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Abstract-- Voltage profile improvement has become a challenging
issue in micro-grids. With addition of renewable sources like
wind energy conversion systems, the task becomes more difficult.
Static Synchronous Compensator (STATCOM) is very often
utilized to improve the voltage profile of micro-grids. In this
work, two micro-grid systems are dynamically modelled and
simulated using Matlab/Simulink. The first micro-grid has a
single diesel engine driven synchronous generator. The second
micro-grid has one diesel engine driven synchronous generator
and a doubly fed induction generator based wind energy
conversion system. The STATCOM is connected to the load bus
in both the micro-grids. Sliding mode controller is used for the
control of STATCOM for voltage profile improvement of micro-
grid. The performance of sliding mode controller based
STATCOM is analysed and compared with the performance of
conventional PI controller based STATCOM. The evaluation of
performance is done for both the micro-grids. The loads in both
the micro-grids are concentrated and time varying. The
robustness of the sliding mode controller based STATCOM is
established with three different load changes and comparison of
the results.

Keywords—STATCOM, Micro-grid, sliding mode control, DFIG,
grid side converter, rotor side converter, grid voltage oriented
vector control, stator flux oriented vector control

L INTRODUCTION

Voltage fluctuation has become very critical issue in
power system. The problem is more severe with small/ micro-
grids. Again introduction of renewable power generation units
to the micro-grid system further increases the severity of the
problem. Among all the renewable sources of energy wind has
the most random behaviour. So, it is a challenging task to
control the power flow in a wind energy conversion system
(WECS).

Normally WECS employ induction machines for power
generation due to its robustness and maintenance free
operation. But induction machines suffer from issues such as
low power factor and sluggish control due to the inherent
coupling of active and reactive power [1]-[3]. Many control
schemes such as vector control [4], [5], direct torque control
[6] have been implemented to improve the performance of
WECS. In [7] a WECS employing doubly fed induction
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generator (DFIG) is described which works in unity power
factor condition. Vector control strategy is implemented for
the control of rotor side converter (RSC) and grid side
converter (GSC) in that work. A squirrel cage induction
machine based WECS is analysed in [8], [9]. There fuzzy
logic controller based vector control strategy is implemented
for the performance improvement of the system. A permanent
magnet synchronous generator (PMSG) based WECS which
works in isolated mode is discussed in [10] where a novel
vector control approach for GSC of the WECS is implemented.
A direct torque control scheme for a DFIG based WECS is
discussed in [11]. All the control schemes discussed above are
complex and expensive but required to make WECS more
reliable and the power control of the WECS more efficient.

Introducing a WECS into micro-grid system has the most
adverse effect on the voltage profile of the micro-grid due to
its random nature. Again the micro-grid systems are
vulnerable during sudden load changes. Large load changes
can cause voltage instability and serious blackouts.

To overcome these problems many flexible AC
transmission system devices such as Static VAR Compensator
(SVC) [12] and Static Synchronous Compensator (STATCOM)
[12], [13] have been developed. The reactive power
compensation done by these devices can fairly reduce the
voltage fluctuations and improve the voltage stability of
micro-grid system. Normally SVCs are slower than
STATCOMs and they also introduce more harmonics into the
system as compared to STATCOM:s [14]. So, STATCOMs are
often preferred for reactive power compensation, as they
provide smoother and faster reactive power control.

The design aspects of STATCOM are given in [15]. An
active power filter used for reactive power compensation is
described in [16] with its detailed design process. In [16] the
authors have designed a fuzzy controller based active power
filter, capable of supplying reactive power. A lot of research
has been done on the control of STATCOM in the last few
years. In [14], [17], [18] vector control strategy has been
implemented for the control of STATCOM. The control in
these papers was done in synchronously rotating references
frame. Again a new control scheme is analysed in [19] for the



control of STATCOM used for providing reactive power to a
self excited induction generator.

A hysteresis current controller based control scheme is
analysed and implemented in [20] for the control of
STATCOM for reactive power compensation of an SEIG. In
all of the above mentioned papers mostly conventional PI
controllers are used for control of the active and reactive
power loops. But many robust controllers such as Fuzzy logic
controller [21], [22] and sliding mode controllers [23] have
been developed in the recent years which can provide better
control as compared to conventional PI controllers. In [24] a
sliding mode controller (SMC) based vector control scheme
for a DFIG control is discussed. The use of SMC for the
control of induction motor is described in [25]. A permanent
magnet synchronous generator controlled by vector control
employing sliding mode controller is discussed in [26]. [27],
[28] show different types of sliding mode controller such as
second order and high order for the control of PMSG and
DFIG, respectively.

This work emphasizes on the benefits of SMC used for the
control of reactive power in a STATCOM. A SMC based
STATCOM is analysed in the work, where the performance of
the SMC based STATCOM is evaluated with two different
system models. The first system model is of a micro-grid
consists of a single diesel engine driven generator supplying
power to a varying load and second system is a micro-grid
consisting of a diesel engine driven generator and a wind
energy conversion system supplying power to a load.

The WECS considered in the work is a DFIG based system
modelled and controlled to work in unity power factor mode
of operation. Vector control strategy is used for the control of
WECS. In both cases the STATCOM is connected at the load
bus to improve its voltage profile. The performance of the
SMC based STATCOM is analysed and compared with
conventional PI controller based STATCOM. The complete
system is dynamically modelled and simulated using Matlab/
Simulink environment.

II. MODEL DESCRIPTION

The work discussed in the following sections is based
upon two different types of micro-grids. The first type
comprises of a single diesel alternator (670 kVA) which feeds
power to a load through a transmission line. Similarly, the
second micro-grid system comprises of a diesel generator (670
kVA) and a DFIG based WECS feeding power to a
concentrated load through two different transmission lines. In
both cases the STATCOM is connected at the load bus for
voltage profile improvement as shown in Fig.1. The Fig. 1(a)
and Fig. 1(b) show the two micro-grid systems with
STATCOM connected at the load bus. The WECS consists of
two DFIGs (22 kW each) as shown in Fig.1 (b) and Fig.1 (¢).

The alternators described in the work are diesel engine
driven machines. Other types of prime movers such as micro
thermal or micro hydro systems can also be considered. The
alternators are dynamically modelled in synchronously
rotating reference frame [29], [30]. The model of Automatic
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Voltage Regulator (AVR), diesel engine and governor are
given in [31].

A stator flux oriented vector control strategy [7] is
implemented for the control of the rotor side converters: RSC-
1 and RSC-2 of the WECS where as a grid voltage oriented
vector control strategy [32] is used for the control of the grid
side converter (GSC) of WECS as shown in Fig.1 (c). The
DFIG is modelled in synchronously rotating reference frame
[31, [29].

I1I. MODELLING OF STATCOM

The STATCOM is connected to the load bus through a
filter inductor. The three phase voltages at the load bus are
Vo', Vi’ and V., whereas at the inverter terminal the
respective voltages are V', Vi’ and Ve;’. The voltage
equation at the STATCOM terminals is given as in (1).

1

V.

abe

Where, i, is the current taken by the STATCOM.

Again on the DC side of the STATCOM the voltage equation
is written as in (2).

=V,

a
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b+ L—;;'( + Riy,
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Where, i¢ is the capacitor current given as in (3).
€)

Where, s, 55, 53, 54, S5, 56 are the switching states of the six
switches of the inverter. These values are 1 when the
respective switch is on and 0 when the switch is off.

ic =i, (s —5q)+iy (55— 56)+i. (55— 5,)

Iv. CONTROL OF STATCOM

Control structure of the STATCOM is shown in Fig. 2.
Control of STATCOM is done in stationary reference frame.
The voltages at the load bus are first sensed and from voltages,
the peak value of the voltage is calculated from (4).

=302+ +r2) @

Then the in phase voltage templates are obtained by
dividing ‘Vmax " to each voltage signal
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u, = sin ot

Similarly,

u, = sin((ot - 120)

u, =sin(c0t—240) ©)
Where, ‘u,’, ‘up’and ‘u.’ are the in phase voltage templates.

Then the quadrature voltage templates calculated using the
transformation given by (6).

Wa :_“b/\/ng“c/\/g
Wp :ﬁua/2+(ub _“c)/z‘/5
W, ==3u, /24 (u, ~u. )/ 243

(6)
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Fig.1 Schematic diagrams for the Micro-grids : (a) Micro-grid I powered by a
single diesel engine based generator, (b) Micro-grid 1I powered by a diesel
engine driven generator and DFIG based WECS (c¢) Arrangements of two
DFIGs and converters in Micro-grid 11

As shown in Fig.2, there are two control loops in the
control structure. The first control loop acts to maintain dc
link voltage at a reference value. This is achieved by
controlling the active power of the STATCOM. The second
control loop acts so as to maintain the terminal voltage of the
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load bus, where STATCOM is connected, at desired value. To
control the active power first the dc link voltage error is fed to
a controller which generates the peak value ‘7, max  for the in
phase current components. Then the in phase component of
the STATCOM currents are calculated by multiplying the
peak value to the in phase voltage templates as given in (7).

lyg =1

iub = iu max¥p (7)

illC = i

Similarly, three phase voltages at the load bus with the
STATCOM are sensed and from them terminal voltage V,’
generated according to (4). It is compared with desired
terminal voltage ‘V,"’ to generate the terminal voltage error.
By passing the terminal voltage error through a voltage
controller, the peak value of the quadrature component of the
current is generated. The quadrature components of the

STATCOM currents are calculated as given in (8).

u maxua

u maxuc

Lyg =1

Lwb = Lymax Wb (8)
Lye = LymaxWe

Then the reference values of the STATCOM currents are
calculated as given in (9).

wmax Wa

5

ill = iuu + inl (9)
Iy =lyp + 1y
le =lhye iy

These reference currents are compared with their

respective sensed phase currents. The error signals are again
compared with a triangular carrier wave to generate the gate
pulses for the STATCOM [19]. The designed values of the P1
controller parameters are as follows.

STATCOM terminal voltage controller: K, =5, K= 0.25.
DC link voltage controller: K, =10, K= 70.

V. DESIGN OF SLIDING MODE CONTROLLER

The performance of the above described system is
evaluated first using conventional PI controllers and then
employing sliding mode controllers for the control of
STATCOM. The structure of the sliding mode controller is
given below.

The sliding mode controllers chosen for the control of the
dc link voltage and terminal voltage of STATCOM are of first
order. The sliding surfaces for the controllers are designed as
given in (10).

S(e,é)=0e+Be=0 (10)
Where “ o ’and “ 3 ’are positive constants. The error and
derivative of error are e and € respectively. The error is
defined in (11).

e=x-x* (11)

Where ‘x’ is the state to be controlled i.e. ‘V4.’ or ‘V;” and
‘x™ is the reference value.
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Fig.2 Control structure of the STATCOM

The general control law for the SMC is given in (12).
u = —ksign(s) (12)
The above control law causes chattering at steady state. So,
the modified control law for reducing chattering is given in

(13).

u =—ksign()) (13)
Where, A is defined below.
1, s>¢
A=4-1, s<—0
=, otherwise.

The tuning of parameters: o ,3,0 and k are done by trial
and error process to give near optimum results. The designed

values of the sliding mode controller parameters are as follows.

STATCOM terminal
$=40000, £=600.
DC link voltage controller: a=2, f=1350, $=30000, £=1500.

voltage controller: o=1, [=2500,

VL RESULTS AND DISCUSSION

In both the models of micro-grid system the systems is
operated with an initial load which comprises of active power
of 126.3 kW and reactive power of 37 kVAR. Then at time of
5's, 10 s and 15 s three different loads ‘L1°, ‘L2’and ‘L3’,
respectively, are introduced in steps. Each load is introduced
for a time interval of 3 seconds. Then after 3 seconds, the
loads are withdrawn and the loads again return to the previous
value. The active and reactive power values for the three loads
are given in Table I. The active and reactive power variations
of the three different loads are shown in Fig.3, with respective
time intervals for which they are subjected to the system. It
can also be seen that ‘L1’ and ‘L2’ are step increase in load
where as ‘L3’ is a step decrease in load.
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Fig.3 Active and reactive power of various load

TABLE I. ACTIVE AND REACTIVE POWER VALUES FOR
DIFFERENT LOAD CONDITIONS

Load Active Power Reactive power
L1 141 kW 70 kVAR
L2 134.8 kW 459 kVAR
L3 85.4 kW 30.6 kVAR

A.  Micro-grid I: Micro grid with one diesel engine driven
generator

First the performance of the micro grid system with a
single diesel engine driven generator is evaluated using both
conventional Pl and sliding mode controller for the control of
STATCOM. The load bus voltage is shown in Fig.4 (a). The
reference load bus peak voltage is set at 305V. It is clearly
noticed from Fig. 4 (a) that with both the controllers, the load
bus voltage deviation from reference lies within 2% i.e., 311
V to 299 V, where the reference peak voltage of the load bus
is set to 305 V. But the voltage deviation due to the load
change as well as the steady state error is more with PI
controllers. The SMC is robust against load changes as
compared in Table-11. Fig.4 (b) shows the DC side capacitor
voltage of the STATCOM. As seen from Fig. 4 (b), with PI



controllers the overshoot and undershoot in the DC voltage
increases with the increase in severity of the load change, but
the steady state error is zero. With SMC there is no overshoot
or undershoot in the DC voltage due to load disturbances, but
some steady state error is present in the DC voltage. Even if
the steady state error is present, the DC side voltage deviation
value is contained well within 2%. The detailed comparison of
the DC side voltage response is given in Table-11l. The
generator bus peak voltage response is shown in Fig. 4 (c).

The reference peak voltage of the generator bus is set at 310 V.

The Fig. 4 (c) clearly reflects that with SMC based
STATCOM, the voltage variation at the generator bus is less
as compared to conventional PI controller based STATCOM.
Other than that, with PI controllers the voltage response is
more oscillatory as compared to that with SMC based
STATCOM.

Fig.5 (a) and Fig.5 (b) present the reactive power and
active power response of the STATCOM, respectively, with
load variations. In this work the power flowing onto the
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Fig.4 Voltage variation in response to load variations in Micro-grid I : (a) load
bus voltage, (b) DC side voltage of the STATCOM, (c) generator bus voltage

system is taken positive. So, negative reactive power means
the reactive power is fed to the grid from the STATCOM. As
the load bus voltage with PI controllers has more steady state
error and the voltage value is more than that with SMC based
STATCOM, this implies the reactive power compensated with
Pl based STATCOM is more than that with SMC based
STATCOM, as can be seen from Fig.5 (a). Fig.5 (b) shows
that, overshoots and undershoots in active power are more
with PI based STATCOM as compared to that with SMC
based STATCOM.

B.  Micro-grid II: Micro-grid with one diesel engine driven
generator and WECS

The evaluation of the second micro-grid system is done by
simultaneously applying variable turbine torque and load
changes as mentioned in Fig.3. The variable turbine torque is
shown in Fig. 6 (a). The DFIG based WECS is operated in
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Fig.5 Reactive and active power variation with STATCOM in response to

load variations in Micro-grid I: (a) Reactive power variation, (b) Active power
variation

TABLE II. COMPARATIVE DETAILS OF VARIATION IN PEAK

VOLTAGE OF THE LOAD BUS
Model Step % Deviation in voltage % Steady State
Load due to step change in Error After
load application of
Load

Pl SMC Pl SmMC
Micro Grid L1 0.85 0.21 0.16 0.24
1 L2 0.21 0.081 0.77 0.11
L3 0.42 0.30 1.36 0.27
Micro Grid L1 0.67 0.26 0.59 0.13

11 L2 0.26 0.06 1.04 0
L3 0.45 0.26 1.47 0.36




unity power factor mode, i.e. the reactive power of the WECS
from micro-grid is maintained at zero. Fig. 6 (b) shows the
active and reactive power response of the WECS. As seen
from Fig. 6 (b), the reactive power of the WECS remains at
zero, whereas active power of the WECS varies proportionally
with the turbine torque.

The introduction of the WECS to the micro grid
deteriorates the voltage profile of the load bus which can be
clearly seen from Fig.7 (a). The disturbances in the peak
voltage response of the load bus have increased as compared
to Fig.4 (a). The SMC based STATCOM gives a robust
performance in micro grid II, irrespective of the WECS
connected to the system as shown in Fig.7 (a). The deviation
in voltage and the steady state error of the peak voltage
response at the load bus are less with SMC as compared to
that with conventional PI controllers. The detailed values of
voltage deviation and steady state error are given in Table II.

The DC side voltage response of the STATCOM is shown
in Fig.7 (b), where it can be seen that the overshoots and
undershoots are more with conventional PI controllers,
whereas no overshoot or undershoot occurs in the DC voltage
with SMC based STATCOM. But SMC introduces some
steady state error which is less than 2% of the reference value
of 900 V. The data associated with Fig.4 (b) and Fig.7 (b) are
given in Table III.

Fig.7 (c) and Fig.7 (d) show the peak voltage variations at
the generator bus and the WECS bus, respectively. From both
the figures, it is clear that the disturbances in both the bus
voltages are less with SMC as compared to that with
conventional PI controllers.
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changes
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Fig.8 (a) and Fig.8 (b) show the active and reactive power
responses of the STATCOM, respectively. Similar to the
active power response of micro grid I, shown in Fig.5 (b), in
micro-grid 11 the overshoots and undershoots in active power
of STATCOM are also less with SMC. The reactive power
compensated by the STATCOM is more with PI controller
due to more steady state error in load bus voltage as can be
seen from Fig.7 (a).
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The proposed system is stable, as verified by the
simulation results. However, systematic stability analysis is
not done in this paper, due to page restriction. For STATCOM
terminal voltage control and DC link voltage control P-I
controller and sliding mode controller are wused, and
corresponding simulation results are compared. Tuning of P-I
controller parameters is done by trial and error. Systematic
design of controller parameters will be presented in another
paper. However, as ensured by very good simulation results,
the proposed controller parameters are good enough for real
time system.

VIL CONCLUSION

Maintaining a flat voltage profile is a very crucial task in
micro grids. Again greater aggregation of renewable energy
sources in micro grids makes the task more difficult. This
work focuses on the voltage profile improvement of micro
grids using STATCOM. Effective voltage profile
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improvement relies greatly on the robustness of the control
structure and the controllers used in STATCOM. In this work
the performance of conventional PI controllers and sliding
mode controllers, used as power controllers in the STATCOM,
are analysed and compared. After the detailed analysis, it
becomes clear that the sliding mode controllers are more
suited for STATCOM control as they are more immune to
load disturbances. The voltage deviations and the steady state
errors in voltage are less with sliding mode controller.
Although sliding mode controller introduces a bit of steady
state error in the dc link voltage of the STATCOM, it is much
less than the settling limit of 2%, which is quite acceptable.
Sliding mode controller proves to be better than conventional
PI controllers in two different models of micro grids. In the
first model of micro grid, which subjects a smoother condition
for the STATCOM to operate, the sliding mode based
STATCOM gives overall better performance than PI
controller based STATCOM. In the second model of the micro
grid system, where the operating condition is much more
difficult due to the presence of wind energy generators, the
sliding mode based STATCOM also performs better than the
PI controller based STATCOM.
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TABLE 1Il. COMPARATIVE DETAILS OF VARIATION IN DC SIDE VOLTAGE OF THE STATCOM
Model Step Steady State Error Overshoot / Undershoot
Load (%) (%)
After application of After Removal of
Load Load
Pl SMC Pl SMC Pl SMC
Micro Grid L1 0 1.66 6.8 0 11.66 0
1 L2 0 0.44 0 0 0 0
L3 0 0.72 1.22 0 1.24 0
Micro Grid L1 0 1.66 7.27 0 11.4 0
11 L2 0 0.44 0 0 0 0
L3 0 0.72 1.11 0 1.11 0
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