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Abstract. This paper discusses steady state analysis ani performance characteristics of throe-phasc self
excited induction generators operating in parallel and supplying a balanced load. It is shown thal induction
machines with similar or different parameters and speeds can be operated in parallel and their steady state
performance characleristics can be sccurately predicted using the proposed method. The performance
characteristics of such machincs are influenced by the excitation capacitance, load resistance as well as
speeds and parameters of the individual machines. Typical cases have been investigated for a number of test
machines operating in parallel, Predictions of the propused method have been verified experimentally.

List of Symbaols
WRM, SCM = Wound Rotor Machine and Squirrel Cage Machine.
V. fin = Bus voltage, frequ#®sy and number of machines.
C X, = Excitation capacitance and its reactance.
R_',, Rr, = Machine i stator and rotor reactances.
X, i Xrp X, = Machine i stator, rotor and maganetizing reactances.
J’J.‘, l,j, Im‘, Vg‘, L 1 = Machine i stator, rotor and magnetizing currents, air
gap voltage, power and speed.
R X Z2,Y,, G, B;, P, = Loadresistance, reactance, impedance, admittance,
conductance, susceptance and power.
1,1 = Load and excitation capacitor currents,
Crinr Conax = Minimum and maximum excitation capacitances.

All quantities are in per phase pu values, rotor quantities arc referred to stator
and all reactances are at base frequency.
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Introduction

The principle of self cxcitation, by which an induction generatar can be excited from
static capacitors, is well known [1,2]. Owing to increased emphasis on renewable
resources, the development of suitable isolated power generators driven by energy
sources such as wind, small hydro-electric, biogas, etc. has recently assumed greater
significancc. A capacitor self excited induction generator has emerged as a suitable
candidate of isolated power sources {3-6] because of its reduced unit cost, brushless
rotor construction, ahsence of separate saurce for excitation, ruggedness, ease of
maintenance and self protection against severe over loads and short circuits,

In some applications, a group of capacitor scf cxcited induction generators may
have to be operated in parallel [7]. Parallel operation of such generators has the fol-
lowing advantages [8]:

a. Synchronization is unnecessary.
b. Generators do not have to run at a common synchronous speed.

¢. An undcrground a.c. cable system could usefully pravide part of the required
excitation capacilance.

In addition induction machines have higher damping as compared to conventional
types of synchronous machines. Consequently, in parallel operated SEIG’s, hunting
problems are reduced.

Methods of analysis and performance characteristics of a single self excited
induction gencrator have been reported in the literatare |9-14]. However, that is not
the case for parallel self excited induction generators. Only in reference [8], a very
simplified model has been used to describe the performance characteristics of such a
group of generators. This paper presents a general method of analysis that deter-
mines the steady state operating characteristics of parallel self excited induction
generators. The theoretical predictions obtaincd from the proposed model have
been verified experimentally.

Method of Analysis

Consider “#” induction machines connected to a common bus to which an ¢xci-
tation capacitor (C and load are also connected as shown in Fig. 1. Assume that these
“n" machincs arc being driven by their prime movers at per unit speeds of v, v,,...,
v, respectively. If conditions for self excitation are satisficd, all machines will oper-
ate at a common terminal voltage V,, with a common frequency, f. Figures 2 {1 and
b) show the per-phase steady state equivalent circuits of the excitation capacitor and
load and the “7"" machine respectively. In Fig. 2-b the core losses have been ignored.
However, such losses may be incorporuled in the analysis by adding a resistor of
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Fig. 2. Per phuse equivalent circuits of the excitation capacitor and loud (1) and the i Induction machine
(b).

appropriate value across either X ; or the machine tcrminals. ‘T'o represent the paral-
lel vperation of these machines, “n” such equivalent circuits (Fig. 2-b) have to be
connected across the circuit of Fig. 2-a.

The performance of such “n” machines can be calculated provided that X (i =
1,2,...,n) and f are known. To ubtain the values of these parametcers, the following

methad is proposed.

The nodal cquation at the bus is;
2 n
vV
jf—+YLZYi —L£-9 n
X o M

where ¥, and ¥, are given in the appendix. Under self excitation, (V./f) # 0, which
implies that the real and imaginary parts of the total admittance at the bus must be
independently equal to 7ero. i.e.
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n
6,+Y.G,=0 @
i=1
and
f2 ]
—+BL+zB‘—:0 3
Xe i=1

where (7, and B, are the real and imaginary purts of Y, and ¢, and 8, arc those of
¥, I'heir corresponding expressions are given in the appendix.

In order to ensure that all machines have the same terminal voltage, the follow-
ing conditions must be satisfied:

=0 @)

A ASAA

fari =12, .n—1 and k = i + |. The magnitude of the stator current for machine
“i” can be related to the machine magnetizing reactance X i Provided the relation-
ship between (| V. [/) and X_.is known. Such a relationship can be measured experi-
mentally as discussed elsewhere [10]. Generally, the variation of (Vi) with X,
aver the practical region of operation can be approximated by lincar scgments with
expressions of the type:

el f=a,=8x,, (3)

Hence

lls:l=lv“llf %+ biXm,

= (6)
IZW i ’ IZ"" -'I
Therefore. Eq. 4 can be expressed as:
Zi,. (ai+11ixn‘£)|ii:![(ak +hXp =0 n

fori=12... n-1,andk =i+ 1. Expressions for | Z,| and | Z,_ | are given in the
appendix. !
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Equations 2, 3 and 7 are (n + 1) equationsin {n + 1) unkonwns (X, , X, , X .
Jy which can be solved numerically for given values of X, load impedance, machinés
parameters and speeds. Newton Raphson method was used to solve these equations.
Once the values of Xm;s and f are known, the air-gap voltages of the individual
machines can be readily calculated. Consequently, the complete performance
characteristics of all machines can be evaluated.

It is well known that for an isolated induction generator to sustain self cxcita-
tion, the terminal capacitance must be such that C,,, < C < C,,,, [9]. These extreme
values of C are obtained when X, = X, (X, is the maximum per unit magnetizing
reactance). For parallel operation of induction generators, the allowable values of C

must also be within a certain range. The extreme valuesof Cie. C,  and C,, ,inthis
case, depend upon parameters and speeds of the individual machines as well as load

impedance.

For given values of X, and v, (i = 1,2,..., n), cquations 2 and 3 can be solved
nu:pericully to find X, {ancf hence C = I/(wX )} as well as {. Thus, the value of €
which corresponds to X,, = Xonas» for i = 1,2,...,n, will be either C,, or C
depending upon the initiaf values used in the iterative numerical solution of Eqs. 2
and 3. With Newton Raphson method, the initial vatue of f may be selected to be the
average of the generators speed, i.e.

f:

= |

>, @)
i=1

and, from Eq. (3), the initial value of X, can be calculated as:

—f2

[ = n
[BL + Zf:] E" J
If the initial vatues of f and X are selected according to Egs. § and 9 then the solution

will converge to C = €. On the other hand, if the initial value of f is selected to be
half the meun of the generators speed, i.e.

X &)

l n
=-— . 10
f=-2m (10)

i=]

and them used in the calculation of the initial value of X using Eq. 9, the solution will
then converge 1o C = C,, .. When [inding these extreme values of C, it may be cssen-
tial to use a decelerating factor in order to converge to the correct solution.
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Results and Discussion

Test machines data

In order to test the validity of the proposed method of analysis and to investigate
the performance characteristics of parulle] vperation of indugtion generators, two
types of machincs were used, namely, a wound rotor machine (WRM) and a squirrel
cage muchine (SCM). Both machines are three-phase, 380 V (line}, 60 Hz, 4-pole, 1
kW, Base values of frequency, speed und impedance arc 60 Hz, 1800 rpm, and 75.86
a respectively. The per-unit measured parameters of the two machines are given in
the foilowing table:

Muachine parameters

K R, X X Kooex
WRM 009175 006354 02112 02112 2.00

SCM (116543 000324 0.1060  0.1060 2.84

‘The measured per-unit variations of the air-gap voltages |V | /fbascd on a 220
V with X, for the two machines are shown in Fig. 3. As shown i in this figure, these

voltages can be approximated as follows over the practical range of interest. For the
WRM,

15
SCM
1.0 —
WRM
.
) -
=
g
0.5 —
a
a
. a
o a
»] &
[+]
o T T LI T T T E I
05 1.0 15 2.0 25 30
X {pu)

Fig. 3. Measwred varjations of ale-gap voltages with X,, for the test machines.
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LOO07-0.1741X,, for X, <1.36066
—Vi: 11.4298 - 0.4881X%, for 13666 <X, <1.7707 (11)
4 10192-1.3857x, for X >1.7707
and for the SCM,
2.4408-0.6080%,, for X, <2.3839
E£= 13,4592 -1.0352X,, for 2.3839< X, <2.8116 (12)
d 9.7841-13.2848X,, for X, >2.8116

Excitation requirements
In order to examine the values of C,, and C,,,, Eqgs. 2 and 3 were solved num-

erically for a number of cases. Figure 4 shows the calculaled variation of C,,, and

C o [01 two unloaded machines (WRM & SCM) and four machines (2 WRM's & 2
SCM'’s) at no load and under load. The machines were connected to the shaft of a dfc
motor. This figure also shows the measured variation of C, . with v. The measured

iy
values were obtained by connecting three Y-connected capacitors of equal values,
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o

o

15
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Fig.4. Variation of C_ and C_, with v and R for two and four machine systems,
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across the terminals of the paraltel machines. The speed of the dic motor was gradu-
ally increased until seif excitation occurred. Then, the speed was gradually reduced
until the excitation was lost at a certain drop-out speed, v, This value of Cis C,,, at
vy {tis clear from this figure that the measured values of C,,, ugree quite well with its
calculated values. Figure 4 further shows that there is a minimum value of speed
!)elow which excitation will never occur regardless of the value of C. This behavior
is similar to that of u single machine as shown elsewhere [9]. This figure further shows
that when the machines are loaded, the values of C,,, is significantly increased. How-
ever, (. is lower than that of the no load case. Moreaver, loaded machines also
have a maximum cut-off speed above which sclf excitation is not possible. For two
WRM’s and two SCM’s v, and via* gre 0.2 and 1.24 puwhen R =0.2pu.

4
Performance characteristics '

In order to investigate the performance characteristics of parallel operated
induction generators, the following cases were considered:

a. Similar machines operating at equal speeds,

b. Different machines operating at equal speeds,

¢. Similar machines operating at different speeds,
d. Different machines operating at diffcrent specds.

When similar induction generators with equal speeds are operated in parallel,
they share the load equally as expected. This is clearly evident from Figs. 5(a and b)
which show the calculuted and measured variations of ¥, fand I, with speed for two
similar WRM’s. It is clear that both machines have equal stator currents whether
uninaded or loaded. Moreover, there is a good agreement between the calculated
and measured values.

Similarly, when two SCM's were operaled in parallel, whether loaded or
unloaded, the calculated and measured values of V|, fand [_are also in a good agree-
ment. Thus, if “n” similar machines with equal speeds are operated in parallel with
excitation capacitance, C and load resistance, R, the performance of each machine
could be evaluated by using either the method discussed in this paper or the method
of analysis of a single induction generator |10} with the terminal capacitor and load
resistor values selected as C/n and nR respectively.

When different machines with equal speeds are operated in parallel, their cur-
rents depend on their parameters. This is evident from Figs. 6 {a and b) which show
the calculated and measured variations of V,, f, I, und I, with v for a WRM and an
SCM in parallel when connected to the same shaft. The highest current is delivered
by the generator with the lowest rotor resistance as is cvident from Fig. 6 (4 and b).
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Fig. 6. Effect of speed on ¥,, I, I, and f for parallel operation of 8 WRM's and an SCM.
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Unlike synchronous generators, self excited induction gencrators can be oper-
ated in parallel even when their speeds are different. Under this condition, the power
supplied by each machine could he either positive or negative depending on several
factors such as speeds and parameters of the individuat machines, excitation capaci-
tance as well as load impedance. Figures 7 (a. and b.) show the calculated and mea-
sured variations of ¥V, _ f, /e, and fy, when two WRM’s are vperuted in parallel at dif-
ferent speeds. One machine was driven at | pu speed by a synchronous motor while
the speed of the second machine was varied using a d/c motor as a drive. There is a
good agreement between the calculated and measured values.

In parallel operation, the power supplied or taken by a given machine “i” from
the common bus depends upon its speed as well as the frequency. The valuc of f
depends on several factors such as speeds and parameters of the individual machines,
excitation capacitance and load impedance, etc. In general if Cis near €, and the
machines are not loaded, then fis approximately equal the average of the speeds of
all machines. However, { drops when the machines are loaded or the value of Cis
increased, Consequently, the amount of power supplicd or taken by each machine
depends upon the various faclors, mentioned ubove ., which affect the bus frequency.

Figure 8 shows the variations of V,, f and output powers, P, (SCM) and P,
{WRM) when an SCM and a WRM were operated in parallel at different speeds. The
speed of the SCM, v,, was fixed at 1 pu while the speed of the WRM, v,, was varied.
The Joad and excitation capacitance were kept constant. It is clear that as v, is
decreased, [decrcascs as well and conscquently, the output powers of both machincs
vary. This figure clearly signifies the importance of the parameters and speeds of the
individual machines in parallel operation.

Figure 9 {a and b) show the influence of excitation capacitance, €, and load on
V, f and machines output powers for two WRM's which were operated at fixed
speeds of | and 0.9 pr. [t is interesting to note that when the machines are ul no-load,
P, + P, = 0 for any value of C. For C,_, < C £ 300 uF, the faster machine supplies
the same amount of power absorbed by the slower machine. lHowever, for 300 uF <
C < C . the slower machine feeds power to the bus while the faster machine
absorbs power from the bus to account for part of its losses. Thus the value of the
excitation capacitor has a significant influence on load sharing of paraliel induction
generators. When these machines were loaded with R = 2 pu, it was found that for
Cpin 20 £ 270 uF, P, was positive while P, was negative and P, + P, = P, (P, is
load power). However, [or 270 uF < C < C_ . both P, and P, were positive, When
the load was further increased to R = 1 pu, it was found that hoth P, and P, werc
positive over the entire range of C as shown in Fig. 9-b. Thus, besides machincs
speeds and excitation capacitance, the load resistance also alfects the power sharing
of parallel induction generators. This point is further clarified in Fig. 10 which shows
the influence of load resistance on terminal voltage, frequency and power outputs of
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three WRM'’s at fixed speeds of 1, 0.95 and 0.9 pu with € = 160 uF. It is clear from
this figurc that at light load, most of the power is supplied by the fastest machine.
However, a5 the total load at the bus was increased, the slow machines started to sup-
ply more and more power. Thus for paralle] operation of induction generators, the
choice of machines, their speeds and excitation capacitance is very important
because they control not only the terminal voltage and its frequency but also the
amount of power supplied by each machine. If due care is not exercised, some
machines may be acting as motors.

It is clear from the above discussion that it is possible to operate induction
machines of different parameters and with different speeds in parallel. However, it
is preferable to operate similar machines at the same speed. Under such conditions,
the terminal voltage could be kept reasonably constant by adjusting the value of C
under varying load conditions as discussed elsewhere [10]. When either ditferent
types of machines are used or when the speeds arc not equal, it is still possible to con-
trol the terminal voltage hy varying C. However, it may not be possible to keep the
powcr vulputs of the various machines at the desired levels.

Conclusions

This paper presents an accurate method of analysis that predicts the steady state
performance characteristics of three-phase induction generators operating in paral-
lel and feeding a balanced load. From this paper the following specific conclusions
can be drawn:

L. Self excited induction generators having different speeds as well as parameters
can be operated in parallel provided the excitation capacitance and speeds of the
individual machines are kept within certain ranges.

2. When similar machincs are operated in parallel, it is preferable to operale them
at a common speed Lo ensure equal load sharing. However, the power supplied
or absorbed by machines with different parameters and/or speeds depends upon
their parameters and speeds as well as excitalion capacitance and load impe-
dance,

3. The excitation capacitance and machines speeds have strong influences on the
performance characteristics of self excited induction generators operated in
parallel. These parameters have to be selected carefully 1o avoid under or over
loading of the individual machines.

4. Since parallel operation of SEIG’s sets the frequency to be approximately the
mean of the generators running speed, it is possible that slower machines may
operate in the motoring regime.
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5.

Sudden removal of one generator or more of the group from service, might lead
to overvoltages if the excitation capacitor is not reduced accordingly.

Appendix
The impedance for an R-I load is
z, =%, jx (3)
f
and hence the corresponding load admittance is given by:
V= Gyt gy =g e i L% (14)
L=bg tjog R2+f2X2 R2+f2X2
On the other hand, if the load is capacitive, then
R X
Z=2j — (15)
f 7
Consequently,
3 2
) fR _fX
Y =G, +jB; = - (16)
T T T xR xR

o s

From Fig. 2, the total impedance of the magnetizing and rotor circuit for machine
i” is given by:

mr, Rm.r,- + jxmr‘- (17)
wherc
(f_ U‘-)Xi /Rri (18)
RW‘ = 2 T
e (f—u) (%, + X | 1R
and

14X, (f-u) (x, + X, )1 R
X, =X : :

(19)
'1+(f—v‘—)2(x,‘_ +X, ]ZIREI_
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Also the total terminal impedance of machine “i” is given by:

Z; =R + X, (20)
where

R——ETLJrR

T (21)
and

X=X, +X,, (22)

The corresponding machine “i” total admittance is given hy:

16}
17
18]
19

[10)

[

. ] R X,
Yim Gt B = —= =g - j——' (23)
lﬁ R; +Xi Ri +X‘-
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