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This paper describes considerations on a Voltage Source Inverter based Reactive Power
Compensator, especially load balancing control by symmetrical coordinates frame. Analytical
expressions are derived to design the current controllers. With the designed controllers, fast
response to the step changes in the reference current values can be obtained. This results in the
improvement of the overall system performance. The improved current tracking capabilities of the
inner controllers and better performance characteristics of dc voltage and reactive power loops are
demonstrated for steady state and transient conditions. Besides this, the required additional loops
for load balancing property of the VSI based SVC are investigated by using the positive - negative
sequence decomposition calculated in « - f reference frame which gives a faster response than the
separation in d-q frame. Simulation results have shown that with the use of simple additional loops,
VSI type SVC can also achieve load balancing besides VAR compensation and dc voltage
regulation.
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1. Introduction

Variable reactive power compensation is an
important issue for transmission and distribution
systems. First developed Static VAR Compensators
(8VC) were designed as Thyristor Switched
Capacitors (TSC) or Thyristor Controlled Reactors
(TCR) [1]. Recently, the use of switching power
converters as reactive power compensators is
gaining popularity. The absence of large energy
storage elements is the main advantage of these
compensators. They have the features of

i. avoiding the risk for potential resonance

conditions,

ii. increasing the response speed,

iii. reducing the total system real estate [2,3].

One of the power electronics devices used for
compensation purposes, is the Voltage Source
Inverter (VSI) [2]-[10]. VSI is connected to the power
system through three phase inductors (or three
phase transformers) as shown in Fig. 1. The reactive
power supplied or absorbed by the VSI based
compensator is controlled by adjusting the inverter
output voltage magnitude to less than or greater
values than the system voltage. The dc voltage
across the dc link capacitor is controlled by the phase
angle of the generated voltage with respect to system
voltage.

FHHD, 121515, FRI3F

43

In the literature, VSI based SVC’s and their
control systems are investigated in different aspects.
[4], [5] and [6] give a detailed modeling of controllers
based on the linearization process of the
non-linear equations. In [2], a neural network control
principle is applied for VSI based SVC. A multilevel
VSI is applied to SVC operation to obtain better
operating performance in [3]. The operating and
control principles in these compensators are
complicated and difficult to implement. In this paper,
a simple mathematical model of the VSI based
compensator will be presented. With the use of this
model, a controller with decoupling principle will be
designed and the optimum control parameters will
be investigated. Theoretical settling times and
overshoot of current controllers have been calculated
and compared with the results obtained by
simulations and experiments. As a final step, the
necessary additional loops for the controller will be
designed to use the compensator also for load
balancing purposes. The control system has been
designed in d-q frame, but the decomposition of
positive and negative sequence components have
been done in « - B reference frame. By that way, a
more reliable and stable control has been obtained.
Besides the theoretical studies, this paper is also
furnished with the simulation and experimental
results. '
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Fig. 1. VSI Based Reactive Power Compensator

2. Mathematical Model of the Compensator

In order to obtain a controller for the compensator

shown in Fig.1, first a mathematical model is derived.

During the analysis and the design of the controller,
rotating axis transformation parameters (i.e. d-q-0)
are used. This axis transformation is chosen instead

of stationary axis transformation because in this -

method, sinusoidal voltages and currents are
transformed into dc quantities in the steady state
conditions. By this way, it is easier to obtain the
optimum values for the controller parameters (e.g. K
and 1 for a PI controller).

From Fig.1, the voltage equations can be written
in stationary a-b-c frame as;

[ I di,
Vi ;V_t Via
Vo |= Dby Ve | oo, 6))
dt
Vsc d.I.c T/Ji‘
L
dt |

where i,, ib, ic are the compensating currents, and Via,
Vi, Vic are the generated voltages by the inverter.
The equations in (1) can be written by assuming
that i) the power system is a balanced 3-phase
system, ii) there is no harmonics flowing in the
system, and iii) the value of the resistance value is
small and therefore negligible.

The equations in (1) are transformed into the
stationary o - 8 frame as in (2) by the use of
transformation matrix in (3).
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Fig. 2. Block diagram representation of the
physical system

Transformation from o -8 frame to rotating d-q
frame can be obtained as follows:
cos(wt)

d ~ sin(wt) [
q| |-sin(wt) cos(wt)| p|

Applying (4) into (2) (see Appendix A for detaﬂs), the
voltage equations in the rotating axis frame can be

obtained as:
0 -111 V.
+ ol J.d + .1 ....(5)
1 0|z |V

Expanding (5) into its components, the following two
differential equations can be obtained.

dt

L%: it~ Vi + oL,
di e, ®)
L“jzf/;q — I/fq - a)L]d

The equations in (6) are the model of the physical
system which consists of a converter connected to an
ac supply. In Fig. 2, block diagram representation of
the physical system is shown.

3. Control System of the Compensator

As can be seen clearly from Fig. 2, current
components are coupled through the term o, and it is
known that the reference current tracking capability
of the controllers (such as PI controller) is not good
and rapid enough for the coupled systems. In order to
improve the performance and reduce the interaction
between the active and reactive current controls, a
decoupling controller is necessary. Inspection of (6)
leads directly to a controller as in (7) that will
provide decoupled control of ia and i
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Fig. 3. Control block diagram of the VSI based compensator

I/id =Vsd +CDLI‘q - Ad
Vig = Vs —0Liy —Agq

where, A d and A q are the outputs of current
controllers.

Ad = (PI)(]; - Id) = kjd 1—+Z{(ﬁ(1; - Ia’)
T;a5
Lo o . (8
Aq =(PD; - 1) = k;; ——(1; - 1)
Tl'qs

where (PI) corresponds to Proportional-Integral
control principle. These two signals are generated by
the effects of outer loops for Vac and supply reactive
current, and they generate additional voltages in
transient states.

Inserting (7) to (6), (9) can be obtained which
represents the input-output relation of the VSI
based compensator system.

L—LZ—"=Ad
S ©
L——2=nA
a7

From the above equations, it can be seen that
both d and q components of the compensating
currents can be controlled independently, and by the
use of PI controllers it is possible to obtain good
dynamics and steady state performance. By applying

a PI controller with a transfer function of
1+7; :
(kiy —T—Ids), the closed loop transfer function can
TidS

be obtained as follows.

A]d STI'd +1
i kid 2

Ald S TidL + S‘kidrjd + ‘kjd
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Since the transfer function in (10) is a second order
system transfer function, the damping ratio ( £) and
oscillation frequency (on) can be written as:

1 k'dT'd
=—J# ....................................... an
J 2V L
w, = Kid ) (12)
TjdL

With the use of (11) and (12), it is straightforward
to find the parameters of the PI controllers (k and 1)
when the settling time (Ts) and maximum allowable
overshoot values are specified. ‘

Generally, settling time should be chosen as
small as possible to provide fast response, but the
limitation by the carrier frequency must be taken
into account. The damping ratio should be within the
limits of 0.6 and 1.0 i) to ensure 10% overshoot, and
ii) not to limit the fast response. The same procedure
is also applicable to the q-axis compensating current
control system.

With these principles, the whole control block
diagram of the compensator is given in Fig. 3,
including the dec voltage and reactive power control
loops. In the control system, a per-unit system has
been adopted according to the following definitions.

i = Iy V' _ st V" _ VJ
x - - H sx — V ’ Ix V
Ipase base base
I/' — wL A _ Vbase
- 7z ’ base — -
base Ipase
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4. Performance of the Control System

4.1 Simulation and Experimental Setup In
order to verify the theoretical studies of Section 3,
and observe the capability of the control system,
simulation and experimental studies have been
carried out. For simulation purposes, an EMTDC
electromagnetic transients simulation program is
used. For the experimental studies, the system has
been modeled by the use of a PC based Hybrid
Simulator, as shown in Fig. 4. With this
experimental setup, a C program for the proposed
control system is written and compiled in the PC
environment. Then the information is loaded to the
“Interface & Calculation Unit” through the parallel
port. The PWM gate signals are generated according
to the magnitude and phase angle information from
the control system.

The parameters of the power and the control
system used in both simulation and experimental
works are presented in Table I. The current
controllers are designed to obtain zero steady-state
error and an overshoot within the acceptable limits.
On the other hand, the reactive current and dc
voltage control loops’ parameters are selected to
obtain zero steady-state error and relatively larger
settling time than the inner current loops.

4.2 Simulation and Experimental Results As
simulation studies, the current tracking capabilities
of the inner current loops are investigated besides
the performance investigation of the reactive power
and dc voltage loops. For this purpose, the following
two cases are examined.

i) a step change in the supply current q-axis
reference value (i.e. a change in the supply side
reactive power value),

ii) an instantaneous increase
reference.

Normal operation of an SVC requires zero
reactive power in the supply side. However, for the
examination of the transient characteristics of the
control loops, reference value of the reactive
current flowing in the supply side is changed from
0-pu (per unit) to 0.15-pu. The results obtained are
demonstrated in Fig. 5. The q-axis current flowing
to the inverter reaches its steady-state value
within the settling time of about 2.5ms, which is
dictated by the natural frequency (wn) and
damping ratio (&) of the inner loop calculated
according to (11) and (12). Since the reactive power
loop is an outer loop of the control system, its
settling time is chosen longer than the inner loop
as seen from the same figure. It can be seen easily
that the reactive power control and q-axis current
control loops have good dynamic response against
step changes in reactive current reference value.

In a VSI based compensator operation, there is
generally no need for changing the dc voltage level
across the capacitor, but for observing the d-axis
current response characteristics, the reference
value of the dc voltage level 1is increased

in dc voltage
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Fig. 4. Experimental setup

TABLE I POWER AND CONTROL SYSTEM PARAMETERS FOR
SIMULATION AND EXPERIMENTAL STUDIES

Power Circuit

Eqv. Inductance of Trans. 8mH
Inverter 4.2kVA
Capacitance 940uF
Supply Voltage 100Vrms (1-1)

3-phase Load 260Var, 0.76pf

Control Circuit

id K=375
1=0.015
iq K=3.1
1=0.02
Vdc K=25
1 =0.006
is_q K=20
©=0.006

instantaneously, to change the d-axis current
reference value as shown in Fig. 6. A step increase
of Ve from 200V to 220V causes an instantaneous
change in i¢". The inner current control loop causes
ia to track the reference current, ig*, by properly
designed PI parameter values. In this study,

. settling time is adjusted to about 2msec. as can be

seen from Fig. 6 that fits with the theoretical result
obtained by the parameter values of Table 1.

To validate the simulation results of the proposed
control system, experimental studies are carried out.
The results are demonstrated in Figs. 7 and 8 for the
similar changes in the power and control system
parameters as in simulation studies. The results
obtained by the experimental studies are in good
accordance with the simulations. But, there are
some slight differences that may be caused by the
harmonic distortion of controlled currents (i.e. the
influence of the converter), A/D conversion process
and the discrete controllers affects. These reasons
and possible uncertainties in the system parameters
reduce slightly the system performance. Since it is
beyond of this paper to discuss the improvement
techniques such as current prediction algorithms, it
is left as future work. '
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Fig.5. Simulation result for a step change in the
supply side reactive current reference
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Fig. 6. Simulation result for a step change in the dc
link voltage reference (200V — 220V)

5.Load Balancing Principle of the
Compensator

5.1 Unbalance Operation and its Effects
Most of ac power systems are three-phase and
designed for balanced operation. In high quality
power supply systems, “balanced phase currents and
voltages” property must be held. In an unbalanced
operation, negative and zero sequence components
‘will also arise in addition to the positive sequence
component.

B¥ED, 121415, PRISE
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These undesirable negative and zero sequence
components cause additional losses in motors and
generators, oscillating torques in ac machines,
increased ripple in rectifiers, saturation of
transformers, excessive neutral currents,
malfunctioning of several types of equipments, etc.
In order to minimize these undesirable effects
caused by the unbalanced operating conditions to the
other loads connected to the same point of common
coupling, load balancing techniques must be applied.



In the following sections, the necessary
additional control loops for the controller of an SVC
in an unbalanced load condition will be investigated
and the performance results will be given.

5.2 Decomposition to the Positive and
Negative Sequence Components Decomposition
of the electrical variables, such as currents and
voltages, into the negative and positive sequence
components can be done in different ways [11]-[13].
In most of the papers which are dealing with
unbalanced loads (or unbalanced supply voltages)
decompose the positive and negative sequence
components in synchronously rotating frame G.e. d-q
frame). In this method, positive sequence d-q and
negative sequence d-q components has dc
components and additional ac signals oscillating

with a frequency of the two times of the fundamental.

These ac signals should be filtered with four
low-pass or band-pass filters to obtain the real
values for d-q components in positive and negative
sequences. As it is obvious, addition of the filter
circuits to the system imposes a delay to the
controller which reduces the performance and may
cause instability problems in most cases

In this paper, negative and positive sequence
decomposition has been done in o-f frame without
any need for filters that makes the controller faster
and avoids the possible instability problems. In
Appendix B, the basic principles of the two
approaches are shown schematically.

An unbalanced system can be decomposed into

two balanced three-phase systems as shown in Fig. 9.

The positive and negative sequence load currents of
this system can be modeled mathematically as in
(13) and (14).

I, (17
T l=la Iy oo (13)
T | | @]
YRNEE
Ty |=| a|l_ oo, (14)
_I_C _az_

where,

I, %(za +al, +a’l,),1_ :%(10 +a’l, +al,),

1 .3

___+j_’

22 :ej240=_l_j£'
2 2

2 2

g=e/120 =

By the use of (3), negative and positive sequence
stationary a-p frame components can be obtained as
in (15) and (16) respectively.

I—a _1 Ia_]I'B
]__ﬂ _2 Jﬂ+]Ia

s
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d-q frame components for the positive sequences can
be obtained by using the transformation matrix in
(4) and for the negative sequence in (17). The
negative and positive decomposition is demonstrated

in blocks in Fig. 10.
d_ —sin{at) || &
q_ cos(at) | -

5.3 Control System The control block diagram
in Fig. 3 can be modified to allow compensation of
the negative sequence components besides the
normal operation of the VSI based compensator. The
principle in the design of the new controller is adding
the loops, which eliminates the negative sequence
d-q components in the supply side currents. The
additional d-q axis negative sequence controllers
cause the generation of unbalanced voltages at the
terminals of the inverter, which results in
unbalanced compensating currents flowing to or

from the compensator. The positive sequence
components of these compensating currents do the

cos(ar)
sin(awr)
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Fig.11. Control block diagram including load balancing control loops

usual job of the VSI based compensator, while the
negative sequence currents are generated according to
the unbalance factor of the load. The outputs of the
control block which are used for the generation of gate
signals of the inverter switches are transformed into
stationary a-p coordinates as in (18), and then to
stationary a-b-c coordinates. The whole control block
diagram including the unbalanced load compensation
principle is demonstrated in Fig. 11.
V+1'd
sin(a)t)} Vi
V—id

cos(wt)

Via | [cos(wt) - sin(wt)
Vi |

F —sin(wt) cos(wt)

sin(wt) cos(wt)

5.4 Simulation Results In order to verify the
load balancing capability of the VSI based compensator,
simulation studies have been carried out. During these
studies, balancing performance in an unbalanced load
condition and the response in fault conditions of the
compensator are investigated. To avoid any damage to
the inverter of the experimental setup during a fault
condition, only simulation studies are performed
instead of experimental studies.

The load used in the first simulation circuit is
composed of two parts. The first part of the load has a
total reactive power of 200Var (lagging) and power
factor of 0.87. At the time of 0.05sec., an unbalanced RL
load with inductance values of 50mH and resistance
values of 20, 10, and 5Q are connected to the circuit
with a circuit breaker. As can be seen from Fig. 12,
before and after the connection of the unbalanced load
to the system, SVC is compensating the reactive power
of the load as well as regulating the dc voltage across
the dc link capacitor. After t=0.05sec, besides these two
duties, SVC also eliminates the negative sequence
components of load currents which results in balanced
supply line currents.

TBFERD, 121518, FRI3E

As a second simulation study, a line-to-ground fault
is applied to the load side of phase-C. Results obtained
are demonstrated in Fig. 13. The highly unbalanced
load currents are balanced with the proper operation of
the SVC. If the fault current flowing in the load side
exceeds the limitations of the compensator, the load
balancing capability can not be achieved properly. For
comparison purposes, the performance of SVC without
load balancing loops is illustrated for the same load and
fault conditions in Fig. 14. As can be seen easily,
besides the high harmonic content in the supply line
currents, relatively high and unbalanced currents are
flowing in the supply side.

The main disadvantage of the proposed control
principle is the generation of unbalanced voltages at
the inputs of the inverter. This results in unbalanced
compensator line currents flowing through the coupling
transformer. These 3-phase unbalanced line currents
cause an ac ripple in the dc-link voltage with a
frequency of the two times of the fundamental
frequency. The amplitude of the oscillation becomes

larger, if the load unbalance factor is higher. This

phenomenon can be seen in Figs. 12 and 13. Since the
load in Fig. 13 is highly unbalanced when compared to
the load in Fig. 12, the ripple amplitude on the dc
voltage is higher obviously. This ripple on the dc-link
capacitor has the risk of causing resonance, if the power
system and inverter parameters are not designed
properly. To avoid such a resonance, the frequency of
tank circuit, composed of the de-link capacitor and the
inductance of the transformer, should not coincide with
the frequency of the ripple in the dc-link voltage. As an
another solution for avoiding the risk of resonance, a
tuned filter should be connected across the dc link
capacitor, but such a solution increases the cost of the
compensator. For that reason, this may not be a
feasible solution for this kind of applications.

From the simulation studies, it can be concluded
that the reactive power compensation and load
balancing can be done by simple additions to the
controller of the VSI based compensator. Its
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Fig.12. Simulation results for load
balancing performance of SVC

performance is quite successful as seen from Figs. 12
and 13. Supply line currents are balanced within one
cycle of supply voltage (20ms) for a step change from
balanced to the unbalanced load current condition.

6. Conclusion

In this paper, a VSI based Reactive Power

Compensator is presented for different load"

conditions with experimental and simulation results.
It is shown that by a simple mathematical model, it
is possible to determine the dynamics of the current
control system (i.e. overshoot and settling time).
Besides the reactive compensation of the SVC, it is
shown that VSI based compensator is also an
efficient tool for balancing the load and for avoiding
the over-currents during fault conditions.

In the load balancing control circuit, the positive
and negative sequence components decomposition is
calculated in « - § frame instead of d-q frame, which
is different from most of the control principles used
extensively in the SVC. Using « - 8 frame in
decomposition eliminates the need for low-pass
filters as in the decomposition in d-q frame. This
improves the performance of the controller and
avoids possible instability problems. It is verified
that decomposition in the «-j frame results in a
good performance. ‘
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Appendix A

Transformation of the equation in (2), from
stationary o - B frame to the rotating d-q frame can

be obtained as follows

al d
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Appendix B
a . rofating axis d'+ 5 | 4y,
! (2-phase) »| transformation | g, _ | ey
b—>{ stationary axis | | e d. | LPF's| .
c »| transformation 5 » pos. & neg. 0 . >
decomposition > — >
N
unbalanced signals with dc
signals and ac components
ay d
a > I —=p
b (2-phase) - o pos. & neg. [ Leyp| Totating | 9:,
—» stationary a?(ls | decomp. a_ .| axis d
c transformation g 5 | transform — >
> — q—

Fig. Al. Basic principles of the positive and negative
sequence decomposition (a) in d-q frame (b) in a-f
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