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Abstract: A general steady-state analysis of a three-phase self-excited induction generator (SEIG) 
feeding a three-phase unbalanced load or single-phase load is presented. Symmetrical component 
theory is used to obtain relevant performance equations through sequence quantities. While the 
analysis of the system is inherently complicated due to unbalance and magnetic saturation, valid 
simplifications incorporated in the equivalent circuit for both forward and backward fields result in 
manageable equations suitable for computer simulation. Suitable non-linear parameters are chosen 
corresponding to appropriate saturation levels. Using this technique a 7.5 kW, 415/240 V, four-
pole, threephase induction motor operated as a SEIG is analysed tinder different unbalanced loads 
and compared with experimental results. The fcasibility of using three-phase machines for such 
unbalanced operations has been critically examined for stand-alone power generation. 
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G conductance 
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I current 
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to,. rotor speed 
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L load 
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1     Introduction 

The self-excited induction generator (SEIG) has attracted 
considerable recent attention due to its applicability as a 
stand-alone generator using different conventional and non-
conventional energy resources with its advantages over the 
conventional synchronous generator [IM]. Research has 
been centred on analysis, design and control aspects of 
SEIG. Recent advances in power electronics provide 
attractive options for controller design for VAr control 
and load balancing to suit the primc mover and load. A 
proper combination of machine, capacitor and controller 
has to be evolved for the given application to make it 
acceptable. 

Analysis of three-phase SEIG with three-phase balanced 
load is well documented [IM]. Since they find applications 
in remote areas or for standby commercial needs, with 
predominately single-phase loads? they face unbalanced 
impedances, although proper design of the distribution 
network may limit such imbalance. For the three-phase 
SElG to compete with the widely used synchronous 
generator it must be able to safely feed such unbalanced 
loads and meet the quality standards met by the latter under 
such conditions. Thus, a systematic analysis is needed to 
assess the performance of three-phase SEIG feeding 
unbalanced loads. 

Low-power generators (say up to IOkW) invariably feed 
a single-phase supply system. Since it has been found that a 
normal single-phase induction motor cannot be effectively 
used as an SEIG, a specially designed two-winding single-
phase SEE has been proposed [SI. Since this requires 
modified manufacturing procedures, and hence is expensive, 
the alternative of using an 'off the shelf three-phase 
induction motor as an SEIG to feed single-phase load 
appears attractive. This requires a suitable balancing system 
to achieve balanced winding currents and to obtain 
maximum output with minimum losses. 

With Unbalanced or single-phase loads, the problem is 
further compounded due to the presence of forward and 
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backward fields. A suitable equivalent circuit is required for 
each field with appropriate saturated parameters. This 
paper presents a general and comprehensive analysis of such 
systems using the concept of generalised rotating field 
theory and symmetrical component theory [6, 7J. 

Another attempt to use symmetrical components [SI uses 
slip and positive sequence voltage as unknowns assuming a 
fixed frequency. This is unrealistic since in all such systems 
the frequency and saturated magnetising reactance are 
unknown [I] at a known speed. It is necessary to evolve a 
method to predict the performance at any speed, particu-
larly with variable speed prime movers such as wind 
turbines. Further the C-X combination [SI does not always 
provide balance and the second capacitor value would be 
generally less than twice the first one. Further, the 
magnitude of exciting and balancing capacitors varies with 
load. In [S-IO] a minimisation technique is used, which is 
unnecessary and complicates simulation. Therefore the new 
methodology presented here directly employs realistic and 
actual circuit parameters, and equations are derived for any 
general unbalanced connections using appropriate teminal 
relations, which result in direct and simple solutions. 

The above scheme is readily adapiable for stand-alone 
power generation using such non-conventional soums as 
biomass and small hydro potential using oil engines and 
uncontrolled hydro turbines as prime movers, respectively. 
In the first case input-output power balance is automati-
cally achieved (with a slight droop in speed with output 
power), while the latter operates at near consent input 
power. Small hydro systems using SEE are presently being 
installed [I1-14] while biomass engine systems are under 
exploration. Large numbers of exploitable small hydro sites 
exist in several countries with capacities ranging from 5 to 
50 kW, mostly needing to feed single-phase loads. The use 
of three-phase induction motors as SElGs to feed such 
loads makes practical sense. The present paper provides 
theoretical support to such promising technologies. 

excitation capacitors in parallel with unbalanced load 
impedances. 

Under self-excitation with no extemal voltage sources, 
the equations concerned will simplify to a closed circuit 
whose impedance has to be equated to zero. Solution of this 
constraint equation yields two unknown quantities, namely 
the saturated magnetising reactance (X,) and the p.u. 
generated frequency (4. Certain valid simplifying assump-
tions in the sequence equivalent circuit make the final 
equation manageable to obtain the solution. As in three 
phase SEE [I], saturated X,, can be used to obtain airgap 
voltage using the experimentally obtained magnetisation 
curve. The next step would be to solve the circuit equations 
to obtain currents, terminal voltage and power output. 
Based on the above procedure, computer software has been 
developed to determine the performance under any 
unbalanced external network at the given speed of the 
prime mover. 

The schematic diagram of a three-phase deka connected 
SEIG feeding a three-phase unbalanced load is shown 
in Fig. I. The delta connection is deliberately used here since 
a star connected three-phase induction motor has to 
be reconnected in delta to feed single-phase loads. However, 
the theory presented can easily  be extended for 
star connection. The excitation elements (capacitors) and 
load balancing elements are combined with the load 
admittance. 

Assuming an unbalanced three-phase lagging power 
factor (PF) load, the net admittance across the three phases 
would be K&L, Y~L and YcL. Admittance x,L across the a-
phase may be written as 

}k = JBa + G.L - jB,, (In) 
where B., is the susceptance due to excitation capacitor 
and G,, and BXIL are admittance elements due to load. 
Similarly: 

 

2     General analysis under unbalanced conditions 

When three-phase induction machines feed an unbalanced 
or asymmetrical extemal network a natural mode of 
analysis is to resort to symmetrical components and rotating 
field concepts [6, 71. Here the machine is modelled through 
its positive and negative sequence circuits with appropriate 
parameters pertaining to forward and backward fields. 
With asymmetrical extemal networks encoutered here, the 
terminal relations are written for each phase with generator 
conventions. The external network consists of un4:qual 

From symmetrical component theory [6]: 
V3 = v,+vi + l5 (24 

vh=v, + u2vl+uv, (26) 

VQ = V<i + aV\+a2V1 (2c) 
Similar relations hold for currents. For the delta connected 
system: 

Va + vb + K = 0 

 
induction machine / ;  capacitor and load 

Fig. 1    Three-phase SEIG feeding three-phase unbalanced load 
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and hence the zero sequence voltage V(, and the resulting 
current 1, would be absent. From Fig. 1 : 

hi ~ lcL = I, - I, (3a) 

(54 

(6u) 

(66) 

(7a) 

(76) 

(7c) 

(Id) 
Defining voltage unbalance factor K= V?/V, and eliminat-
ing Yl from (6) through (7): 

(8) (9) 

Z={(A + 
D)-(E + C)}/(AD-

BC)         (IO) Also fsoin Fig. 1, the phase voltage is 

given by 
V, =L,LZ~,L (11) 

From (9) and (11): 
I,L(Z-Z&) = 0 (12) 

Under self-excitation L.,, is not zcro, hence: 
Z-ZuL = 0
 (13
) 

Substituting from (IO) and (7) into (13) one obtains 

(14) 
 = 0 

Syininetrical componcnt theory yields the following current 
equations: 

h = h + h = -(vlY1 + V7Y2) (4a)

l~ = a21
i+ul~=-(a'~Yz + aV2~) (46)

fc = all + a?/' = -(a6 y + a' V2 Yr) (4c)
(negative si= results in generating mode). The load 

currents in term of VI and V, can he written as: 
LIL = K&L = (6 + b)KL (5U)

IHL = vh YbL = (0' VI + a 

4L=l/c>'cL = (al/i+a2 

Suhstituting from (4) and (5) into (3): 

A I L  = cvl + nv, 

where 
A = (U - I)Y, + UY,L 

B = (u'- I)y2+a2YC~ 

C=(rr?-l)Yl+a'YbL 

o = ( U - l ) Y 2  

Combination of (2a) and (6) yields 
v , = l & [ Z ]  where 



- (Ba - B.dL)(Bh - BbL) - (Bb - BbL)        (16c) 
(Bc-BcL)-(Bc~BcL)(Bn~BllL)} 

 {GaL(5b + BC- BbL - ScL) + GbL(Sa + Bc 
- Bd]_ — Bcj_) + GcL(5a + Bb — Bai 

(I6d) 

2.1    Balanced load 
Under a three-phase balanced load, external admittances 
are equal. Let 

GaL = GbL = GCL = Gtl 

5aL = ^bL = Bc\_ = Bl) 
Ba — Bb = Bc — B[ 

Yo. = YbL = YCL =jBi + GL1 -JBU  

Terms of (16) to be used in (15) simplify to 
G4 =3GLi        S4 = 3fl, - 3SL, 

K1=-{3Gl-3(B1 -BU)2} (17) 
^2={6GLI(5I -flu)} 

2.2   Single-phase load 
This an be considered as a particular case of general 
imbalance. To feed a single-phase load, two excitation 
capacitors Cts and C, are connected across a- and c-phases 
to minimise unbalanced winding currents. The load is also 
connected across the a-phase. The connection generally 
used is as in Fig. 2. Here 

 

Substituting the values of KiL; Y,, and YcL from (I) into 
(14), gives a generalised expression that can he used for any 
condition of halanced/unbalanced capacitor and load. 
Thus. (14) can be simplified for any unbalance to 

3 + (ZI+Z?)(Gd+jB4)-(KI -jKI)ZIZ2 = 0      (15) 
where 

G4 = GL + GbL + Gc~ (16a) 

Bq = Ba + Bh + Bc - B;,L - BhL - BL (166) 
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Fig. 2    Schematic diagram of three-phase SEIG under single-phase 
load 

where B, and B, are due to Q and C, and (GaL— JB2LL) IS 

due to the load. 
Here Bb = GL = BhL= G,, = B,,=   0. Terms of (16) 

become: 

GL =GiiL        B4 = BA - B.iL + Bc Ki =(jSa - 

B.AL)BC        K2 = GaLB 

T>Bc

load

(18)



3     Method of solution 

Equation (15) is central to the analysis as it defines the 
status under self-excitation for the given external condi,tion 
of capacitors, load, speed and machine equivalent &nit 
parameters under saturation conditions. By solving this 
equation one should be able to obtain the unknown 
parameters, namely the magnetizing reactance and per unit 
generated frequency. The positive sequence equivalent 
circuit of the induction machine is given in Fig. 3 where 
reactances correspond to the base frequency (5O Hz) and 
Xmi is the saturated value corresponding to the forward 
revolving airgap flux. The negative sequence circuits would 
have the term (F—v) of Fig. 3 replaced by (F+ v). To 
simplify the analysis one may assume F= v except in the 
term [F—v]; and also X,, = X,, = X, (say). 

vRrHF-r) 

 

 

FRrl<F-\i) 

Fig. 3    Positive sequence equivalent circuit 

The magnetizing reactance appealing in the shunt branch 
in the negative sequence circuit can be eliminated, tis it 
is very high compared to Rr/2 in parallel. In the generaked 
rotating field theory [6, 71 the parameters of the equivalent 
circuit concemed normally relate to the correspon<ding 
rotating airgap field as net field is resolved into a scries 
of forward and backward revolving fields at different 
speeds caused by asymmetry and space harmonics. Two 
parameters of particular interest are the rotor resist:ince 
and magnetizing reactance, the former affected by skin 
effect and the latter by the magnitude of the concei-ned 
field. Thus, in this case, one may argue that the magnetizing 
reactance due to the foward field may correspond lo the 
unsaturated value in view of the low flu*. In any case: the 
assumption of eliminating X, in the negative sequence 
circuit is valid. as any value of X, would be far gcatcr 1.han 
R42. The net response of the induction machine due to 
several revolving fields is often taken as the superposed 
response of individual fields in spite of the inherent non-
linearity. Simplifield equivalent circuits are given in Fig. 4. 
Accordingly: 

[19a) 

Fig. 4    Sunplifiecl sequence equivalent circuits a 
Positive sequence b Negative sequence 

where expressions for D, to D8 arc given in the Appendix 
(section IO). Solving (20), X,,, and Fare obtained. 

4     Performance equations 

Having thus determined p.u. generated frequency F and 
saturated magnetising reactancc &,, the next step is to 
determine normdlised airgap voltage VJF corresponding to 
this saturated X,,. As explained in [I], the relevent 
magnetising characteristics relating VJF with X,,, can be 
obtained by a synchronous speed test. Performance 
equations can now be written using the simplified equivalent 
circuit (Fig. 4) modified to gcnerating connection, in which 
the current direction of I,, U and I,, reverses. Since F is 
known, now, the earlier assumption F= u can be ignored. 
Thus 

(21) 

(

22) 

(23) 

h = — 

where K is given in (8). 
From these sequence quantities, phase voltages and 

currents in the machine can be computed using (2). 
Currents in the extemal network would be 

/ a L =  

 

(196) 
Similar equations are written for IbL and IcL. Power output 
from the SEIG can thus be expressed as 

_   {J      \2r, ,    (y       \ 2 p  ,     /,      \ 2 p  f*)L\ 
 

On substituting for Z, and Z, and rearranging (15): the 
following two equations with F and Xml as unkmwn 
quantities are obtained by equating real and imaginary 
parts to zero separately: 

F(DIX~I + 02) + (03Xml + 04) = 0 

F(D5Xmi +06) f {D1XKi 

 

J"Xls

 

 

(24)

(25)

(:!Oa)

 = 0         (:!Ob)



5     Experimental details 

Relevant experiments are carried out on a three-phase, 415/ 
240V, 14.6126.2 A, 7.5 kW, 4-polc, Y/A connected squirrel 
cage induction machine driven by a thyristor converter fed 
DC motor to check the validity of the method of analysis. 
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Fixed and saturation dependent parameters arc measured 
as in [I]: 

R, =I R,R, = 0.77 Q and 
Xi, =XI,  = 1.377 D 

Fig. 5 shows the experimental results relating VdF with 
X,. The variation of VJF with X,, is non-linear due to 
magnetic saturation. 

To simplify the analysis, this variation under the non-
linear curve is divided into three linear parts a, b and c as 
shown in Fig. 5, each part denoted by a linear equation as 
indicated therein. 

To measure the performance of the above machine as an 
SEIG under unbalanced/single-phase loads, [he necessary 
variable capacitor and load banks are used with a 
controllable DC motor drive used as prime mover. 

x Vg/F= -3.09Xm + 370 i VQIF=-

7.33Xm + 542 ■ VQIF= -32.32Xm + 

1765 
45 

Fig. 5    Mqnerisuthi    clzumcterisfics 

6     Results and discussion 

To validate the mathematical modelling the performance of 
the induction machine as an SEIG is computed at rated 
speed (1500revmin-l) using the computer algorithm 
developed, and compared with corresponding experimental 
results as discussed below. 

6.1    Three-phase balanced load 
Fig. 6 shows the variation of terminal voltage, winding 
current, frequency and capacitance (for near constant YJ 
with output power for resistive balanced load. There is good 
agreement between simulated and experimental results. 
Voltage and frequency remain nearly contant by varying 
the capacitor at constant speed. The capacitor requirement 
increases from 75.5 pF at no had to 280 pF at 7.0 kW load. 

 

  
  •

■     m ____ i.—*—~^ 

---- Va(sim)    *VB(exp) 
-------- la (sim)     ■ la (exp) 

0 
3 4 5 

power. kW 
a 

300 ^ 250 g 200 1 150 I 100 ° mo 0 
o 

power, kW b 
Fig. 6 Pqfioolmunce under bulunced loud a Voltage and 
winding current vcrsus power b Capacitance (for constant 
voltage) and frequency versus power 

 

 *       *   / 
■  

 ---- Vai.sim) i Va(exp) 
-------- 'c(sim)   ♦ /c(exp) 
-------- l/a(sim) • l'a(exp) .
-------- ysim)   mlc(exp) 

 

6.2   Three-phase unbalanced load 
Load imbalance of 20% was created experimentally by 
keeping the load resistors of two phases equal, with the 
th i rd  phase  having a  d i ffe rent  load  res is tance  
(GL, = GLh = O.XGK). Fig. 7u shows the measured and 
simulated output voltage and winding current with output 
power under resistive load. There is slight imbalance in 
pha% voltage but it is within acceptable limits. Fig. 76 
shows the variation of capacitance required to maintain 
constant terminal voltage at different power outputs. The 
excitation capacitance has to vary continuously to keep the 
machine terminal voltage nearly constant. It is observed 
that the predicted voltage, current and capacitance results 
agree well with the measured values. At rated winding 
current the power output is 5.8 kW and 5.6 kW under 
halanced and unbalanced loads, respectively. 

Fig. 7   Peifiiriinnce under unbulunced load 
a Voltage and current vcrsur power (Gcis = CLh = 0.8Gd 
b Capacitance (for constmt voltage) and frequency versus power 

6.3   Single-phase load 
Fig. 8u shows the variation of output voltage with output 
power for resistive load. V, is the load voltage, which Is kept 
nearly constant by adjusting C, and C,. Fig. Xb shows the 
variation of winding current with output power. At low 
load, winding currents are unbalanced while at about 
2.9 kW the currents are balanced. Fig. Xc shows the 
capacitance requirement with output power. Here too, 
predicted terminal voltage, winding current and capacitance 
requirement match the experimental values. Keeping the 
maximum winding current equal to the rated value the 
power output is 5 kW. Thus a threephase SEE can deliver 
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Fig. 8    Perfnrrm"r under single-phusr lood a 
Voltage versus power (Vu — load voltage) b Winding 
current versus power c Cepacitdnce (for constant 
voltage) vcrsus power 

to a single-phase load nearly 86.2% of rated three-phase 
power. The ratio Q/Q is nearly 2, but this may be affected 
by load PF. 

7     Conclusions 

A new comprehensive and gencralised analytical procedure 
is presented to predict the steady-state performanc? of 
three-phase SEIG under unbalanced and single-phase 
loading conditions at any load PF. Since the advantage of 
SEIG lies in the fact that any 'off the shelf induction motor 
can be employed as a stand-alone grnerator for low-power 
applications driven by oil engines and small hydro turbines, 
this analytical technique could be a very powerful tool for 
system design as the types of loads on such systems are 
often unbalanced or single phase. The simplifying assump-
tions made in the paper considerably reduce computational 
complexities through manageable equations without loss of 
accuracy, as demonstrated by close correlation with 
measured results. Identification of saturation conditions is 
critical and linearistion of magnetisation characteristics 
elegantly handles the computational process for analysis. 
The computer algorithm developed facilitates prediction of 
performance under the given speed, capacitor and load 
conditions, which helps in estimating system parameter 
(such as capacitors) and controller design for a given pi-ime- 
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mover and load pattern in the field. As expected. rated 
power under single-phase or unhalanccd loads is of reduced 
value compared to that under balanced condition. The 
simulation strategy presented in the paper helps in 
determining the derating required. From the results 
presented for 7.5 kW induction motors, [he rated power 
generation without exceeding rated winding currents can be 
determined under each condition so as to estimate the 
derating required. For a typical winding current of 15 A, the 
power developed is 5.8 kW, 5.6 kW and 5kW under 
balanced, unbalanced and single-phase loads, respectively. 
at 1.0 PF. Although this paper deals only with steady-state 
analysis the author's experience based on field data from 
installed small hydro units using SEIG suggest that some 
transient and dynamic studies would be in order. However, 
the methodology proposed in this paper would be helpful in 
designing capacitor sizes and choice of motor. As long as 
the prime mover specd is maintained constant, self-
excitation under varying lnad can be sustained. A sudden 
drop in speed or the application of the high load causes 
collapse of the excitation, necessitating re-charging and re-
start of the unit. 
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S - B4P2 D2 = Xi [GtX, - 

3GLXi + B5RS - B4P2] 

 = P3 -  vZ>2 

£>5 = 

6  =  X ]  

where 
P, = ^s + P2 = fl 

Gl=K,P1 S5 = -K2P{ 

B5  = -K2P,  3 = vi?r[3 

+ GLP2 -GX P4 = 

v/Jr[B4P2 

 +B5X]] 
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10   Appendix 

Dt-Ds of (20) are: 
D, = 2G\X\ 

 ^ s  +  3

 G L P 2  -  

= P 4 -  \ < D b  


