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Abstract—This paper presents modeling and analysis of 12-phase
distribution static compensator (DSTATCOM), which is capable of
balancing the source currents in spite of unbalanced loading and
phase outages. In addition to balance the supply current, the power
factor can be set to a desired value. The theory of instantaneous
symmetrical components is used to generate the twelve-phase
reference currents. These reference currents are then tracked using
current controlled voltage source inverter, operated in a hysteresis
band control scheme. An ideal compensator in place of physical
realization of the compensator is used. The performance of the
proposed DTATCOM is validated through MATLAB simulation and
detailed simulation results are given.
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I. INTRODUCTION

ULTI-PHASE (phase order higher than three) system:

such as electrical generation, transmission and drives

are the focus of research recently due to their inherent
advantages compared to their three-phase counterparts [1]-[6].
Multi-phase inverter fed induction motor drives has been
found to be quite promising for high power ratings and other
specialized applications. The use of such drives and devices
presents multi-phase load circuits that may get subjected to
phase outages and unbalanced as well as non-linear loading
similar to their three-phase counter parts. Such conditions may
lead to variety of undesirable effects on the supply system
such as additional losses in connecting lines and interfacing
devices, oscillatory torques in ac machines, saturation in
transformers, increased ripple in rectifiers, malfunctioning in
sensitive equipments, harmonic and excessive neutral currents
etc. It is therefore desired to have the balanced power system
operation with minimum lower order harmonics even in the
presence of such operations. A number of methods based on
the instantaneous reactive power theory [7]-[9], theory of
symmetrical components [10]-[15] and reference frame theory
[16]-[18] have been evolved for the compensation of
harmonics and unbalances for three phase system. However,
instantaneous symmetrical components theory is preferred.
Based on this theory the compensator reference currents are
generated, which are then realized by hysteresis band control
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of the inverter circuit and are injected at point of common
coupling. The inverter circuit has 12 bridge arms connected to
a split capacitor, controlled by chopper. It has been shown that
the instantaneous power in the electrical system containing an
unbalanced load has an oscillating component that ride a dc
value [10]. The objective of the compensator is to supply zero
mean oscillating power such that the dc component can be
supplied by the source. This paper introduces modeling and
analysis of twelve-phase DTATCOM based on instantaneous
symmetrical components for balancing the unbalanced multi-
phase load and power factor correction on supply side. The
detailed simulation results are given and discussed for
verification.

II. THE PROPOSED TWELVE-PHASE COMPENSATOR
A. PRINCIPLE OF DSTACOM

The basic compensation scheme for 12-phase (multi-phase)
load supplied from a balanced stiff multi-phase source is
shown in Fig. 1
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Fig. 1 Schematic diagram of the compensator for star connected load
(12-phase 13-wire system)

In this scheme, the compensator represented by current
sources is connected in shunt with the loads. The goal of the

706



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:7, No:6, 2013

scheme is to extract the compensator currents,
»(@=ab,cdef, g hi jk&l)
denoted by

» (P=ab,cde f,g hi jk&l)

from the measure circuit variables, which make the
unbalanced loads on the supply side balanced. The proposed
scheme can be applied to a 12-phase, 12-wire system or a 12-
phase, 13-wire system by isolating or connecting the common
points N or n respectively. The reference currents are
generated using the theory of the instantaneous symmetrical
components [11] and these currents by inclusion of loss term
Pioss in the power are given as follows:
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where & = tan% , ¢ is the desired phase angle between

supply voltages and compensated sources currents in the

respective phases. Pl is the dc value of load power and is

ovg
determined by employing moving average filter having mean

time of half cycle. The term P, is account for losses in the

0SS

inverter. To generate F’,oSs

a suitable closed- loop dc- link
voltage controller is used, which regulate the dc voltage to the
reference value. Conventionally a proportional-plus-integral

(PI) controller is used to maintain the dc-link voltage.

B. TOPOLOGY OF TWELVE-PHASE DSTATCOM

The topology of the proposed twelve-phase DSTATCOM
has been derived from its three-phase counterpart where an
inverter circuit is employed with a self-charged capacitor as
DC source and unbalanced load circuit connected at point of
common coupling (PCC) as load to the inverter. The proposed
twelve-phase compensator consists of twelve arms of a single-
phase H-inverter circuits as shown in Fig. 2 with split
capacitor for providing the neutral point n’ of the
compensator.
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Fig. 2 Twelve-phase 13-wire distribution System with proposed
DSTATCOM

A single capacitor instead of two capacitors can be used if
neutral point of the converter is not required as 12-phase 12-
wire system. In case of two-capacitor topology, it has been
reported in literature that capacitor voltages becomes
unbalanced and therefore may lead to unstable operation in a
three-phase circuit. To avoid the unbalanced operation of
capacitors, a chopper can be used to balance the capacitor
voltage. The chopper is controlled in such a way that capacitor
voltages are dynamically regulated to have equal average
voltage. It is to be noted that like any inverter circuit, this
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converter circuit has the same switching constraint, i.e. any

switch pair Sand S of the bridge arm are never be closed
together to avoid shoot through fault across the charged
capacitors. The converter can be operated as inverter by
switching a pair of switching elements of this circuit. One of
the simplest ways is pulse width modulated switching where a
reference voltage is compared with a fixed amplitude and
frequency carrier voltage and the switching instants of the
switching elements are decided. This technique is however
employed if the converter is desired to be operating as voltage
source inverter. The proposed circuit is required to be
operating as current controlled voltage source inverter and this
may be achieved by hysteresis band control of the inverter or
converter current.

In a hysteresis band control, the converter current is forced
to remain in a hysteresis band around the reference current.
The reference currents for all the twelve phase for a twelve-
phase compensator are given by (1)-(12). The converter
current for each phase is forced to follow the reference current
by closing or opening of switches of the converter. By closing
the upper switch of the arm, the current rises, whereas closure
of the lower switch reduces the current. If the bandwidth is
kept constant, the switching frequency of the converter is
variable with maximum at zero transitions and minimum near
the peak. It has been assumed that the switching devices are
able to meet the highest frequency requirement of the
converter.

C. ANALYSIS OF SWITCHING BEHAVIOR

To illustrate the working of the converter, phase -a of the
twelve-phase compensator shown in Fig. 3 has been analyzed.
The equivalent circuit of phase “a” with switch S,; closed is
shown in Fig. 3. The current through the switch S, is the
series current 1., which can be determined by applying KVL

for the circuit.
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Fig. 3 Equivalent Circuit for phase “a” operation of the converter
with switch S,; closed

The resulting equation is given by (13)

di R. —V v

where Sa is switching function defined by (14) and is
complement of the switching function Sa.

Sa = (14)

1 if switch is on
0 otherwise

similar equations can be written for other phases by replacing
the scriptaby b, c,d, f, g, h,1,j, korl.

D.DSTATCOM Mathematical Model

The state space equations has been written in terms of the
switching functions (S,,Sy -+-.S|) of the converter and (
S, & S;) of chopper of the DSTATCOM and solved by

Runga-kutta method in MATLAB by ode45 function. The
state space equations of the twelve-phase compensator system
are given in (15-26).
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The chopper dynamics has been realized by writing the
state space equations for the circuit shown in Fig. 3. Let i; and
i be the currents in circuit of the chopper (Fig. 3), then (27)
and (28) represents the relation of these in terms of switching
function and the converter currents.
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The final expressions (29)-(31) can be obtained by applying
the principle of KCL and KVL
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The variables used in the expressions (29)-(31) are
indicated in the circuit diagrams. The capacitor voltages
reduce if not compensated for the losses in the connecting
transformer/ inductor, which can be accounted by changing
the duty cycle of the chopper. The change in duty of the
chopper is based on the change in the capacitor voltage from
the set reference voltage. The difference in the capacitor
voltage and set voltage (i.e. the error voltage) is put forward to
a proportional - integral (PI) controller. The PI controller
estimates the P,; component as stated in (1) and determines

the duty cycle of the chopper to maintain the capacitor voltage
at a pre specified set reference voltage. The set values are
taken approximately 1.3 times the peak AC voltage of the
source voltage for compensator to work satisfactorily. All the

simulation has been carried out with constant Kp and Ki,

which are proportional and integral gains of PI controller
respectively. In practical implementation of the compensator
circuit, the PI constants has to be adjusted properly to
compensate the losses, otherwise this may result in collapse of
DC link voltage and the converter will stop functioning. In the

present case, the values of K ) =50 and K, =1000 have

been employed following holds true.

III. STUDIES OF SIMULATION

The simulation study has been carried to validate the
performance of the proposed 12-phase DSTATCOM for
unbalanced linear loading and phase outages. It is desired that
the source current be balanced and source operate at unity
power factor. In this section, the simulation results will be
presented and discussed.

A. Compensation for Unbalanced Loads

The system as shown in Fig.l has the following
specifications namely voltages

V(p=ab,cd,e, f,g,hi, jk andl)
and impedances
Z (p=ab,cdef,gi,jk andl)

are given in (32) and (33). It is assumed that source is
balanced and load is unbalanced.

Vg =325 26sin (100 z t—i*7z/6) (32)

where i° =1,2,3,4,5,6,7,8,9, 10, 11& 12
to phase a, b, c,d, e, f, g, h, 1, j, k & | respectively

corresponds

Z, =20+j10; Z, =30+ j25;
Z, =45+ j45,Z, =25+ j5;
Z,=30+j15;Z, =30+ j30;
Z,=10+]25,Z, =5+]5; (33)
Z, =15+ j0.0;Z; =25+ j25;
Z,=30+j652, =30+ j30

The isolation transformer parameters are as follows:

R=2Q L =200mH

The control parameters for regulating capacitor voltage of
the chopper are adjusted heuristically and are given as follows:

K, =1000

In the simulation results, the system works with unbalanced
load for one cycle (0.02sec) and run for another three cycle
0.08sec) with the proposed compensator. It can be seen from
Fig 4 (b) and Fig. 4 (c) that the source currents and load
currents are equal and unbalanced when compensator is Off.
After 0.02sec., the compensator is turned on the source
currents become perfectly balanced as shown in Fig. 4 (c). In
order to compensate unbalanced load currents, the
instantaneous compensator currents become unbalanced
accordingly as shown in Fig. 4 (d).
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Fig. 4 Variation of source voltages, load currents and compensator
currents for 12-phase 13- wire supply system

The instantaneous powers (source, load and compensator
powers) and neutral currents (source and load neutral currents)
are depicted in Fig. 5. It can be seen from Fig. 5 (a) that before
compensation, that is, when compensator is switched Off,
source power (Ps) and load power (P)) are equal in magnitude
and oscillating in nature due to unbalance in load currents. But
after compensation when compensator is turned on the
oscillating component of power in source attains a steady state
value as can be seen from Fig. 5 (a) while load power is
oscillating in nature as shown in Fig. 5 (a). Moreover, the
source neutral current (igy) attains zero value when the
compensator is turned on and can be seen from Fig. 5 (b) as it
balances the source currents. It can thus be inferred that the
sum of the instantaneous compensator currents is equal to load
neutral (iy,).

Fig. 5 Variation of powers and neutral current for 12-phase 13-wire
supply system

The co-phasors variation of voltage and current shows unity
power factor operation with compensator on as evident from
Figs. 6 (a)-(1). It can be seen from (10b) that impedances are

unbalanced and have reactive elements, but the currents are
not only balanced but also operate at unity power factor.
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Fig. 6 (a)-(1) (1:18) scaled source voltages (solid line), source
currents (dashed line), load currents (hard solid line) and variation of
compensator currents, portraying u.p.f. operation for 12-phase 13-
wire supply system

The D.C. link capacitor maintains the constant voltage
through the PI controller. The voltage variation of individual
capacitor is shown in Fig. 7. Please note that the capacitor
voltage is assumed to be initially charged or recharged.
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Fig. 7 Capacitor voltage variation . o .
Fig. 9 Variation of power and current when six phases (a, b, ¢, d, e &

B. Load Compensation for Phase Outages f) are out in 12-phase13-wire supply system

As stated earlier that advantage of multiphase loads like
motor is in its capability to operate with phase outages. The
motor operates with degraded performance and source sees an
unbalanced operation and therefore other loads connected to
such a source get affected. The proposed compensator has also -
been tested with various combination of phase outages and it = T N T T S T B
has been found that it works satisfactorily even with six =
phases open (with phase outages (a, b, ¢, d, e, and f)) in a 12-
phase source. The results are shown in Fig. 8 to Fig. 11 where
entire source currents are balanced with compensator on.
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currents when six phases (a, b, ¢, d, e, f) are out (from load side) =t ) Do~ = =]
from 12-phase 13-wire supply system 0 001 o002 003 . rsizs) 005 006 007 008

Fig. 10 (a)-(1) (1:18) Scaled source voltages (solid line), source
currents (dashed line), load currents (hard solid line) and variation of
compensator currents for the phase outage (a, b, c, d, e, f) of load
for12-phase 13-wire supply system/
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Fig. 11 Capacitor voltage variation for phase outage (a, b, c, d, e, f) of
the load for a 12-phase 13-wire supply system supply system

IV. CoNcLUSION

In this paper a current controlled VSI topology for 12-phase
DSTATCOM is presented for load compensation of 12-phase
circuit. The mathematical modeling of proposed DSTATCOM
is discussed for carrying out simulation studies. A detailed
study has been made on source voltages, load currents, source
currents, and compensator currents during non-compensating
and compensating period. The variations of the load, source,
compensator power, and capacitor voltage are also analyzed.
The analysis has confirmed unity power factor operation of the
source in all cases as evidenced by the voltage and current
waveforms. An interesting aspect of the simulation study has
been to observe that multi-phase (12-phase) system equipped
with multi-phase compensator can work with phase outages as
high as 6 in 12-phase system without any degradation in
supply system quality-- a feature most valuable for multiphase
sources and multiphase induction motor drives. The
experimental result will be offered in the near future for
further verifications.
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