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a  b  s  t  r  a  c  t

Performance  of  electrical  machines  is  critically  affected  by  the  saturating  nature  of  ferromagnetic  mate-
rials. In  order  to have  a reliable  and accurate  estimation  of the  steady-state  behavior  of  synchronous
machines,  it  is important  to have  a precise  machine  model  that  includes  saturation.  This  paper  aims  to
develop  a  new  synchronous  machine  model  incorporating  an  accurate  saturation  model.  The  algorithm
used  in  this  paper  to  represent  magnetic  saturation  calculates  the  coefficients  in several  real  function
expressions  for the  saturation  characteristics  of  a synchronous  machine.  The  new  synchronous  machine
model  proposed  in  this  paper  has  been  used  in the  investigations  to  calculate  the  machine  behavior  in
various  operating  conditions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

To ensure an accurate and reliable model for electrical machines,
it is necessary to use a precise and accurate mathematical rep-
resentation of the magnetizing saturation. The magnetic flux in
the direct and quadrature axes of synchronous machines is influ-
enced by the saturation phenomenon. Thus, it will be useful to
have a synchronous machine model integrated with an accurate
universal saturation model in algebraic configuration that makes it
valuable in understanding the system behavior. Typical saturation
characteristics of an electrical machine is presented in Fig. 1. At
low magnetizing current values, the flux linkage is proportionately
related to the current. This region is called the unsaturated region.
For high values of the magnetizing current, the flux linkage in the
machine reaches its maximum level, which is known as the highly
saturated region. Transition between unsaturated and highly satu-
rated regions takes place in the non-linear region. As illustrated in
Fig. 1, in this region the flux linkage is not proportionally related to
the magnetizing current [1–6].

The concept of steady-state stability in electrical machines
implies that small changes in the terminal inputs, the initial con-
ditions, or the machine parameters do not result in severe changes
in the machine output. Similar to all other working systems,
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synchronous generators are designed to work in a stable situa-
tion. Therefore, the study on stability boundaries of synchronous
machines results in performance improvement [7,8]. To make the
results more reliable, it is essential to consider the saturation
effect in the machine model. Various techniques such as poly-
nomial, rational-fraction, sinusoidal, and trigonometric functions
are intended to address inclusion of the saturation phenomenon
into the electrical machine model [9–16]. In [17], a saturation
model is proposed to be used in the steady analysis of synchronous
machines. The saturation model is obtained as a result of cor-
recting the unsaturated d- and q-axis reactances by multiplication
factors. A synchronous machine model considering magnetic satu-
ration and hysteresis effect is proposed in [18]. The machine, under
study, has been connected to an unbalanced load, and the tran-
sient and steady-state analysis have been carried out accordingly.
Authors in [19] have developed a synchronous machine model and
investigated the saturation effect on the machine response fol-
lowing a five-percent reduction in the machine terminal voltage.
Results show that, although there is a considerable discrepancy
between the saturated and unsaturated results, the mutual induct-
ance between the d- and q-axis can be neglected. This results in
a trade-off to have a simplified model against acceptable errors
in the results. In [20], an optimization algorithm, based on the
Levenberg–Marquardt (LM) method, is developed to represent the
flux linkage and magnetizing current relationship in permanent
magnet synchronous generators. As illustrated in Fig. 1, any com-
bination of linear or nonlinear functions can be chosen by the
designer to represent the saturation characteristics.

0378-7796/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsr.2013.03.014

dx.doi.org/10.1016/j.epsr.2013.03.014
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.epsr.2013.03.014&domain=pdf
mailto:hamidif@uwindsor.ca
mailto:saeedeh@uwindsor.ca
dx.doi.org/10.1016/j.epsr.2013.03.014


34 S. Hamidifar, N.C. Kar / Electric Power Systems Research 102 (2013) 33– 41
Fl

ux
 L

in
ka

ge
 (p

u)

Magne tizing  Current  (pu )

Exp erimen tally measured  flux  linkage s

mkmmm IgIgIgI 212

mnmmm IfIfIfI 211

mlmmm IhIhIhI 213

mrmmm IyIyIyI 214

Unsa
turat

ed
reg

ion

Non-lin
ear r

egion

Highly satur ated reg ion

Fig. 1. Different configurations to represent saturation characteristics of a typical
electrical machine.

The objective of this paper is to develop a new state space
model for synchronous machines integrated with the satura-
tion model in [20]. The algorithm, presented in Section 2 of
this paper, has been improved and modified to represent syn-
chronous machine saturation with several configurations in a
specific domain of applicability. Applying the saturation algo-
rithm, the coefficients can be defined to such an extent to find
the most accurate description for saturation characteristics. This
has been verified in Section 3, by comparing the results on
different saturation configurations provided by the LM method
and some other existing methods. In Section 4, the proposed
state space model for synchronous machines with the inclu-
sion of magnetic saturation is presented. This has led to a
comprehensive and complete model, which can be used for per-
formance analysis of synchronous generators. In Section 5, it
has been demonstrated that the proposed algorithm provides an
accurate synthesis for the steady-state analysis of synchronous
machines.

2. Multifunctional regression algorithm to represent the
saturation characteristics

The main objective of this section is to explain the LM algorithm
that can be used to represent the saturation characteristics of syn-
chronous machines in accordance with any configuration selected
by the designers. This model will then be compared to the exist-
ing saturation models, such as polynomial, rational-fraction, DFT,
and trigonometric methods. The calculated results presented in
Section 3 show that this model can be used as an alternative for
aforementioned methods.

2.1. The discrete Fourier transform and the trigonometric curve
fitting methods to represent saturation

The main purpose of the DFT and the trigonometric curve fitting
methods is to represent the saturation characteristics curve (� –Im)
in a sinusoidal format, based on a set of n measured data points such
as [(Im1, � 1), (Im2, � 2), . . .,  (Imn, � n)].

In [13], the DFT of the mirrored signal can be expressed as
in (1).

� (Im) = b0 +
k′∑

j=1

bj cos(ωjIm) (1)

in which the coefficients can be defined by (2) and (3),

b0 = 1
Imax

∫ Imax

0

� (i)di = 1
Imax

n∑
k=2

×
{

�k(Ik − Ik−1) − 1
2

�k(Ik − Ik−1)2
}

(2)

and

bj = 2
Imax

∫ Imax

0

� (i) cos(ωji)di = 1
Imax

n∑
k=2

×
[

�k

ωj
(Ik − Ik−1) sin(ωjIk−1) + �k

ω2
j

{cos(ωjIk) − cos(ωjIk−1)}

+�k

ωj
{sin(ωjIk) − sin(ωjIk−1)}

]
(3)

where �k, ωj, and Imax are defined as in (4)

Imax = Imn

ωj = j�

Imax

�k = �k − �k−1

Ik − Ik−1

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

. (4)

Despite the fact that this technique is simple to implement,
its accuracy is highly influenced by the number of sinusoidal
terms. In order to obtain more accurate results, the DFT sat-
uration model should include a greater number of sinusoidal
terms.

The trigonometric method to represent saturation characteris-
tics can be performed through the determination of the frequency
and amplitude of each sinusoidal term. The developed trigonomet-
ric function is expressed as:

� (Im) =
k′∑

i=1

[˛i cos(�iIm) + ˇi sin(�iIm)] (5)

where k′ (2k′ < n) is called the order of the trigonomet-
ric series, (˛i)i∈[1:k′] and (ˇi)i∈[1:k′] are the amplitudes
and (�i)i∈[1:k′] is the frequency of each trigonometric
term[16].

2.2. Non-linear optimization algorithm to represent magnetic
saturation

In this paper, a non-linear optimization method, namely, the
Levenberg–Marquardt (LM) algorithm [20–22], is used to represent
the machine saturation characteristics for a set of given experi-
mental data points. The advantage of applying this technique is
that the saturation characteristics of the synchronous machine can
be represented by a series of non-linear multi-variable functions.
It should be noted that the coefficients might also have different
dimensions.

Suppose a set of experimentally obtained magnetization data
points is expressed as

�̂ = [�̂1 �̂2· · ·�̂n]
T

Î = [Îm1 Îm2· · ·Îmn]
T

}
(6)

where Î is the measured magnetizing current data point matrix and
�̂ is its corresponding measured flux data point matrix. To fit the
function � (Im), to the data points in (6), the LM algorithm starts
by using the chi-square error criteria to minimize the sum of the
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