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Abstract: In this paper, two vector control systems for investigating the performance of
Static Synchronous Series Compensators (SSSC) in steady state conditions are presented
that are based on famous d-q axis theory. The workability of proposed method to simplify
the SSSC mathematical expressions is shown. The performance of SSSC with two different
vector controllers, first based on d-q line currents(indirect control) and the second a
heuristic vector control based on real and reactive line powers (direct control), are
investigated through simulation. It is found that the new introduced direct control produces
better performance in controlling AC power system. Finally the simulation results of an
elementary two-machine system with SSSC in different cases are investigated.
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1 Introduction

Electric power flow through an alternating transmission
line is a function of the line impedance, the magnitudes
of the sending-end and receiving-end voltages, and the
phase angle between these voltages. The power flow
can be decreased by inserting an additional inductive
reactance in series with the transmission line, thereby
increasing the effective reactance of transmission line
between two ends. Also, the power flow can be
increased by inserting an additional capacitive reactance
in series with transmission line, thereby decreasing the
effective reactance of transmission line between two
ends.

Traditionally, in order to control the power flow of the
transmission line, the effective line reactance is
controlled by using fixed or thyristor-controlled series
capacitors or inductors. Recently a new power flow
controllers entitled Flexible Alternating Current
Transmission Systems (FACTS) which use solid-state
switching converters have been proposed.

The Static Synchronous Series Compensator (SSSC) is
among FACTS devices that is connected in series with
line and controls the effective impedance of the line by
injecting an almost sinusoidal voltage of variable
magnitude in series with transmission line. With no
external DC link most of injected voltage which is in
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quadrature with the line current emulates an inductive or
capacitive reactance in series with the transmission line
that influences the electric reactive power flow. A small
part of injected voltage which is in phase with the line
current provides the losses in the inverter. In fact SSSC
injects an alternating voltage proportional to the line
current. When SSSC injects a voltage leading the line
current, it emulates an inductive reactance in series with
transmission line, causing the power flow as well as the
line current to decrease and operates as an inductor.
When SSSC injects a voltage lagging the line current, it
emulates a capacitive reactance in series with
transmission line, causing the power flow as well as the
line current to increase and operates as a capacitor. The
SSSC equipped with a source of energy in the DC link
can supply or absorb both the real and reactive powers
to or from the line, without generation resonance and
oscillation in transmission line.

Many studies have been implemented in order to
investigate the operation of SSSC in steady state and
dynamic conditions. Ref [1] uses EMTP to describe the
fundamental and implement the operation of SSSC
using a 24-pulse harmonic neutralized voltage source as
SSSC inverter. Singh and Chandra proposed two
sliding-mode and fuzzy controllers to examine the
dynamic response of SSSC [2]. A current controlled
VSI inverter has been used for SSSC to inject series
voltage. Furthermore a closed-loop control scheme for
the system is described that contains VSI inverter and a
PWM current controller.

In Ref [3] Transient Network Analyzer (TNA) has been
implemented to simulate SSSC with GTO based voltage
source inverter to provide series compensation for
SSSC. Capability of active and reactive control of SSSC
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has been presented through simulation. Han and et.al
presented a SSSC based on a multi-bridge inverter that
consists of six H-bridge modules per phase [4]. EMTP
has been used to investigate dynamic simulation of
SSSC in order to inject series voltage and
compensation.

Referring to some existing studies about the
performance of SSSC for line compensation, it is
observed that most of them use some complicated
models in order to simulate the SSSC inverter and
therefore obtain SSSC series injected voltage [1-4]. In
this paper in order to avoid using such formulas the
vector control theory is introduced and its application to
simplify the studies of SSSC performance is presented.
At first the concept of vector control to reduce the size
of the model is introduced. Then the application of
vector control for SSSC based on d-q axis theory is
discussed and then it will be developed for indirect and
direct categories. A PI controller is employed to
simulate the SSSC through indirect and direct control
schemes.

Finally in simulation results the dynamic performance
of SSSC on an elementary two machine system is
presented and its impacts on transmission lines and
voltage are investigated.

2 Theory

In this section we deal with the mathematical analysis
and modeling of a vector controlled SSSC..

The use of vectors simplifies the analysis and control of
a SSSC connected to a symmetrical three-phase AC
network.

Vector control has long been used in electrical machine
analysis and is now being applied more widely to
electrical power system analysis and control. In this
analysis instantaneous three-phase variables are
converted to vectors with orthogonal d-q axis
components in a synchronous rotating d-q axis system
and therefore reduce the order of system and simplify
the complicated calculations.

A Simple power transmission system with a SSSC is
illustrated in Fig 1.

szzc model XL

Fig. 1 A Simple Power System with SSSC

The SSSC is modeled with a voltage source that injects
variable voltage to power system in both inductive and
capacitive compensation modes.

Referring to Fig. 1 the SSSC input circuit equations can
be written in per-unit as:
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Consider the vertical transformation of variables from
three-phase quantities to the synchronously rotating d-q
plane defined by following equations, in which the
reference vector and therefore the d-axis (d)and g-
axis(q,) are defined by synchronous reference frame
and d,is conformed with a-axis in three-phase frame.

(Fig 2).
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And in static reference frame:
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In the synchronously reference frame Eq.l1 can be
written as:
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Eq. 8 and 9 are mathematical models of a SSSC in
synchronously rotating d-q reference frame that is used
in the following indirect controller for SSSC.

3 Control of SSSC System

In this section two different control systems for
controlling real and reactive powers of AC transmission
line by SSSC are investigated. These two controllers
are vector controllers based on d-q axis line current
(indirect controller) and a heuristic controller base on
real and reactive powers (direct controller), respectively.
It can be seen that performance of direct controller is
better than indirect one.

3.1 Indirect control scheme for SSSC
From the instantaneous power theory derived by Akagi
[6] the instantaneous real and reactive powers at the
receiving-end are given by Eqgs. 10 and 11.

3 . .
P:E(Vrd’ld*‘vrq’lq) (10)

3 . .
QZE(Vrd’1q+qu’1d) (11)

In transmission system the described values of real and
reactive power would usually be specified by the
coordinating system controller. Therefore reference
values for the desired real and reactive power flows are
used as the inputs to the SSSC control system. By
rearranging Eqs. 10 and 11, using the real and reactive
power references P s and Q,y, the reference line d-q axis
currents are:
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Using above equations and Egs. 8 and 9, the block
diagram of indirect controller of SSSC for controlling
real and reactive powers of transmission line using
vector control, is shown in Fig 3.

The measured currents i, and i, are feedback and
compared to the reference currents to produce error
signals. These error signals are used by the PI
controllers to regulate v,, and v, respectively.
According to Egs. 8 and 9 for ® L>>r in steady state
condition, the direct-gain from v, to i (or v, toi,) is
much bigger than v, to i, (or v, toi ) [5]. In other
words in above real conditions, i, is related to v, and
i, is related to v,, [2]. In order to compensate for small
direct-gains, the controller must have a large gain so
that the inverter can be controlled quickly. Since there is
some coupling between d and q current loops (due
t0 i, > i, » in Eqs 8, 9) there will be an almost big
interactions between the two output real and reactive
power flows (Fig. 5(b)).

0 FID

Fig. 3 Block diagram of indirect control

3.2 Direct control scheme for SSSC

As shown, in indirect control there is an interaction
between real and reactive power flows. The strategy of
using real and reactive powers as direct feedback signals
in SSSC, to control power flows in transmission line has
been discussed using different controllers [2]. In this
paper in order to reduce the interaction between real and
reactive powers, a heuristic control strategy using vector
control and based on direct real and reactive powers as
feedback control signals has been presented by the
authors.

Considering Fig. 1, the line current in d-q axis model is:
(VSd +jVsq)+(Vcd +chq)_(Vrd +jv

)
1= k! (14)
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Considering sending-end voltage in d-q axis model
(Vg 1V ¢q ) and above current, real and reactive powers
in d-q system can be derived.

1

P= § [Vsd (Vsq + ch B qu )= Vsq (Vsd + Vcd B Vrd )]
15)
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(16)
Where:
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Assuming the practical situation that » L>>r, in steady
state condition, i4 is proportional to v, and i, is
proportional to v .4 [5] and therefore from Eqs. 15and
16, real and reactive powers are proportional to v oq and
v .4 respectively, but in fact referring to Eqgs. 15and16
due to common terms in above equations there will be
interactions in AC transmission line, real and reactive
powers, compensated by SSSC (Fig. 5(a))

The block diagram of direct controller system for SSSC,
using vector control is shown in Fig. 4. The measured
real and reactive powers are calculated and directly
compared to the reference values to produce error
signals. These error signals are used by the PI
controllers to regulate v cq and v 4 , respectively.
Using d-q axis voltages and rotating frame angle, the
series injected voltage by SSSC can be achieved.

As shown, traditional PI controller is used in these
indirect and direct vector control block diagrams. It is
possible to obtain a good dynamic response of SSSC
with fine tuned PI controllers. However for more
complicated systems improved controllers such as
robust and adaptive controllers can be used.
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Fig. 4 Block diagram of direct control

It is clear that in direct control block diagram there is no
interaction between real and reactive power loops and
so this controller shows better performance.

4 Simulation Results

Computer simulation of a vector—controlled SSSC was
carried out. The MATLAB SIMULINK was employed
for the computer simulation. Referring to Fig. 1, the
simulation parameters are listed in Table 1.

Figures 5(a) and 5(b) show the response of the SSSC for
the change in reference of real power at t=0.5 sec and
reactive power at t=1.5 sec in two direct and indirect
vector control schemes, respectively. It is appear that
Fig.5 (b) shows more interaction between real and
reactive powers.

Table 1 Power system parameters
Vs Vr r L
220V 220V 0.8 Q 10 mH
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Fig. 5(a) Direct control response to step changes
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Fig. 5(b) Indirect control response to step changes

Fig.6 shows SSSC injected voltage and Transmission
line current changes during above real and reactive
power variations at t=0.05 and 0.15sec, respectively. It
is observed that line current changes proportional to real
and reactive power variations and also change in real
power results severe variation in line current with
respect to reactive power.

In either cases increasing active or reactive powers the
SSSC injected voltage is increased. Phase angles of
injected voltages are varied in such a manner that in the
case of increasing active power it remains in quadrature
with line current. However in case of increasing reactive
power it tends to remain in phase with line current.
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Fig. 6 Effect of real and reactive power changes on
injected voltage and line current

Figures 7 and 8 show the variation of injected voltage
and line current during the following changes in only
real power, respectively.

A) Increasing from 2562 to 3500w at t=0.05 sec

B) Decreasing from 2562 to 1500w at t=0.05 sec
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Fig. 7 Effect of increasing real power on injected voltage
and line current
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Fig. 8 Effect of decreasing real power on injected
voltage and line current

Similarly Figures9 and 10 show the variation of injected
voltage and line current during following changes in
only reactive power, respectively.

A) Increasing from 900 to 1600 var at t=0.15 sec

B) Decreasing from 900 to 200 var at t=0.15 sec
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Fig. 9 Effect of increasing reactive power on injected
voltage and line current
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Fig. 10 Effect of decreasing reactive power on injected
voltage and line current

It is observed from Figures 7 and 8 that for only
changes in real power, the injected voltage remains
always in quadrature with line current. In this case it is
also observed that magnitude of the line current is
affected proportional to real power variations [2].Also it
appears that in increasing and decreasing of real power
the phase angle of SSSC injected voltage varies 180
degree.

It is further observed from Figures 9 and 10 that for
only changes in reactive power, the injected voltage
remains in phase with line current [2]. In this case, the
magnitude of line current is not so affected (in
comparison to real power variations, but varies
proportional to reactive power changes as shown in
Figures 9 and 10) but phase of the line current with
respect to the sending—end voltage (and also injective
voltage) is so affected that in C mode it injects a voltage
lagging the line current(Fig.9) and in L mode injects a
voltage leading the line current(Fig.10) [1-4].Similarly
it is clear that in two increasing and decreasing in
reactive power modes the phase angle of SSSC injected
voltage varies 180 degree.

5 Conclusion

The workability of the vector control for controlling AC
transmission line power flows by SSSC was presented.
The indirect and direct controllers were presented based
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on transmission line currents and active and reactive
powers, respectively and the capability of the latter one
in order to decrease compensation interaction, was
studied. For each controller the performances of SSSC
in two cases, active and reactive power compensation
modes were presented. Application of SSSC in
inductive and capacitive compensation modes was
simulated and variations of other line characteristics as
well as SSSC series injected voltage were investigated.
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