
  

  

Abstract— The paper presents a nonlinear state-space model of 

a self-excited induction generator. A systematic methodology is 

then proposed to compute all the possible operating points and 

the eigenvalues of the linearized system around the operating 

points. In addition to a zero equilibrium, one or two operating 

points are typically found possible. In the first case, the zero 

equilibrium is unstable, resulting in spontaneous transition to 

the stable nonzero operating point. In the second case, the 

smaller of the nonzero operating points is unstable, so that only 

one stable operating point exists. However, the unstable 

operating point creates a barrier that must be overcome 

through triggering. The paper concludes with numerical 

examples and experiments illustrating the application of the 

theoretical results. 

Index Terms— induction generator, self-excitation, nonlinear 

dynamic model, renewable energy, electric machines. 

I. INTRODUCTION 

nduction generators  have found applications in renewable 

energy (wind and hydro), due to their ability to generate 

electric power at frequencies that are not exactly tied to 

their frequency of rotation. The focus of the paper is on self-

excited induction generators (SEIG), which generate power 

off-grid. There are two fundamental approaches to the 

analysis of self-excited generators. The first one is based on 

the steady-state equivalent circuit of the generator, where the 

total loop impedance [1]-[4] or the total node admittance at 

the magnetizing branch [5]-[7] is equated to zero. The 

condition is necessary to ensure the existence of a non-zero 

operating point. The second approach utilizes the 

generalized model of the induction machine [8]-[11] to 

search for parameters such that the system of differential 

equations describing the SEIG becomes unstable. The 

method assumes the existence of a stable, nonzero 

equilibrium where the trajectories converge. Analytic 

conditions replacing the extensive numerical computations of 

the eigenvalues of a 6X6 matrix associated with the linear 

model of the SEIG were derived in [12].  

Research on SEIG [13]-[15] has shown the necessity to 

take into account the non-linearity of the magnetizing 

inductance not only in the high current region (magnetic 

saturation), but also in the low current region. The nonlinear 

magnetizing curve can be incorporated in a dynamic model 
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in different ways, and authors have typically used an ad-hoc 

model obtained by replacing the magnetizing inductance of a 

linear model by the nonlinear function. In contrast, Levi 

[16][17] has proposed a model of saturation that is better 

justified theoretically, although more complicated. 

This paper uses Levi’s model to obtain a nonlinear state-

space model of the induction generator taking into 

consideration the magnetic nonlinearity for both the high and 

the low current regions. An analysis of the possible operating 

points is derived, including an assessment of their stability 

properties and their regions of attraction. A new distinction 

is made between spontaneous and triggered self-excitation. 

Overall, the results connect the two fundamental approaches 

of self-excited induction generators. 

II. ANALYTICAL RESULTS 

A. Mathematical Model of an Induction Generator 

The standard model of a two-phase induction generator in an 

arbitrary coordinate frame consists of the vector differential 

equations 

S
S S S e S

d
U R i J

dt
ω

Ψ
= − − Ψ ,

0 1

1 0
J

− 
=  
 

( )R
R R p e R

d
R i n J

dt
ω ω

Ψ
= − + − Ψ , (1) 

where [ ]
T

S SF SG
Ψ = Ψ Ψ , [ ]

T

R RF RG
Ψ = Ψ Ψ are vectors of 

stator and rotor total flux linkages, [ ]
T

S SF SG
i i i= , 

[ ]
T

R RF RG
i i i=  are vectors of stator and rotor 

currents, [ ]
T

S SF SG
U U U=  is a vector of stator voltages, RS 

and RR are the stator and rotor resistances, np is the number 

of pole pairs, ω is the angular velocity of the rotor, and ωe is 

the angular velocity of the arbitrary coordinate frame. 

Resistive loads are connected in parallel with capacitors to 

the stator windings, resulting in the additional vector 

equation 

S
S L S e S

dU
C i Y U CJU

dt
ω− = + + , (2) 

where YL is the admittance of the resistive load and C  is the 

value of the capacitor (both added to each phase).  

The F and G indices denote the components associated 

with the rotating coordinate frame. For the stator currents, 

cos( ) sin( )

sin( ) cos( )

SF e e SA

SG e e SB

i i

i i

θ θ

θ θ

    
=    

−    
, (3) 

where ,
SA SB

i i are the currents in the windings A and B and θe 

is the angle of the coordinate frame with respect to the A 
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winding. A similar expression applies for the voltages. For 

the rotor currents, θe is replaced by θe–nP θ, where θ is the 

angular position of the rotor. The angular velocities are given 

by ωe=dθe/dt and ω=dθ/dt. In the case of a three-phase 

generator, a three-phase to two-phase transformation can be 

used to apply the results. 

The magnetizing current of the induction generator is the 

sum of the stator current and the rotor current. The amplitude 

of the magnetizing current is 

2 2

M MF MG
i i i= + ,

MF SF RF
i i i= + ,

MG SG RG
i i i= + . (4) 

Following the approach of [16], [17], the stator and rotor 

flux linkages are assumed to be of the form 

( )
S S S M S R

L i L i iσΨ = + + , ( )
R R R M S R

L i L i iσΨ = + + , (5) 

where LσS and LσR are the stator and rotor leakage 

inductances, and LM is the stator-rotor mutual inductance, 

also called magnetizing inductance. Generally, saturation of 

the leakage inductances is neglected and the magnetizing 

inductance is solely considered a nonlinear function of the 

magnetizing current with 

/
M M M

L i= Ψ , (6) 

where ΨM denotes the amplitude of the main magnetic flux 

linkage. We have 

( )M MM M

M M M

d idL L L

di di i

Ψ −
= = , (7) 

where we defined 

/ /
M M M M M M

L d di L i dL di= Ψ = + , (8) 

as the dynamic magnetizing inductance. The magnetizing 

inductance and the dynamic magnetizing inductance are 

equal for a linear magnetic circuit, but not otherwise.  

The time-derivative of the magnetizing current amplitude 

is 
2 2

( )1

2

MF MG MG MGM MF MF

M M M

d i i i didi i di

dt i dt i dt i dt

+
= = + , (9) 

so that the time-derivative of the magnetizing inductance 

becomes 

2

( ) MGM M M M MF
MF MG

M M

didL dL di L L di
i i

dt di dt i dt dt

−  
= = + 

 
. (10) 

Using these expressions in the time-derivatives of the 

stator and rotor flux linkages 

( ) ( )S S R M

S M M S R

d di di dL
L L L i i

dt dt dt dt
σ

Ψ
= + + + + ,  

( ) ( )SR R M

R M M S R

did di dL
L L L i i

dt dt dt dt
σ

Ψ
= + + + + , (11) 

one obtains the model of the induction generator in the form 

of the implicit nonlinear differential matrix equation 

EX FX=� , (12) 

where 

0 0 0 0 0

0 0

0 0

0 0 0 0 0

0 0

0 0

S MF MF MFG MFG

MF R MF MFG MFG

MFG MFG S MG MG

MFG MFG MG R MG

C

L L L L L

L L L L L
E

C

L L L L L

L L L L L

σ

σ

σ

σ

− 
 +
 +
 =

− 
+ 

 + 

,  

( ) ( )

1 0

1 0

0 0

0 0

0 ( )

0 ( )

L

S

R

e

e S M e M

p e M p e R M

Y

R

R
F C

L L L

n L n L L

σ

σ

ω

ω ω

ω ω ω ω


 −
 −
=


− + −
 − − +

 

( ) ( )

0 0

0 ( )

0 ( )

1 0

1 0

0 0

e

e S M e M

e p M e p R M

L

S

R

C

L L L

n L n L L

Y

R

R

σ

σ

ω

ω ω

ω ω ω ω

− 
+


− − + 

−


− 

, 

[ ]
T

SF SF RF SG SG RG
X U i i U i i= , (13) 

and 
2 2( ) /

MF M M MF M
L L L L i i= + − , 2 2( ) /M G M M M G ML L L L i i= + −  

2( ) /
MFG M MF MG M

L L L i i i= − . (14) 

Note that E and F are nonlinear functions of X through LM, 

LMF, LMG, and LMFG. Equation (12) can be transformed into 

the standard explicit form 

X AX=� , (15) 

by defining 1
A E F

−= . In this form, standard numerical 

integration methods can be used. However, the system 

remains a nonlinear system, since A is a function of X.  

An interesting alternative representation of the model can 

be obtained by using the following equalities 

( ) SF SG RGRF
MF M MFG

di di didi
L L L

dt dt dt dt

   
− + + +   

   
  

     ( ) MF M
M

M

i di
L L

i dt
= − , (16) 

( ) SG RG SF RF
MG M MFG

di di di di
L L L

dt dt dt dt

   
− + + +   

   
  

    ( ) MG M
M

M

i di
L L

i dt
= − . (17) 

Substituting (16) and (17) into (12) and (13) gives the matrix 

equation 

M M
L M

M

L L di
E X FX X

i dt

−
= −� , (18) 

where [ ]0 0
T

M MF MF MG MG
X i i i i=  and 

0 0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0 0

0 0 0 0

0 0 0 0

S M M

M R M
L

S M M

M R M

C

L L L

L L L
E

C

L L L

L L L

σ

σ

σ

σ

− 
 +
 +
 =

− 
+ 

 + 

. (19) 

Note that 

L
E X FX=� . (20) 

is the model of the induction generator with linear magnetics, 

which is indeed verified since 
M

L L= in that case. However, 

the second term of (18) also drops out if diM/dt=0. In other 

words, if a solution of (20) is obtained for which the 
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magnetizing current is constant, it is also a solution of the 

nonlinear system (18). This justifies the use of the linear 

model (19)-(20) with LM a function of iM to obtain steady-

state responses but one should remember that the general 

dynamic model is more complicated. 

B. Determination of possible operating modes 

The determination of an operating mode can be performed 

by finding a periodic steady-state solution to the induction 

generator model in the stator frame of reference (ωe=0). 

Alternatively, one can use the (equivalent) approach that 

consists in finding a frequency *

e
ω  such that a constant 

solution exists in a rotating frame of reference. With either 

(12) or (18), the condition for such a constant solution is that 

there exists a vector *
X  such that 

* * 0F X = , (21) 

where F
*
 is the function F evaluated at the equilibrium X

*
 

and at the frequency *

e
ω  to be determined. The matrix F

* 
has 

the special structure 
* *

* 1 2
* *

2 1

F F
F

F F

 −
=  
 

, (22) 

so that for X
*
 partitioned similarly 

* * *

1 2

T

X X X =   , equation 

(21) becomes 
* * * * * * * *

1 1 2 2 2 1 1 2
0, 0.F X F X F X F X− = + =  (23) 

The existence of a nonzero vector X
*
 such that (21) is 

satisfied is thus equivalent to the existence of a nonzero 

complex vector * * *

1 2
Z X jX= + such that 

( )* * *

1 2 0F jF Z+ = , (24) 

which occurs if and only if * *

1 2det( ) 0F jF+ = . Using (13), 

( )

*

* * * *

1 2

* *

1

1 ( )

0

L e

S e S M

p e M

Y jC

F jF R j L L

j n L

σ

ω

ω

ω ω

 +


+ = − − +
 −

 

( )

* *

* *

0

( )

e M

R p e R M

j L

R j n L Lσ

ω

ω ω




− 
− + − + 

, (25) 

so that the real and imaginary parts of * *

1 2det( ) 0F jF+ =  are 

equal to 

( )( )

( )( )

* * *

1 2 1 2

* * *

1 2 3 4

Re det 0,

Im det 0,

M

M

F jF c L c

F jF c L c

+ = + =

+ = + =
 (26) 

where c1, c2, c3 and c4  are given by  

( ) ( )

( )

( ) ( )

( ) ( )( )

( ) ( )

*2 * *

1

*2

2

* *

* * *2

3

* *

4

* *2

,

1

,

1 ,

.

e R e e p L S L R S

R L S e R S

e e p R L S S

e L R e p e S R L S

e S R e L R S

e p e S R L S R R

c CR n Y L Y L CR

c R Y R CR L

n L Y L CR

c Y R n C L L Y R

c CR R Y R L

n CL L Y R L L

σ σ

σ

σ σ

σ σ

σ

σ σ σ σ

ω ω ω ω

ω

ω ω ω

ω ω ω ω

ω ω

ω ω ω

= − − − + +

= + −

− − +

= − − + − −

= +

− − − −

 (27) 

The two unknowns that must be determined using the two 

conditions in (26) are the frequency *

e
ω  and the magnetizing 

inductance *

M
L  (which in turn gives the magnetizing current 

*

M
i  corresponding to the steady-state). One way to solve the 

equations is to eliminate *

M
L   from (26), which results in a 

5
th

 order polynomial equation in *

e
ω   

( ) ( )

( )(
) (

)

( ) ( )( )

2 2 2 *5 2 2 2 *4

2
2 2 2 2 2 2

2 2 2 2 2 *3 2 2

2 2 2 2 2 *2

2
2 2 *

2

2

2 2 2

1

S R R S e p S R R S e

p S R R S R S R S

L S R L R L R S e p R S

R S L S R L R L R S e

L S R L R p R L L S R e

C R L R L n C R L R L

n C R L C R R C R R CR L

Y R L Y L Y R L n C R R

CR L Y R L Y L Y R L

Y R R Y R n L Y Y R R

σ σ σ σ

σ σ

σ σ σ

σ σ σ σ

σ

ω ω ω

ω

ω ω

ω

ω ω

+ − +

+ + + −

+ + + −

− + + +

+ + + + +

− ( )
2

1 0.p R L Sn R Y Rω + =

 (28) 

Although up to five solutions are possible, computations 

with realistic motor parameters typically yield at most one 

real positive solution *

e
ω . Substitution of *

e
ω  in either 

equation of (26) then gives *

M
L . One or more values of  *

M
i  

may be possible for a given *

M
L , depending on the shape of 

the magnetizing curve. 

It remains to characterize the solutions in terms of X
*
, so 

that stability of the equilibrium points can be assessed. With 
* * *

S SF SG
U U jU= + , * * *

S SF SG
i i ji= + , * * *

R RF RG
i i ji= + , and 

* * * *
, ,

T

S S RZ U i i =   , the first two rows of (24) give (using (25)) 

( )* * *

S L e S
i Y jC Uω= − + , 

( ) ( )( )* * *

* *

* *

1 ( )L e S e S M

R S

e M

Y jC R j L L
i U

j L

σω ω

ω

+ + + +
= . (29) 

The third row of (24) is linearly dependent on the first two 

rows, due to * *

1 2det( ) 0F jF+ = , and does not give any 

additional condition. On the other hand, the fact that 
* * *

M S Ri i i= + implies (using (29)) that  

* * *
*

*2 2 *2 2
(1 ) ( )

e M M
S

L S e s e L s S

L i
U

Y R C L Y L CRσ σ

ω

ω ω
=

+ − + +
. (30) 

An equilibrium vector X
*
 is characterized by a voltage *

S
U  of 

arbitrary angle and magnitude given by (30), and currents *

S
i , 

*

R
i  given by (29). There are an infinite number of equilibrium 

points, which are all identical except for a shift in angle of 

the generated voltages and currents (the relative phases 

remain the same). 

C. Stability of operating modes 

It would be tempting to assume that the stability of the 

system linearized around an equilibrium point X
* 

is 

determined by the eigenvalues of the matrix A
*
=(E

*
)

-1
F

*
. 

However, this is not correct if * 0X ≠ . The stability of the 

nonlinear system in the vicinity of *
X  can be determined by 
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considering small perturbations Xδ with *
X X Xδ= + . For 

such perturbations around the equilibrium, a first-order 

description is  

( )
*

* *E
E X X X

X
δ δ

 ∂ 
+ +   ∂  

� �

( )
*

* *
,

F
F X X X

X
δ δ

 ∂ 
= + +   ∂  

 (31) 

where *
E  and *

F  are the values of the matrices E and F at 

the equilibrium and 
**

1

n

k

k k

E E
X X

X X
δ δ

=

 ∂ ∂ 
=   ∂ ∂   
∑ . (32) 

The term in the second bracket is the matrix obtained by 

taking the partial derivative of the matrix E with respect to 

the k
th

 element of X and evaluating the elements of the 

resulting matrix at the equilibrium values. The summation is 

performed over the n elements of Xδ . A similar definition 

applies for F. 

Using the fact that * 0X =� and * * 0F X = , and neglecting 

second-order terms, one obtains the linearized description of 

the system around the equilibrium 
*

* * *F
E X F X X X

X
δ δ δ

∂ 
= +  ∂ 

� . (33) 

Equation (33) can be put in the form 

( )* * *
E X F F Xδ δ δ= +� , (34) 

where the (i,j)
th

 element of  the matrix *
Fδ  is given by 

*

* *

1

n
ik

ij k

k j

F
F X

X
δ

=

 ∂
=  

∂  
∑ . (35) 

If E
*
 is non-singular, the equilibrium vector X

*
 is stable if 

and only if all the eigenvalues of the matrix 

( ) ( )
1

* * * *
A E F Fδ

−

= +  (36) 

are in the open left-half plane. 

For the induction generator, E
*
 and F

*
 are obtained by 

replacing the inductances LM, LMF, LMG, and LMFG in (13) by 

the equilibrium values and by replacing 
e

ω  by *

e
ω  . δF

* 
is 

given by 

* *

5 6
* *

5 6*

* *

1 2
* *

1 2

0 0 0

0

0 ( ) ( )

0 0 0

0

0 ( ) ( )

e e

e p e p

e e

p e p e

n n
F

n n

ω δ ω δ

ω ω δ ω ω δ
δ

ω δ ω δ

ω ω δ ω ω δ





− −
= 


− −
− −

 

* *

3 4
* *

3 4

* *

7 8
* *

7 8

0 0 0

0

0 ( ) ( )

0 0 0

0

0 ( ) ( )

e e

e p e p

e e

p e p e

n n

n n

ω δ ω δ

ω ω δ ω ω δ

ω δ ω δ

ω ω δ ω ω δ





− − 



− − 
− − 

, (37) 

where 
*

*

1
M

MF

SF

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

2
M

MF

RF

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

3
M

MG

SG

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

4
M

MG

RG

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

5

M

MG

SF

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

6

M

MG

RF

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

7

M

MF

SG

L
i

i
δ

 ∂
=  

∂ 
, 

*

*

8

M

MF

RG

L
i

i
δ

 ∂
=  

∂ 
. (38) 

The terms in parentheses can be determined using 
* ** *

* * *

* *

M M M M M MF

SF M SF RF M M

L dL i L L L i

i di i i i i

      ∂ ∂ ∂ −
= = =      

∂ ∂ ∂      
, (39) 

and similarly for iSG, iRG.  

Note that an arbitrary equilibrium vector can be 

transformed through a shift of angle in the FG reference 

frame into an equilibrium vector with * *=
MF M

i i , * 0=
MG

i .  In 

this case, E
*
 and F

*
 are obtained by setting 

* *

MF
L L= , 

* *

MG M
L L= , 

* 0
MFG

L =  while, in (37), 

* *

1 2 M
L Lδ δ= = − , 3 4 5 6 7 8 0δ δ δ δ δ δ= = = = = = . (40) 

Because all equilibrium vectors X
* 

associated with some 
*

e
ω  and *

M
i  can be transformed into the same equilibrium 

vector by a rotation of the reference axes, the systems 

linearized around all equilibrium vectors must have the same 

eigenvalues. For this reason, we will talk about “the” 

equilibrium point associated with a given  *

e
ω  and *

M
i , even 

though there are technically infinitely many (all equivalent) 

such equilibrium states. 

D. General characteristics of operating modes 

Fig. 1 shows the general shape of a magnetizing inductance 

as a function of the magnetizing current. The curve includes 

an ascending part rising from LMO to LMAX, a (more or less) 

flat part at LMAX corresponding to a linear magnetic regime, 

and a descending part corresponding to magnetic saturation. 

Often, the ascending part of the curve is neglected 

(LMO=LMAX). However, several works [13]-[15] have shown 

the need to represent this nonlinearity at low currents to 

accurately model self-excitation in induction generators.  

 
Three cases are shown on the figure: 

 
Fig. 1.  Magnetization curve and three possible cases of 

steady-state values. 
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• Case 1: with
*

M MAX
L L> , the generator has only one 

equilibrium state corresponding to 
* 0
M

i = . 

• Case 2: with 
*

0MAX M M
L L L> > , the generator has three 

equilibrium states: 
* 0
M

i = , 
*

M
i

+
 corresponding to the 

ascending part of the curve, and  
*

M
i

−
 corresponding to the 

descending part of the curve. 

• Case 3: with 
*

0M M
L L> , the generator has two equilibrium 

states 
* 0
M

i =  and  
*

M
i

−
 corresponding to the descending part 

of the curve. 

Computations and experimental results to be presented 

hereafter have shown the following properties: 

• Case 1: the equilibrium corresponding to 
* 0
M

i =  is stable. 

• Case 2: the equilibrium corresponding to 
* 0
M

i =  and 
*

M
i

−
 

are stable. The equilibrium corresponding to 
*

M
i

+
 is unstable.  

• Case 3: the equilibrium state corresponding to 
* 0
M

i =  is 

unstable and the equilibrium corresponding to 
*

M
i

−
 is stable.  

In case 1, a power generating mode of self-excitation is 

not possible. In case 3, a power generating mode of self-

excitation is possible and will naturally develop, due to the 

instability of the zero state. We refer to this condition as 

spontaneous self-excitation. In case 2, two power generating 

modes exist. The one associated with the lower magnetizing 

current is unstable, and cannot be sustained indefinitely 

(although experiments show that it may for some extended 

periods of time). If the unstable state is reached, small 

perturbations will either make the magnetizing current grow, 

resulting in the equilibrium state with higher magnetizing 

current to be reached, or to decay, resulting in a collapse of 

the voltage. Since, the zero state is stable: the generator will 

not naturally leave this state.  

Simulations and experiments have shown that, to reach the 

stable power generating mode, the magnetizing current must 

be brought to a value greater than or equal to 
*

M
i

+
. This 

condition can be achieved, for example, by applying 

sufficiently large initial voltages to the capacitors. We refer 

to this condition as triggered self-excitation. Sometimes, it is 

also possible for residual magnetization to produce the 

result. 

III. EXPERIMENTAL RESULTS 

A. Operating modes 

Experimental results were obtained for a small two-phase 

induction motor (Bodine KCI-22A1, with rated values 7.5W, 

24V, 60 Hz, and 3350 rpm). The parameters and analytical 

approximations of LM=f(iM) and L=f(iM) were determined in 

[15]. The induction motor was tested as a generator by 

coupling it to a DC motor/tachometer under closed-loop 

velocity control. A DS1104 data acquisition and control 

board from dSPACE was used to implement the PID control 

law for the DC motor and to collect the data. 

In computations of the roots of polynomial equation (28) 

for different conditions and in a working range of velocities, 

it was found that there was only one real root and that it was 

positive. The other roots were two pairs of complex 

conjugates.  

Fig. 2 shows the frequency of generation * / 2=
e

f ω π  as a 

function of capacitance for different speeds, as well as for 

different loading conditions, all obtained using the 

theoretical analysis and compared to experimental data. 

 

 
The steady-state stator voltage amplitude is shown in 

Fig. 3 as a function of velocity for different capacitor values. 

When two values of *

M
i  were possible, the one 

corresponding to the descending part of the magnetizing 

curve was used for the plots. Accuracy of the computation is 

not as good as in the previous plots, as it depends greatly on 

the accuracy of approximation of the magnetizing curve.  

B. Stability of operating modes 

The eigenvalues of the matrix *
A  in (36) (with the specific 

choice of (40)) were computed in the velocity range from 

424.5 rad/s to 925.1 rad/s, where *

M
L  did not exceed 

MAX
L , 

and for the unloaded generator with 30.5 µF capacitor. The 6 

eigenvalues always had the following characteristics: four 

were couples of complex conjugates with negative real parts, 

one had a non-zero real value and one had zero value. The 

zero eigenvalue is associated with the infinite number of 

equilibrium states and does not affect stability in a 

substantial way: there is no mechanism to lock the phase of 

the voltages and currents to an arbitrary time reference as in 

a grid-connected generator. A drift in phase also does not 

cause any problem. It was found that the complex 
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Fig. 3.  Steady-state stator voltage amplitude as a function of velocity 

for different capacitor values. 
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Fig. 2.  Steady-state frequency as a function of capacitance for 

different velocities and loading conditions. 
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eigenvalues did not change greatly with velocity, and were 

well into the stable side of the plane. The main factor 

influencing the stability was therefore the real eigenvalue 

(referred to as #5), which was closer to the imaginary axis. 

  
Fig. 4 shows the possible solutions *

M
i  and their associated 

eigenvalue 5 over a range of speeds. One finds that 

eigenvalue 5 is stable for all velocities in the case 

corresponding to the descending  part. The plot of 

eigenvalue 5 for the ascending part is quite different from the 

descending part and only exists in a smaller range. It is 

always unstable. Overall, one finds that there are five speed 

regions with boundaries labeled ω1, ω2, ω3, and ω4. 

Referring to the discussion of section II.D, the velocity 

ranges correspond to the following cases: 

• ω <ω1 and ω >ω4 correspond to case 1: there is no stable 

steady-state magnetizing current other than zero. 

• ω1<ω <ω2 and ω3<ω <ω4 correspond to case 2: there is a 

stable large magnetizing current, but also a smaller unstable 

magnetizing current. Self-excitation must be triggered to 

reach a magnetizing current greater than or equal to the small 
*

M
i , for example by using pre-charged capacitors. 

• ω2<ω <ω3 corresponds to case 3: there is a single stable 

magnetizing current. Spontaneous self-excitation will occur 

in this range due to small initial conditions such as residual 

flux. 

Note that the speed range of Fig. 4 extends well beyond the 

rated speed of the motor. For larger motors, operating limits 

may restrict generation to the leftmost side of the range. 

Also, cases were found where the velocity range from ω2 to 

ω3 did not exist for some values of capacitance and load. In 

such cases, only triggered self-excitation is possible. 

IV. CONCLUSIONS 

The paper proposed a nonlinear dynamic model for an 

induction generator connected to resistive loads and 

capacitors. Using the model, it was found that the induction 

generator always had a zero equilibrium, in addition to either 

one stable nonzero equilibrium, or two equilibrium with one 

stable and one unstable. The operating velocity range was 

thus found to be divided into three types. The first one is 

such that self-excitation is not possible. The second type is 

such that self-excitation is possible, but needs to be triggered 

by reaching a magnetizing current greater than or equal to 

the one associated with the unstable equilibrium. Such 

triggering can be obtained using pre-charged capacitors or 

enforcing a sufficiently high level of residual flux. The third 

type is such that self-excitation is spontaneous, meaning that 

arbitrarily small initial conditions can trigger the self-

excitation.  The results unify and extend previous theories of 

self-excitation, in addition to providing new insights into its 

mechanisms. 
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Fig. 4.  Eigenvalue 5 as function of velocity for both the descending 

and the ascending parts of the magnetizing inductance curve. 
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