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Abstract: Static VAR compensators (svCs) are widely used to compensate for reactive power in a system. The hybrid
active power filter (HAPF) in combination with SvC has extensively been studied in the literature to reduce harmonics
generated by the svc. This study proposes a new topology of svC for three-phase systems based on a three-phase
thyristor-control reactor (TCR). The harmonics generated by the TCR are minimized by an active power filter (APF),
which can be realized by a reduced resonant capacitor size. A control strategy comprising feedback and feedforward
control is employed to achieve good harmonic reduction and fast transient response. Simulated and experimental results
are presented to validate the theoretical analysis and performance of the proposed topology and control scheme. The

results show that the proposed topology can mitigate the harmonics generated by the TCR.

Key words: Static VAR compensators (SVC), active power filters (APF), feedback control, feedforward control, bc-link

control

1. Introduction

In recent years, the development and use of electronic devices to improve stability and efficiency of power
systems has seen a significant increase in the industry. However, the power quality standards have to be strictly
followed when using these devices. It has also been found that such devices introduce harmonic currents into
the grid [1-5]. Since the proliferation of nonlinear loads has resulted in a significant increase in reactive power,
voltage fluctuations, line losses, and phase imbalances, recent research has mostly focused on the electrical
power quality of the power systems [6, 7].

Static compensator (STATCOM) has been extensively studied in the technical literature. Good, efficient,
and robust design makes the svC a better choice for load balancing and reactive power compensation [8]. Active
power filters (APFs) have been widely used to improve the power quality and to mitigate harmonics that increase
system efficiency [9-11]. The control algorithms for APF have been studied in depth, and researchers continue
to improve this control technique [12, 13]. I, Ic, Ircr, [A].

An svc usually consists of a thyristor-controlled reactor (TCR) and fixed capacitors (FCs). When the
TCR is operated under unbalanced operating conditions, it generates a significant amount of low-order odd
harmonics, which are not difficult to eliminate. In a three-phase application, fifth and seventh harmonics are

dominant. Hence, FCs are usually tuned with appropriately sized reactors to act as passive filters (PFs) at
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the characteristic harmonic frequencies generated by the TCR. However, it can produce a series of parallel
resonance, which leads to system instability. Recently, several articles have presented combined systems for
reactive power compensation and harmonic suppression using svC and APF [14, 15]. These methods have shown
considerable improvement of power quality in microgrid [16] and high-power applications [17]. However, this
new combination requires comprehensive control strategies to reduce response time and improve the meticulous
design of reference current signal generation techniques.

In order to overcome the aforementioned issues, a new topological structure was proposed [18] by
combining a low power voltage source inverter (vsI), which works as an APF, to eliminate the TCR harmonics.
Additionally, it can improve the PF and mitigate the conduction and switching losses in the vsI. This hybrid svc
is a combination of an APF, TCR, and PFs. The proposed topology can also reduce the APF control bandwidth
requirements with redesigned PF filters and, therefore, make the compensation more economical and accurate.
It has been verified that this new topology performs well in a single-phase system [18].

In this work, the topology presented earlier [18] is extended to a three-phase, three-wire system to analyze
its performance in a more complex scenario. The application of this topology to the extended system has been
made possible by use of a new control algorithm which consists of two parts: a feedback component, to ensure
the system stability; and a feedforward component, to increase the system’s dynamic response speed.

The rest of the paper consists of the following parts. Section 2 describes the proposed three-phase
svec system, which is followed by the control scheme for the proposed system in Section 3. Simulated and
experimental results are presented in Section 4, where the SVC system design and control technique are analyzed,

and finally, Section 5 presents a brief conclusion of the work.

2. System description

In this section, the proposed three-phase system is described. For convenience, the single-phase system has been
considered first. A static VAR compensator (SvC) consists of bidirectional thyristor, reactors, and capacitors.
Several svC architectures are presented in literature, but two types got more attention. The first one is fixed
capacitor (FC) thyristor controlled rectifier (TCR) and the second is thyristor switched capacitors (TSC) TCR. In
FC-TCR SVC configuration, a TCR and capacitor are connected in shunt with each other that provides controllable
reactive power only in the lagging power factor range. The reactive power (capacitive var) obtained by firing
angle («) of TCR is zero. The capacitive reactive power is decreased by increasing the TCR firing angle [19].

The current in the reactor can be calculated from the following equations:

Unc(t) = Upc cos(wt), (1)

wt U
ip=— upe(t)dt = =2 (sin(wt) — sin ). 2
L= [ ettt = Csinut) —sin) 2

Figure 1 shows the simplified evolution of the proposed harmonic-free module with two branches: a
single-phase TCR branch and a harmonic filter branch. Conventional design of svCc module is shown in Figure
la. This Pr-based sSvC module has a simple structure with a simple controller. However, it requires large
values of inductor L and capacitor C for good stability, but lower-order harmonics still exist [20]. Figure 1b
shows the svC module with a series resistor to reduce the values of L and C. This change can significantly
decrease the value of inductor and shrink the volume of the svc module. However, this configuration cannot

eliminate low-order harmonics and, with the use of a resistor, the losses of the system will increase; this makes
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this approach impractical. Figure 1c shows the proposed design, where the resistor has been replaced by a
voltage source inverter (vsI) to increase the system stability and make it more practical. Here L;Cy is an
optional branch that provides a low impedance path to the current. This results in a reduced power rating of

the inverter. However, an external DC source is required to maintain vSI DC-link voltages.

Xs X; Xs
L L L
Y X ¢
X Ay
V{\, C= TCR == |:| Load V f\) ¢ TCR J_ |:| Load V ’\) CLLL|— TCR L== |:| Load
1L
! R L L
' L/ é 4':} VSI

(a) Passive Filter TCR (b) Reduced L TCR module (c) Proposed harmonic-free TCR module
Figure 1. The systematic construction of the proposed svC module from conventional svc.

Figure 2 shows the simplified view of the proposed three-phase, three-wire system. In a three-phase
system, the power rating of the vsI is /3 smaller than the single phase system, so L #C branch has been
neglected, while the power for maintaining the DC-link voltage is absorbed through an Ac-link of the vsi. The
switching harmonic filter branch consists only of inductor L;(i € {4, B,C}), and a VsI is connected in series to
C; directly. In this system, the capacitor C' serves two purposes. (1) It provides a means to reduce the voltage
rating of the vsI. As all the fundamental frequency voltages appear across the capacitor, this results in a lower
cost and lower power rating of the vsi. (2) It produces leading current to compensate lagging load currents.
The thyristor control reactor in the TCR block is used to absorb reactive power, whereas the vsI is used to filter
out low-order harmonics generated by the TCR and to mitigate the resonant poles of the PFs.

In practical design, the impedance of vsI is almost negligible. Hence, L in combination with C' forms
a low pass filter on the Ac-link side (see bode plot in Figure 7). Based on this fact, the vsI is only tuned to
compensate low-order harmonics. The combination of TCR and APF requires a comprehensive controller that
would implement the control for the TCR firing angle, for the harmonic compensation, and for the DC-link to

maintain the DC-link voltage to a stable level during transient and steady-state conditions.

3. Control strategy

The control strategy of the hybrid system with APF, shown in Figure 3, consists of three groups: (1) The
TCR firing angle control, (2) the harmonics compensation control loop for the APF and (3) the DC-link voltage
controller. The control loop is a key element of the APF. It further consists of two parts: the feedback control
loop and the feedforward component. Different parts of the control strategy and the two components of the

controller will be discussed in the following subsections.

3.1. TCR firing angle

Firing angle « control of the thyristor switches regulates the average value of the inductance. The continuously

regulated inductance can be used for line flow regulation. TCR is usually used to regulate reactive power of
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Figure 2. Circuit diagram of the proposed three-phase three-wire hybrid TCR (SvC) system connected to grid and load.
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Figure 3. Block diagram of multi-closed loop proposed control scheme for the proposed svc.

the load at point of common coupling in the system [21]. The control of the TCR is based on the control of

compensation admittance. In the first step, the fundamental frequency voltage and current of load side are
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measured. These values are used to measure the fundamental frequency reactive power. The next step is to
estimate required susceptance of SVC to produce required reactive power. As shown in Figure 2 the fundamental
frequency model of the system can be obtained by omitting the harmonic components generated by TCR and
excluding the harmonic voltages generated by APF. Since APF contribution at fundamental voltages is negligible
as compared to line voltages and also it mostly generates voltages at harmonic frequencies, looking from the

line side system can be approximated by admittance given by the following equation:

Br(Brcr + Be)
Br + Bregr + BC7

(3)

Bsyve =

where Bo = wC and Bp = 1/wL are the admittance of inductor and capacitor, respectively. Bgy¢ is the

required admitance of each sVC module. Bgy ¢ can be calculated as:

Iz'(rec)
Uap

(4)

Bsve =
substituting Bsy ¢ in Eq. (3) and solving for Brogr we get:

B¢ - Br, — Bsve(Be + Br) (5)
By — Bsve ’

Brer =
The corresponding susceptance of the TCR is given as:

1g(a
Brer = §i(L3’

(6)

where g(a) is the firing angle-dependent function and in the literature known as normalized impedance of the

TCR inductor. After solving for g(alpha), the firing angle (o) can be obtained from the relation

sin(2a)
—

g(a) =2(r —a) + (7)

The firing angle « of each phase can be estimated through Egs. (5)—(7).

3.2. Harmonics compensation

The controller for harmonics compensation consists of feedforward estimation and feedback control strategy.
The feedforward component achieves faster dynamic response with harmonics estimation, while the feedback
control loop enhances the system stability as shown in Figure 3 [22]. The feedforward control, as illustrated in
Figure 4, is based on current component estimation that is computed on the basis of SVC module current. It
is a function of TCR admittance, voltage, and the firing angle a that is updated in each cycle [23]. In a three-
phase, three-wire SVC system, three sets of thyristors are triggered at different time. Hence, during steady-state
operation of the svC, three-phase currents have the same waveform with a £120° shift to each other. However,
in case of a change in the firing angle, the three-phase currents lead to change at different time instance. If the
feedforward signal is not considered properly, it can cause uncontrollable transients during the reactive power
set-point change. The following method has been proposed to overcome this issue.

Since the current of each TCR approaches zero at a 90° angle to the applied voltage, the trigger angle for

next cycle is estimated in a small neighborhood of 90° and held in sample/hold to calculate the feed-forward
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Figure 4. Block diagram of feed-forward control algorithm for APF module.

signal of the next cycle. In Figure 1 TCRs are connected in three-phase delta configuration, while the inductor
L and the capacitor C' are connected in a three-phase star configuration. For convenience of calculation, the

system is transformed to an equivalent form. The reactive current produced by the svC in the next half cycle
can be calculated by:

Ufag = Bsveag - U- cos(wt), (8)
itfpe = Bsvoge - U - cos(wt — 120°), (9)
itch = BSVCCA -U - cos(wt + 1200), (10)

where U is the peak value of the line voltage. The svC branch admittance can be estimated as

39(a;) — wW?L,C

B = . 11
SVC ™ 3wy + 99(as)wL — 3w3L,LC (11)
The predicted fundamental reactive current of inductor L can be estimated by the following relation:
iLa = ltfap — ltfca
ZZ‘B = 7’:th€' - z:thB (12)
‘e T Ufoa — Ufpe
ihy =L 1L

To estimate the SVC harmonic currents, the total SvC currents iy, (j € {AB, BC,CA}) and the estimated
fundamental currents are subtracted from each other. However, the estimated harmonic currents still contain
some fundamental current components due to inaccuracies and uncertainties in the system parameters. Thus,
these signals are passed through a band reject filter as shown in Figure 3.

The key to designing the feedback controller is the design of the transfer function Gy in Figure 3. It
can be seen that G consists of two parts. The first part is used to extract fundamental frequency component
from the harmonic currents I}, and the second part consists of a fundamental frequency band reject filter and a
constant gain element K;. The fundamental frequency component is subtracted from the current I}, to extract

harmonics component [23] as shown in Figure 4. This process can be expressed as:

ihi = ip; — i?n'f = (1= g1(8))in;, (13)
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where ¢ (s) is the transfer function for fundamental component extraction block. For better accuracy this filter
can be synthesized in synchronous reference frame (SRF) as shown in Figure 5. Unlike stationary frame, this

method is less sensitive to frequency variation. The following is the expression for this transfer function:

ot

gl(s) = 1

14)
kn 9 (
T s2 4+ Tes+ w?

where k, and T, are the feedback gain for the nth time and the time constant of the LPF, respectively. The
selection of the LPF cutoff frequency is usually 10% — 20% less than the peak frequency. k,, is the tradeoff
between the harmonic rejection capability and the closed-loop stability. Figure 6 shows the bode plot for the
transfer function g,(s) with n =1 and k; = 2.75.

T
N sin(wt) sin(wt)
cos(wt) LPF cos(wt)

Figure 5. Block diagram of fundamental frequency component extraction method for grid current feed-back control
loop based on SRF detection method.
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Figure 6. Bode plot for the transfer function g,(s) with n =1 and ki1 = 2.75.

3.3. DC-link voltage control

DC-link voltage has a great influence on the performance of the APF. Therefore, if the Dc-link voltage has a
larger transition, the APF compensation will either be excessive or insufficient. A small real-power exchange is
required between inverter and grid to maintain the DC-link voltages and compensate the inverter losses during
a transient state [23].

The control strategy of Dc-link voltage for the proposed system is shown in Figure 3. The Dc-link voltage
error is regulated through the proportional and integral (P1) controller. Further, the output of the PI controller

is multiplied by cosine function for phase synchronization with the capacitors current.

2
PI— 15+ 22, (15)
S

via =PI (Upes — Upc) - cos(wt),
vig =PI (Urey — Upc) - cos(wt — 120°), (16)
vje =PI (Upes — Upc) - cos(wt +120°).
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Finally, the active current signal v} is added to the PWM control signal to achieve the DC-link control

through real power exchange from the grid.

4. Results and discussion

4.1. Simulated results

To show the performance and effectiveness of the proposed topology and the control scheme, simulation results
are obtained using MATLAB/SIMULINK. A three-phase simulation model of 2000 V,.,s (phase-to-phase) is
designed to compensate reactive power in a coal mine with power requirement of each phase between 2 MVAr
and 3.2 MVAr.

The selection of the proper capacitor and inductor parameters of the TCR system is based on the voltage
and power ratings. The value of filtering inductor L; depends considerably on the DC-capacitor voltage and
on operating frequency. A small value of L; can improve the power rating fractionally; however, this may lead
to poor filtering of harmonics. Similarly, a larger value of L; leads to better filtering, but its compensation
capacity is poor.

Optimal Dc-link value should be selected to maintain the DC-capacitors voltages during the transient
states and to compensate the inverter losses. In the simulation model, the Dc-link capacitor nominal reference
voltage has been determined to be 500 V. Furthermore, resonant pole of L; and C; should not be placed at
harmonics frequency. The fundamental frequency reactive current of each phase can be given by the following
equation:

Ipp = Q;q, (17)

B 39(a;) — wW?L,C o
3wl +9g(a;)wlL — 3w3L LC

Irr 1% (18)

The estimated values for L; and C; can be obtained by substituting g(«) = (1,0) for Ir; equal to
980 A and 1600 A, respectively. The selection parameters of the system are given in Table 1.

Table 1. Proposed converter components parameters (i = A, B, C').

Parameters | Values
L; 400 pH
Ly; 2500 pH
C; 700 pF
Che 2800 pF

Figure 7 shows the bode plots for the proposed system presented in Figure 1. The respective parameter
values are shown in Table 1. It can be seen that the transfer function magnitude from disturbance to source-
side is less than zero beyond 200 Hz. Therefore, the control bandwidth of the proposed system is minimal and
the controller is only needed to compensate low-frequency harmonics. Furthermore, a three-phase, three-wire
system does not have third harmonics, although it has high levels of fifth and seventh harmonics. Thus, the
main purpose of the harmonics compensation control loop, in this case, is to eliminate the fifth and seventh
harmonics generated by the TCR.
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To design the controller, the parameters are selected based on the control structure described in Section 3.
As mentioned earlier, the feed-forward component makes the system faster, while the feedback component plays
its part in system stability. The PWM input signals are control output of the system and TCR is the disturbance

source. Hence, by using the design guidelines mentioned in Section 3, the control system parameters are obtained
as:

s+ 50
pu— 1
91(5) = 50207 + 2755 7 2595 (19)
4.75s + 57.66
- 2
95(5) = §.02525% + 4.755 + 62500° (20)
55 + 69.05
_ 21
97(5) = 5035952 + 5 1 122500° (21)

ki1 =2, ks =6, and k; =4.

Figure 7a shows the comparison of bode responses with and without feedback APF control. It shall be
noted that the magnitude of control input to line current at 50 Hz is less than zero, whereas it is greater than
zero within the frequency range 6.3 Hz to 920 Hz. Figure 7b gives the close loop magnitude response bode plot
from disturbance to line side with and without controller. It is obvious that the APF can compensate low-order

harmonics well and make the system nearly harmonics free. The THD with respect to firing angle is tabulated
in Table 2.

100 - 100 [
_ 50
g 3
) P =
E E
g go -50 -
< <
= = 100 |

150 L L L L 150 L L L L

10' 10> 10° 10* 10° 10" 10> 10° 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 7. Proposed svc control bode plots: (a) disturbance input to output transfer function bode plot, and (b) control
input to output transfer function bode plot

Figure 8 presents steady-state simulation results when the firing angle « is equal to 100°. Figure 8a
shows the control input signal of the vsI in terms of vSI output voltages. Figure 8b shows the TCR line current
after compensation and in comparison with TCR line current. It can be seen clearly that during the steady state,
the voltage variation of the inverter is a small fraction of its DC-link voltages. Figure 8c shows three-phase svc
output current after compensation. It is noted that the output current contains very low harmonics that can
be neglected.

The simulated results in Figure 9 show a transient state, where the firing angle changed from 100° to
140° and then back to 100°. It should be noted that the proposed system has fast dynamic response even for
a large departure. Figure 9a reveals that the svC voltage is small and mostly contains fifth and higher order
harmonics. It can be seen in Figure 9b that just after the firing angle changes, the amplitude of the control

signal has a small transient, implying that the inverter does not need to produce high voltage variations. Figure
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Table 2. Simulation results for TCR-module THD (10 cycles).

Firing angle (a°) | THD %
90 0.46
100 0.88
110 3.92
120 1.47
130 0.85
140 0.47
150 0.27
160 0.16
180 0.09
Bode Diagram
150 ¢ From: In(1) To: Ic(1)
__ 100 - —— with APF
2 5 - without AFP
:
£ with APF
§ 100 R 50 - - - without AFP
180 2
ERl ¢
= b=
3 0r S
é -90 § -
-180 B v vl il il
10° 10" 10° 10"
Frequency (Hz) Frequency (Hz)
() (b)

Figure 8. Bode plot to show the effectiveness of system with and without control. (a) Magnitude and phase plot for
control input to line side current with and without controller and (b) close loop magnitude response bode plot from
disturbance to line side with and without controller.

9c clearly shows that the transitions in firing angle have a small influence on the svC output current, and the
response time of the system is less than half a cycle. For the given system parameters, the system works well
with a 500 V Dc-link reference. Hence, for a three-phase system, the svc voltage rating is 25% of the line
voltage to fulfill the requirements for the whole operating range.

Figure 10 shows the DC-link capacitor voltages under steady-state operation and firing angle change.
Figure 10a shows that the voltage of the DC-link capacitor has less than 1% ripple with respect to the bc-link
voltage reference. Figure 10b shows the transient response of the DC-link voltage when firing angle is changed
on the basis of Figure 9. It is obvious that the DC-link controller performs well in the proposed topology. Table

2 gives the values for total harmonic distortion (THD) of the SvC system at different firing angles.

4.2. Experimental results

To verify the aforementioned analysis and simulated results, a three-phase TCR downscaled prototype was
constructed and evaluated. The passive component parameters were the same as those used in the simulation
model. However, the voltage of the system was set to 380 V, and 110 V was chosen for (Up.) DC-link. The

system parameters are listed in Table 3.
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Figure 9. Simulated waveform to response of the TCR-module system for firing angle o = 100°. (a) Control signals,
(b) TCR current after compensation, and (c) three-phase SVC output currents.
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Figure 10. Simulated waveform to show the effectiveness of proposed control in a transient state for step change in
firing angle, from 100° — 140° — 100°. (a) Control signals, (b) TCR currents per phase and SVC output currents, and (c)
three-phase SVC currents after compensation.

A three-phase inverter was used to serve as an APF. The three-phase VvSI is controlled by using a 6.4 kHz
PWM signal generated by Texas Instrument digital signal processor TMS320F28335. The DSP is responsible for
the soft startup, software PLL, APF current control, DC-link control, and TCR firing angle control. The single
line block diagram of the proposed svC laboratory prototype is shown in Figure 11. Two kinds of simulated
and experimental tests were conducted. Initially the system was run and tested under steady-state operation
then the transient effect of the system was checked.

The simulated and experimental waveforms under steady-state operation are shown in Figure 12a. Due
to four channels scope, only single-phase inductor I, , , capacitor I¢,, and TCR Ircr, currents are shown in

Figure 12a. The firing angle was set to 140° in simulation and experimental setup. The three-phase steady-
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Table 3. Experimental component parameters (i = A, B, C').

Parameters Values

Switching frequency 6.4kHz

Grid voltage (Uyc) 380V

DC-link voltage (Upc) | 110V

DSP control board TMS320F28335

L; 400 pnH
Ly 2500 nH
C; 700 pF
Che 2800 pF
600
v [V] ]
400 0.05s

()

] 600 }\7J»\/\*//v

400
(b)

Figure 11. Simulated waveform of DC-link voltage under steady state and transient state: (a) stable situation and (b)
firing angle change.

state simulated and experimental test results of inductor currents are shown in Figure 12b. The presented

experimental results show good consistency with the simulated waveforms.

id
Gri 1.5 KVAR

3 Uagpc A
@ Inductive

3 3 3 Load

VSI + TCR
Module

Q1~Qs6
TCR control

PWM
UDC

-y U; L

Analog to Digital
converter

TMS320F28335
Control Board

Figure 12. Single line block diagram of the proposed svc laboratory prototype.

The dynamic performance of the system is also tested. Figure 12c shows the simulated and experimental
waveforms in a transient state with sharp change. Note that during transient state the inductor, capacitor, and

TCR currents converge to reference in short time. The three-phase inductor current simulated and experimental
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Figure 13. Simulated and experimental waveforms of Phase A steady-state response for firing angle of 140°. The
inductor current Ir, ,, capacitor current Ic,, and TCR current Ircr, (yaxis: 10 A /div).

waveforms are shown in Figures 12d. However, the experimental transient responses shown in Figure 12c and 12d
are a little slower as compared to the responses from the simulation. This is due to the construction limitation
of the real prototype, but the same trend can be seen. Table 4 shows that after enabling the APF control
system, three-phase current THD values are significantly reduced. The proposed APF shows good performance

of harmonic suppression.

o C RN

20 ms 20 ms

Figure 14. Simulated and experimental waveforms of Phase A, B, and C steady-state response for firing angle of 140°.
The inductor current I, (yaxis: 10 A /div).

5. Conclusion

This paper proposes a new topology of hybrid active power filter for a three-phase SvC power system. An
alternative filter design has been proposed and applied to the TCR to minimize the harmonics distortion in
the system. To meet the requirements of this new filter, a new control scheme is proposed and analyzed. A
system design example at low medium voltage level has shown the efficacy of the proposed system. Simulated
and experimental results have shown that the new topology of svC can perform better than the traditional
harmonic mitigation methods used in the past. Based on proposed feedback and feedforward control, the

system stability and response time have improved.
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Figure 15. Simulated and experimental waveforms of Phase A steady-state response for firing angle of 140°. The
inductor current I, , capacitor current Ic, , and TCR current Itcr, (yaxis: 10 A /div).

Table 4. THD (10 cycles) analysis of experimental results for TCR-module.

Firing angle (a®) | With APF | Without APF
THD % THD %

90 1.56 4.35
100 2.12 6.25
110 2.92 8.02
120 3.22 9.34
130 4.37 12.58
140 5.10 13.16
150 3.27 10.87
160 2.60 5.10
180 1.42 4.40

+

Ir, (Al o

20 ms

-30 -

Figure 16. Simulated and experimental waveforms of Phase A, B, and C transient state response for firing angle
100° — 140°. The inductor current I, (yaxis: 20 A /div).
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