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Improved STATCOM efficiency using a hybrid technique based
on sliding mode control and proportional integral control

Abstract. Static compensators of reactive power (STATCOMSs) are among the most efficient devices for improving the network power quality. The
efficiency of such devices is largely determined by the used automatic control technique. In this work, we propose an advanced hybrid algorithm
based on Sliding Mode Control (SMC) combined with classical proportional-Integral (Pl) technique. To show the efficiency of the proposed method, a
comparison with the traditional Pl control is performed. The comparison focused mainly on dynamic performance and grid harmonic pollution.

Streszczenie. Jako$¢ dziatania kompensatora mocy biernej STATCOM zalezy od wiasciwos$ci uktadu automatycznego sterowania. W pracy
zaprezentowano hybrydowy algorytm bazujgcy na sterowaniu $lizgowym wspoéipracujacy z klasycznym sterownikiem Pl. Poprawa skutecznosci
STATCOM przez zastosowanie algorytmu hybrydowego bedacego kombinacja na sterowania slizgowego i regulatora Pl
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Introduction

Currently, power networks are saturated with
asymmetric and non-linear loads and the balance between
electrical power production and consumption requires a
constant monitoring. In addition, they are growing rapidly
and becoming increasingly complex and difficult to control
with the integration of decentralized renewable energy
sources. Thus, without sophisticated and adequate control
devices, many problems can occur on power networks,
such as excessive reactive power transit in the power lines
and voltage dips between different parts of the network,
which results in a decrease of the power quality at the
common coupling points (CCPs) and many customers may
face severe technical and economic consequences related
to poor energy quality [1-4]. Indeed, disturbances such as
voltage fluctuations, flickers, harmonics or imbalances can
disrupt the operation of many devices and cause the
closure of certain industrial processes. Therefore,
compensation for these disturbances is necessary and the
use of equipment to improve the quality of the electric
power has recently increased [5-7].

The traditional electromechanical devices used for
power networks control have slow dynamics and are
insufficient to answer efficiently the disturbances. The rapid
development of power electronics has improved
considerably the operating conditions of power networks by
providing efficient control devices known by the acronym
FACTS (Flexible Alternate Current Transmission Systems)
[8, 9]. The latter mainly consist of voltage (or current)
converters, linked to capacitors as DC voltage source.
Depending on their connection to the power network, these
converters can be distinguished as shunt compensators
(STATCOM: static compensator), series compensators
(SSSC: Static Synchronous Series Compensator) and
hybrid compensators (UPFC: Unified Power Flow
Controller).

The STATCOM is one widely used for reactive energy
compensation and therefore for regulating the voltage at the
bus bar to witch it's connected [10]. By use of a DC voltage
source, it generates a three-phase AC voltage,
synchronous with the power network voltage. Generally, no
active power is involved; only the reactive power is
exchanged between the STATCOM and the power network,
which allows both to correct the power factor and to
compensate for voltage drops, thus improving the power
quality [11, 12].

The operating principle of the STATCOM is based on an
adjustment of the voltage at the common coupling point

(CCP) by means of two loops: one internal regulates the
current and the other external adjusts the voltage, so as to
inject or absorb reactive power with zero active power. It
has several advantages such as:

o Efficiency at low voltage: The STATCOM can supply its

nominal current even at almost zero voltage [10].
¢ Good dynamic response: The system responds instantly

in real time [10].

Many research works conducted in recent years showed
that the efficiency of STATCOM depends largely on the
accuracy and robustness of the adopted control technique
[2, 13]. Generally, conventional Pl controllers are simple
and accurate, however, they are strongly affected by
parameter variations and they may suffer from stability
problems, as shown in [14]. In [15, 16], the authors propose
a fuzzy logic control of a D-STATCOM (D-STATCOM: the
STATCOM is connected to a low voltage distribution
network) and the results are compared to those of a
conventional Pl control. However, it should be noted that
this new technique has a long response time and a noisy
steady state. In [17, 18], the authors attempt to improve the
performance of a low voltage D-STATCOM (D-STATCOM:
the STATCOM is connected to a low voltage distribution
grid without use of transformer). For this purpose sliding
mode controllers are used in the inner current loops and PI
controllers are used in the outer voltage loops.

In the present work, we are interested in improving the
performance of a high-voltage electrical network using a
STATCOM associated with a step-up transformer. Knowing
that the STATCOM control technique is paramount to obtain
good dynamic performance, we propose a hybrid method
that consists first in a nonlinear sliding mode control for the
internal current loops in order to improve the dynamics,
then in a classical Pl control for external voltage loops. To
show the improvement provided by the sliding mode control
technique, we compare the obtained results with those of
an exclusive Pl control.

First, the mathematical model of the STATCOM with the
step up transformer is set, then we briefly present the
classical Pl control, thirdly The SMC technique is well
developed, followed by the results analysis, finally the last
section concludes the paper.

Modeling of the STATCOM

The STATCOM can be represented by the equivalent
diagram of (Fig.1). For the modeling of the STATCOM, only
the busbar of the common coupling point (CCP) is
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considered and the DC source is assumed to be constant
(Fig.1.a). The equivalent circuit of Fig.1.b is therefore an AC
voltage source vy, connected to a node of the network by
the inductor Ly, of the coupling transformer and a resistor
Ry, representing the ohmic losses of the transformer and
the switching losses in the inverter [9]. The current i,
depends on the difference between the node voltage v, and
the adjustable voltage v, of the STATCOM [15].

The amount of reactive power exchanged between the
STATCOM and the network is adjusted by action on the
amplitude of the STATCOM voltagev,. This reactive
energy is either injected into the network or extracted from
the network, which allows regulating the busbar voltage v,

at a wanted value [19].
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- STATCOM == == m e e e - !

a. Bloc diagram b. Equivalent circuit
Fig.1. Equivalent diagram of a STATCOM

The application of Kirchhoff's laws on the equivalent
circuit of Fig.1.b gives:

. disha
Vsha ~Vra = Renigha + Ly
dt
. digpy
(1) Vs = Vib = Rsplgnp + Lgp i
. dishc
Vshe ~Vre = Repighe + Lgp dt

(V> V)1 - v, ): Three phase voltages at the CCP.
(Vgia » Ve » Vsie ): Three phase voltages at the output of the
STATCOM.

( l.vha > Lsnp l.vhc

): Three phase shunt current of the STATCOM.

The well known Park transformation allows the transition
from a balanced three phase system (a, b, c) to a rotating
frame with only two orthogonal axes (d, g) as follows:

T

X Ya
@) { d} = P(0) x,

X

where: (x,,x;,,x.): Phase components of the three phase

system (voltage, current ...).
(xd,xq ) : Park components. 8: Angle between the phase

axis a and the rotating axis d.
P(H): Transformation matrix.

[P(0)]= \/5 cos(8) cos(0—2x/3) cos(0+2x/3)
"\ 3|sin(0) sin(@-27/3) sin(@+27/3)

The inverse Park transformation allows the return to phase
components (a, b, c) as follows:

X

a

3) x, |=P(0)" {xd}

P(6)": Inverse transformation matrix.
cos(6) sin(&)
2 cos(8@—-2x/3) sin(d-27/3)
cos(@+2x/3) sin(@+27/3)

[P(0)]=

Considering & = 2zt ( f: frequency of the grid currents),

the application of park transformation to equation (1) gives
[20]:

digy

— L

Vora ~Vea = Roplga + Ly,

(4) :

di
_ . shq
vrq - Rshl + Lsh

shq

v + a)Lsh lshd

shq — shq

Then, we can write the following state equation of the
STATCOM:

- Re L

(5) d | tsha | _| Ly, Lsha | 1 | Vsha = Vra
dt _ishq —w - Rsh ishq Lsh Vshg = Vryq
sh

. _
{ Shd} = ul} : Input vector of the system.
U

i
{:‘hd } : State variables of the system.
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Classical PI control strategy

This strategy is well known in the literature; it is based
on two internal and two external loops, as shown in Fig.2.
The external loops allow each to adjust the active and

reactive currents i;,, and i":hq, while the two inner loops

each achieve a Pl control of reference voltages v,,, and.

*

sha In the first external loop, the measured DC voltage

v
U,.is compared to its reference and an active reference

current i;,,is generated [8] and in the second loop, the
reactive current is generated by comparing the coupling
voltage v, with its reference v;. The outputs of the two

internal controllers give the reference voltages v;,, and v:hq

using a PLL (phase-locked loop). Finally, the phase
voltages are calculated using the inverse Park transform,
and used for the generation of switching signals (Fig.2).

The synthesis of the PI controllers is based on the block
diagram presented in Fig.3 and the pole compensation
method is used to determine the Pl parameters. To obtain a
satisfactory adjustment in the inner loops, a decoupling
between the active and reactive currents is required.

1 Loha

s Ry +s.Ly,

shq

Fig.3. Block diagram of PI control of i, , and i qcurrents

h
Proposed Sliding mode control of the STATCOM
Sliding mode control technique

Sliding mode control (SMC) has been very successful in
recent years due to the simplicity of its implementation and
its robustness to system uncertainties and external process
disturbances [17, 20]. This technique forces the state
trajectory of the considered system to reach and then slide
on a desired surface using appropriate switching logic [20].
The implementation of this technique requires three steps:

First step: Choice of the sliding surface.
Let' consider a nonlinear system described by the following
state equation (6):
x=f(x)+g(x).u
) { f(0)+g(x)

xeR" ,ueR”

Where, f(x)and g(x) are two nonlinear functions.

Note that the number of sliding surfaces is equal to the
number of inputs. Thus, such input vector u of dimension
m requires m sliding surfaces.

As proposed by [21], the general shape of the sliding
surface that ensures the convergence of a state variable x

to its set value x*, is described by the following expression:
2 r—1
(7) S(x) = (5 + lj e(x)

Where:

e(x): The difference between the variable to be regulated
and its reference.

A : Positive constant.

r : Relative degree, equal to the number of derivatives of
the output to make the command appear.

Second step: Verification of de convergence condition.
The condition of convergence is defined by the Lyapunov
equation, which makes the surface attractive and invariant:

(8) S(x)S(x)<0

Third step: Determination of the control law.
The control law which allows bringing the output to the
sliding surface is determined by use of the equivalent

command u,, and the attractive command u, as follows:

(9) U=U, + Uy,

u,: as attractive command, used to bring the controlled
variable to the sliding surface.
u,, : equivalent command, used to maintain the controlled

variable on the sliding surface.
The derivative of the sliding surface is expressed as follows:

(10) ﬁ:ﬁ@
dt dx dt

Replacing % by its expression in Eq.(6), equation (10)
t

becomes:

as dS das
(11) Z—E{f(x)+g(x)-ueq}+5g(x)-uc—0

This control law is applied in the two following situations:
e Once the system has reached the sliding surface, the
attractive command is canceled (u, = 0) and the

equivalent command can be expressed as follows:

-1
(12) ueq=—{fl—fg(x)} {%f(x)}

¢ As long as the system has not yet reached the sliding
surface, the attractive command u, is set as follows:

(13)  u, = kS —k, sign(S(x))
Where k; and k, are positive constants.

To eliminate the Chattering problem, we approximate
the nonlinear sign function " sign(.) " in equation (13), by the

smooth function " tanh(.)" as in [17, 20], which allows

avoiding the abrupt change from -1 to +1 imposed by the
sign function, thus:

(14) sign(s (x)) ~ tanh(S (x))

Application to the STATCOM
In this section, the SM controller is applied to the
STATCOM as an alternative to the two internal Pl loops of

the reference voltages v, and v, , (Fig.4).

Since two variables need control, two sliding surfaces are
required as follows:

d t
(15) S :(Ew‘j{el

d t
(16) S, :(EJ”%ZJM
0

Where:
(17)

(18)

* .

€1 = lsnd ~lsha

oK .
€2 = lsng ~ lsng
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By considering the commands u; = v, and u, =vg,,

state equation (5) becomes:

d R
19 —igy ==t @i, ——V,, +—Uu
( ) dt shd Ll‘,h shd shq Lsh rd Lxh 1
d R, _ 1 1
(20) Elé‘hq = —L—Shlshq — .1y, —7\/’,‘1 +Tyhuz
Where:
1) w =u,, tu,
(22) Uy =U,, +U,

By introducing equations (17) and (18) into equations (15)
and (16) respectively, the derivatives of the sliding surfaces
are obtained as follows:

(23) S, = l::hq _l:shq +A.e,— e (0)
(24) SZ = l::hq - Z:Shq + ﬂ’Z'eZ - 22'62 (O)

Then, introducing equation (19) in (23) and equation (20) in
(24), we obtain:

sh -+ . 1 1
Lsha — a)'lshq + Vid — Uy

§, =i
(25) Lsh Lsh Lsh
+ e, — 1. (0)

S, =i’ +R‘hl + @iy, + lv 1u
2 Ttshg T tshg shd T Vg T T, Y2
(26) Lsh Lsh Lsh
+ﬂ/2.ez _12.62 (0)
Taking into account the two conditons S, =5, =0
andu, =u, =0, the equivalent commands u,, and u,,

can be obtained as follows:

Ik . .
u ql = Lshlshd + Rshlshd - Lshwlshq + Vrd

+ Ly (e = (0))

+ L1, + Vig

(27)

u

(28) eq2 = Lshishq + Rshi

shq
+ Ly, (ez —€ (O))

The attractive commands u, and 4., are calculated so as
to satisfy the following conditions:

(29) {Sl =-a8, - f sign(Sl)
Sr =-a,8, —ﬂzsign(Sz)
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Using the expressions of Uoql and Uegr (Eq.(27) and

Eq.(28)) in Eq.(21) and Eq.(22) and then replacing the
obtained expressions of u; and u, in Eq.(25) and Eq.(26)
we obtain:

(0) S =—u,
'sh

@) S=—u

2 LS],, c2

Replacing S, and S, by their expressions (Eq.(30) and
Eq.(31)) in Eq.(29), it becomes:
(32) ug ==Ly — B Ly sign (S,)

(33) U, =-0a,LyS, — B,L, sign(S,)

Finally, equations (32) and (33) are introduced in equations
(21) and (22), we obtain:

Uy = Lighg + Ropigng = Lp@igpg +Vyg
+ LA {er —e(0) = Ly Sy = Bi Ly, sign(Sy)

% .
2= Lshlshq + Rshl

(34)

shq + Lg,0ig, +Vyy

(33)
+ Ly (e; —,(0)) - @y Ly S, = Bo Ly, sign(S,)
Simulations and results analysis
Simulations
The single-line diagram of the power network used to
validate the operation of the proposed STATCOM is shown
in Fig.5.

v, vy
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n Section Line oy
g
5 Ly Ly Ls
S
= Vsh
J @ Statcom

C
Fig.5.Single-line diagram of the studied network
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The considered network consists of a 400 KV generator
with a nominal power of 1000 MVA and a power line of 100
km modeled in z . Transformer T, lowers the voltage from
400 kV (mains voltage) to 20 kV (output voltage of the
STATCOM). Simulations are performed in per unit system
by using Sg = 1000 MVA and Ug = 400 kV as base values,
while the voltage of the generator busbar is Vs = 1.0 pu.

Three loads (L1, L2 and L3) are connected to the
busbar " r" as follows:

e |Initially (t < 0), no load is connected, all breakers are
open.
e Attime (t =0 s), an inductive load (L1: P4 = 1.0 pu and

Q1 = 0.4 pu) is connected.

e Attime (f = 0.5 s), a second inductive load L2 is added

(L2: P, =0.5pu, Q2 =0.4pu).

e Attime (t =1 s), a third capacitive load L3 is also added

(L3: P3 =0.3 pu, Qac=0.2 pu, Q3= 0.01 pu).

e Finally at time (t = 1.5 s) the inductive loads L1 and L2
are disconnected; only the capacitive load L3 is
maintained.

Results analysis

Fig.6 shows the voltage drop caused by the inductive
load L2 at time t = 0.5 s at both source and load bus bars.
This voltage drop is naturally damped by the capacitive load
connection L3 at time f = 1 s. Finally, the disconnection of
all inductive loads in the last transition at time t = 1.5 s,
resulted in a capacitive load flow, which caused a surge at
the two busbars. Note that the effect of the load variation on
the source busbar is attenuated.

Fig.7 shows the resulting phase shift between the
voltage and the current in both cases: inductive load
between t = 0.9 s and t = 0.96 s (Fig.7.a) and capacitive
load between t = 1.9 s and t = 1.96 s (Fig.7.b).

Voltage (pu)

Fig.6. Source voltage v, and load voltage v, before compensation

) =
= S
< <
o 3
E 3
o o
o5 o8
() [0
(o)} (o))
S &
o o
> 9 1 I > 5
0.9 0.91 0.92 0.93 1.9 1.91 1.92 1.93

Time(s)
b. Case of capacitive load

Time(s)
a. Case of inductive load

Fig.7.Grid voltage v, and current i before compensation

Figs.8-13 show some simulation results after
compensation. The proposed SMC control is compared to
conventional Pl control.

Fig.8.a (PI control) and Fig.8.b (SM control) show that
the STATCOM provides reactive current (i, >0) for

inductive loads and absorbs reactive current (i, <0) for

capacitive loads. Indeed, from t = 0 s to { = 0.5 s, only the
inductive load L1 is connected; the STATCOM injects a
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small amount of reactive power Qsh = 0.45 pu in order to
maintain the load voltage v, at 1.0 pu. With the addition of

the inductive load L2 at t = 0.5 s, more reactive power is
then required and the STATCOM injects Qsh = 0.92 pu as
shown in Fig.9.b. By connecting the capacitive load L3 at t =
1 s, the reactive power provided by the STATCOM
decreases from Qsh = 0.92 pu to Qsh = 0.8 pu because of
the capacitive effect of this load (Fig.9.b). In the last step ( ¢
> 1.5 s), only the capacitive load is connected, an
overvoltage appears on the load busbar and forces the
STATCOM to operate in inductive mode to absorb the
reactive power from the network, in order to maintain v, at

its nominal value, (Fig.9.b); during this step, Ishg changes

sign and becomes negative. We notice the low value of
active power consumed by the STATCOM to compensate
for losses in the power switches of static converter (Fig.9.a).
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Fig.8. STATCOM currents i, and ishq after compensation

Fig.10.b shows that the voltage of the load busbar is
well regulated at its nominal value v, = 1.0 pu. In addition,

a positive effect is noted on the voltage v,, which becomes
very close to its nominal value, (Fig.10.a).
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Fig.9. Active and reactive power after Pl and SMC compensation
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Fig.12. Grid voltage vs and current i; after compensation

In addition, Figs.8-10 show that the proposed SM
control is much more effective than PI control. To better
appreciate this effectiveness, Figs.11.a-11.d show the
dynamic behavior of v, voltage under the two control

techniques; it appears clearly that SM control gives faster
dynamics with less oscillation than PI control.

As an indication, Figs.12.a-12.b show that the voltage
v;and the current i, are in phase in steady state after

compensation; this indicates that there is no transit of
reactive power between the source and the load after
compensation.

Globally, Figs.8-11 show that the proposed SM control
is much more effective than Pl control. Indeed, SM control
gives faster dynamics with less oscillation than Pl control.

Moreover, a comparison of the harmonic spectra of the
source current is for the two control techniques (Pl and SM)
shows a lower THD (Total Harmonic Distortion) for the SM
control, (Fig.13).

Fundamental (50Hz) = 0.3018 , THD= 2.42%
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Fig.13. Harmonic spectrum of the source current i

To carry out an accurate comparison between the SM
control and the PI control, we define the following two cost
functions: [22]:

Jy = o.sf(uf vul
i=1

J, = o.sf (ef +e§)
i=1

(36)

(37)

Where:

e p is the length of each of the control vector u and the
error vector e during a given simulation time.

¢ Function J, defines an energy performance criterion.

e Function J,defines a criterion of control efficiency.
Note:
Table 1 compares between the two control techniques; it

appears clearly that SM control is more efficient than PI
control according to the above two criteria.

Table 1. Comparison between the two control techniques p=61441

Controller Ji J
SM Controller 103.22 2.02 10°
Pl controller 197.06 6.00 107
Conclusion

The main purpose of this paper is the improvement of
the performance of a STATCOM by use of a hybrid control
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technique based on SM control and PI control. This new
control technique is developed and adapted to the proposed
system. Finally the simulation results show a substantial
improvement in system performance both in terms of
STATCOM dynamics and network power quality.
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