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ABSTRACT: Improvement of power quality of a distribution supply system is a challenging problem and it may not be
economic to simply upgrade the network. FACTS controller like STATCOM (STATics synchronous COMpensator) offers
an attractive alternative, with their potential to provide both steady state and transient voltage compensation for a limited
capital investment. However, operation of these systems with weak networks needs careful attention to achieve a stable and
fast response under all supply conditions. This paper proposes a control strategy of a STATCOM to improve power factor
and voltage regulation at a distribution supply system which is more robust and works well under all system conditions and
improves power quality directly. Simulation results are presented to verify the stability and validity of this control strategy
across a range of operating conditions. The operation of the STATCOM with distribution supply system makes the rural
consumers healthy and wealthy.
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I. INTRODUCTION

Electrical utility and heavy industry face a number of challenges related to reactive power. Heavy industrial applications
can cause phenomena like unbalance, distortion or flicker on the electrical grid. Electrical utilities may be confronted with
phenomena of voltage sags, poor power factor or even voltage instability. Reactive power control can solve these issues.
The most advanced solution to compensate reactive power is the use of a VVoltage Source Converter (VSC) incorporated as
a variable source of reactive power. These systems offer several advantages compared to standard reactive power
compensation solutions. Reactive power control generated by generators or capacitor banks alone normally is too slow for
sudden load changes and demanding applications, such as wind farms or arc furnaces. Compared to other solutions a
voltage source converter is able to provide continuous control, very dynamic behavior due to fast response times and with
single phase control also compensation of unbalanced loads. The ultimate aim is to stabilize the grid voltage and minimize
any transient disturbances.

STATiIc synchronous COMpensator (STATCOM) is essentially an ac-voltage source where the magnitude, the phase angle
and the frequency of the output voltage can be controlled [1]. The building block of the STATCOM is a voltage source
converter (VSC) consisting of connected semiconductor valves and a capacitor on the dc side. The device is shunt
connected to the network through a coupling inductance that is usually represented by the transformer leakage reactance.
The described basic circuit is presented in Fig. 1. In general, the STATCOM can provide power factor correction,
harmonics compensation and load balancing. The major advantages of STATCOM in comparison with a conventional static
var compensator (SVC) include the ability to generate the rated current at virtually any network voltage, a better dynamic
response and the use of a relatively small capacitor on the dc side. The size of the capacitor does not play an important role
in steady-state reactive power generation, which results in a significant reduction of the overall compensator size and cost.
The STATCOM operation under unbalanced conditions occurs when the compensator exchanges negative-sequence current
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components with the network. The sources of unbalanced conditions can be roughly divided into two cases. The first case
concerns voltage unbalances where mild unbalances are caused by unbalanced loads, while severe unbalances are the
consequence of power system faults. As a consequence large negative-sequence currents may flow between the
compensator and the network. Unbalance in network voltage also causes voltage distortion on the dc side of the converter
and consecutively the generation of low order harmonics on the ac side [2, 3]. The second case concerns a compensator that
is used for compensation of unbalanced loads. The dc-side voltage distortion and low order harmonics generation are a
major problem also in this case. The over-current problem was addressed in some papers [4, 5] and load balancing
described in [6-8]. However, the problem of dc-side voltage distortion is not thoroughly analyzed and is usually solved
with the use of a sufficiently large capacitor allowing the reduction of the voltage ripple and increasing the size and cost of
the device. Moreover, the STATCOM operation under unbalanced conditions is not analytically formulated thus making
the development of an effective control algorithm difficult. The power factor PF is defined as the ratio of the active
power P tothe apparent power S . Thus

P
PF =—
S (€

For purely sinusoidal voltage and current, the standard expression is obtained as

PF =cos¢ 2
where COS¢ is popularly known as the displacement factor. The survey of the power factor for a year of the rural
consumers is given in Table.|
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Fig.1: Linear and non-linear loads of consumers connected to supply system

Month of the Demand Demand Actual Power

Year (KW) (KVA) Factor (%)
January 200 245
February 150 224
March 125 175
April 224 256
May 208 289
June 210 299
July 223 289
August 211 278
September 204 265
October 198 245
November 156 198
December 201 265

Table.l: 1t shows the power factor of the rural consumers
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The controllable reactive power allows for a rapid control of bus voltage and power factor at the system or at the load end.
To compensate for the distorted current drawn by the rectifiers from the utility grid, the STATCOM and its current
controller must have the capability to track source PWM (Pulse Width Modulation) converters. The linear control is more
suitable for STATCOM application reported in [9-11]. The present paper suggests the design of a linear current controller
and voltage controller on the basis of gain and time constant adjustment along with the parameter of the coupling inductor
and storage capacitor.

The present paper goes on to develop closed loop model for investigating transient performance of the STATCOM by using
controller parameter. First, in Section 2 focuses on modeling of the power system and Section 3 gives state space model of
the STATCOM with the system. Secondly, in Section 4, a current and voltage controllers are designed. The simulated
responses with the designed controller parameters are presented in Section 5. This scheme is both an extension and a
significant improvement of the scheme suggested by Shauder et al [9] .The results obtained have been compared and
appropriate conclusions have been drawn.

I1. MODELING OF THE POWER SYSTEM

3 g s
Load Load Load

Fig.2: Interconnected Five Bus system

The 5-bus system is a simple power system network given in Fig.2. The 5-bus system is intended to illustrate in a simple
context notions of transfer capability and the impact that various actions have on the given transfer capability. Buses 1, 2 of
the system diagram are generators and buses3, 4, 5 of the diagram are loads. The primary flow of power is from the top of
the diagram to the bottom of the diagram. Reactive demand by the loads (signified by the empty portion of the load arrows)
is large. The network has 7 branches and each branch represents a transmission line. The model is an AC power flow
model; it represents real and reactive power flows and power system nonlinearity. Operational limits relating to
transmission line flow, voltage magnitude, and voltage collapse are represented. The weak bus no 5 is connected to
industrial area and also local consumers. The power factor of this grid (Bus no.5) is poor and hence its power factor can be
improved as the model given in Fig.3.

Compensation

Somr
4| -JT STATCOMND

Fig.3: A single Bus connected with STATCOM
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I1l. MODELING OF THE STATCOM AND ANALYSIS
A. Operating principle:
As is well known, the STATCOM is, in principle, a static (power electronic) replacement of the age-old synchronous
condenser. Fig.4 shows the schematic diagram of the STATCOM at PCC through coupling inductors. The fundamental
phasor diagram of the STATCOM terminal voltage with the voltage at PCC for an inductive load in operation, neglecting
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the harmonic content in the STATCOM terminal voltage, is shown in Fig.5. ldeally, increasing the amplitude of the

STATCOM terminal voltage \7oa above the amplitude of the utility voltage\7Sa causes leading (capacitive) current Fca to
be injected into the system at PCC as shown in Fig.4.

B. Modeling:
The modeling of the STATCOM, though well known, is reviewed in the lines below, for the sake of convenience. The
modeling is carried out with the following assumptions:

1) All switches are ideal
2) The source voltages are balanced

3) R, represents the converter losses and the losses of the coupling inductor
4) The harmonic contents caused by switching action are negligible

The 3-phase stationary abc coordinate vectors with 120° apart from each other are converted into aff 2-phase
stationary coordinates (which are in quadrature). The « axis is aligned with @ axis and leading 8 axis and both
converted into dq two-phase rotating coordinates. The Park’s abc to dq transformation matrix is given in (3).

lca 4
Q‘A.' e Isa=lca_a+ila_a
/Ju; 1 Caii llm_m o e
|t LT |ca7‘a Wsa vos
L J HO LI & Bl jlcax
o . c * b a o
v
Fig.4: Schematic diagram of STATCOM Fig.5: Phasor diagram for inductive load operation

Sin(@t) Sin(wt—27/3) Sin(at + 27 /3) (3)
1/+/2 1/42 1/+/2
The complete mathematical model of the STATCOM in dq frame is obtained as given in (4) [10, 11].

5 Cos(at) Cos(wt—27/3) Cos(at +27/3)
- 2
3

_R -w 0 |

i L i —Sina
d|. R, m| . vV, (4)
—lig [=| W —— ——1iy |+—| Cosa
dt v L, L, v L, 0

dc L "dc

o 2 o
c 1

C. Steady State and transient Analysis:
The detailed steady state and transient responses with the Table.ll are given in Fig.6 and responses suggest the static and
dynamic conditions of the STATCOM. It can be seen that the transient responses take about one and half power cycle to
reach at their steady state values.
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Sl | Parameters Symbol | Values
Frequency f 50 Hz
2 Angular Frequency W 314 rad/sec
3 RMS line-to-line | v/ 230V
Voltage s
4 Coupling Resistance R 1.00Q
S
5 Coupling Inductance L, 5.0mH
6 DC-link capacitor C 500 uF
7 Modulation Index M 0.979
8 Phase angle a 75°
9 Load Resistance RL 520
10 | Load Inductance L, 126mH
11 | Load Power factor o 0.79

Table I1: It shows the system parameters
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Fig.6: (a) Steady state responses of |Cq , o4 with V. ,(b) Steady state responses of P.and Q_,(c) transient responses of
iCq in capacitive with inductive and (d) transient responses of V,_ in capacitive and inductive
IV. DESIGN OF CONTROLLERS

With the assumption of the system voltage and STATCOM output voltage are in phase and hence the equation (4) can be
modified as given in equation (5)

Rs

. -

i - v v
E{!cq} Ls - {'cq} L] sa || og ©)
dt| feq o 25 'ed] Ls||Vsq | |Vod

Ls
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A. Design of current controller:

The current controller design for the above system can be done using the strategy [12-14] attempts to decouple the d and g
axes equations (given in (5)), so that the MIMO system reduces to two independent Single Input Single Output (SISO)

system. Hence, the control inputs Vod and Voq are configured as

*
Vog = —Vogq — Whgieg +V
oq ciq S .cq sq ©)
Vod = Vod +WLS|Cd +Vgy
The equation (7) can be obtained by replacing (5) by (6) and from the circuit parameters Lgand Rg given in Table.ll, value
of Pl parameters are given in equation (8).

Rs
. -— 0 | v
{'Fq} s {'C‘*}i og (7)
led 0 Rs lled ] Ls|yv*
L od
K,i =16.9 and K; =3.3x10° 8)

B. Design of voltage controller:
The relation between dc voltagevdC and dc current 1, is

1 . q
Vdc :EI'dc t ©)
The transfer function can be written as
\Y 1
dc
Gy(5) =4 = — (10)
dc S

Neglecting the power loss in the source resistance and power losses in the switches, the value of Pl parameters are given in
equation (11)

K
Kpy =K =0.15.Kyj == 200 (12)

C. Proposed control strategy for power factor improvement:
The proposed block diagram for this closed-loop system is shown in Fig.7. It has an inner current control loop and an outer
voltage control loop. The inner (current) controller acts much faster than the outer (voltage) controller due to obvious

reasons. The reactive component of the STATCOM current, I, is compared with the reference reactive current, i

cq’ cq !

(reactive component of the load current, iIq ). The error is passed through a Pl-controller (designed in (8)), which yields the
controlled voltage. The reactive component of the STATCOM converter terminal voltage is generated as shown in control
scheme (Fig.7). The active component of the STATCOM current, icd, decides the active power flow into the converter

(making up for the system losses). The DC-link voltage controller (11) generates the reference current, i:d, to the PI-
controller of icd. The d -axis component of the STATCOM converter terminal voltage is produced by summation (proper

sign) of the controlled voltage from Pl-controller of icd, g -axis component of the voltage drop of the series inductor and
active component of the grid voltage. The unit vectors sinwt and COSWL are generated and the reference vector is
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aligned along the d -axis, which is achieved by maintaining zero phase-difference between the phase voltage, v, (t) and
the unit vector, sinwt . Hence, the d and (] -axes of the STATCOM converter terminal reference (rotating) voltages,

Y with unit vectors, are transferred back to @ — 3 stationary variables. The six logic pulses for the switching devices

*
o,dq *

A
ol SVEAWRL

@

principle. ™
Fig.7: Implementing scheme for power factor improvement

D. System model:

The three-phase PCC voltages as given in equation (12) assuming no zero sequence components and are transformed to d-q
variables as shown in equation (13). Thevenin equivalent voltage source as seen from the PCC terminal into the network is
given in Fig.8.

\Y

2 san
Vs,abc =\/;Vs Vsbn (12)

scn

Y

2 san
Vs,dq = \/;Vs Vsbn (13)
\Y

Fig.8: Thevenin equivalent model of the distribution line

The PCC voltage magnitude is defined as:

IV, |= Vi +Veq (14)

Under the stated assumptions, for zero initial conditions and no real current injection, the transfer function between small
changes in the PCC voltage in response to small changes in injection reactive current can be shown [14] in equation(15).

AV, 1(8) _ : Zy(s+ JW) = Z, (5 jw)

(15)
Al (s) 2
R+sL
where Z, =—
s°LC+sRC +1
The distribution line consists of only resistance and inductance. So, the driving point impedance can be simplified to
Z, =R+sL (16)
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Now substituting equation (16) in equation (15) yields

AV(s) _
m =wL =G,(s) (17)

E. Design of PCC voltage controller:
Assuming the balanced system, the PCC voltage with current controller can be shown in Fig.9. The arbitrary bandwidth can
be assigned to the closed loop system by using a Pl-controller as given in equation (18).

leq [Vl

K= G,

st
[Vs]
+

Fig.9: PCC control loop
The open loop transfer function with Fig.9 is given in equation (19) and with Bode plot and assuming first order transfer
function; the parameters of Pl have been designed and given in equation (20).

SK s + K
K="/ % (18)
S
sK s + Kig
Gos (S) =——wL (19)
Ky =048 and K, =315 (20)

F. Proposed control strategy for voltage regulation:

The proposed block diagram for this closed-loop system is shown in Fig.10. This control block is same as given in Fig.7
with extra PCC control loop and the controlled reactive current from PCC controller is the reference of the reactive current
controller.

k) IR ANG N

Fig.10: Implementing scheme for voltage regulation

V. SIMULATION RESULT
A. Simulation Result of the load:
A linear load, simulated with R — L parameters (given in Table.ll), is connected to the grid. The waveforms of the grid

side phase-a voltage (V) and current (isa) at point of common connection (PCC) (without the STATCOM in operation)
are shown in Fig.11. It may be mentioned that here and elsewhere (unless otherwise mentioned) V_, is plotted to a reduced

scale of 10:1. Under steady state it is seen that the power angle is 39.64° (so that power factor is 0.77 ). The STATCOM
will now act in closed-loop with this system along with the proposed controllers in order to improve this power factor.
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Fig.11: Grid phase a voltage and current

B. Simulation results with STATCOM for power factor improvement:

Then after PI controller is applied to control DC link voltage and Pl controllers are used to control d and q axis current of
STATCOM using the control block as given in Fig.7. These controllers work and STATCOM functions at initial value of
DC link voltage less than 550V. The relevant outputs at initial DC link voltage of 550V are shown in Fig.12 to Fig. 18 .
Fig12 shows the dynamics of system voltage and system current after using Pl controller at DC link voltage and it shows
the over shoot of only 20A and improves power factor after one cycle with respect to Fig. 11 and also the same dynamics is
obtained in case of STATCOM current as shown in Fig.13. Figs.14 and 15 show the dynamics of DC link voltage and
current obtaining transient up to four cycles. Figs.16 and 17 show very small change of STATCOM current and DC link
voltage due to change of reference current(reactive current of load) which shows the robustness of the controller. The
system voltage and the STATCOM voltage are shown in Fig.18 and both are in-phase as it signifies for linear model. These
controllers work well without spike at initial voltage of 700V as shown in Fig.19 of system voltage .The improvement of
power factor and hence improvement of power quality of the system by these controller as given in Fig. 19 with compare to
Fig. 11.

......... A ana A A e 1eg So= o6
Tirme in s=conds

Fig.14: DC link voltage
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Fig.16: Reference current Fig.17: DC link voltage due to change of reference current
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Fig.18: System and STATCOM output voltage Fig.19: System voltage and system current

C. Simulation results with STATCOM for voltage regulation:

Fig.20 (a) shows that without compensation, the voltage increases by approximately 6% from 167 V to 174 VV when the
load reduces. Fig.20 (b) shows the compensated simulated waveform with respect to Fig. 20(a). Due to unbalanced supply,
simulated waveform without and with the STATCOM are given in Figs.21 (a) and (b) respectively. The improvement of
power quality (no swell and sag) is given in Fig. 21(b) with compared to Fig. 21(a). Fig. 22 shows the system response and
injected current when the STATCOM is connected to the supply system.
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Fig.20: Results in balanced supply: (a) Simulation voltage without STATCOM and (b) Simulation voltage with
STATCOM
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Fig.21: Unbalanced supply simulation voltage: (a) Without STATCOM and (b) with STATCOM
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Fig.22: Simulated injected STATCOM current

VI. CONCLUSION
The STATCOM compensator is a FACTS device which can operate in current control mode for compensating voltage
variation, unbalance and reactive power and in voltage control mode as a voltage stabilizer. The investigations of
performance of the STATCOM for the power factor improvement and voltage regulation at distribution supply system have
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been carried out. The proposed control strategy has been simulated. The STATCOM works as a power factor compensator
as well as voltage regulator. The simulation results show that the performance of the STATCOM has been found to be
satisfactory for improving the power quality at the distribution supply system. Hence the STATCOM is an efficient mean
for mitigation of power quality disturbances introduced to the distribution supply system. The STATCOM proposed control
strategy is flexible and it has been observed to be capable of correcting power factor to unity and improving voltage and
currents at the distribution supply system. It has also been shown that the interaction between a STATCOM device and a
distribution supply system makes the rural consumers healthy and wealthy.
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