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ABSTRACT

A Distribution STATCOM (DSTATCOM) is a current controlled Voltage Source Converter (VSC) used for
reactive power compensation, when connected to the power system. The DSTATCOM using PI controlled Space Vector
Pulse Width Modulation (SVPWM) technique has high peak overshoot and large settling time. SVPWM technique requires
Phase Locked Loop (PLL) for measurement of varying frequency that is required for Park’s transformation and for control.
This paper presents a DSTATCOM for reactive power compensation using space vector based Hysteresis Current
Controller (HCC) and compares its performance with that of the PI controlled SVPWM method. The HCC technique is
robust and has faster transient performance compared to SVPWM control technique. In addition, this technique does not
require PLL for measurement of frequency, has reduced switching losses, and is easy to implement. The performance of

DSTATCOM with HCC is studied in MATLAB/SIMULINK environment.

Keywords: current controller, DSTATCOM, hysteresis current controller, voltage source converter, SVPWM, PLL.

1. INTRODUCTION

Maintaining power quality in a power system is
very essential in today’s scenario because of the increase
in wide variety of loads that pollute the power system.
Inductive loads like induction generators, induction
motors, power transformers and arc furnaces, require
reactive power for their magnetization and if the reactive
power is consumed from the grid, a voltage dip occurs.
This voltage dip affects other sensitive loads that are
connected to the grid. Hence, it is necessary for inductive
load users to compensate for the required reactive power.
If the reactive power supplied by the compensator is more
than the requirement of the grid, voltage swell occurs,
which again affects sensitive loads. Various compensation
schemes such as series compensation and shunt
compensation have been proposed in the literature [1-2].
Fixed capacitor can supply a fixed amount of reactive
power but fails for dynamic loads. Static VAR
compensator can generate or absorb the required reactive
power by connecting and disconnecting capacitor banks
and reactor banks to the network by proper switching
action, but has poor transient response and poor dynamic
performance.

lc

A DSTATCOM is a shunt compensation device
that provides an effective solution for reactive power
compensation and voltage regulation. It consists of a
Voltage Source Converter (VSC), a DC capacitor, a
coupling inductor or coupling transformer and a controller.
The DSTATCOM, connected to the grid through a
coupling inductor at the Point of Common Coupling
(PCCQ), is controlled in such a way that it exchanges only
reactive power with the grid. This is achieved by injecting
the current in quadrature with the grid voltage. If the
magnitude of DSTATCOM voltage (V) is greater than
the grid voltage (Vs), the DSTATCOM supplies reactive
power to the grid as shown in Figure-1 (a) and the
DSTATCOM is operating in the capacitive mode. If the
grid voltage (Vs) is greater than the DSTATCOM voltage
(V¢), the DSTATCOM absorbs reactive power from the
grid as shown in Figure-1(b), and is operating in the
inductive mode. If the grid voltage and DSTATCOM
voltage are of the same magnitude, there is no exchange of
reactive power between the grid and DSTATCOM, as
shown in Figure-1(c) and the DSTATCOM is said to be in
the floating state. The proposed HCC method has many
advantages such as being robust, having very fast response
time and being independent of load dynamics.
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a. Capacitive mode

b. Inductive mode

c. Floating state

Figure-1. DSTATCOM operating modes.
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2. CONTROL STRATEGY FOR DYNAMIC LOADS
Figure-2 shows the single line diagram of a grid
connected DSTATCOM at the Point of Common Coupling
(PCC) through the coupling inductor or filter. The
DSTATCOM consists of a two level VSC, DC capacitor

and a control circuit. Loads connected to the grid can vary
dynamically, which is also shown in the figure. The
reactive power required by the load is supplied by
DSTATCOM by appropriate control action.
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Figure-2. Single line diagram of a DSTATCOM with dynamic loads.

The aim of the proposed SVM-HCC based
DSTATCOM is to supply the required reactive power to
the load resulting in improvement of power factor.
SVM-HCC is a current control technique that requires a
reference for its control. The reference current is computed
from the instantaneous active power (p) and

instantaneous reactive power ( ¢ ) equations of the load in
of} frame [3-5], as given by Equation (1).

m i {_vjﬁ ﬂ}M (1)

Where
Voo Vg i,,I 5 - are stationary o-p frame representation of

3-phase voltages and currents.

The reference current required for the HCC can
be evaluated from the instantaneous values of active

power ( p*) and reactive power (q*) to be supplied by

the DSTATCOM, using expressions given in Equations
(2) and (3).

A e

b |_ 1 Ve ~vg| P 3
iy vo+vi vy v | g

The instantaneous active power ( p* ) that is to be supplied

by the DSTATCOM can be evaluated from the energy
stored in the DC capacitor and is given by:

c__dE _1.d(V5)

e 4
dt 2 dt @

where, V. is the capacitor voltage.

To improve the power factor, only reactive power
is to be compensated and the steady state value of

p* should be zero, which is ensured by maintaining a
constant capacitor voltage. The instantaneous reactive
power to be compensated ( ¢ ’ ) must be equal and opposite
to that of the instantancous load reactive power
requirement (— ¢, ). Hence, Equation (3) is modified and
it gives Equation (5).

i 1 v, Vg { 0 } )
R R
l Y \% o +v Y v B Va - q L
Equation (5) gives the reference current in aff
frame, which is to be compared with the actual current of

the DSTATCOM in the same frame of reference, and fed
to the HCC as shown in Figure-3.
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Figure-3. Block diagram of SVM based HCC.

3. PRINCIPLE OF HYSTERESIS CURRENT
CONTROLLER
Hysteresis current control is an instantaneous closed loop

control technique in which the output current i of the

inverter is made to track the command current i  and
maintain the error within the hysteresis band (5). When the

. . oK .
error in current (I, =1 —1I) crosses the error band,

inverters are switched to bring the output current within
the error band as shown in Figure-4. When the output

current exceeds the upper band ( i+ % ), it is brought

back to within the band of & by turning ON the lower
switch and turning OFF the upper switch of the inverter
leg of the phase considered. As a result, the voltage across
the load changes from Vpc to 0 and the current decreases.
Similarly when the output current goes below the lower

band (i" — % ), the load is connected to Vpc by turning

OFF the lower switch and turning ON the upper switch.
As a result, the output voltage across the load changes
from 0 to Vpc and the output current starts to build up. An
optimal value of 6 must be chosen to maintain a balance
between the output current ripple and the switching losses
and thereby eliminate particular harmonics [5-9]. In this

control technique, since each phase is controlled
independently, switching frequency goes abnormally high,
which increases the switching losses. In this paper, a
vector based control technique is proposed, which
decreases the slope of the error in current by controlling
the switching frequency.
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Figure-4. Hysteresis band.

4. SPACE VECTOR BASED CONTROL

In space vector modulation technique, three phase
quantities are transformed to their equivalent two phase
quantities, in the stationary reference frame. From these
two-phase components, the magnitude of reference vector
is computed, which is used for modulating the inverter
output [10-12].
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Figure-5. STATCOM Configuration.

The state space representation of VSC based
DSTATCOM is obtained by applying Kirchhoff’s voltage
law to Figure-5.

di 1 R,
T R R AR USRS
di 1 R
Tj:zp(\/&—vb)—(v&—Vc)—("&,_V(,)]_ﬁlﬁb (7)
dis.

e I R I NS | B S M
dt 3L/ & c & a b b L[ &

Upper Band (i"+6/2)

Lower Band (i™-6/2)

where, iy, ~are the DSTATCOM output currents,

Vs are the DSTATCOM phase voltages and v, are the

grid phase voltages.
Equations (6) to (8) can be written in vector form using
Clark’s transformation, as given in Equation (9).

di, 1 R
T2 —v)-—i 9
dt L( n VO) LZO ()

where, io is the VSC output current vector, Vn is the VSC
output voltage vector and V,, is the grid voltage vector.

. oK .
Defining 1 as the reference current vector and 7, as the

error in current vector, we get
. oK .
1, =1 —1,

(10)

From Equations (9) and (10), differential equations
describing the error in current vector are derived as:

di, di" di,

dt dt dt

L‘di€+R‘i :L‘—'*+Ri*—(V —v,)

fogr e TR g n = Yo)  (11)

It is observed from Equation (11) that the error in
current vector (i,) varies with time constant (L/R) and is

influenced by the reference current vector and its

Sk

% 1 .
derivative (I and 7), as well as the inverter output
t

voltage vector (V) and the grid voltage vector (V).

Neglecting R in Equation (11), the desired inverter output
voltage to achieve zero error can be defined by:

v v+ L, 9 (12)
dt
di «
L, —=V -V 13
f dt n n (13)

It can be seen that the information of the grid
voltage vector and the derivative of the reference current
vector are required to nullify the inverter tracking error.

1105



VOL. 7, NO. 9, SEPTEMBER 2012

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

©2006-2012 Asian Research Publish

==
ing Network (ARPN). All rights reserved. @

www.arpnjournals.com

3

represented in stationary (o-f) frame and the error in
current vector is controlled to lie within the tolerance
region [13-15]. Figure-7 shows the VSC output voltage
space vectors in o-f plane. Table-1 gives the possible
switching states and corresponding normalized a-f3 values
of vectors. It can be observed that there are three discrete
levels along P axis and four discrete levels along o axis.
Hence, to identify the region of the error in the current
vector, a four-level hysteresis comparator on o axis and a
three-level hysteresis comparator on f axis are used. A

Figure-6. Derivatives of error in current vector when
Vn* is in Sector 1.
Space Vector based hysteresis control method is
used, in which the desired reference voltage (V:) in each

sector is found by choosing two adjacent non- zero vectors
and a zero vector. For example, let the desired output

voltage vector (Vn*) be located in Sector I, as shown in

di

Figure-6. To follow the reference voltage vector, 78
t

needs to be very small. This condition is satisfied if the

.
voltage vectors adjacent to reference voltage vector (V)

are selected (e.g.V,,V,, V,, and V, for Sector I). In this
way, two adjacent non-zero voltage vectors and a zero
voltage vector (V,) are selected by the controller to

reduce the tracking error. Accordingly, the proposed
vector-based current controller generates a switching
pattern similar to the well-known Space Vector
Modulation (SVM) under steady-state conditions. It
should be noted that to produce this optimal switching

pattern, only the sector of V" needs to be determined and

n
not the exact value of the vector. During transient
conditions, non-optimal voltage vectors with high value of
derivative of error in current must be applied to force the
error vector into the hysteresis band as fast as possible.
This would provide a very fast transient response for the
vector-based current controller.

5. SPACE VECTOR BASED HYSTERESIS
CURRENT CONTROL METHOD
In this paper, SVM based HCC is implemented
with multilevel hysteresis comparators for controlling
output current of the DSTATCOM. The error in current is

> new voltage vector with the opposite value of o (or B)

component is applied when the DSTATCOM output
current exceeds the tolerance region on one particular axis.

IVU Wuppose the DSTATCOM output current is in sector I, and
if error exceeds the tolerance region from the bottom (or
top) side, the next voltage vector with larger (or smaller)
value of f component is applied to bring the error in the
current vector within the tolerance region. Similarly, if the
output current exceeds the tolerance region from the left
(or right) side, the next voltage vector with larger value (or
smaller) of a component is applied to bring the error in
current vector inside the tolerance region. For all other
cases, the current controller must select zero voltage
vectors to achieve minimum switching losses.

The DSTATCOM output voltage in stationary
reference frame can have four values of non-zero voltage
vectors in o axis and three values of non-zero voltage
vectors in P axis, as shown in Figure-7. Therefore, a
current controller of four level comparators in a axis and
three-level comparators in f§ axes is used in this method.
The outputs of hysteresis comparators Da (in o axis) and
Dp (in B axis) determine the output voltage vector of the
DSTATCOM, as shown in Figure-7 and tabulated in
Table-2. These vectors are chosen in such a way that the
slope of the error in current vector and error is within the
square tolerance region. For each 60°, the comparator
outputs, Da and Df, remain constant from which the

sector information of reference voltage vector Vn is

obtained. Hence, the controller should select two non-zero
voltage vectors adjacent to the reference voltage vector

Vn* and a zero voltage vector. Once the value of Do or D

-
changes, the reference voltage vector V moves to the

n
next sector. In each sector, the controller selects two non-
zero voltage vectors and a zero vector, as done in the
previous sector. Thus, by this method, the switching
frequency of the inverter is significantly reduced.

Table-1. Three-phase switching states, respective voltage
space vectors and their - 3 values.
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the reactive power and to improve the power factor of the
system. The entire system is simulated in
MATLAB/Simulink with parameters given in Appendix I.

The simulation results for HCC are shown in
Figures 8 - 15. For simulation from time t = 0 to t = 0.1s,
only loadl is connected to the system and at t = 0.1s, load2
is connected to the system, in addition to load1. It is noted
that from Figure-8 that the load current at t = 0.1s
increases sharply from 0.3 pu to 0.6 pu without any
transient delay. The additional load needs more load
current and the same is supplied immediately in HCC
method. Figures 9-10 respectively show source voltage
and current variations and load voltage and current
variations. It can be inferred from these results that the
source voltage and current are in phase for all conditions.
Hence, on load side, the HCC reduces the angle between
voltage and current by injecting appropriate reactive
power from DSTATCOM (i.e., Q = 0.2 pu to 0.4 pu) as
shown in Figure-15, thus improving the load power factor.
The supplied reactive power also maintains grid voltage
constantly at 1 pu as shown in Figure-11. During the load
variation, DSTATCOM is controlled in such a way that it
does not supply any active power to the system as shown
in Figure-14, and this is ensured by keeping the capacitor
voltage constant (V.) at 1120V. It is also achieved by
HCC as shown in Figure-12.

o v s e

]

Figure-7. Determining sector information from Hysteresis
Comparator outputs.
Table-2. Switching table of the proposed vector-based

HCC method.
DB
Da 0 1 2
0 Vs V4 V3
1 Vs Vo V3
2 V(, Vo V2
3 V(, A\ 1 V2

6. SIMULATION

Simulation studies are carried out to verify the
validity of the Hysteresis Current Controller (HCC) and
compare its performance with PI controlled Space Vector
PWM method. A grid connected DSTATCOM is
simulated for dynamic load variation to compensate for
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Figure-8. Load current variation.
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Figure-9. Source voltage and current.
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Figure-14. Real power supplied by D-STATCOM.
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Figure-11. Grid voltage. Figure-15. Reactive power supplied by DSTATCOM.

For the same situation, when the DSTATCOM is

1500 1 1 1 1 controlled using PI controller with SVPWM algorithm, the
} } } } simulation results are shown in Figures 16 -18. It is found
1000 -~ e Hiitly T - that the DC capacitor voltage, active power and reactive
> ! ! ! ! power controllers have large transient responses whereas
S 5001 - - L L [ I B the HCC, a robust controller, does not have any transient
: : : : delay, with reduced switching losses.
A - - - ]
0 0.1 0.2 0.3 0.4 0.5
Time(S)
Figure-12. DC capacitor voltage.
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Figure-17. Active power supplied by DSTATCOM.
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Figure-18. Capacitor voltage.

7. CONCLUSIONS

This paper presents a comparative performance
study of a DSTATCOM for power factor improvement
using PI controlled SVPWM method and SVM based
HCC method. It is found that both controllers were able to
achieve their control objectives, but PI controlled
SVPWM method had larger transient time compared to
SVM based HCC method. HCC method is found to
achieve steady state values faster, which is essential for a
good controller. It can be concluded that the SVM based
HCC performs better for dynamic loads. It should also be
noted that the SVM based HCC has faster transient
response with minimum switching losses compared to PI
controlled SVPWM method.

Appendix-I

Base Voltage (V) 400
Base kVA (VA) 28
Line Resistance (Ohms) 2
Line Inductance (mH) 1
VSC Filter Inductance (mH) 10
Load A (Ohms) 5+j7.85
Load B (Ohms) 10+j3.14
Capacitance of DC Capacitor (uC) 330
DC Capacitor Reference Voltage (V) 1120
Three level Hysteresis Comparator

d (A) 0.06

5 (A 0.04

5 (A 0.02
Four level Hysteresis Comparator

8 (A) 0.04

& (A 0.02

Sampling Frequency (kHz) 5
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