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Abstract: The performance of a system consisting of a three-phase self-excited induction
generator (SEIG) with static compensator (STATCOM) for feeding static resistive-inductive
(R-L) and dynamic induction motor (IM) loads was investigated. The cost-effective
STATCOM providing stable operation was designed by connecting additional shunt
capacitance with the load. The STATCOM-controlled algorithm was realised by controlling
the source current using two control loops with proportional-integral (PI) controller: one for
controlling the SEIG terminal voltage and the other for maintaining the DC bus voltage. The
SEIG-STATCOM performance was studied for two designs of STATCOM, namely cost-
effective STATCOM and full-rating STATCOM. The cost-effective SEIG-STATCOM
system with the proposed control scheme exhibited improved performance with respect to
starting time, voltage dip, generator current and total harmonic distortion under various
transient conditions.

Keywords: self-excited induction generator (SEIG), static compensator (STATCOM),
voltage regulation, renewable energy source

INTRODUCTION

The fast rate of fossil fuel depletion is drawing attention to explore the alternative energy
sources, e.g. small hydropower, wind and tidal power [1, 2]. The induction generator [3, 4] which
operates in grid or self-excited mode is a strong candidate to harness electrical energy from these
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sources. An isolated electric supply using a self-excited induction generator (SEIG) is an economical
option for such small-capacity applications as lighting and small motor loads in remote locations.

The SEIG consists of a cage induction machine excited through an externally connected
capacitor bank. The primary advantages of the SEIG in small capacity are the simple, brush-less and
rugged construction, lower maintenance cost, small size and improved transient performance. The
terminal voltage of SEIG is governed by parameters such as capacitance, prime mover speed and
speed-torque characteristic and load. A poor voltage regulation results when the SEIG is loaded [5, 6]
due to the increasing difference between the volt-ampere reactive (VAR) supplied by the capacitor
bank and that demanded by the generator and load. The series capacitors [7-9] have been used with the
SEIG for improved voltage regulation. The application of a thyristor as a static switch has resulted in
such schemes as saturable core reactors and switching shunt capacitors for achieving improved voltage
regulation of SEIG [10-12].

The modern power electronic converters are characterised by fast response, improved
switching features and low cost. These converters are being applied as flexible alternating current
transmission systems (FACTS) for various control and regulating purposes. The performance and cost
of the shunt capacitor, static VAR compensator (SVC) and STATCOM were compared [13]. The
STATCOM is normally a current controlled—voltage source inverter (CC-VSI) and has wide
applications in the power system for improving power quality, harmonic elimination, reactive power
compensation and load balancing [14,15]. The installation issue and capability of STATCOM have
been demonstrated for the voltage limited feeder and industrial facility [16,17]. The concepts of static
compensation for SEIG have been described for static loads [18,19]; the steps in designing a
STATCOM for SEIG system have been summarised [20]. However, most of these attempts have been
made to feed three-phase static loads and very little efforts are made for SEIG feeding the dynamic
(motor) loads.

In this paper, the performance of SEIG with STATCOM on feeding a static R-L load and
induction motor is investigated. The dynamic model of the system is developed and a methodology to
decide the ratings of STATCOM components such as the DC bus capacitor, AC side filter and
insulated gate bipolar transistors (IGBT) is presented. The system performance is also studied for
cost-effective STATCOM and full-rating STATCOM designs.

SYSTEM DESCRIPTION AND CONTROL SCHEME

The schematic description of the SEIG-STATCOM system is shown in Figure 1. A suitable
capacitor bank is needed to obtain the rated voltage at no load. The STATCOM consists of an IGBT-
based 3-¢ CC-VSI, an AC side-filter inductor, and a capacitor on the self-supporting DC bus. The
scheme to control the STATCOM is depicted in Figure 2. In this scheme, two control loops are
employed: one for controlling the terminal voltage of SEIG and other for maintaining the DC bus
voltage. The proportional-integral (PI) controller is used with both control loops, which possess the
advantage of being simple, effective and easy to tune.
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Figure 2. Control scheme for STATCOM

The control scheme is based on direct control of the source current, which consists of in-phase
I, and quadrature 7] components. I, is the current drawn from SEIG to maintain the DC bus

voltage by charging (or discharging) the DC bus capacitor. 7 is the reactive current required to

maintain the SEIG terminal voltage. To regulate the DC bus voltage, the error signal for the PI
controller is obtained from the sensed DC bus voltage 7, and its reference value 7. The output of

ok

this PI controller is taken as I;,. The 3-¢ reference in-phase current i;,,. is obtained by multiplying I,
with the sinusoidal in-phase unit voltage template u_,, . To regulate the SEIG terminal voltage, the
error signal for PI controller is obtained from the amplitude of SEIG voltage V,, and its reference
value V! . The output of this PI controller is taken as I

sm sq *

The 3-¢ reference quadrature current i, is

obtained by multiplying 7 with the sinusoidal quadrature unit voltage template u,, . The total

reference source current i’ . The sensed and reference source

sabc

is taken as the sum of i, and i,

currents are processed in a rule based carrier less hysteresis band current controller to generate gating
signals (S,, Sp, Sc) for IGBT of CC-VSI of STATCOM.
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DESIGN METHODOLOGY

The STATCOM is designed considering that the VAR rating of STATCOM is fixed, the source
voltage is completely sinusoidal and the pulse width modulation (PWM) inverter operates in linear
mode. The VAR rating of STATCOM, (VAR)statcom, 1s estimated using the capacitance needed for
providing the rated voltage at no load (Cyz) and that needed for a stable operation of the induction
motor while being loaded to its rated capacity (Crz). These capacitances are computed using sequential
unconstrained minimisation technique (SUMT) in conjunction with Rosenbroack’s direct search
method [23]. The problem formulation is briefed in Appendix I. The (VAR)starcom 1s computed as

1 1
(VAR)statcom=3V, | — ——— (1)
XCFL CNL
and STATCOM line current I, is calculated as
(VAR)STATCOM
[, =~——7SHrcon. 2

ab

The reference DC bus voltage 7, of the voltage source converter of STATCOM depends upon

the AC voltage. The STATCOM does not provide adequate compensation during the transient
condition of low ¥V, , whereas high 7, may stress the devices. The ¥V, is calculated using the peak

supply line voltage V,, [15] as
Vier= (1.2-2.0)V,, V. >V, 3)
The DC bus capacitor Cy. stores energy and maintains the DC bus voltage with small ripple.

The Cy is calculated using an energy balanced equation characterised by appropriate response time ¢
and actual DC bus voltage Vc,:

— \/gVabI stt
RS

The AC filter inductance Lyis decided by the allowable ripple in the compensation current [20].

4)

Lr is calculated by assuming a linear mode operation (modulation index m=1) and a switching
frequency f;of 10 kHz:

o )
L =2/ (5)
S
6af K,,
where the range of factor a (transient current) =1.2-2.0 and X,,, (peak-to-peak ripple) =0.05-0.1.
The ratings of IGBT suitable for medium rating and high frequency operation are decided as
follows:

Vdev = (1+KL +Kt)I/m

6
Idev = \/EKS (Krp + l)lxz‘ ( )

where the ranges of K (factor for filter inductor drop), K; (factor for transient voltage) and K; (factor
of safety) are taken as 0.05-0.1, 0.1-0.2 and 1.25-1.50 respectively.
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SYSTEM MODEL

The complete system as shown in Figure 1 consists of SEIG, STATCOM with associated
control, and loads. The dynamic model of each component is presented herewith.

SEIG Model

The induction generator model is developed in a stationary g-d reference frame considering the
effect of both main and cross flux saturation [21, 22]. The model, i.e. the g-d axis stator and rotor
currents and the rotor speed (w,), in state space form is expressed using equations (7) and (8)
respectively:

plil=[L] (- 1= [el) @

P
o =—J(T,-T 8
p r 2J(P em) ()

em

where 7T, :%Lm('qsidr —idsiqr), and [v], [i], [7], [L], [G] and Tp are defined in Appendix-II.

Shunt Capacitor Model

The g-d axis stator currents i s and iy are converted into 3-¢ stator currents iy, , igp and ig.
using 2-¢ to 3-¢ transformation [22]. Kirchhoft’s current law (KCL) [22] is applied to obtain the

capacitor equations governing the SEIG voltage as

{(lga - l/da - lca ) - (lgb - lldb - lcb )}

PVy =
3C,, )
~ {(iga iy =iy )+ 2~y ~ 1y )}
P¥e = 3¢,
and v, 4v, 41, =0 (10)

where i,, i, andi, are line ‘a’ currents for the generator, load and STATCOM respectively.

STATCOM Model

The charging (or discharging) of the DC bus capacitor C,. using hysteresis current controller
switching functions (S, Sp, S¢) is expressed as

pV — (ica Sa + ichb + iccSc )
dc Cdc

(1D

The DC bus voltage V. 1s reflected as voltages e,, e, and e. on the AC side of the PWM
mverter as

e, 2 -1 -1[s
e =% o2 s, (12)
e -1 -1 2|

c c

a
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The AC side filter equations in state space form are expressed as
{(vbc + 2vab ) - (ebc + 2eab ) - 3Rfica }

plca = 3Lf (13)
{(vbc - vab ) - (ebc - eab ) - 3Rficb }
picb =
3L,

where e, =¢, —¢,

h

and ¢, =¢, —e¢,.

&

Static R-L Load

The static load is considered as delta-connected. The phase currents for static R-L load (ipa,
1prib and 1pic) are expressed as

Dl = (Ve — Raipr/a )/ L,
Dl = (Ve — Ryi . )/ L, (14)
pi priec = (Ve — R pr[c) / L,
Correspondingly, the line currents (7,4, i, and i,;.) can be obtained as follows:
by = (i pria i prlc)

irlb = (iprlb - iprla) (15)

irlc = (iprlc - iprlb)

Induction Motor Load

The values for v, and vg are obtained from SEIG voltages (Vip, Voe, Vea) Using 3-¢ to 2-¢

transformation [22]. The state space model of an induction motor dynamic load is similar to the
induction generator model. It is expressed using motor parameters as

rli, =1z, (v -1 ]i.1-16,12,) (16)

P
pa)rm = 2}1 (T;mm _TL) (17)

m

The equations (7-17) represent the model of the complete system. These equations are solved
by fourth-order Runge-Kutta integration method [22] in MATLAB.

RESULTS AND DISCUSSION

An investigation was carried out on a 3.7-kW induction machine operated as SEIG, which was
loaded with a static R-L load of 0.8 pf and a 1.5-kW induction motor load. The parameters of this
machine are given in Appendix III. The capacitances Cy; and Cr; were calculated as 16.1 puf and 26.5
uF respectively for the rated SEIG voltage at no load and at the rated motor load under steady state.

It was observed that the motor was unable to start even with Cr; and resulted in a voltage
collapse because the capacitor bank was unable to meet the excessive VAR requirements of SEIG and
the motor load during starting. The starting of the motor was successful with a capacitance of 36 uF.
The performance during voltage buildup, the starting of motor at 2.0 sec., and the subsequent loading
on motor at 4.0 sec. are shown in Figure 3. During starting, the terminal voltage dropped to 0.25 p.u.
and the induction motor took 0.7 sec. to stabilise the start-up transients. The excessive dip in voltage
level and the longer duration for start-up were of serious quality concern. In addition, the SEIG
exhibited poor voltage regulation even for the static load.
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Figure 3. SEIG feeding motor load with successful starting and consequent loading
(Load conditions: 1.5-kW induction motor load at 2.0 sec. with Cy, = 36 pF)

The application of STATCOM was investigated for effective control and improved
performance. The STATCOM was designed to give a cost-effective operation by selecting the Cy. after
considering the VAR requirement carefully. For a cost-effective STATCOM, the required VAR rating
of STATCOM was calculated using the limiting capacitance of Cy; and (Cg.+Cnz)/2 while an
additional (Cr;-Cyz)/2 shunt capacitance was switched on with the load. For a full-rating STATCOM,
the VAR rating of STATCOM was calculated with limiting capacitances Cy; and Crz. For both the
cost-effective and full-rating STATCOM designs, the shunt capacitance Cy; needed to achieve the
rated SEIG voltage at no load was taken as 16.1uF. The different values of Cr, were obtained for the
static and motor loads.

The capacitance needed for successful starting of the induction motor, which was 36 uF, was
taken as Cpy for the motor load. Cr; for the static load was considered as the capacitance needed to
obtain the rated voltage at steady state, which was 30.4uF. The STATCOM parameters are
summarised in Table 1 for both cost-effective and full-rating STATCOM designs. The IGBT of
reduced current ratings were needed for a cost-effective STATCOM, which reduced the cost, and
therefore the operation should be cost-effective.

Table 1. STATCOM design parameters

Parameter Cost-effective STATCOM Full-rating STATCOM
2.2kW static load| 1.5 kW IM load |2.2kW static load| 1.5 kW IM load
(0.8 pf) (0.8 pf)
STATCOM rating 1.21 kVAR 1.615 kVAR 2.42 kVAR 3.23 kVAR
Current supplied by STATCOM 1.68 A 2.25A 337A 4.5 A
Ref. DC bus voltage 700 V 700 V 700 V 700 V
DC bus capacitance 86.3 uF 118.1 puF 172.6 pF 236.3 uF
AC filter inductance 11.16 mH 8.16 mH 5.58 mH 4.08 mH
Device selection IGBT IGBT IGBT IGBT
Device voltage rating 1094 V 1094 V 1094 V 1094 V
Device current rating 55A 7.5 A 11.0 A 15.0 A
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On the basis of STATCOM design parameters, a comparison between the cost-effective and

full rating STATCOM is summarised in Table 2.

Table 2. Comparison of performance parameters for cost-effective and full-rating STATCOM

Performance parameter

Cost-effective STATCOM

Full-rating STATCOM

Performance (voltage regulation,
starting time, THD, etc.)

Reasonably good

Good

Energy consumption (mainly in
IGBT, DC bus capacitor and filter

Low (lower IGBT current rating,
lower DC bus capacitance and

High (higher IGBT current rating,
higher DC bus capacitance and

inductor loss)

Overall cost (IGBT, DC bus
capacitor, filter inductor)

higher filter inductor) lower filter inductor)

High

Low

Performance with Balanced Static R-L Load

The performance characteristics of the systems with cost-effective and full-rating STATCOM
are shown in Figure 4 and Figure 5 respectively for feeding balanced 0.8-pf static R-L load. A load of
2.2 kW was applied at 2.5 sec., which was changed to 3.0 kW at 3.0 sec. and 2.2 kW at 3.5 sec.

With cost-effective STATCOM (Figure 4), the visible transients lasting for about 0.2 sec were
observed in vy, iy and Ve due to the application of 2.2-kW load. The V,;. momentarily decreased to
480V and varied between 480-800V before returning to the reference value. With full-rating
STATCOM (Figure 5), the transients settled down after 5-6 cycles and the DC bus voltage decreased
to 500V momentarily with the application of 2.2-kW load. The increase in static load to 3.0 kW at 3.0
sec. did not result in any appreciable transients due to the choice of C,. corresponding to the motor
load. In both cost-effective and full-rating STATCOM, V,. dropped momentarily to 630V and
gradually returned to the reference value with the PI controller action. When the load was reduced to
2.2 kW at 3.5 sec., the dynamics of the system changed accordingly. V;. momentarily rised to 760V
before returning to the reference mark. A steady state was achieved within 0.12 sec. and 0.25 sec. with
the full-rating and cost-effective STATCOM respectively.

Performance with Unbalanced Static R-L Load

The system performance with the cost-effective STATCOM was studied for an unbalanced R-L
load and the corresponding characteristics for three-phase generator voltage v, generator current
igabe, load current 7,5, compensation current i..5., and DC bus voltage V. are shown in Figure 6.
Initially, the 2.2-kW, 3.0-kW and 1.0-kW loads of 0.8 pf were applied on ‘a’, ‘b’ and ‘c’ phases
respectively at 3.0 sec. Further, an acute unbalance was made by unloading of ‘c’ phase at 3.5 sec. The
STATCOM responded satisfactory during the unbalanced load condition and maintained the balanced
condition at SEIG terminals.
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Figure 4. Performance characteristics of SEIG-STATCOM (cost-effective) system with 0.8-pf static R-L
load (Load conditions : 2.2 kW at 2.5 sec., 3.0 kW at 3.0 sec. and 2.2 kW at 3.5 sec.)

v, (V)
=)

rla

iaA)
o

-10 | | | | | |

2.4 2.6 2.8 3 3.2 3.4 3.6
800 ‘ \

—~ V‘u’ﬁ v
5wl P =
>

|

2

.6 2.8 3 3.2 3.4 3.6
Time(sec)

Figure 5. Performance characteristics of SEIG-STATCOM (full rating) with 0.8-pf static R-L load
(Load conditions: 2.2 kW at 2.5 sec., 3.0 kW at 3.0 sec., and 2.2 kW at 3.5 sec.)
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Figure 6. Performance characteristics of SEIG-STATCOM (cost-effective) with unbalanced 0.8-pf R-L load
(Load conditions: 3-¢ load (2.2 kW, 3.0 kW, 1.0 kW) at 3.0 sec.; load (2.0 kW, 3.0 kW,
unloading on ‘c’ phase) at 3.5 sec; and balanced 3-¢ loading 0of 2.2.0 kW at 4.0 sec.)

Performance with Motor Load

The performance characteristics of the system during the starting and sudden loading of an
induction motor are shown in Figures 7 and 8 for cost-effective and full-rating STATCOM
respectively. The motor at no load was switched on at 3.0 sec. and was loaded at 4.0 sec. During the
starting of the motor, excessive reactive VAR were drawn and therefore the V. dropped to 300V level
with both STATCOM. The V. quickly rose above the reference 700V before returning to reference
level after replenishing the charge on DC bus capacitor. At starting, the transients in Vap, iga, imas Lemm
and V;. were more visible with cost-effective STATCOM due to its lower rating and the uncharged
capacitor connection across the motor load terminals. Because of a lower compensation level, the i,
under steady state was lower compared to the corresponding value with full-rating STATCOM. With
cost-effective STATCOM, the SEIG voltage decreased by 10% and the transients were settled in 0.5
sec., whereas these values were 6% and 0.4 sec. respectively for full-rating STATCOM. Without
STATCOM, as shown in Figure 3, the decrease in SEIG voltage was 30%. The motor was loaded with
rated load torque at 4.0 sec. After small transients, the system response changed accordingly. The
increase in igq, ima, and Temm and the decrease in @, were observed. The V. decreased to 670V before
returning to steady-state reference value of 700V.

The performance of SEIG-IM configuration was compared in the presence and absence of
STATCOM and the key parameter indices of the system are summarised in Table 3. The total
harmonic distortion (THD) was obtained through fast Fourier transform (FFT) using discrete Fourier
transform (DFT) algorithm of MATLAB. The generator-side THD values were within a permissible
level, which demonstrated a satisfactory overall system performance.
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Figure 8. Performance characteristics of SEIG-STATCOM (full-rating) with induction motor load
(Load conditions : T= 0 at 3.0 sec. and T = rated torque at 4.0 sec.)
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Table 3. Comparison of performance indices of the system with and without STATCOM

. With STATCOM
Performance index Without ;
STATCOM Cost-ei:fectlve Full-rating design
design
Supply voltage dip at start-up 75% 10.0% 6.1%
Start-up time 0.7 sec 0.18 0.16 sec
Supply current THD at full motor load NA 1.4% 1.3%
Rise/drop in DC bus voltage of
STATCOM at the time of sudden IM NA 840V/300V 790V/330V
loading
Drop in DC bus \{oltage with full torque NA 625V 650V
loading of IM

CONCLUSIONS

23

The investigations on SEIG-STATCOM system have been presented for feeding static R-L and
induction motor loads. The dynamic model of the system has been developed in state space form. The

STATCOM parameters have been calculated for two design cases, namely the cost-effective and full-

rating designs using the proposed design procedure. The cost-effective STATCOM was designed to

provide a stable operation by connecting additional shunt capacitance with the load. The system
performance has been presented for both the cost-effective and full-rating STATCOM. With a
controlling algorithm, the system exhibited improved performance in terms of parameters such as

starting time, voltage dip, generator current and total harmonic distortion in the supply current under

various transient conditions. The full-rating STATCOM could be considered for critical applications

having stringent performance consideration while the cost-effective STATCOM should be for remote

applications where the cost is important.
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Appendix I

The per phase equivalent circuit of SEIG feeding induction motor load at steady state is shown
in Figure 9. In the equivalent circuit, the SEIG parameters R; and X, are stator resistance and leakage
reactance respectively, R, and X, are rotor resistance and leakage reactance respectively, and X, is the
magnetising reactance. The corresponding parameters are presented with subscript m for motor load.
X.sn 1s the reactance offered by the capacitor bank, and F and v are per unit frequency and prime-mover
speed respectively.

JFX,
~ Y Y Y

R /(F-v) /? JFX,,

e : 7 csh

X /F ngXmm z Rl Ev)

Figure 9. Per phase equivalent of SEIG feeding motor load

Applying KVL on stator side loop of induction generator results in

Zloop =0

Under steady state condition, /; cannot be zero and therefore Z should be zero. An

loop
optimisation problem has been formulated to obtain the unknown variables X.s; and F. The objective
function F), is expressed as

F (X, ,F)=abs(Z,

oup)

The values of X, and F should lie between the respective minimum and maximum limits:
(Fo, <F<F, )X, <X, <X.,.)

cmn cmx

The above optimisation problem is solved through SUMT in conjunction with the Rosenbroack
method of direct search technique [23]. After the convergence, the capacitance is computed.

Appendix II
The induction machine model is developed in a stationary reference frame while incorporating
the effects of both the main flux and cross-flux saturation. The forms of [v],[i],[r],[L]and [G] are

given as

qu Ln qu 0 0
L

ng 0
\ 0 0 0
T 0 -0l 0

r—m

0
[ L] — dg 'sq Ld 0
L L, L L

q n

dq Lmd Ld er —® L 0

q

<

[V] = |:v!1S vd.s' vqr vdr:l ’ [l] = |:i‘15 ldS i‘l" id” :IT ) [l"] = dlag [rS 775’ r” r”]
0

r—m

The air gap voltage of SEIG does not remain constant during loading. Therefore, the
magnetising inductance is calculated by calculating the magnetising current as

. . . \2 . . \2
Zm = (lqs +lqr) +(l(/s +ldr)

The inductances in [L] are evaluated [21] as
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L,=\,/i,, L=d\,/di,cosp=i, /i, sinp=i, /i,
L, =(L-L,)cospsinp
L, =Lcos’u+ L, sin*u, L, =Lsin’ u+ L, cos’u

qu = L/S + Lmq s Lsd = Lls + Lmd s qu = Llr + Lmq s er = Llr + Lmd

The prime mover torque driving the induction machine is expressed as
T, =6200-200m,

Appendix 11T

Generator parameters

3.7 kW, 415 V, A-connected, 7.6 A (line), 50 Hz, 4 pole, J=0.0842 kg-m2 cage induction machine.
R=0.0585 pu, R,=0.06196 pu, X;=X;,=0.1015 pu, Xynwnsay=2.858 pu.

Magnetisation characteristic of SEIG

L, =Ki +K,i +K,

where K, =-0.0091, K, =2.0024,K, =348.35.

Motor parameters
1.5 kW, 415 V, A-connected, 3.2 A (line), 50 Hz, 4 pole, J=0.0205 kg-m* cage induction machine.
R»=0.0832 pu, R,,=0.0853 pu, Xjsm=Xim=0.1101 pu, Xymunsan=1.83 pu.

Magnetisation characteristic of motor
=K, i0 +K it +K i +K i +K i +K,

i3
mm m1“mm m3°mm m5“mm

where K, =0.0072,K,,=—0.0849, K,, =0.4298,K,,=0.9924, K, =0.6847, K, =1.171,
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