to +4V. The
waveforms of the new adaptive controlling scheme are shown
in Fig. 4. By examining this figure, it can be seen that the TCR
firing angle can be related to the voltage vy as follows:

o= E(l —"C—X) (17)

2 4
The instantaneous fundamental current of the TCR (iy;) can
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expressed as follows:

= (1-2-2a (0t-F)  (8)

T

The instantaneous fundamental current of the third harmonic
filter (iy;) can expressed as follows:

ly1 =

g (wt+5) (19)

Since this compensator is designed so that negligible
harmonic current components are permitted to flow into the
AC source side, its instantaneous current (i) contains only the
fundamental current components of the third harmonic filter
and the TCR. Consequently, ic can determined as follows:

ic = lixy + iy (20)

Substituting Equations (18), (19), and (8) into (20) gives:

ic=22 (24229 (0t+2) @1)

wLly \m
Substituting Equation (17) into (21) gives:

i = %((1 - o) ) (1”' I@Tx)> @ (0t +2) 22)

Equation (22) indicates that the compensator current is
purely capacitive and can be directly controlled by the voltage
vex- If vey is zero, then the compensator will generate its
maximum reactive current. On the other hand, its current will
be zero if vey is +4V. The instantaneous current of the
inductive load can be defined by:

i =Ilmsa (wt—9) (23)

Where, I;,, and ¢ are the amplitude and power factor angle of
the inductive load, respectively. The automatic power factor
correction system is designed so that the compensator current
cancels the reactive current component of the inductive load.
Consequently, the following can be written:

v
1o vcx

V—’"((l—”c—x)+“"—”( 4)>—1me @ =0 (24

wlLy 4 T

Equation (24) is directly governed by vcy. A closed loop
control strategy is adopted in this paper to make Equation (24)
settle to zero within a short time.

The new adaptive current controller of the proposed
compensator is shown in Fig. 5. The actual current of the
harmonic-suppressed TCR i- is detected by a current
transformer and converted to the analogue voltage Kjic. Where,
K; is a constant depending on the current transformer turn ratio
and the parameters of its circuitry. The load current is detected

Vac Kyvie ‘ Vsi
Voltage Zero-crossing
transformer detector
v
3 S3
2
Time Vgs
L4 delayer
(5ms)

Saw-tooth
generator
(Amplitude=4V)

Reference waveform generator

. Vx
KIZC Comparator
Vex
Current +
. controller
K,
Vs2 ]
— 3 Vxi
2
_'
Ly 6 Vx2
5
_'

v :
S2 4 1

Fig. 3. The new adaptive controlling scheme.

by a similar current transformer and converted to the analogue
voltage Kji;. The analogue voltage signal K. is sampled and
held at w=2kn and wi=(1+k)n in order to detect K, and
-Kic,,.. Where, k=0, 1, 2, 3, ... and I, is the actual amplitude of
the compensator current ic. The two sampled signals are treated
through a difference amplifier for obtaining the mean of K/,
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Fig. 4. The voltage waveforms of the new adaptive controller of
the proposed compensator.

The latter signal is proportional to the compensator capacitive
reactive current. The analogue voltage signal Kji; is sampled
and held at wr=2kn for obtaining the analogue voltage signal —
Kil;,,sin(p), which is proportional to the inductive load reactive
current component.

The voltage across capacitor Cy represents the controller
output voltage vcy. This voltage directly controls the triggering
circuits of the thyristors employed in the compensator design.
If the error signal becomes zero, then the charging and
discharging processes will cease and the capacitor will sustain
its final voltage as long as the error signal is not effective.
Therefore, the steady state operation is reached when the error
signal continues having zero values.

The TCR controlling signal vy is produced by comparing v,
with vpgr. The voltage signal vy is logically multiplied by vy,
and its complement to obtain the TCR thyristor triggering
signals vy; and vy,, as shown in Fig. 4. The triggering signals
vy; and vy, can be defined by:

Ux1 = UxVUsz (25)
Vyxa = UxVUsz (26)

A validation system for the proposed automatic power factor
correction system is designed on Pspice, as shown in Fig. 6.

Sample at wt = 2k

K I GAN=05
Sample/hold ! im |
circuit (1) k
KIiC
KIICm
Sample/hold
circuit (2)
_KIICm
Sampleata)t:(1+k);r k=0,1,2,3,...
KA
+
KllL Sample/hold —KIILm s @ .;%
— /] circuit (3)
Sample at wt = 2k7
+5V

GAIN=10.1

0.1K, Al

Vex

Iex |

J'CX |
I

Buffer
i > RC2 icz
B2 RB2
+ A Q2

X

Fig. 5. The new adaptive current controller of proposed
compensator.

The system is designed so that it has a reactive current rating of
110A (peak) in a 220V 50Hz power system network.
The reference waveform generator is shown in Fig. 7. This
generator produces the voltage signal v illustrated in Fig. 4.
A circuit diagram of the new adaptive current controller is
shown in Fig. 8. This figure represents a circuit diagram that
stands for the schematic design shown in Fig. 5.
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According to the specified reactive current rating, the
inductance of the TCR reactor Ly is calculated to be
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Fig. 8. The circuit diagram of the adaptive current controller.

(311V/110A)=9mH. 311V stands for the rms value of 220V.
According to this value of Ly and using the design Equations
(13) to (16), the following design values are obtained:
Lp=10.125mH, Cr=1000pF, Lr;=1.125mH, and Cr,=1000pF.



748 Journal of Power Electronics, Vol. 14, No. 4, July 2014

The self-resistances of the reactors are chosen so that the
resistance to inductance ratio is 10Q/H in order to reduce their
losses and to make them behave, to some extent, as pure
reactances.

Two identical current transformers are used in this design.
The primary to secondary ratio of each transformer is 1:100.
The thyristors used are T627121574DNs. These thyristors have
continuous voltage and current ratings of 2200V and 300A,
respectively.

The npn transistors used in the new adaptive controller
design are Q2N2222As. These transistors have continuous
voltage and current ratings of 75V and 800mA, respectively.
Their forward current gain f is 256.

IV. RESULTS AND DISCUSSION

The automatic power factor correction system depicted in
Fig. 6 was tested in PSpice at rated load currents with different
lagging power factors. The PSpice tests involve the transient
and steady state performance of the compensation system. The
transient performance started from the first plug in instant of
the compensator to the AC power system network and ended
once the compensator current was completely settled. The
steady state performance started from the instant at which the
compensator current was completely settled. Therefore, it is
appropriate to reveal the transient and steady state performance
results together to show the instants at which the steady state
performance started. Then the steady state performance results
are revealed to demonstrate the potency of the compensator in
power factor correction and harmonic cancellation.

A. Transient and Steady State Performance

The automatic power factor correction system in this paper
is proposed to correct to unity the power factor of a
single-phase inductive load in a 220V 50Hz power system
network. During the PSpice test, a load of a 2Q impedance was
chosen. According to the design capability of the compensation
system, a lagging power factor of 0.707 of the above load can
be corrected to unity. If the power factor is lower than 0.707, a
partial power factor improvement can be expected. Firstly, the

compensation system was tested at the rated resistive load (2€2).

Fig. 9 shows the performance results of this test. Fig. 9a shows
that the adaptive current controller approached steady
performance at /=200ms. This is deduced from the error signal
K/AI which attained a zero value at this time and sustained it.
Fig. 9a shows that the current drawn from the AC source i ¢
approached zero at =160ms. Consequently, it can be said that
the steady state performance in this figure started at /=200ms.
The voltage vey attained a value of +5V, which corresponded
to the zero firing angle of the TCR. Therefore, the TCR was
running at its maximum inductive current rating, which
cancelled the capacitive current generated by the third
harmonic filter.
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Fig. 9. Transient and steady state performance during rated
resistive load: (a) current controller, (b) the whole compensator.

Fig. 10, Fig. 11, and Fig. 12 show the transient and steady
state performance results of the automatic power factor
correction system during the compensation of inductive rated
loads at 0.9, 0.8, and 0.707 lagging power factors, respectively.
In Fig. 10(a), the error signal of the current controller settled to
the zero value at =200ms. At this time, the voltage vy is about
2.5V. This value of vy corresponds to a firing angle of 0.98
radians (56°). According to Equation (25), the zero error signal
means that the compensator capacitive current and the load
reactive current components are equal in magnitude and out of
phase by 180°. This situation corresponds to unity power factor
correction.

In Fig. 11(a), the current error signal settled to the zero value
before =200ms while vy settled to the steady state value at the
same time. In this figure, vy is slightly less than 2V. This value
of vy corresponds to a firing angle of slightly less than /4.

In Fig. 12(a), the current error signal settled to the zero value
before =200ms while vy settled to the zero value at the same
time. This value of vy corresponds to a firing angle of m/2,
which in turn corresponds to the zero TCR current. Fig. 12(b)
shows the zero reactive current absorbed by the TCR.

B. steady State Performance

The steady state performance started at about =200ms
after the first plug in of the compensator to the power system
network. However, for better evaluation of the harmonic
contents, the steady state performance tests were carried out
beyond =300ms. Fig. 13 shows the steady state performance
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Fig. 13. Steady state performance results of the adaptive current
controller during rated resistive load.

of the adaptive current controller during a resistive load.

Fig. 14(a), Fig. 14(b), and Fig. 14(c) show the steady state
performance results of the adaptive current controller
corresponding to the loading conditions specified in Fig.
10(a), Fig. 11(a), and Fig. 12(a), respectively. Fig. 13 and Fig.
14 show that the voltage signals K/, and K;/;,,sing are equal
in magnitude and having different signs. Therefore, the error
signal A/ is zero. In addition, these figures show a constant vy
during steady state performance. This guaranties a fixed
firing angle.

Fig. 15, Fig. 16, Fig. 17, and Fig. 18 show the steady state
performance of the compensation process corresponding to
the loading conditions specified in Fig. 9(b), Fig. 10(b), Fig.
11(b), and Fig. 12(b), respectively. Fig. 15 corresponds to the
rated resistive load. Since the reactive current component is
zero, the compensator current should also be zero according
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Fig. 14. Steady state performance of the current controller during
rated loads at lagging power factor of: (a) 0.9, (b) 0.8, (c) 0.707.

to Equation (25). The figure shows that the AC source i, and
the load current i; are coinciding with each other.

Fig. 16 corresponds to a rated inductive load at a 0.9
lagging power factor. The reactive current component of this
current is 68A (peak value). Therefore, the compensator
should generate a reactive current of 68A (peak value) in
order to achieve a unity power factor correction to i,c. The
unity power factor correction is obvious in this figure.

Fig. 17 and Fig. 18 correspond to rated inductive loads at
0.8 and 0.707 lagging power factors, respectively. The
reactive current components of these currents are 93A and
110A (peak values), respectively. The compensator was able
to compensate the above load reactive current components
and the compensation processes resulted in a unity power
factor correction to i, as shown in these two figures.

In Fig. 15 to Fig. 18, no sign of current harmonics beyond
the fundamental component are
compensator current frequency spectrum F'(ic), the AC source

noticeable on the

current frequency spectrum F(iyc), or the load current
frequency spectrum F(i;). Consequently, this automatic
power factor correction system is harmonic-free.

In Fig. 15, the instantaneous TCR current iy and the third
harmonic filter current iy are pure sinusoidal, equal in
magnitude, and out of phase by 180°. Therefore, they cancel
each other out and result in almost zero compensating current
ic. Consequently, the linearly and continuously controlled
capacitive compensator used in this compensation system and
represented by the harmonic-suppressed TCR is a pure
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Fig. 15. The compensator steady state performance during rated
resistive load.
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Fig. 16. The compensator steady state performance during rated
inductive load at 0.9 lagging power factor.
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Fig. 17. The compensator steady state performance during rated
inductive load at 0.8 lagging power factor.
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Fig. 18. The compensator steady state performance during rated
inductive load at 0.707 lagging power factor.
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reactive device having negligible no load operating losses.

The TCR current frequency spectrum F(iy) and the third
harmonic filter current frequency spectrum F(iy) coincide
with each other in Fig. 15 to Fig. 18. The fact that they
coincide verifies that this compensation
harmonic-free.

system is

The above applied tests show that the new adaptive current
controller approaches its steady state performance within a
time of about 200ms. This time is very small when compared
to those achieved by the phase shift current controller in [2],
the microprocessor based power factor controller in [4], the
hysteresis current controller depicted in [5], and the SVC
current controller with a Fuzzy ranking system in [7]. For
instance, the steady state performance time for the hysteresis
current controller [S] is about one second. This is
approximately five times the transient time of the new current
controller adopted in this paper.

The frequency spectrums of the steady state current of the
harmonic-suppressed TCR demonstrate its efficiency as a
linear harmonic-free capacitive static VAR compensator. It
reveals excellent harmonic cancellation when compared to
traditional static VAR compensators such as the power factor
compensator and harmonic suppresser in [2]. In addition, it
exhibits competitive compensation and harmonic cancellation
efficiencies when compared to the advanced
compensators depicted in [6], [11], [13], [22].

static

V. CONCLUSIONS

There are three types of control schemes used to govern the
susceptances of static VAR compensators. The first scheme is
dependent on direct computations of the VAR demands to
specify the firing triggering signals of the switching devices
of static VAR compensators. This type of control is referred
to as open loop control. The second type depends on
feedback control to govern the current of the static VAR
compensator. However, this type of control requires
undistorted compensating currents in order to settle
accurately and rapidly to the steady state operation. The third
controlling scheme mixes these two approaches of control.
Traditionally, TCR control is usually realized by the first
control scheme through look up tables, programmable
controlling schemes, direct analogue computations, and
analogue simulation of the TCR current fundamental. This is
because the TCR current waveform is not sinusoidal. In this
paper, an adaptive closed loop controlling strategy for a TCR is
presented. This is done because all of the harmonic current
components released by the TCR are not permitted to be
injected the AC Consequently, the
harmonic-suppressed TCR based capacitive static VAR

into source side.
compensator becomes a harmonic-free pure reactive device

that can be controlled using closed loop strategies. The perfect
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unity power factor correction handled by the proposed
automatic power factor correction system validates its design
methodology and reveals it potency in energy saving for
generation stations and the reduction of transmission losses.
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