Electrical Power Quality and Utilisation, Journal Vol. XIll, No. 2, 2007

The Use of the SSC as Reactive Power Compensator
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Summary: The paper deals with the possibility of employing the Custom Power Static
Series Compensator (SSC), whose primary aim is to compensate voltage sags, also as a
Reactive Power Compensator. The idea arises from the observation that such device does
not work for the majority of time and can therefore be usefully employed for other purposes,
such as power factor corrections. To this aim, an “ad hoc” control algorithm is developed and
thoroughly discussed in the paper. The effectiveness of such control scheme is then tested by
applying the SSC to a load represented by an induction motor in order to improve its power
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factor. The whole system is modelled with the aid of the electromagnetic code PSCAD-EMTDC,
which allows to describe with high detail all its components. The results of the simulations show
the good response of the device, which enables to rapidly increase the power factor of the motor
and maintains the Total Harmonic Distortion (THD) of the injected phase voltages under the
threshold value of 8%, as prescribed by CEI EN 50160 3.11.

I. INTRODUCTION

In the second half of the 1990s, Power Quality has become
a very important aspect of Power Delivery.

The increased interest of the scientific community towards
this subject can be explained in a number of ways [1]. First
of all, equipment has become more sensitive towards voltage
disturbances and companies more sensitive to the deriving
loss of production. On the other side, electronic equipment
itselfis responsible of ‘bad Power Quality’, since it can cause
disturbances to other customers.

Moreover, the deregulated context of the electricity
market has generated a growing need for standardization and
performance criteria. In other words, since a customer can
buy energy somewhere, the transport capacity somewhere
else and pay the local utility for the connection to the grid,
it is no longer clear who is the responsible for Power Quality
and reliability.

It is also well worth noting that the increasing quality of
the supply voltage has convinced customers that electricity
‘must’ always be present. As a consequence, a small deviation
from ideal conditions is seen as a great problem.

All Power Quality phenomena, i.e. deviations of current
or voltage from their ideal waveforms, can be divided into
two main categories: variations and events.

The first ones occur when voltage or current is never
equal to the ideal situation and so constant monitoring is
required [1]. Among these kinds of disturbances, the most
significant are variations in the magnitude and/or in the
frequency. Another important phenomenon that belongs to the
category of variations is the so-called current phase variation
from the ideal condition, in which current and voltage are in
phase, i.e. the power factor is equal to one, which enables the
most efficient energy transport and the cheapest distribution
system. Other variations are voltage unbalance and harmonic
distortion in voltage or current waveform.

On the other hand, events are disturbances which occur
only every once in a while. Probably the most significant
example is the one relevant to interruptions in supply voltage.

Typically, they are characterized by magnitude and duration.
According to these parameters, one talks about voltage or
supply interruptions or voltage dips or voltage sags, but
more than one definition has been given [2-3], so it is not
clear yet how to distinguish between the two categories.
Other events are overvoltages caused by lightning strokes,
switching operations or load reduction. Despite their short
duration, all these events can disrupt an industrial process.
So, the need of dedicated solutions for the mitigation of such
events is great [4] and, since fast response is required, these
technologies, commonly called Custom Power devices [5],
are based on power electronics.

One of them, the Static Series Compensator (SSC), has
been the subject of several investigations in the recent past
[6-9]. Among these studies, in [9] the authors have proposed
an effective control scheme for voltage sag compensation.

It should be underlined that, since a sag is typically
characterized by a duration of some hundreds of milliseconds,
such device could reasonably operate for few minutes in a year.
In light of this fact, the idea of this paper is to suitably modify
the SSC control system proposed in [9] to make it able to both
compensate voltage sags and correct power factor when no
sags occur. This would imply no extra costs for the reactive
power compensation and give rise to a sort of “all in one”
solution that could be appreciated by a customer who has to
spend money for one device, which has two functions.

To test the efficiency of the new control system, the SSC
has been connected in series to a medium voltage (MV) radial
grid, feeding an induction motor. The whole system has been
then implemented into the well-known PSCAD-EMTDC
environment [10].

The paper is organized as follows: in section 2 a brief
overview on the SSC structure is presented, and, next, in
section 3, the SSC control scheme for the reactive power
compensation is derived.

Then, in section 4, some numerical simulations are
performed, whereas, in section 5, a detailed analysis on the
SSC power factor correction capability is carried out.
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Finally, in section 6, some conclusive remarks are
drawn.

II. OVERVIEW ON THE SSC STRUCTURE

The complete SSC structure as well as some guidelines
for the rating of its main components are described in detail
in[9, 11, 12].

Basically, the SSC is connected in series between the
supply network and the protected load, as shown in Figure
1, where:

— vy(?) 1is the supply grid phase voltage;
() 1is the SSC series injection voltage;

— v(?) 1is the load phase voltage;

— i(t) 1isthe load current.

As can be seen from Figure 1, the main components
of a SSC are a DC-side energy source, a Voltage Source
Converter (VSC) with an injection series transformer, a
by-pass equipment, a disconnection equipment and an
harmonic filter [9].

The DC-side energy source is necessary in order to provide
a certain amount of the required load active power, when
an event like voltage sag occurs. During the power factor
correction such energy source has the only aim to compensate
the IGBTs and the series transformer losses, since the SSC
does not exchange any active power with the grid.

The converter employed in the SSC is a Voltage Source
Converter (VSC) controlled by a Pulse Width Modulation
(PWM) technique [13]. The most used VSC is the two-level
converter, but a three-level converter can also be employed.
In particular, the VSC under consideration in the present
paper consists of a Neutral Point Clamped (NPC) three-
level converter. It allows to continuously insert a voltage,
which is identically equal to zero, by properly controlling
the semi-conductor components. This means that, when no
compensation is needed, there are no commutations and, as
a consequence, no switching losses [14].

The most critical disturbances for the SSC are faults
on the load side, that cause high current flows through the
series transformer and the conducting VSC valves. Even
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Fig. 1. SSC general structure

if the turn-off devices are blocked, the fault current may
circulate through the anti-parallel diodes. In order to prevent
these devices from being thermally destroyed, a bypass
equipment is used. This equipment consists of a bypass
electronic switch, made up of two antiparallel thyristors, and
amechanical bypass switch, that allows the entire SSC to be
bypassed (Fig. 1). When the feeder current becomes greater
than a threshold level, the thyristors are triggered and start to
conduct. Thyristors are suitable for this task, having a large
short-time overload current capability and a low cost.

Finally, the passive filter is needed for blocking the high
frequency harmonics generated by the PWM switching
[15].

As far as the rating of these components is concerned [9],
it should be underlined that it has been carried out keeping
in mind the primary aim of the device, i.e. the use as voltage
sag compensator. In the appendix, a careful analysis is carried
out in order to show that the choice of the filters in [9] is
also suitable for the present case, while, in section 5, some
considerations are made on the influence of the rating of the
DC voltage and of the series transformer on the SSC power
factor correction capability.

III. SSC CONTROL SCHEME FOR REACTIVE
POWER COMPENSATION

Let us consider the situation depicted in Figure 2, where a
SSC is placed in a MV radial grid to act as a reactive power
compensator for a wound rotor induction motor.

It is important to highlight that the control scheme we
are going to present is of general application. We chose to
test it in the power factor correction of an induction motor
because it represents a typical industrial application and it
can be easily modelled in an electromagnetic code. Anyway,
the choice of the load and, consequently, of its model, only
influences the process of the regulator synthesis, but not
the validity of the control scheme itself. Other typical loads
that can be considered are the simple-impedance type load
(Fig. 3) and the PQ type load (absorbing constant active and
reactive power). As far as the first one is concerned, let us
comment Figure 3, where there are two circuits with a grid
represented by its Thevenin equivalent, and a load consisting
of aresistance R and an inductance L. In the first circuit, the
active and reactive power absorbed by the load are indicated
as P’ and Q’. Now let us insert a capacitor for the power
factor correction (second circuit). Since the load is a simple-
impedance type load, the absorbed active and reactive power
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Fig. 2. Induction motor fed from a radial grid (R¢ and L are, respectively,
the resistance and the inductance of the cable connecting the motor to the
SSC)
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cannot be the same as before. Therefore, it is not possible
to set up a power factor correction in its conventional form
(i.e. without changing the load absorption).

In addition, the case of the PQ-load cannot be included in
our analysis since such model has no meaning if implemented
in an electromagnetic code like PSCAD-EMTDC. This code,
taking into account electromagnetic transients, does not allow
defining a constant PQ-load.

In the next subsection a suitable model of the induction
motor is developed in order to set up an effective control
algorithm.

A. Induction motor model

As well known, the induction motor can be described in
the Laplace domain by the following set of equations, where
all the variables are intended to be variations from steady-
state conditions:

szd = RéAid-I-SA(p_Sd _a)A(psq
1
Aqu = RSAiq+sA<psq +wApy, M
Av;d = R;Al;d+ SA(psd - ergo:’q =0
2
AV, =RIAi; +sAp, +0,Ap), =0 @
A‘psd =(le+Lm)Aid+LmAi;d 3
Ap,, =(Ly+L,)Ai+L,Ai, ®)
and:
Aply=(Ly +L,)A i,+L,Ai 4
Ag,, =(L,,+L,, )Ai,+L,Ai, @

where, referring to Figure 2:
— AVZd(q) is the stator direct (quadrature) axis voltage
— AV’rd(q) is the rotor direct (quadrature) axis voltage
— Aid(q) is the stator direct (quadrature) axis current
— Al rd(q) 18 the rotor direct (quadrature) axis current
— A(psd(q) is the stator direct (quadrature) axis flux
— Ay’ rd(g) 18 the rotor direct (quadrature) axis flux
— Ry is the stator (rotor) resistance
— Ly 1s the stator (rotor) leakage inductance
— L, is the magnetizing inductance
— o and w,. are the angular frequency and the slip factor.
The symbol ’* has been added to the quantities referred to
the stator.

If one puts (4) and (3) into (2), it readily follows that:

Ay =—a(s)Aiy+B(s)Ai,

Aiy, ==B(s)Aiy —a(s)Ai,

rq

)

being respectively:

L |sR. +(s*+w*)L
o) W[SR, (57 + 0], | ©

R, +sL,)* + 0’12

!
L)

Fig. 3. Simple-impedance type load

and:

R .w L

rr—m

Pls)= R, +sL,)? +0’12 Q)

and having posed L, =L,, +L,;.
Now inserting (5) into (3), one has:

Apyy =L —a(s)L, |Aiy+B(s)L,Ai,

Ap,, ==B(s)L,Ai, +[ L -a(s)L, |Ai, ®)

having defined Ly as L;=L,, + L. Finally, introducing
the above expressions for the stator fluxes into (1), one

gets the following relationship between stator currents and
voltages:

NS =[(RS +wpB(s)L, ) +s(L, —a(s)Lm)]Aid -

©
—[sﬁ(s)Lm —w(LS —a(s)L, )}Aiq

and:
AV, = [(RS +wﬂ(s)Lm)+s(LS —a(s)Lm)]Aiq +

(10)
+[sﬂ(s)Lm ~o(L, —a(s)Lm)]Aid

As can be noticed from equations (9 and 10), the induction
motor model is characterized by two dynamic relationships,
which could make it difficult to perform the control system
synthesis. In order to overcome such problem, one can
simplify equations (9 and 10) by neglecting the slip factor
w,. However, such assumption, which is reasonable at steady
state conditions, will be used only to set the numerical values
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Fig. 4. System model for the control algorithm setup

of the regulator parameters, while the complete model (as
built-in in the PSCAD environment) will be chosen to
perform the numerical simulations.

Setting w,. = 0, one has:

AVyy =a(s)Aiy —a)b(s)Aiq

AV, = wb(s)Aiy +a(s) A, (ah
being respectively:
R.R+s(L,R +LR,)+s(LL ~1L,)
a(s)=—o — : (12a)
(R.+sL,)
and:
2

®, +sL,)

B. Control algorithm

Letus consider Figure 4, where the network is represented
by its Thevenin equivalent (being V the voltage and L the
inductance), the SSC by a voltage source Vg in series with the
transformer leakage inductance L and the cable connecting
the SSC to the motor by the series R, — L.

Recalling (11), one easily gets:

AWy + AV, =(a(s)+sL+R)Aig +[o(L +b(s))] i, =0

(13)
and:
AV, + AV, —(a(s)+sL+ R)Ai, —[o(L+b(s))|Aig =0
(14)

beingL=L.+L,anR=R,.

Equations (13 and 14) represent the system model whose
controlled variables are the series injected voltages AV,
and AV, while the disturbances are the grid voltages AV,
and AV, and the regulated variables are the current Aiy
and Ai,.

As a matter of fact, it can be observed that, choosing the
initial angle of the Park transformation in such a way that
V14 =0, it readily follows that [13]:

{P =V,

. (15)
q =_V1dlq

being p and ¢ the active and reactive power at grid level. As
a consequence, one can evaluate the power factor cosyp as:

i

cos P = 16
Jia +i; (16)
Now, if one is able to control the following ratio:
Iq
k=tgp= i (17)

d

it is then possible to reach the goal of improving the power
factor.

It should be stressed that it is not necessary to control
both the direct axis current and the quadrature axis one, but
only their ratio. This means that another degree of freedom
is present, which can be used imposing that the active power
exchanged between the SSC and the system is zero, that is
to say:

Vsdid + Vsqiq =0 (18)
Thus, recalling (17 and 18), it follows that the two Park

components of the injected voltage are not independent, but
the following relationship must hold:

AVsd :_kAVsq (19)
Finally, indicating with:
Ax, = AV, ~{ o[L+b(s)] }Ai, + A, (20)

the output of the regulator block, the resulting control scheme
is the one depicted in Figure 5, while the resulting control
loop is the one sketched in Figure 6. The control scheme
requires the measurement and the Park transforms of both
the current absorbed by the motor and the network voltage.
As can be seen from Figure 5, the control algorithm includes
a dynamic compensation, whose parameters come out from
measurements. In our analysis, we did not consider the
parameter uncertainties, which can be taken into account
by means of a sensitive analysis in a further development of
this research work.

C. Regulator synthesis

The process transfer function G has the following form:

_ 1 _ ng +ngs
= Rl aw) dy+dys+dys*

e2))

where the meaning of the symbols is the following:
— np= RV
— nm= Lr
_ dO = RrRs + RRr
— dy=R,L,+LR,+LR+LR,
— dy=L,L+L.L, 12
Choosing an integral regulator:

K

R, ()=t (22)
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Fig. 5. Control algorithm for the power factor correction
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Fig. 6. Control loop for the power factor correction

after simple algebraic manipulations, one obtains that the
closed loop transfer function G_(s) has the following form:

K,n0s+K,n152
(K ny +dy)s* + (K, ny +dy))s +d,

G, (s) = (23)

and the poles are:

(K 1y +d) £ (K g +dy ) —4dy (K gy +dy)
2(Kny +dy)

S12 =
(24)

In order to ensure stability, recalling the expressions for
ngy, ny and d;, one must set:

2
| S P D 8

K, > tnbil (25)

Equation (25) implies that, according to our model, the
regulator gain can increase indefinitely without creating
stability problems. Of course, this is due to the approximations
of our mathematical model, since for gains approaching
infinity no doubt the system will become unstable.

IV. NUMERICAL RESULTS

In the following some numerical results are presented and
discussed in order to show the effectiveness of the developed
control scheme. The main numerical data are summarized in
Table 1.

As a test case, we have considered the situation in which
an induction motor starts without any mechanical load; after
1.2 seconds its rated mechanical torque is applied, and after
another transient of about 0.8 s, the machine reaches its steady
state conditions, with power factor 0.85. Then, at =5 s, the
control system is applied in order to increase cosy to 0.9.

In Figure 7, it is shown that the power factor increases
from about 0.85 to 0.9, while the absolute value of the ratio
k (which is negative, being the motor an inductive load)
defined in (17) decreases to 0.5 (see Fig. 8).

The active and reactive powers at the grid bus, defined
in (15), have been plotted in Figures 9 and 10 respectively.
As can be seen, the active power does not vary significantly,

Table 1. Main parameters of the test case.

Rated voltage 15kV
Supply network Short circuit power 100 MVA
Frequency 50 Hz
Rated power 0.6 MVA
Primary rated voltage 4.33kV
Series Secondary rated voltage 1.33kV
transformer Yy g '
Short circuit voltage 5%
Winding connection Yy
Voltage source DC-side rated voltage 4kV
converter Frequency modulation ratio mf=78
Filter resistance 1Q
Harmonic filter
Filter capacitance 500 uF
Rated power 1.2 MVA
Primary rated voltage 15kV
Step down Secondary rated voltage 6.1 kV
transformer
Short circuit voltage 5%
Winding connection Yy
Rated power 1.087 MVA
Rated voltage 6 kV
Induction motor Rated current 105 A
. Frequency 50 Hz
Angular moment of inertia
(Ta=2H) 0.47 s
Stator resistance 0.015 p.u.
Induction motor:  Rotor resistance 0.1 p.u.
eguwglent Stator leakage inductance 0.2 pu.
circuit
parameters Rotor leakage inductance 0.2 p.u.
Magnetizing inductance 3.5pu.
Resistance 30 mQ
Cable
Inductance 0.06 mH
DC Capacitor Capacitance 52 mF
Regulator Gain 100

while the reactive one decreases, as requested by the control
algorithm.
The active and reactive powers of the motor defined as:

P VZdld + Vquq (31)
dm = _V2diq + VZqid
are plotted in Figures 11 and 12. As can be seen, there are
no significant variations due to the compensation action; this
confirms the fact that, for simple applications, the induction
motor operating at steady state conditions can be considered
as a constant power load.

Figures 13 and 14 the mechanical speed and the motor
torque (in p.u. on motor basis) are plotted. As can be noticed,
there is a slight variation on the speed, from 0.895 p.u. to
091 p.u.

As far as the voltages are concerned, it can be noted that
the network one does not vary (Fig. 15), while the load one
grows up from 5.8 kV to 6.2 kV, being the rated one 6 kV
(Fig. 16).
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Fig. 9. Active power at the grid bus

Such deviation seems to be acceptable, being 200/6000 =
3.3%, which is lower than 5% [2].

In Figure 17, the injected phase voltages are plotted. We
can observe that the PWM harmonics are attenuated by the
passive filters; we have also verified that the Total Harmonic
Distortion (THD) is lower than 8%, as prescribed by CEI
EN 50160 3.11 [2].

Finally, Fig. 18 shows that the DC side voltage does not
decrease substantially. Actually, due to constraint (18), it
should be constant. But the DC capacitor has to compensate
the IGBT losses, as well as the resistance filter ones and this
means that, for compensations of higher entity, (18) is not
sufficient to prevent the DC capacitor from discharging and
so another control loop should be implemented in order to
keep the DC voltage sufficiently near to its rated value.
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Fig. 10. Reactive power at the grid bus
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Fig. 12. Reactive power at the motor bus

V. POWER FACTOR CORRECTION CAPABILITY

As mentioned in section II, the SSC rating has been chosen
in order to compensate voltage sags [6]. In this section, a
simple analysis will be carried out to demonstrate how such
choice affects the SSC power factor correction capability.

Let us reconsider (9 and 10); combining them with
Kirchhoff Voltage Law (KVL) applied to circuit of Figure
4, at steady state conditions [13] one has:

Vig + Vo = ciiqg—¢4 1, (32)

and:
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qu +Vsq = ¢yl t ¢y (33)
being:
cg =R+Rg+wp(0)L, (34)
and:

cq=L+LS—a(0)Lm (35)

Equations (32 and 33), for assigned Vy, and V, (in our
case Vi, =0, as mentioned in section 3), form a system of two
equations and four unknowns, namely iy, i,, Vs and V.

)

Load voltage abs [kV]
w
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Fig. 16. RMS value of the motor line-to-line voltage
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Fig. 18. DC side voltage

Recalling now (17 and 19), one easily gets the two missing
equations necessary to solve the system, i.e.:

and:

Sq:

c_ Vi . _ KV

. ¢ (1+#) wd ¢ (1+#) G0
(heareg)Via oy Hlbeare)Vu o
cd(1+k2) cd(1+k2)
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Fig. 20. SSC compensation capability: power factor, motor voltage and
current

Equations (36 and 37) express the d-g axis motor current
and the d-g axis voltages the VSC has to inject to obtain
the desired power factor (i.e. for an assigned k). Finally, the
amplitude of such current and voltage are given by:

2 _ V1d2
! e (1+#%) (%)
V2 = M (39)

¢, (1+k2)

| osp=—ls
In Figure 19, the power factor 1+ k° ,the injected
voltage V and the maximum voltage that can be inserted
[9] have been plotted as a function of k, while in Figure 20
the power factor appears together with the RMS value of
the current and of the motor voltage. This latter has been
calculated applying again KVL to circuit of Figure 4.

As can be seen from Figure 19, the maximum voltage
that can be inserted is higher than the required voltage
to obtain power factor equal to one, so from this point of
view the system seems to be effective. But since the motor
voltage grows up more rapidly than cosp (see Fig. 20), the
overvoltage protection tripping could occur ‘before’ the full
compensation of the reactive power. This means that, in some
cases, only small compensations are possible.

VI. CONCLUSIONS AND PERSPECTIVES
OF FUTURE WORK

In this paper the use of the SSC as reactive power
compensator has been analyzed and discussed.

An effective control algorithm has been developed and
implemented in order to reach the power factor correction.

Such control scheme has been tested in a real situation,
namely the improvement of the power factor of an induction
motor fed from a MV radial grid. The whole system has been
modeled with the aid of the electromagnetic code PSCAD-
EMTDC, which allows to describe all the components with
high detail.

Future activity will concern the possibility of applying
the algorithm in more complex situations, such as many
induction motors fed from a bus connected to a SSC or a
motor provided with an automatic speed control loop.

Finally, if the system requires compensation of higher
entity, it will be necessary to implement a control loop also
able to keep the DC side voltage constant.

VII. APPENDIX — THE HARMONIC FILTER

Let us consider the circuit of Figure 21, where the SSC
is represented by an ideal voltage source K,V ;,, being h the
generic harmonic order.

Since the motor equations are given in the Park domain,
all the analysis will be carried out considering for all the
phase variables (x,, x;, x.) the corresponding Park space
vector x =x, — jx, -

As a consequence, in the frequency domain, one has:

V\'h = Egh _jthSlTlh + JIWL.s-le - Rcflh - a(jhw)flh - jwb(jhw)ﬂhv

Vsh = _kvch - jthi}h + ij173/z ’
_ Jho _

VhZ_RflTZh_ ip=J & iy Al
! C,(1-h)w’ C,(1-h)w’ (AD)
being Li=L.+L,.
—. Ess jhels Re jhalc S
LeF ELER SO —— M
1
R jhaaCe
K1Weh jhemlT ia
L ‘Wsh +

Fig. 21. Equivalent circuit for the harmonic filter design
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Fig. 22. Harmonic filter response

Now applying the Millmann theorem to the circuit
sketched in Figure 21, one has:

Eg,h +Kt c,h
v - 4 Z,
s,h_i+i+i (A2)
Zl ZZ Z3

being, respectively:

Z, =R+ j(h-DwL, +a(jho) - job(ihw)  (A3)
Z, = j(h-NoL, (A4)
and:
_ 1
L= Re S e (A5)

Now, imposing that, for the minimum harmonic order /4

min>

V,
—5h << and, for the fundamental
tYeh e
\/s h
frequency (h = 1), one should have —=—
obtain the values for Rrand Cp. tYch
In Figure 22, the filter response is plotted as a function
of the harmonic order h (R=1 W and C;=500 mF). As can
be noticed the existing harmonic orders, approximately near

h=m=178, are properly attenuated.

it must hold true that

=1, one can
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