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Non-linear Analytical Extended Poincare's Model of Phase 
Saturated Self Excited Series Connected Synchronous 

Generators 
 
 

Abstract. In the present paper, first a magnetization current base model is introduced for the electrical machine analyzing that saturation is occurred 
for the phase that its current entered to saturation region. Other part of machine may be saturated or in the linear condition in order of their currents. 
Then a new analytical extended Poincare's map is introduced for modelling of self excited series connected synchronous generators in saturated 
conditions. Using the non-linear control theory, an analytical first order Poincare's map of the machines is computed. Then extended Poincare's map 
of the machine is introduced. After that characteristic multipliers of the self excited series connected synchronous generator are determined. Non-
linearity of the machine can be modelled with the new map and stability analysis of the system is investigated. The new map is capable for 
modelling, control, bifurcation and chaos analysis in the non-linear (saturation) conditions. Finally the simulation results of the new extended 
Poincare's map with experimental laboratory set-up results are compared. The results show that the new Poincare's map is an effective method for 
modelling and analysis of any ac electrical machines.  
 
Streszczenie: Wprowadzono model prądu magnesującego maszyny elektrycznej w rejonie nasycenia do analizy stanu nasycenia samowzbudnych 
generatorów synchronicznych. Wykorzystano model Poincare. Zamodelowano nieliniowość maszyny i obliczono warunki stabilności. Rezultaty 
symulacji pokazują że zaproponowany model może być wykorzystany do analizy różnych maszyn elektrycznych AC. (Nieliniowy analityczny 
model samowzbudnych połączonych szeregowo generatorów synchronicznych) 
 
Keywords: Chaos, Poincare's Map, Self Excited Series Connected Synchronous Generators, Saturation. 
Słowa kluczowe: samowzbudny generator synchroniczny, mapa Poincare, nasycenie. 
 
 
Introduction 
Self excited ac generators are suitable machines for wind 
energy conversion. Induction, reluctance and permanent 
magnetic generators are representative of such 
applications. Self Excited Induction Generator (SEIG) was 
one of earliest types of self excited ac generators. It has the 
advantages of brush-less construction with squirrel cage 
rotor, reduced size, absence of dc power supply for 
excitation, reduced maintenance cost and better transient 
characteristics [1, 2, 3]. 
SEIG will have a serious problem in voltage regulation when 
load or speed changes. Both the magnitude and frequency 
of produced voltage of a SEIG are affected by the dynamic 
of loads. Connected Synchronous Generator (SESCSG) 
has some advantages over SEIG and acts as a hypothetical 
salient pole machine. It operates at half the rotor angular 
frequency which is independent of loading conditions [4]. 
Mustafa et al. [5, 6] investigated the steady-state 
performances of three-phase SESCSG by considering 
saturation effects using the dq model. Transient and steady 
state performance analysis of SESCSG can be applied with 
the generalized theory and the dq reference frame [7]. 
Effects of sudden disconnection of one excitation capacitor 
on the output voltages in the abc frame was investigated [4]. 
Wang et. al. continued the research about various kinds of 
induction generators for some years until [8]. Self excitation 
phenomena and load performance are investigated with 
two-dimensional finite element analysis in [9]. Their method, 
however, is not suitable for non-linear problems such as 
chaos identification. 
Most of the papers have studied the SESCSG in the steady-
state conditions and considered improving the machine 
performance. Dynamic analysis and voltage building 
process in the dq frame have been presented in the few 
papers but generally speaking, the dq model is not able to 
analyze SESCSG in the non-linear and unbalanced 
conditions. Thus, sudden disconnection or variation 
excitation capacitor of one phase can be analyzed with abc 
frame modelling method. Output signals of the machine are 
periodic and time variant. Consequently, which accordingly 
linearization of the system could not be carried out in the 
whole period of the system. Jacobian’s matrix of the system 

could only be derived in the single operating point of the 
output and all of the system performance in the whole 
period could not be shown. Also, the Poincare’s map for 
analysis of the periodic systems is recommended [10]. The 
Poincare’s map model for time varying systems such as 
buck and boost dc-dc converters was obtained [11, 12]. 
Stability and dynamic analysis of the proposed system are 
investigated with the control considerations. Non-linear 
phenomena such as intermittent bifurcations and chaos in 
boost converters under peak-current control mode were 
modelled by the Poincare’s map [13]. Two non-linear 
models in the form of discrete maps were derived to 
describe precisely the non-linear dynamics of boost 
converters from the two perspectives: low and high 
frequency regimes. Although the Poincare’s map is a 
powerful method in the nonlinear control theory, it is not 
suitable for the system with time variant output signal 
(sinusoidal output). Modified Poincare’s map (higher order 
Poincare’s map) appears to be a candidate in such cases 
[11]. This map is the result of n sequential conventional 
Poincare’s maps in which the character of each operating 
point of the system in the whole period the system, is 
scanned and gathered in the final modified Poincare’s map. 
In almost all of previous works, dc to dc converters were 
investigated by the Poincare’s map. For a system with ac 
output, such as ac variable active passive reactance 
system, the modified Poincare’s map was also used in order 
to improving of chaos phenomena by optimal control 
approach [14, 15]. 
In this paper, a novel model based on magnetizing current 
is initially introduced which is capable of investigating 
saturation in each phase of the machine. Through the use 
of this modelling a part of machine saturated whose 
currents entered the saturation region and other phases are 
not practically saturated. A new extended Poincare’s map 
model for electrical machines is then devised by using the 
non-linear control theory. The dynamical periodic system 
can be linearized around the map on the selected plane in 
the orbit of the system by deriving the extended Poincare’s 
map. This map is an effective method for modelling and 
analysis of the machine in saturation and unbalance 
conditions. Through the characteristic multipliers of the 
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linearized extended Poincare’s map, stability, chaos and 
bifurcation of the system can be analyzed. In order to 
evaluate the method, a couple of laboratory test results in 
which the efficiency of the new model is demonstrated. 
 
Mathematical model of the system 
Dynamical model of SESCSG 
Stator and rotor voltage equations of a saturated induction 
machine are: 
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where sR , rR  , lsL  and lrL  are resistance and leakage 
inductance diagonal matrices of the rotor and stator 
windings which have rs , rr , lls and llr in their diagonal 
elements, respectively. The vectors ( )s tV , ( )r tV , ( )s ti  

and ( )r ti  represent the voltage and current of stator and 

rotor windings, respectively. Also, ( )s tΛ  and ( )r tΛ  are 
flux linkage vectors of stator and rotor windings, which can 
be further expressed by matrix form as the following: 
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Using the chain rule for derivation in Eq. (2), we can write: 
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where ( )masi t to ( )mcri t are the magnetization currents of 
stator and rotor windings, respectively. According to the 
electrical circuits approach, magnetization reactance of 
each phase is the slope of its magnetization flux to the 
corresponding magnetization current. Obviously, in the 
linear system this slope is constant. Thus we have: 
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where ( )m mL i is magnetization reactance i.e. the slope of 

mi� in the saturation curve. Substituting Eq. (4) into Eq. 
(3), we have: 
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Eqs. (1) and (5) can describe mathematical model of an 
induction machine, if there are relationships between 
terminal and magnetization currents of the rotor and stator 
windings. In the next section, these relations will be 
obtained in a SESCSG. 
 
Voltage equations in SESCSG 
 Fig. 1 shows a three-phase connection diagram of a 
SESCSG with an excitation capacitor bank co and a load 
bank ro. If the rotor and stator series windings of the 
induction machine are arranged in Y connection with free 
neutral point, the third line current i3(t) can be expressed 
by: 
(8) � � � � � �� �3 1 2i t  = - i t  + i t  

Thus, we can write: 
(9) � �1 2 1 2( ) ( ) ( ) ( ( ) ( )) T

s t i t i t i t i t�  �i  
Also, rotor and stator phase sequences are opposite, thus 
we can write: 
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  Further, according to Fig. 1, the output terminal voltage of 
the SESCSG can be obtained as: 
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where ( )av t , ( )bv t  and ( )cv t  are three phase output 
terminal voltages to neutral point in the machine side. In 
vector form, Eq. (11) can be written as: 
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 substituting Eqs. (1) into Eq. (11), we have: 
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Also, the KCL constraint in the load neutral point of the 
system can be expressed as: 
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Fig.1. SESCSG Configuration. 
 

 
 

(18) 
1 2 3

1 2 3

( ( ) ( ) ( ))

1
( ( ) ( ) ( ))

o o o

o o o
o o

d
v t v t v t

dt

v t v t v t
r c

� � �

� �
 

where 1( )ov t , 2 ( )ov t  and 3 ( )ov t are phase voltages in the 
load side. Eq. (18) is a linear autonomous differential 
equation which will have zero solution, when the initial 
conditions of the differential are zero. Thus, if sum of the 

phase voltages at 0t �  is zero, we can write: 
(19) 
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On the other hand, relations between load phase voltages 
and neutral potential can be written as: 
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 where ( )Nv t is a voltage of the neutral point to ground. By 
substituting Eqs. (19)into Eq. (20), we have: 
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Moreover, Eqs. (20) can be written as: 
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Consequently, by applying KCL law to the load terminals, 
we can write: 
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where oC and oR are capacitance and resistance diagonal 

matrices of the load which have oc and or in their diagonal 
elements, respectively. Relations (1) and (25) illustrate a 
non-linear dynamical model of the system which is shown in 
Fig. 1 Also, Eqs.(1) and (25) show that the independent 
degree of the non-linear differential equations is 4 and 
means that the system independent variables are 

1( )i t , 2 ( )i t , 1( )ov t  and 2 ( )ov t . Eventually the state 
variable matrices are: 
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Saturation and magnetization current 
To build up output voltage across the generator terminals, 
excitations must be provided by a suitable capacitor bank 
connected across the generator terminals. When an 
induction generator first starts to run, the magnetic residual  
in the rotor circuit produces a small voltage. This small 
voltage produces a capacitor current flow, which increases 
the voltage and so forth until the voltage is fully built up. 
Also, the relation between the magnetization and windings 
currents can be found by dq  reference model of an 
electrical machine. 
Fig. 1 shows direct (d) and quadrature (q) axes used for 
determining the direct and quadrature components of the 
magnetization currents in the stationary reference frame. 
Since the three phase current of the machine could not be 
maximized simultaneously. Consequently, the part of air 
gap and windings can be saturated that is located under 
maximum current phase. The machine modelling must 
thereby be performed by the magnetizing current for each 
windings, separately. Thus, according to Fig. 1 and using 
Eqs. (9) and (10), the magnetization linkage currents of 

rotor refer to stator ( )r
masi�  and stator ( )s

masi  in as axis can 
be written by: 
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where k is the rotor winding turn to stator winding turn ratio. 
Total magnetization linkage current in the as (the phase a of 
stator winding) can be obtained by: 
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Likewise, we can find magnetization linkage currents for bs 
and cs stator windings. In vector form, the three-phase 
magnetization currents can be presented as: 
(29) ( ) ( ) ( )ms s rt t� �i G i  
where 
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Similarly, vector form of rotor magnetization current based 
on terminal currents of machines 1 ( )i t  and 2 ( )i t can be 
expressed as: 
(31) ( ) ( ) ( )mr r rt t� �i G i  
where 
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According to Eq. (5), the partial derivation of the phase 
magnetization currents must be constructed. Also, regarding 
Eqs. (29) and (31), the rotor and stator magnetization 
current vectors are depended on the 1 ( )i t  , 2 ( )i t  and 

( )r t� .Therefore, partial derivation of the phase 
magnetization currents for the rotor and stator windings is: 
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Eqs. (33) represent the partial derivations of two 
magnetization current vectors ( )ms ti and ( )mr ti subject to a 

scalar functions 1 ( )i t  , 2 ( )i t  and ( )r t� .Thus, by using 
Eqs. (31) and (29), we can rearrange Eqs. (33) to matrix 
form as: 
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Using partial derivations of ( )s r�G and ( )r r�G in Eqs. 
(30) and (32), we can obtain matrix coefficient in Eq.  (34). 
Substituting Eqs. (34), (5) into (15), the voltage equations of 
a SESCSG in state space form can be constructed as: 
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Fig.2 Magnetizing Curve 
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If the neutral points of machine is connected to load, the 
neutral voltage will be equal to zero ( ( ) 0)Nv t � in Eq. (21). 

In this case, the vector of Q equals to zero.  It can be 
observed that the currents of the machine are dependent on 
resistances, inductances, rotor position and speed of the 
machine, although magnetizing inductance is dependent on 
the magnetizing current, the system equations are non-
linear systems and interrelated. 

The magnetization curve ( mL versus mi ) may be 
obtained by using synchronous speed test. No-load terminal 
voltage of the induction generator is the intersection of the 
generator's non-linear magnetization curve with capacitor 
load line [5]. Consequently, saturation of the rotor core is 
the essential need for appropriating operation of the 
machine. Other parameters of the machine can be 
determined from locked rotor and stator-resistance tests. A 
typical non-linear relation between magnetizing reactance 

mL  and magnetizing current mi is shown in Fig. 2, The 
ArcTengentian curve is fitted on the experimental results 
with the least square approach . In this case, magnetizing 
reactance can be presented by: 
(38) 
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where 

 
 

(39) 
1

1

( ) 4 1
1 ( )

msat m msat

m

m msat

i i i

i
tan others

i i




�

� �

�
�

� ��
	 
� � ��

�

� �

m msati i

 

The parameters in Eqs. (38) and (39) for Fig. 2 are: 
 

min 25 480 1.5 0.18liner mastL L i� � � ��  

 
Non-linear Augmented Dynamical Model of SESCSG 

As it was discussed earlier, the final relationship is Eq. 
35) and here, 1 ( )i t and 2 ( )i t  to be employed as 
independent variables in the Eqs. (25) and (35) ( omitting 

3 ( )ov t and 3 ( )i t ). Moreover, since the coefficients matrices 
in the output voltage equation (Eq. (25)) are diagonal, thus 
this equation can be reduced to a 2 2� matrix by omitting 

3 ( )ov t and 3 ( )i t .Finally, by using Eqs. (25) and (35), 
augmented dynamical non-linear state space equation of a 
SESSGS can be expressed as: 
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( , )tR i and ( , )tL i  are 2 2� reduced matrices in Eqs. (36) 
and (37). Finally, complexity of equations and the wide 
range variation of output variables cause the system not to 
have an operating point, thereby the system outputs are 
large sinusoidal periodic and cannot be linearized by 
conventional method such as small signal analysis 
approach. In the following a Poincare's map which is an 
effective technique for periodic systems, will be introduced. 
 
Poincare's map in periodic systems 
The Poincare's map is a standard method from dynamical 
systems theory to study the dynamics of periodic systems 
[16]. The main idea of this approach is to observe the 
system state once per cycle. Consider a non-linear 
dynamical periodic system as: 
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 Eqs.(44) presents a ( 1) ( 1)n n� � � autonomous 

dynamical system with period  T . In this system, we can 
find a n n�  open space  V  with a close sub-space  S  in it 

(V S� ) so that any system states ( )tX and ( )r t� in V  

transverse to  S in time close to T. The sub-vector space  S  
may be selected as: 
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A Poincare's map P  for the dynamical system (Eq. (43)) 
can be defined as: 
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where � �0( ),a t" �X  is a transition matrix of the system 
which can be determined by numerical methods in non-
linear cases. Eq. (46) can be restated as: 
(47) � � � �0( ) ( ), ( )t T t t� � ��X X P X  

� �0( ),t" �X is a sub-set of � �0( ),a t" �X . If we call the 

system state collision to  V  at time t as kX , the Poincare's 
map of the system (stroboscopic map) in Eq.(47) can be 
written as: 
(48) 
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Fig.3.  Orbit of a System and a Selected Section. 
 

Also, if *X  is a steady state value of the state kX , then we 
have: 
(49) * *( )�X P X  
As it is shown in Fig. 3, the sample sequences are 

1 2, ,k k k� �X X X  and so on. Moreover, the sample-data 
approach may be used for stability analysis of the system 
[14,15]. 
 
In Fig. 3, S  is a Poincare's section that is cutting orbits of 
the system trajectory at kX , ( )kP X , 1( )k�P X ,... 
consequently results of the Poincare's map appear as 
collision points on  S  plane. These points will converge to a 

fixed point *X if the system becomes stable in 
neighbourhood of a fixed point in  S . In these cases, we 
can linearize the system at the fixed point by applying the 
perturbation technique. Also, the stability analysis of a 
periodic solution is determined by its characteristic 
multipliers namely Floquet's multipliers. Characteristic 
multipliers are a generalization of the eigenvalues at an 

equilibrium point *X . If the state ( )tX is perturbed from its 

steady state value by #X , a dynamical transient will 
appear in the system which can be obtained by applying the 
Poincare's map successively to #X . In particular, the 
linear map can be presented as: 
(50) *

1 ( )k kX� �# # #X P X  

where *( )#P X is the Jacobian's of the map at *X which 
governs the evolution of a perturbation #X in a 
neighbourhood of the fixed point. Suppose that q is the 
dimension of the Poincare's section S and the eigenvalues 
of *( )X#P is im C� , with corresponding eigenvectors 

n
i C�$  for 1,2,...,i q� . Assuming that the eigenvectors 

are distinct, the orbit of P with initial condition *

0� #X X is, 
first order. 

 
 

(51) 

*

* *

0

*

1 1 1

( ( ))

...

k k

k

k k

q q qm m

� �

� �

� � � �

#

# #

$ $

X X X

X P X X

X C C

 

 where i C�C  are constant obtained from the initial 
condition. After using the previous equation for the modified 
Poincare's map, the system perturbations are then 
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investigated for the whole period and the Jacobian matrix 
can be found. As a result the multipliers describe the 
conditions of the system. Finally it must be considered that 
the Poincare's map works in the discrete space and the 
system have to be converted to discrete model [10]. Non-
linearity terms of the system do not permit us to use 
conventional methods accordingly, a method will be 
introduced in the next section.

 
Poincare's map of SESCSG 

As mentioned in the previous section section, in order to 
derive a Poincare's map for the system, trajectory of the 
system must be found. A conventional method is integration 
from state space equations of the machine above the whole 
period of the system [10]. The conventional integration 
method proved to be incapable and the trapezoidal 
integration method is thus proposed. Trapezoidal method in 
the electrical machines analysis is a well known idea. It is 
the base of the phase domain method [17]. For the purpose 
of solving the machine's electrical quantities in the time 
domain, the state space equations are changed into 
discrete form with the trapezoidal rule of integration. 
Discrete format of equations is common in the phase 
domain method and the Poincare's map method. By 
applying trapezoidal integration rule to Eq. (40), we can find: 
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where I  is a 4 4� identity matrix. Also, according to the 
saturation function in Eq. (38), the inductances of the 
machine are dependent on winding currents and vice versa. 
Consequently, the right hand side of Eq. (52) has elements 
which depend on the system state at t t� % and are not 
compatible with the Poincare's map defined in Eq. (48). In 
order to overcoming this problem and to find recursive 
Poincare's map of the machine, we can predict the state of 
the systems by the Euler method [18] as: 
(53) � �ˆ ( ) ( ( ), ) ( )t t t t t t� % � � %X I A X X  

If in the right hand side of the Eq. (52) , ( )t t� %X  is 

replaced by ˆ ( )t t� %X in Eq. (53), the recursive relation for 
determining the state variables of the system will be 
become independent system state at t t� % . Thus, we 
have: 
(54) � �( ) ( ), ( )t t t t t� % �"X X X  
where 
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The recursive map of Eq. (54) will have a proper result, 
when the step of integration ( t% ) is selected very smaller 
than period of system. Thus similar to Eq. (54) and with  
t=kT  and T m t� % , the relationship between 

( )t n t� %X and ( ( 1) )t n t�  %X can be presented: 

 
 
 

(56) 

1 1
(( ) ) (( ) ),( ) .

1
(( ) )

n n n
k T k T k T

m m m
n

k T
m

 
� �" � �


�

� �
	 

� �

X X

X
 

According to Eq. (56), we have to obtain a time invariant 
recursive map for state variables. For this purpose, if the 
SESCSG operates in a constant speed, we can identify a 
relation between r� and t . In this case, we can write 

0r rt� �� & �  and time sequences  , , 2 ,t t t t t� % � %  

and  t n t� % can replace by  0 , � 0

2
 , 

m
�

�
� , 

0

2
 

n
m

�
�

� .  Thus, by substituting r� with t in Eq. (56), a 

recursive map for state variable form ( 1)t n t�  % to 
t n t� % can be expressed as:  
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k

m
�

X  is state vector of system at t n t� % . 

Comparing Eqs. (57) with (48), the Poincare's map of the 
system can be expressed as: 
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Thus, the final discrete map changes the problem of 
analyzing the stability of the orbit into one of the stability of a 
fixed point. After each t% , all state variables of the 
saturated machine are calculated according to the previous 
state variables. Unbalance and unsymmetrical systems 
(with initial condition assumption) with deep non-linearity 
can be modelled by the use of this method. Chaos and 
bifurcation of the system can be recognized and controlled. 
As mentioned characteristic multipliers position in the 
complex plane determines the stability of the system. 
Absolute values of the characteristic multipliers show the 
system stability condition like stability, bifurcation, chaos 
and instability. 

 
Case Study 

An experimental set-up has been prepared for simulation 
results validation. The test system consists of a wounded 
rotor induction machine whose parameters are given in the 
table I. In Fig. 4-a, a synchronous motor is shown which is 
coupled with the induction machine in which an advanced 
inverter, is used to supply the synchronous motor, 
magnitude and frequency of the synchronous motor are 
adjusted by the inverter. The inverter output voltage and 
frequency ratio must be kept constant throughout the test. 

t%  is selected equal to 0.6283 msec small enough to 
cover all signal phenomena. In order to simplify the voltage 
building at nominal network frequency with small excitation 
capacitor the generator-motor set is provided which 
operates as a motor with SW1 switch by opening SW1, it 
acts as a generator. For first experimental test conditions, 
the machine is connected to 1600or � (  with excitation 

capacitor C0 = 10 )F.  
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(a )Experimental setup. 

                   
                              (b) Simulation result for 1 ( )i t and 1( )ov t .                                            (c )Experimental result for 1( )i t . 
Fig. 4. Case study setup and results with 10oc F� ) . 

 
Simulation shows that, machine works in the stable case 

but peaks of signals changes due to saturation. Figs. 4-b 
and c show the first order Poincare's map results for an 
output current, voltage and experimental result of output 
stator current change in frequency in the two modes can be 
seen. It can be seen that the time variable system cannot 
be specified with the first order Poincare's map. 

According to Eq. (52) assume that the system operating 
point is: 
(59) ( ) ( 0.011,0.006, 3.848,6.707)T�  X t  
The first order Poincare map that transfers the initial point 

( )tX to next point with time step t% is: 
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In the second step with the same time step and the 
corresponding map the system operating point moves to the 
next point. Other points should be calculated and after 
cascading the maps the higher order map is appeared that 
transfers first point to final point. 
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The steady state system operating point with the final map 
can be obtained by: 
(62) � �( ) 0.011 0.006 3.850 6.730 Tt �  X  
Characteristic multipliers for the map are: 
(63) � �6 6( ) 0.110,0.012, 7.8 10 , 4.45 10 P j �  � * �+  

where j  indicates imaginary part of the characteristic 
multiplier. It can be observed that the system is in the stable 
region but in this condition, the excitation capacitor value is 
not a practical value and is very small to build the nominal 
voltage. The results of increasing the excitation capacitor to 

15oc F� ) are shown in the Fig. 5. The voltage and 
current of phase a are shown in Fig. 5-a. In this operation 
point, the Jacobian matrix and its characteristic multipliers 
are: 

 
 
 

(64) 

0.764 0.038 0.001 0.000
0.220 0.008 0.000 0

244.02 16.573 0.407 0.170
304.131 20.894 0.518 0.220
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(65) � �( ) 0.564,0.10 j0.2,0.2� *+ P  
Likewise, for the excitation capacitance 35oc F� ) , the 
Jacobian of the map and its characteristic multipliers are: 

0.484 0.155 0.001 0.001
0.967 0.333 0.001 0.002
58.264 21.473 0.079 0.125

508.134 173.182 0.716 0.954
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a) 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Simulations and experimental results for Co = 15 )F : a) 
Current and voltage of Phase, b) Experimental result i1 (t). 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Simulations and experimental results for Co = 35 )F : a) 
Current and voltage of Phase, b) Experimental result i1 (t). 
 
(67)             � �( ) 1.176,0.1 j0.028,0.006� *+ P  
 

It means that, the system is bifurcated and the type of its 
bifurcation is Pitchfork bifurcation [10]. Figs. 6-a and 6-b 
show the current and voltage of phase a with the first order 
Poincare’s map and experimental result. Figs. 6 indicates 
that with this capacitance value, the system behaviour has 
bifurcated and has chaotic manner. The system is in the 
chaotic region and non-linear mode. This kind of system is 

very sensitive to initial condition and their values. Also, 
system trajectory is shown in Fig. 7. The start point for 
bifurcation is started from 20oc F� ) . The system with this 
value of excitation capacitor has the characteristic multiplier 
equal to 1. Fig. 8 shows bifurcation diagram of the system 
with modified Poincare’s map. It can be seen that when 
values of excitation capacitors are increased the system 
moved in chaotic region. 

 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Trajectory of the system:  i2(t)-v02(t) trajectory for C0 = 10 )F, 
b) i2(t)-i1(t) trajectory for C0 = 35 )F 
 

 
Fig. 8. The SESCSG Bifurcation Diagram. 
 
Table 1. Machine parameters and values 

Description Parameter Value 
Related Voltage vn 380 V 
Rated Power pn 175 W 
Magnetization reactance Xm 472 Ω 
Core loss resistance Rm 1600 Ω 
Stator resistance rs 42 Ω 
Rotor resistance rr  75 Ω 
Stator leakage reactance Xls 11.2 Ω 
Rotor leakage reactance Xlr  11.2 Ω 
Rotor/stator coils turn ratio K 0.5873 
Source internal resistance Rsource 15 Ω 
Source internal inductance Lsource  0.05 H 
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Conclusions 
In this paper, the analytical first order and modified 

Poincare's map of the self excited series connected 
synchronous generator was derived for the first time based 
on the novel magnetization current model. SESCSG was 
selected because it works in the non-linear region 
(saturated core). Partial saturation can be investigated in 
the abc quantitative method with the paper model. 
Characteristic multipliers of the linearzed map around the 
operation route describe case by changing in the capacitor 
values, unstable, bifurcation and chaos cases. 

 The model of SESCSG can be defined in the saturated 
case with capacitor and characteristic multipliers of the 
system are derived. The kind of bifurcation can be identified 
by the use of modelling method. Experimental results in the 
electrical machine laboratory identified by the use of the 
new model's results. 
 

REFERENCES 
[1] Murthy, S. S., Singh, B., Gupta, S., and Gulati, B. M., General 

Steady-State Analysis of Three-Phase Self-Excited Induction 
Generator Feeding Three-Phase Unbalanced Load/Single- 
Phase Load for Stand-Alone Applications , IEE Proc. 
Generation, Transmission and Distribution, 150(1), pp. 49-55, 
Apr. 2003. 

[2] Farret, F. A., Palle, B., and Simoes, M. G., Full Expandable 
Model of Parallel Self-Excited Induction Generators, IEE 
Proceedings Electric Power Applications, 152(1), pp. 96 - 102, 
Jan.  2005. 

[3] Jain, S. K., Sharma, J.D., and Singh, S. P., Transient 
Performance of Three-Phase Self-Excited Induction Generator 
During Balanced and Unbalanced Faults, IEE Proc. 
Generation, Transmission and Distribution, 149(1), pp. 50-57, 
Jan 2002. 

[4] Huang, M. Y., andWang, L., Sudden Disconnection of an 
Excitation Capacitor on Transient Synchronous Generator 
Performance of a Self-Excited Series Connected Synchronous 
Generator, Power Engineering Society Winter Meeting IEEE, 
1(1), pp. 370-374, Jan. 2000. 

[5] Mustafa, A. S., Mohamadein, A. L., and Rashad, E. 
M.,Application of Floquets Theory to the Analysis of Series-
Connected Wound-Rotor Self-Excited Synchronous Generator, 
IEEE Trans. Energy Conversion, 8(3), pp. 369-376, September 
1993. 

[6] Mustafa, A. S., Mohamadein, A. L., and Rashad, E. M., Analysis 
of Series-Connected Wound-Rotor Self-Excited Induction 
Generator, Electric Power Applications, IEE Proc., 140(5), pp. 
329-336, Sep. 1993. 

[7] Mohamadein, A. L., Yousef, H. A., and Dessouky, Y.G., Series-
Connected Self-Excited Synchronous Generator: Steady State 

and Transient Behavior , IEEE Trans. Energy Conversion, 
14(4), pp. 1108-1114, Dec. 1999. 

[8] Wang, Y. J., and Huang, Y. S. , Analysis of a Stand-Alone 
Three-Phase Self excited Induction Generator with Unbalanced 
Loads Using a Two-Port Network Model, Electric Power 
Applications, IET, 3(5), pp. 445-452, September 2009. 

[9] Chan T. F., Wang W., and Lai L. L., Field Computation and 
Performance of a Series-Connected Self-Excited Synchronous 
Generator, IEEE Trans. MAGNETICS, 46(8), pp. 3065-
3068,Aug. 2010. 

[10] Banerjee, S., and Verghese, G. C. Non-linear Phenomena 
inPower Electronics. Attractors, Bifurcations, Chaos, and Non-
linear Control, New York, John Wiley-IEEE Press, 2001. 

[11] Mazumder, S. K., Nayfeh, A. H., and Boroyevich, D., An 
Investigation into the Fast and Slow-Scale Instabilities of a 
Single-phase Bidirectional Boost Converter, IEEE Trans. Power 
Electronics, 18(4), pp. 1063-1069, July 2003. 

[12] Mazumder, S. K., Nayfeh, A. H., and Boroyevich, D., 
Theoretical and Experimental Investigation of the Fast- and 
Slow-Scale Instabilities of a dc-dc Converter, IEEE Trans. 
Power Electronics, 16(2), pp. 201-216, Mar 2001. 

[13] Zhang, H., Ma, X., Xue, B., and Liu, W., Study of Intermit-tent 
Bifurcations and Chaos in Boost PFC Converters by Non-linear 
Discrete Models, Chaos, Solutions and Fractals, 23(2),pp. 431-
444, Jan. 2005. 

[14] Shariatmadar, S. M., and Nazarzadeh, J., Modified Poincare 
Map of Variable Active Passive Reactance for Stability 
Evaluation With Consideration of Capacitor Mode, 7th IEEE 
conference on power electronic and drive system, pp.1633-
1638,Thailand, May 2007. 

[15] Shariatmadar, S. M., and Nazarzadeh, J., Optimal Output 
Feedback for Chaos Improvement in AC Variable Active Pas-
sive Reactance, IEEE International Conference on Industrial 
Technology ICIT, pp. 1-6, China, Apr. 2008. 

[16] Wiggins, S., Introduction to Applied Non-linear Dynamical 
Systems and Chaos, Springer-Verlag, New York, Inc., 1990. 

[17] Rodriguez, O., and Medina, A., Efficient Methodology for the 
Transient and Periodic Steady-State Analysis of the 
Synchronous Machine Using a Phase Coordinates Model, IEEE 
Trans. Energy Conversion, 19(2), pp. 464-466, June 2004. 

[18] Nakamura, J., Applied Numerical Methods with Software, 
1stedition, Prentice Hall, 1990. 

------------- 
Authors: Seyed Mohammad Shariatmadar, PhD Student of Science 
and Research Branch, Islamic Azad University, Ashrfi Esfahani 
Highway, Ponak, Tehran, Iran, Shariatmadar@IEEE.org. 
Jalal Nazarzadeh, Associate professor of Shahed University, 
Department of Electrical Engineering, Shahed University, P. O. Box 
18155-159, Tehran, Iran, E-mail: Nazarzadeh@shahed.ac.ir.  
Mehrdad Abedi, Professor of Amir Kabir University of Technology, 
P.O. Box 15914, Tehran, Iran, Email: Abedi@aut.ac.ir. 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


