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ABSTRACT: The depletion of fossil fuels in the world, has given rise to the importance of non-
conventional energy sources. Wind turbines and micro hydro generators with induction generators are
considered as an alternative choice. Wind turbines with Self-excited Induction Generators (SEIGs) are
increasingly being used to generate clean renewable energy. SEIGs are widely being used in isolated areas
(rural areas) to generate electrical energy. Capacitor banks are used with a purpose to provide reactive
power for its excitation. This paper presents the various approaches for determining the excitation
capacitance required to build-up voltage for isolated operation of a self-excited induction generator.
Keywords: self-excited induction generator, excitation capacitance, steady state model, transient model

Nomenclature:

S = generator’s kVA input
C; = output coefficient

B, = average flux density in the air gap
a. = specific electric loading
K,, = winding factor

D = air gap diameter

L = core length

rn; = synchronous speed

¥, = capacitive reactance

F = per unit frequency

I. INTRODUCTION

With the depletion of energy sources worldwide, every effort is made to convert other forms of non-conventional
energies into electrical energy. Therefore energy recovery schemes are becoming an important aspect of present
day industrial processes. In the coastal areas, wind energy is available in abundance. The wind turbine traps the
wind energy and converts mechanical power to electrical power. This can be accomplished by an electric
generator which can be a DC machine, a synchronous machine, or an induction machine. The presence of
commutators in DC machines makes it low reliable and increases the maintenance costs. The synchronous
generators are suitable for constant speed systems. Permanent magnet synchronous generators are not suited for
isolated operation, since their generated voltage tends to fall steeply with load.

For the conversion of the wind energy into electrical energy, an induction machine coupled with a
windmill offers an ideal solution. They are of two types. Wound rotor type is expensive and requires increased
maintenance, therefore only used where (i) the driven load requires speed control or (ii) high starting torque is
required. Hence it is a preferred choice in grid connected wind generation schemes. In grid connected mode
(without using converters), the terminal voltage and frequency of the generator are fixed and determined by the
grid. The squirrel cage type is simpler and more economical in construction. It is more rugged and requires less
maintenance. This is widely used in isolated wind power generation schemes.

Roger, Sharaf and Elgammal [1] present the analytical d-q model to obtain maximum wind energy
capture. SEIG is modelled from the stator side with eigen value solution of the characteristic equations. Design
equations to describe self-excitation, loss of excitation and voltage regulation are presented here.

R.C. Bansal [2] gives an overview of the three phase self excited induction generator, its classification
and a detailed survey of the literature on SEIG that discusses the process of self excitation and voltage build up,
modelling, steady state, and transient analysis, reactive power control methods, and parallel operation.

A review on the various approaches carried out to determine the excitation capacitance has been
discussed here. Section Il explains the voltage build up process with the increasing capacitor current. Section |11
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describes the various methods involved in determining the excitation capacitance. It further discusses the
approaches involved using both models — Steady state model and Transient model. Section IV concludes the
distinctive features observed from the study of different approaches.

Il. SELFEXCITED INDUCTION GENERATOR

When an induction machine is driven by an external prime mover at a speed greater than the synchronous speed
(negative slip) the direction of induced torque is reversed and it starts working as an induction generator. The
real power flows out of the machine but the machine needs the reactive power. The main drawback of induction
generator in wind energy conversion systems applications is its need for leading reactive power to build up the
terminal voltage and to generate electric power. Using terminal capacitor across generator terminals can generate
this leading reactive power. For an isolated mode, there must be a suitable capacitor bank connected across the
generator terminals. This phenomenon is referred to as capacitor self-excitation and the induction generator is
called a SEIG”.
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Fig. 2(a) self excited induction generator

The voltage build up process in an induction motor has been explained.
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Fig. 2(b) voltage build up in a 3dinduction generator.

When the rotor of induction machine is run at the required speed, residual magnetism present in the rotor iron
generates a small terminal voltage o-a across stator terminals. This voltage produces a capacitor current 0-b. This
current creates a flux which aids the residual flux, thus producing more flux and therefore more generated
voltage across stator terminals represented by b-c. This voltage sends a current o-d in the capacitor bank which
eventually generates voltage d-e. This cumulative process of voltage build up continues till the saturation curve
of induction generator intersects the capacitor load line as shown by point f, thus giving a no-load generated emf.
The voltage build up depends upon the value of capacitor. Higher the value of capacitance, greater is the voltage
build up.

The connection of a set of three static condensers across the terminals of a 3- [ induction motor results
in the addition of a constant leading component to the current taken.

I1l. DETERMINATION OF EXCITATION CAPACITANCE
The design and construction of three phase, 220/380V, 3.4/2.0A, 4 poles, 0.75 kW self-excited
induction generator is explained. The design is based on the output equation of A. C. machines i.e. the generator
kVA input that depends on the size of the capacitor used [3].
________________________________________________________________________________________________________________________________|
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5= C,DLy, 1
C, = L1m°Bg,a.K,, x 1073 )

If B, is high, C, will be high which means that the input kVA is high. The efficiency is given as the ratio of
output power to input kVA.

efficiency = % 3)

High input kVA gives larger values of the capacitor for self-excitation but a reduced efficiency. The
larger value of the capacitor gives an increased build up voltage as explained earlier and hence better excitation.
But at the same time, reduced efficiency gives lower capability of generation and higher cost of construction.
The voltage and frequency of an isolated self-excited induction generator (SEIG) are not fixed and depends upon
the generator parameters and excitation capacitance. Hence it is necessary to determine the sufficient value of
the excitation capacitance. Various approaches to determine the capacitance required to excite a self-excited
induction generator have been reported here. There are two approaches:

o Steady state model (Per Phase Equivalent Circuit Approach)
» Loop Impedance Approach

» Nodal Admittance Approach

» LC Resonance Principle

o Transient model (d-q axis model approach)

3.1 The per phase equivalent circuit involving Loop impedance method and Nodal admittance method is suitable
for studying machines steady state characteristics. In these methods iterative solutions are used to solve non-
linear simultaneous equations in per unit frequency. This gives the maximum and minimum values of the
excitation capacitance.

3.1.1 Loop impedance approach

The basic equations using loop impedance approach are derived from Fig. 3(a) . The method evaluates
the steady state performance characeristics of a SEIG under various operating conditions. It is evaluated on a
1.5-kW induction generator driven by a regulated prime mover for various operating conditions. The stator
current is found to be sensitive to the excitation capacitors used but insensitive to the output power of the
generator[4].
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Fig. 3 (a) per phase equivalent circuit of a three phase SEIG
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Fig. 3 (b) simplified representation of circuit of Fig. 3 (a)

The ratio of airgap voltage to frequency (?5) is expressed as:

T = kg + kX + Ko + kX 4)

Synchronous speed test is used to find the coefficients k.
The series impedances are:

-1
= 1 1

Fao = (?;.l_:_: + El_."'+]'x|..] (5)
—_ R e

Zab = (2+ jX,) 6)

-1

= 1 1 1

Ibo=|wm=+—+—= ) 7

(%5 N @

The loop equation is

Il (Zao + Zab +Zbo) =0 (8)
Since 1140, Zyo + Zap +Z1,0=0 9

On separating the real and imaginary parts, non linear equations are obtained that are solved to obtain
the magnetising reactance (¥y, ) and F for fixed values of capacitive reactance (X;}, machine speed(v) and load
impedance (£).

The terminal capacitor must have its value within a certain range to start self-excitation, beyond which
self excitation is not possible [5]. Moreover, if the load impedance is below a certain value, self-excitation will
not be achieved irrespective of the value of the excitation capacitor used. Here, the above mentioned loop
impedance equations are used giving two simultaneous non-linear equations (generator impedance and the
external impedance equations) equation (9), that are further solved using Newton Raphson method to obtain the
capacitive reactance and hence the excitation capacitance. The value of capacitance can be selected so that the
terminal voltage is constant, irrespective of the generator output power. It is further shown that under such
conditions, the value of capacitance is influenced by the load as well as by the load power factor. The generator
performance is however independent of the load power factor and is only affected by the magnitude of the load
impedance.

The loop equations obtained from Fig. 3(a) for resistive load are solved using Newton Raphson method

[6]:
xR . R \
e R L i)
@:m1m+&*WJ+Rr.
?_F: F_v'l'J{xm'l'x'lr:]

(10)

On separating the real and imaginary parts, non linear equations are obtained that are solved to obtain
the magnetizing reactance (X} and F for fixed values of capacitive reactance (¥;}, machine speed(v) and load

(Bp).
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3.1.2 Nodal admittance approach
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Fig. 3 (c) Per Phase Equivalent Circuit of Self Excited Induction Generator Feeding an Induction Pump Motor

The nodal current equation is given as:

VY, + ¥V, +¥,) =0

where
v, =j<
r X,
a1 gat¥g5)
FF = 1 I“IZ 3
E1+‘Ez+ g3

1 1 1
= —— ¥, = —.¥, =&
1 Reghialy S jax, "t s ot Ho

where a is p.u frequency and b is p.u speed
1 M Xu

T = — = — - —— — . -
" Ry +i¥y  Ry"+ () Ry’ + ()P

11)

(12)

(13)

(14)

(15)

Under steady state self excitation, ¥y, # 0, therefore ¥, + ¥, + ¥, = 0. On solving the real and imaginary terms

we get
Rg

Fipg -0
Re®+(Xe)? R+

= ig K _
. ReP+(Xe)?  Ru®+(Xwd?

Substituting Ry, = « and Xy = 0 in (16) gives

| ()
I:!\m.- = EJ -~ —2
14X 7 1+R5_5|11+J:'r5}
R'E' .1'.-"_5
where
7 |:-1

L2
b, = —& '_'f-(l_'_lrs)
¢ X,"_,‘\IRSE Xmg

Substituting Ry =0 and Xy = « in (17) gives
X g (5—5)Hp g Emg+Hrg )+ Rrg")
(8- B) (K +Xrg) +Rrg?

Xe = Oy |Xog +

Thus
1

2750. X,

I:'_1‘."'!!"’. =

(16)

17

(18)

(19)

(20)

(21)
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Cmin IS the minimum capacitance to provide the self excitation. Practically, terminal capacitor C with a value
slightly greater than €, should be selected to provide self excitation.

A method based on the combination of the principle of L-C resonance [8] and non linear magnetization
characteristic of the generator is used from Fig. 3(d).

R /'F JXs X,

; MW — T — T
_ ] - | S
V_g-F —— Ffr me F-v

Fig. 3 (d) per phase steady state equivalent circuit of SEIG

The analysis is made by short circuiting the rotor terminals and adding an excitation capacitance across the stator
terminals.

j‘st
s
; = Ig— 1:7 _
e | Vs 4 JXom
F° =/ F F

Fig. 3 (e) per phase equivalent circuit of a SEIG at no load

At no load the rotor is considered as an open circuit and the L-C circuit obtained in Fig. 3 (e) is used to
determine the value of excitation capacitance. To generate a voltage, the circuit must be at resonance.
Therefore,

:;-i: = I[}‘:1,+ Xm} (22)
Yo _ Ve[ _Em
F_F [):1,+:-cm:| (23)

Synchronous speed test results are obtained to find the relationship between ?5 and X, where V; is airgap

voltage, F is p.u frequency and Xy, is the magnetising reactance. The relationship between V; and X, is obtained
as

Vil Xm i -2 -

2 [ = kot e 4 Xy

F LY, +Xq (24)

After determining the values of Xy, and X;., C can be obtained as C = + (25)
2MFbF~ (X +Xim)

The no load saturation curve of induction machine is obtained at normal rated frequency as shown in Fig. 3 (f).
The critical, minimum and maximum capacitance [9] required for excitation is calculated from the no load curve
for voltage build up, rated voltage and current respectively, using the per phase equivalent circuit in Fig. 3 (a).
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Fig. 3 (f) No Load Characteristics of Induction Machine

The slope of curve Fig. 3 (f) determines the different values of capacitor. It gives the critical capacitance, below
which the voltage will never build up, the minimum capacitance to generate the rated voltage, and the maximum
capacitance above which the current exceeds its rated value thus heating the stator core.

r _ £ r L= 1"FFI|:Eﬂ r _ v

:“'EE Al :“'EI:mI:I - I :"-El:ns.x - Lrated (26)
3.2 The d-q axis model based on generalized machine theory is employed to analyze the machines transient as
well as steady state characteristics.

The dynamics of an SEIG are expressed by deriving equations in synchronously rotating reference frame [9].

p[qa = _Klr'a[qa - (me +K; mer}[i;. + K; rr[qr — EiLpwoplsr 27

p[ds = (t"-"e + KE I-'Tnmr}[qs - I{1 r's[n'a + Klemr[qr + KE r'r[n'r - Klvn'a (28)
. . . ':T'r‘H': I-m"'r:I . .

Prgr = K; Felgs + KoLowpis — [+]lqr + ':K1 L5m'|'| — g Jigr (29)
. . . . ':T'r‘l'}': I-m"'r:' .

Pigr = Kprsig: — Ky Lamrlqa - ':K1L5m1- - mejlqr - [L—zr]lir + KV, (30)

where )

Ky :11: = K2 :1;: : (31)

The SEIG is modelled and the dynamic response for varying loads and capacitances is simulated.

An “interval technique” [10] to determine the minimum capacitance required for self - excitation of a 3-
phase induction generator using d-q axis model approach is proposed. Here, for a stationary reference frame, the
terminal voltage equation is obtained by setting w= 0. The terminal voltage equations are:

/o] [Retplot pL( 0 Pl 0 igs
Vis 0 Ry +pL; + # 0 Plm s
I":W' PLm Wrlm Rrt+pLr  wely Ygr
Vir wrlm Pl wplm Ry +pLy | L1dr (32)
L, L,
R, R,

(@)
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(b)
Fig. 3 (g) d-g model of SCIG at no load (a) d-axis (b) g-axis
In Laplace form V(S) = A(S) I(S) (33)
where
1
R,+sL,+ — 0 sL, 0
sC 1

A(s)= 0 R+ 8L+ el 0 sLm

SLm, wrLim R.+sL. w.L;

\ib'er SLm erm Rr + SL‘J"

Determinant of A(S) gives a 6™ order differential equation, where on solving real and imaginary parts a pair of
equations consisting of C and Lm are obtained.

—C2x, %08 + (€7 (%% + X%, 2R, R, + ©,2X,) ) + 2CL;X, ) o*
—(C2R, %%, + 2C(R R, L, + RoXy + w, 2L, ) + 1,  )w? + Xy )ew = 0
(34)

Cxy X — (Ry(RoXy + Ly, X, )C + (LoXp + RyXy) O’ + (RyCX3 + Ryly)ew = 0 (35)

These equations are solved to obtain the solutions for C and Ly,.

Another stationary reference frame [11] (w=0), to explain the effects of excitation capacitor and
magnetization inductance on the induction generator, when operating as a standalone generator is analysed. Here
it is shown that the SEIG is inherently capable of operating at variable speeds.

S im r‘. "V’L.'l"v‘\ "“/"l:'!!v-’ \ +(:>)*' )\"_ l"

— ﬁ—l AN , il ANA/ lar
P 1 $ =~ |

S. VN, ¥ Ll\» \ vL.k v\ N ("rf‘qr A2 bae
= — 'YW\ X I_‘ —[—t‘ oINS
i i \ 3 .
A
Z \ Vv & <1 Ay

: ‘IT_ S P

Fig. 3 (h) d-q model of SEIG in stationary reference frame
At no Load, the voltage equations are

0] [r+pL+1/pC 0 pL,, 0 T'w 1 Vs 1

] I 0 r+pl.+1/pC 0 pL, i, N Vi

0 pL, -o L rtpl, -ol {i K,

0] oL, pL,, ol n+plL |i,] K, ] (36)

Where Ky and Kg are initial induced voltages along the d-axis and g-axis respectively due to the remaining
magnetic flux in the core.

The expression for current components in matrix form can be expressed as:

pl=Al+B (37)
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-L.r, - 1,;11';, L.r -L oL, ] L"' K ¢ L' ‘ v

- 1 1_':”4';' - LI L,__m, [_, [ﬂ,/" ;- i l‘n! K d- 1~.' od

Ll Lr Lol -Lr Lol L| LV g~ A

\-LolL, Ly -LolL -Lr, | LVy.—LK,]
igs
_las|x Ly _n.v =1l _

I= iqf- ,\cq—Eflqsdt-l-VmH = 0,\“1—;] igedt + Vgt =0

Lar (38)
Ve = —Vig (39)

It is found that when the load is inductive the value of excitation capacitance should be increased in
order to meet the reactive power requirement of the SEIG and the load.

1V. CONCLUSION
The squirrel cage induction generator due to its ruggedness, low cost of construction, less maintenance and
suitability for isolated operation, is an inexpensive alternative to synchronous generators. For isolated generation
in remote areas a variable capacitance is required to build up the voltage in a SEIG. The time required for
voltage build up depends on the value of the capacitor used. Hence it is necessary to determine a proper value of
the excitation capacitance used for early build up in voltage and better performance. Thus various methods for
the determination of the excitation capacitance required in an induction generator have been studied extensively.

The per phase equivalent circuit model using loop and nodal equations involve highly non linear
simultaneous equations in per unit frequency or magnetizing reactance using iterative methods that are time
consuming. The circuit using LC resonance principle simply involves the determination of roots of a polynomial
without involving complex algebraic manipulations. The per phase equivalent circuit model gives the steady
state analysis but not the transient analysis.

The approaches involving d-qg axis analysis of SEIG keep in consideration the transient behavior of the
machine as well, in addition to the steady state performance. The d-q model using “interval technique” based
novel method for determining the optimum value of the capacitance gives a range of possible values of
excitation capacitances thus helping to select a suitable value for wider operating speed variations.
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