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ABSTRACT: The conventional synchronous generator model accurately represents only the stator circuit. However, when considering
transient effects on rotor quantities such as rotor voltage and current, accurate predictions can be achieved by properly incorporating the
field and damper considerations with the stator circuits in an equivalent model. Besides, it has been observed that simulated responses ob-
tained using the conventional model with calculated machine parameters frequently do not align well with the actual measured responses,
especially for the rotor winding. This paper analyzes the effect of the d and q axis parameters of synchronous machines, focusing on
accurately determining these parameters, particularly the Canay inductance. It investigates the impact of precise determination of these
parameters from the time constants of the direct axis operational inductance on transient response and stability. Through simulation
studies on a high order model synchronous generator system, the paper compares transient performances with and without considering
Canay inductance, shedding light on its effects.

List of Symbols
Lc: Canay inductance
Xc: Canay reactance
Xrc: Characteristic rotor reactance
s: Laplace’s operator
ωs, ωB : Synchronous speed, basic angular frequency
Vd, Vq: d-axis stator voltage, q-axis stator voltage
id, iq , if : d-axis current, q-axis current, and field current
ikd1, ikd2: d-axis dampers currents
ikq1, ikq2, ikq3: q-axis dampers currents
Vf : d-axis field voltage
Ld (s): d-axis operational inductance
Lq (s): q-axis operational inductance
Ld, Lq , Lf : d-axis synchronous inductance, q-axis syn-
chronous inductance, field inductance
Xd,Xq: d-axis synchronous reactance, q-axis synchronous re-
actance
Ra, Rf : armature and field resistances
Rk, Rj : d-axis damper resistances
Rkq1, Rkq2, Rkq3: q-axis damper resistances
Lk, LJ : d-axis damper inductances
Lkq1, Lkq2, Lkq3: q-axis damper inductances
Lmd: d-axis magnetizing inductance
Lmq: q-axis magnetizing inductance
La: leakage inductance
Xa: leakage reactance
Lamd: the parallel combination of Lmd and La
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T ′
d0, T ′

d: d-axis transient open circuit and short-circuit time
constant
T ′

q0, T ′
q: q-axis transient open circuit and short-circuit time

constant
T ′′

d0, T ′′
d: d-axis sub-transient open circuit and short-circuit

time constant
T ′′

q0, T ′′
q: q-axis sub-transient open circuit and short-circuit

time constant
T ′′′

d0, T ′′′
d: d-axis sub-subtransient open circuit and short-

circuit time constant
T ′′′

q0, T ′′′
q: d-axis sub-sub-transient open circuit and short-

circuit time constant
ω̇: rotor angular speed in pu
δ: load angle in degrees

1. INTRODUCTION

Synchronous generators have a great influence on the stabil-
ity of power systems, and improving the accuracy of their

models is extremely important in analyzing the dynamic char-
acteristics of power systems. Park’s d- and q-axis models are
generally the most commonly used synchronous machine mod-
els for system modeling [1–4]. Various other models can be
effectively applied in power system stability studies [5–8].
In reviewing such research, the standard model for study-

ing the transient responses of the synchronous machine is the
second order model. It is very useful for studying dynamic sta-
bility but is not suitable for considering generator performance
regarding control experiments, which creates different results
with measurements [9–12].
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The conventional stability theory of generator models relies
on the assumption that the mutual inductances among the arma-
ture, dampers, and field windings on the direct axis are similar.
This hypothesis forms the foundation for analyzing the stabil-
ity of generators [13–15]. Additionally, the damper windings
positioned close to the air-gap induce flux that closely interacts
with the armature flux. This assumption has proven effective in
yielding favorable results for stability analysis, especially those
concerning the network side [16–18].
However, when delving into the investigation of field cur-

rent behavior, a significant discrepancy arises. In transient
responses, field current measurements have revealed substan-
tially higher alternating amplitudes [13]. The conventional
two-axis framework model primarily focuses on the armature
circuit, neglecting the additional inductance that signifies the
difference between the reciprocated inductances of the field-
damper and field-armature circuits on the d-axis. Incorporat-
ing this additional inductance into the model is necessary for
accuracy [14].
The Canay inductance, denoted by Xc, plays a crucial role

in influencing the leakage flux, and is identified by test or by
geometry [15]. If we overlook the Canay inductance, both the
base current of the field winding and armature leakage induc-
tance are considered independent variables [13–15, 19]. The
extent of leakage inductance might differ from the value spec-
ified by the real machine [18].
A structuredmethodwas introduced to identify substitute cir-

cuits that replicate the frequency behavior of magnetic compo-
nent input impedance across a wide range of frequencies [20].
An alternative method involves modeling it alongside the

conventional perspective on how current paths are divided
within the physical structure [21, 22].
This study presents a method for analyzing the stability of

synchronous generators by considering different mutual induc-
tances among armature, dampers, and field windings on the di-
rect axis. It outlines the process of creating an equivalent model
and highlights the benefits of this model compared to traditional
ones. Section 2 introduces the Canaymodel. Section 3 provides
a detailed mathematical analysis of the 3rd order model. Sec-
tion 4 discusses themodeling of the synchronousmachine. Sec-
tion 5 describes the methodology. Section 6 focuses on study-
ing the impact of Canay inductance on the dynamic behavior
of the machine. Concluding remarks are presented in the last
section.

2. HIGHER ORDER MODEL OF SYNCHRONOUS MA-
CHINE (CANAY MODEL)
The armature, field, and damper windings of a synchronousma-
chine are magnetically coupled not only in the main field, but
also in the dispersion field.
Starting from the fundamental equations of the idealized syn-

chronous machine [13–15] and taking into account the real
magnetic coupling between the damping field windings, we can
deduce the equivalent diagram of Figure 1.

The characteristic rotor reactance Xrc appears on the cur-
rent path common to the damping and field circuits, and it is
obtained using the following well-known equation, [13–15]:

1

Xrc
+

1

Xd −Xa
=

1

Xc −X
(1)

Xc represents the Canay reactance, andXa is the leakage reac-
tance.
The proof of Equation (1) is given in Appendix A.
We recall that:

Xc = ωsLc, Xrc = ωsLrc (2)

Taking X = Xc and according to the previous equation, we
get Xrc = 0. In practice, we take X = Xa, thus the leakage
reactance of the armature, which does not include the rotor cir-
cuits, is considered as an external reactance, which is justified.
However, in this choice the reactance Xrc does not cancel out.
This is the main difference between the new and classic

equivalent schemes. It can be concluded that, for an exact rep-
resentation of rotor circuits, it is necessary to introduce the re-
actances Xc and Xrc [13–15].
The diagram in Figure 1 is equivalent to the diagram in Fig-

ure 3 [13, 25, 26].

3. ANALYSIS OF THE 3rd ORDER MODEL OF THE
SYNCHRONOUS MACHINE
This section aims to present the expression of the operational
inductance Ld(s) and Lq(s) as function of (i) the equivalent
circuit parameters, and (ii) the time constants and synchronous
inductance.
For this purpose, we have used the conventional third-order

equivalent circuit model, depicted in Figure 1, with (Lc = La).
Lacking the rotor leakage reactance this circuit is relatively sim-
ple. The symbolsXa andXmd denote the armature leakage re-
actance and armature magnetizing reactance. The combination
of Rf and Lf represents the short-circuited field winding Zf .
Furthermore, Rk and Lk symbolize the damper windings Zk,
while Rj and Lj incorporate the rotor eddy currents ZJ .
Initially, the consolidation process merged the four parallel

branches into a unified impedance designated as Z ′.

Z ′(s) = sLmd//Zf//Zk//ZJ (3a)

=
sLmdZfZkZJ

sLmdZfZk + sLmdZfZJ + sLmdZkZJ + ZfZkZJ
(3b)

As mentioned earlier,

sLd(s) = Z ′(s) + sLa (4a)

The relationship is depicted in Figure 1. It illus-
trates the parallel combination previously described,
now connected in series with the armature leak-
age reactance sLa, for the conventional model.

Ld (s) =
sLaZfZkZJ+s

2LaZfZkLmd+s
2LaZfZjLmd+s

2LaZkZjLmd+sLmdXfZjZk

sLmdZfZk+sLmdZfZJ+sLmdZkZJ+ZfZkZJ
(4b)
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FIGURE 1. Equivalent circuit of a third order model for direct axis (with canay inductance Lc).

FIGURE 2. Equivalent circuit of a third order model for quadrature axis.

FIGURE 3. Equivalent Circuit of a third order model for direct axis (with Lrc inductance).

In order to facilitate the analysis, we proceeded to examine
the numerator and denominator separately. Our initial focus
was on the numerator. We replaced Zf , Zk, and ZJ with their
actual terms in the numerator. The new expressions are shown
below.

Zf = Rf+sLf , Zk = Rk+sLk, Zj = Rj+sLj (5)

The symbol “Num” is used to represent the numerator. It is
presented in the following manner:

Num = sLa(Rf+sLf ) (Rk+sLk) (Rj+sLj)

+sLa (Rf+sLf ) (Rk+sLk) sLmd

+sLa (Rf+sLf ) (Rj+sLj) sLmd+sLa (Rk+sLk)

(Rj+sLj) sLmd+(Rf+sLf ) (Rk+sLk) (Rj+sLj) sLmd (6a)

By simplifying the previous expression, we obtain:

Num=s (LaRfRkRj)+s
2[LaLmd (RfRk+RfRj+RjRk)

+La (RfRkLj+RfRjRk+RkRjLf )

+Lmd (RfRkLj+RfRjRk+RkRjLf )]

+s3[La (RfLkLJ+RfLJRk+RkLfLj)

+LaLmd (RfLk+RfLj+RkLf+RkLj+RjLf+RjLk)

+Lmd (RfLkLj+RkLfLj+RjLfLk)]

+s4(LaLfLkLj+LfLkLj) (6b)
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Using Lamd = LaLmd

La+Lmd
, inserting this expression into the nu-

merator, and factoring out the term s(La+Lmd), then dividing
the equation by RfRkRj , we get the following expression:

Num =
(La+Lmd)

RfRkRj

[
1+s

(
Lf+Lamd

Rf
+
Lk+Lamd

Rk

+
Lj+Lamd

Rj

)
+s2

(
LamdLf+LamdLk+LfLk

RfRk

+
LamdLf+LamdLj+LfLj

RfRj
+
LamdLk+LamdLj+LkLj

RkRj

)
+s3
(
LfLkLj+LamdLfLk+LamdLfLj+LamdLkLj

RfRkRj

)]
(6c)

The denominator “Den” follows the same structure of the nu-
merator, except that Lamd is replaced by Lmd.

Den=
1

RfRkRj
[1+s

(
Lf+Lmd

Rf
+
Lk+Lmd

Rk
+
Lj+Lmd

Rj

)
+s2

(
LmdLf+LmdLk+LfLk

RfRk
+
LmdLf+LamdLj+LfLj

RfRj

+
LmdLk+LmdLj+LkLj

RkRj

)
+s3

(
LfLkLj+LmdLfLk+LmdLfLj+LmdLkLj

RfRkRj

)
(7a)

So,

Ld (s) =
Num

Den
(7b)

The operational inductance for a third-order model can be ex-
pressed as follows:

Ld (s) = Ld
(1 + sT ′

d) (1 + sT ′′
d) (1 + sT ′′′

d)

(1 + sT ′
d0) (1 + sT ′′

d0) (1 + sTT ′′′
d0)

(8)

Figure 2 shows the equivalent circuit of the 3rd order model
along the q-axis. Equation (8) remains applicable to the q-axis
as well:

Lq (s) = Lq
(1 + sT ′

q) (1 + sT ′′
q) (1 + sT ′′′

q)

(1 + sT ′
q0) (1 + sT ′′

q0) (1 + sT ′′′
q0)

(9)

When using the Canay model, we replace leakage inductance
La by Lc (Canay inductance).
The development of Ld (s) in terms of equivalent circuit pa-

rameters and in terms of time constants and synchronous induc-
tance allows obtaining the nonlinear system of equations pre-
sented in Subsection 5.1. As inputs to our system, we have used
the time constants cited in [24]. The outputs are the equivalent
circuit parameters. Such parameters are introduced in Equa-
tion (7b) to calculate the operational inductanceLd (s). In order
to validate our calculation, the frequency response of this oper-
ational inductance will be compared to that given by Equation
(8).
The operational inductance Lq (s) is determined by the same

mathematical procedure replacing d by q in previous expres-
sions.

4. SYNCHRONOUS MACHINE MODELING
The aim of this section is to develop the model of the syn-
chronous machine. This model is constituted by differential
equations where the state variables are the flux, and the coeffi-
cients are the parameters of the equivalent circuits according to
the d-axis and q-axis cited in Sections 2 and 3.
The traditional representation of the synchronous machine

involves three stator windings, a field winding, a d-axis damper
winding, and two q-axis damper windings [1, 2]. A variable
transformation process allows obtaining a set of voltage equa-
tions for each winding that remains the same even regardless
of the movement of the rotor. This transformation entails the
change of the stator reference frame abc into a rotor reference
frame qd0, which is accomplished through the application of
Park’s Transformation [1, 2].

P =
2

3

 cos(ϑ) cos(ϑ− 2π
3 ) cos(ϑ+ 2π

3 )
sin(ϑ) sin(ϑ− 2π

3 ) sin(ϑ+ 2π
3 )

1
2

1
2

1
2

 (10)

The value of the angle ϑ is determined by:

ϑ = ωst+ δ − π

2
(11)

In Equation (11), ωs represents the electrical angular speed at
synchronous conditions in radians per second, and δ signifies
the power angle in electrical radians.
The equations describing voltage in the qd0 reference frame

are as follows:

Vqd0s = −Rsniqd0s + ωψdqs + ψ̇qd0s (12)

Vqdr = Rriqdr + ψ̇qdr (13)

Here,

Vqd0s = [vqvdv0]
T
, Rsn = diag[rsrsrs],

ψqd0s = [ψqψdψ0]
T
, Iqds = [iqid]

T (14)

ω is the rotor speed in per-unit.
Similarly, the rotor equations in (13) involve:

Vqdr = [vkq1vkq2vfvkd1]
T
,

Rr = diag[rkq1rkq2rfrkd1],

ψqdr = [ψkq1ψkq2ψfψkd1]
T
,

Iqdr = [ikq1ikq2if ikd1]
T

(15)

Selecting the appropriate rotor base quantities allows express-
ing the relationship between flux and current usingmagnetizing
reactances (Xmd and Xmq) and the leakage reactance for each
winding (Xa, Xkq1, Xkq2, Xf , and Xkd1).

Xd = Xa +Xmd, Xq = Xa +Xmq,

XF = Xf +Xmd, XQ1 = Xkq1 +Xmq

XKD1 = Xkd1 +Xmd, XQ2 = Xkq2 +Xmq

(16)
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FIGURE 4. Variation of inductance Rf versus Iteration (withXc). FIGURE 5. Variation of inductance Lf versus Iteration (withXc).


ψq

ψd

ψkq1

ψkq2

ψf

ψkd1

 =


−Xq 0 0 Xmq Xmq 0 0
0 −Xd 0 0 0 Xmd Xmd

−Xmq 0 0 XQ1 Xmq 0 0
−Xmq 0 0 Xmq XQ2 0 0

0 −Xmd 0 0 0 XF Xmd

0 −Xmd 0 0 0 Xmd XKD1



iq
id
ikq1
ikq2
if
ikd1

 (17)

The solutions for Equations (12) and (13) can be found using
Equation (17), as described in [27].

ψ̇q = ωB

(
vq − ω̇ψ̇d +

rs
Xl

(
˙ψmq − ψ̇q

))
(18)

ψ̇d = ωB

(
vd − ω̇ψ̇q +

rs
Xa

(
˙ψmd − ψ̇d

))
(19)

ψ̇kq11 = ωB

(
vkq1 +

rkq1
Xkq1

(
˙ψmq − ˙ψkq1

))
(20)

ψ̇kq2 = ωB

(
vkq2 +

rkq2
Xkq2

(
˙ψmq − ˙ψkq2

))
(21)

ψ̇f = ωB

(
vf +

rf
Xf

(
˙ψmd − ψ̇f

))
(22)

ψ̇kd1 = ωB

(
vkd1 +

rkd1
Xkd1

(
˙ψmd − ˙ψkd1

))
(23)

˙ψmq = Xaq

(
ψ̇q

Xa
+

˙ψkq1

Xkq1
+

˙ψKq2

Xkq2

)
(24)

˙ψmd = Xad

(
ψ̇d

Xa
+
ψ̇f

Xf
+

˙ψkd1

Xkd1

)
(25)

Xaq =

(
1

Xmq
+

1

Xa
+

1

Xkq1
+

1

Xkq2

)−1

(26)

Xad =

(
1

Xmd
+

1

Xa
+

1

Xf
+

1

Xkd1

)−1

(27)

where ωB denotes the basic angular frequency in radians per
second, with all other variables expressed in per-unit. The dif-
ferential equations describing the rotor dynamics are as follow:

ω̇ =
1

2H
(Tu − Te) (28)

δ̇ = ωBω̇ − ωs (29)

H represents the machine inertia constant measured in seconds.
Tu stands for mechanical torque, while Te refers to electrical
torque, both expressed in per unit (pu). The electrical torque,
denoted as Te, is defined by the following expression:

Te = ψ̇diq − ψ̇qid (30)

The fluxes provide a convenient method for illustrating the cur-
rents, as stated in [27]

iq =
1

Xa
( ˙ψmq − ψ̇q) (31)

id =
1

Xa
( ˙ψmd − ψ̇d) (32)
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FIGURE 6. Variation of inductance Rk versus Iteration (withXc). FIGURE 7. Variation of inductance Lk versus Iteration (withXc).

FIGURE 8. Variation of inductance Rf versus Iteration (withXc). FIGURE 9. Variation of inductance Lj versus Iteration (withXc).

if =
1

Xf
(ψ̇f − ˙ψmd) (33)

The currents flowing through the dampers winding can also be
expressed by:

ikd1 =
1

Xkd1
( ˙ψkd1 − ˙ψmd) (34)

ikq1 =
1

Xkq1
( ˙ψkq1 − ˙ψmq) (35)

ikq2 =
1

Xkq2
( ˙ψkq2 − ˙ψmq) (36)

5. METHODOLOGY
This study outlines a design approach comprising two princi-
pal segments. The initial phase deals with the definition of the

parameters of the d-axis equivalent circuits for the third model,
with and without Canay reactanceXc, as well as the q-axis pa-
rameters. The second phase investigates how the characteristic
reactanceXc influences the dynamic characteristics of the ma-
chine.

5.1. D-Axis and q-Axis Parameter

The characteristics of the rotor network are determined by solv-
ing a group of equations simultaneously. These equations uti-
lize the standard impedances and time constants of the gener-
ator. Refs. [5, 23] outline these equations, which are used to
identify the parameters of the rotor network from time con-
stants.
All values of circuit equivalent parameters and inductances

are in per-unit, and ωs represents the synchronous speed of the
machine in electrical radians per second.
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TABLE 1. Third order model characteristic quantities.

Xd = 1.59 pu X ′
d = 0.317 pu X ′′

d = 0.264 pu X ′′′
d = 0.186 pu

Xc = 0.0546 pu T ′
d = 2.12 s T ′′

d = 0.0343 s T ′′′
d = 0.0032 s

Xrc = −0.071 pu T ′
d0 = 10.7 s T ′′

d0 = 0.0413 s T ′′′
d0 = 0.0045 s

Xq = 1.08 pu X ′
q = 0.71 pu X ′′

q = 0.334 pu X ′′′
q = 0.167 pu

T ′
q = 0.285 s T ′′

q = 0.0221 s T ′′′
q = 0.0032 s

T ′
q0 = 0.453 s T ′′

q0 = 0.0491 s T ′′′
q0 = 0.0058 s

TABLE 2. Estimation of equivalent circuit parameters.

Parameters withXc withoutXc

Lf (pu) 0.0010 0.0007

Rf (pu) 0.0006 0.0005

Lk (pu) 0.0034 0.0017

Rk (pu) 0.1028 0.0557

Lj (pu) 0.0011 0.0003

Rj (pu) 0.3932 0.1619

Lq1 (pu) 0.005 0.005

Rq1 (pu) 0.0188 0.0188

Lq2 (pu) 0.0013 0.0013

Rq2 (pu) 0.0758 0.0758

Lq3 (pu) 0.0002 0.0002

Rq3 (pu) 0.1270 0.1270

The third-order model is represented by the following system
of equations.

Lmd = Ld−La (37)

T ′
d0 =

1

Rf
(Lf+Lmd) (38)

T ′
d =

1

Rf

(
Lf+

LmdLa

Lmd+La

)
(39)

T ′′
d0 =

1

Rk

(
Lk+

LmdLf

Lmd+Lf

)
(40)

T ′′
d =

1

Rk

(
Lk+

LmdLaLf

LmdLa+LmdLf+LaLf

)
(41)

T ′′′
d0 =

1

Rj

(
Lj+

LmdLfLk

LmdLf+LmdLk+LfLk

)
(42)

T ′′′
d =

1

Rj(
Lj+

LmdLaLfLk

LmdLaLf+LmdLaLk+LmdLfLk+LaLfLk

)
(43)

By replacing d by q, the previous system of nonlinear equations
can be used for the q-axis. The system inputs are the q-axis time
constants cited in [24], while the outputs are the parameters of
the equivalent circuit.

5.2. Estimation of Equivalent Circuit Parameters

In order to apply our approach, we utilized data from [24].
These data consider a salient-pole machine with solid poles,
characterizing by a power of Sn = 230MVA, stator resistance
Ra = 0.005 pu, leakage inductance La = 0.00041 pu, power
factor cos (φ) = 0.85, mechanical time constant H = 3.8 s,
and Canay inductance Xc = 0.0546 pu.
For the rotor circuit, the data for the 3rd order model are the

time constants, the synchronous reactances along the d axis and
q axis, and the characteristic rotor reactance, cited in Table 1.

The nonlinear equations presented in Subsection 5.1 were
subjected to simulation via the Newton-Raphson method in
MATLAB. The time constants were designated as inputs, while
the equivalent circuit parameters were designated as outputs.
We get the Canay model when replacing the leakage induc-

tance La by the Lc (Canay inductance).
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FIGURE 10. Operational inductance magnitude versus frequency (d-
axis)

 

. 

  

FIGURE 11. Operational inductance phase versus frequency (d-axis).

FIGURE 12. Operational inductance magnitude versus frequency (q-
axis).

 

r .  

i e s   - ) 

FIGURE 13. Operational inductance phase versus frequency (q-axis).

While this approach is straightforward and accessible, it is
not without its challenges. There is a notable risk of the so-
lution converging towards a local minimum, particularly influ-
enced by the complexity of the model and the initial parameter
values. The evolution of Canay model parameters across iter-
ations is depicted in Figures 4 to 9, showing how they evolve
as the iterations increases. It is interesting to note that the con-
vergence of parameters Lf , Rf , Rk, and Rj occurs at the 8th
iteration, while parameters Lk and Lj converge at the 13th it-
eration and 3th iteration, respectively.
The parameters of the equivalent circuits of the third model

with and without Canay reactance Xc are summarized in Ta-
ble 2.

5.3. Results and Validation

To validate the results, the estimated parameters Rf , Lf , Rk,
LK , Rj , and Lj are introduced into the operational inductance
transfer function in Equation (10).
While the time constants cited in the data are included in

Equation (8), we compare the frequency responses of the two
functions, by varying the frequency from 0.001Hz to 1000Hz.
Figures 10 and 11 show a perfect agreement between the

Canay model and the data in terms of frequency responses.
However, there is a clear difference in the frequency response
of the conventional model and the data. The error on the magni-
tude varies from−8.13.10−6 pu to 1.5.10−5 pu, while the phase
error ranges from −0.4 degrees to 0.35 degrees.
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FIGURE 14. Variation of excitation current if during a three-phase short-
circuit on load.

FIGURE 15. Variation of stator current ias during a three-phase short-
circuit on load.

FIGURE 16. Variation of the electromagnetic torque Te during a three-
phase short circuit on load.

 

 

Figure 12. Variation of the electromagnetic 

torque  during a three-phase short-circuit 

under load 

FIGURE 17. Variation of speed ωr during a three-phase short circuit on
load.

When examining the q axis in Figures 12 and 13, we can see
a strong similarity between the model’s frequency response and
the data, with a minor phase difference for frequencies above
10Hz.

6. EFFECT OF CANAY INDUCTANCE ON MACHINE
DYNAMIC BEHAVIOUR
This part aims to carry out a comparative study of electrome-
chanical quantities obtained using the traditional and the Canay
models, for the dynamic system. To do this, we have imple-
mented two applications: The first is to simulate a sudden three-
phase short circuit, and the second is to study the dynamic sta-
bility.

6.1. Sudden Three-Phase Short Circuit

The choice of the short circuit time is arbitrary. However,
in order to facilitate a precise analysis of the electromechani-
cal quantities, we have chosen a relatively short circuit time.
The simulation starts at the nominal point under load, with
V = 1 pu, cos (φ) = 0.85, and ωr = 1 pu. At time t = 0.1 s,
a sudden three-phase short circuit is applied for a duration of
0.3 s. The simulation results are shown in Figures 14 to 19.
Figure 14 shows the variation of the excitation current as a

function of time. The comparison of excitation short-circuit
current curves reveals that the peaks of the Canay model are
significantly higher than those of the conventional model.
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Figure 19. Variation of speed  when 

removing 

 the three-phase short circuit on load 

 

FIGURE 18. Variation of load angle δ during a three-phase short-circuit
on load.

FIGURE 19. Variation of asynchronous braking torque versus time.

FIGURE 20. Variation of excitation current if when removing the three-
phase short circuit on load.

 

Figure 16. Variation of excitation current   

when removing the three-phase short circuit 

on load 

 

F

wh

FIGURE 21. Variation of stator current ias when removing the three-
phase short circuit on load.

Figure 15 illustrates the variation of phase current ia. A re-
markable disparity between traditional and Canaymodels in the
phase current is observed at the start of the short circuit.
Figures 16 to 19 present the temporal variations of the torque,

speed, load angle, and asynchronous braking torque, respec-
tively.
We notice a notable asymmetry in the electric torque, Fig-

ure 16. The average value of the oscillation indicates the asyn-
chronous braking torque. It is worth noting that the asyn-
chronous torque of the Canay model surpasses that of the con-
ventional model, as depicted in Figure 19. This difference in

torque becomes more pronounced as the load angle changes
over time, as shown in Figure 18.
Initially, the asynchronous torque of the Canay model causes

a small decrease in the load angle after 0.3 s, and it stabilizes at
68◦. The back-swing process is represented inaccurately in the
conventional model simulation, where the load angle increases
more rapidly, reaching 93.5◦ after 0.3 s.

6.2. Dynamic Stability
The back-swing process exerts a significant influence on the
stability of the generator [24], and thus it is of paramount im-
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Figure 17. Variation of stator current   

when removing the three-phase short 

circuit on load 

 

FIGURE 22. Variation of the electromagnetic torque Te when removing
the three-phase short circuit on load.

FIGURE 23. Variation of speed ωr when removing the three-phase short
circuit on load.

 

 

Figure 19. Variation of speed  when 

removing 

 the three-phase short circuit on load 

 

FIGURE 24. Variation of load angle δ when removing the three-phase
short circuit on load.

 

 

Figure 20. Variation of load angle  when  

removing the three-phase short circuit on 

load 

 

FIGURE 25. Variation of load angle δ when removing the three-phase
short circuit on load.

portance to calculate it with the utmost accuracy. To illus-
trate this effect, the following application is performed. The
simulation is applied from the nominal point with V = 1 pu,
cos (φ) = 0.85, ωr = 1 pu. The disturbance is a voltage drop
of 0.4 s. From t = 0.2 s, the network voltage drops to 0V and
remains there for 0.40 s. After 0.60 s, the initial voltage value
is restored. The simulation results are shown in Figures 20 to
25.
Canay model accurately reproduces the frequency character-

istics of the machine. It is observed that the generator’s loading
angle increases to 118°and then returns to the nominal angle of
45◦, showing the stability of the generator, Figure 25. In con-
trast, simulation using the conventional model indicates that the
generator would lose synchronism, Figure 23.

This discrepancy arises from the conventional model’s in-
ability to accurately compute the braking asynchronous torque
during a short circuit, as mentioned before. For Canay model,
the field current, phase current, torque, and speed stabilize after
a certain time t = 4 s.

7. CONCLUSION
This paper explores the potential of using an approach to esti-
mate parameters for both conventional and Canay models. The
results emphasize the importance of including Canay induc-
tance to accurately reproduce the frequency characteristics of
the direct axis operational inductance. In order to achieve ac-
curate modeling and ensure faithful simulation of circuit quan-
tities, the mutual leakage reactance between the windings of
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(a) (b)

the field and damper was taken into account. Nevertheless,
the Canay model was transformed to the traditional model with
equal mutual reactances by a simple process to obtain the Canay
reactance. Also, the study shows significant differences in
quantities such as excitation current, electromagnetic torque,
load angle, and speed between the Canay model and standard
model during short-circuit testing under load.
In terms of dynamic stability, it was found that after a 0.42 s

three-phase short-circuit and restoration of the rated voltage,
the synchronous machine stabilizes at the synchronous speed
according to the Canay model, while it loses the synchronism
with the conventional model.

APPENDIX A. TRANSFORMATION
Circuits (a) and (b) are identical. Z ′

1,Z ′
2, i′2, andu′2 represent

the transformed quantities. The voltage equation for the circuit
(a) is:

u1 = Z (i1 − i2) = Zi1 + (Z − Z1)

(
i1 −

Z

Z − Z1
i2

)
and results in a change:

i′2 = i2/kr

u′2 = kri2

u′2 = kri2

Z ′
2 = k2rZ2, . . .

kr =
Z − Z1

Z

(A1)

This requires an impedance Z ′
1 on the right side of circuit (b):{

u2 = (i1 − i2)Z − Z2i2

u′2 = (Z − Z1) (i1 − i′2)− (Z ′
1 + Z ′

2)i
′
2

(A2)

While:
Z ′

1 = −Z1kr (A3)
the impedance Z1 can be chosen arbitrarily. If Z1 has the same
phase angle as Z, then the transformation constant kr is a real
quantity.

Z ′
1 = −Z1

Z − Z1

Z

Application:

In order to demonstrate Equation (1), we proceeded as fol-
lows: Z−Z1 = ωsLmd = ωs (Ld − La) = Xd−Xa, Figure 3
Z = ωsLdc = ωs(Ld − Lc) = Xd −Xc, Figure 1.
Then: Z1 = ωs(Ldc − Lmd)= Xa − Xc,

kr = Z−Z1

Z = Xd−Xa

Xd−Xc
, Z ′

1 = −Z1kr. We obtain:

Xrc = − (Xa −Xc)
Xd−Xa

Xd−Xc
= − (Xa −Xc)

Xmd

Xmd+(Xa−Xc)

So, −Xrc =
Xmd(Xa−Xc)
Xmd+(Xa−Xc)

.

Finally: 1
(Xc−Xa)

= 1
Xd−Xa

+ 1
Xrc

.

The diagrams of Figures (a) and (b) correspond to Ld (s) −
Xc.
If we add the reactanceXc to the impedance Z1 = Xa−Xc,

we obtain the operational inductance Ld (s)which corresponds
to the diagram of Figure 3.
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