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Abstract This paper revisits voltage recovery, sudden short-circuit, and load-rejection tests aiming at d-axis modelling of syn-
chronous machines.  Discussions are developed based on the calculus of equivalent circuit parameters from tests; in this discus-
sions, the article also include methods to obtain the Canay reactance. Simulations and tests application in field and in laboratory 
are also presented. 
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Voltage Recovery Test.  

Resumo Esse trabalho revisita os ensaios de recuperação de tensão, curto circuito repentino e rejeição de carga objetivando a 
modelagem do eixo direto de máquinas síncronas. Discussões são desenvolvidas com base nos cálculos dos  parâmetros do circuito 
equivalente a partir de ensaios; nessas discussões é incluindo métodos para a obtenção da reatância de Canay.  Simulações e ensaios 
feitos em campo e em laboratório são apresentados ao final do artigo. 

Palavras-chave Ensaio de Rejeição de Carga, Ensaio de Curto-Circuito Repentino, Ensaio de Recuperação de Tensão, Identifi-
cação de Parâmetros, Máquinas Síncronas, Reatância de Canay.

Nomenclature 

A,B,C  Auxiliary variables 
𝑖𝑖  Instantaneous armature current (p.u) 
I  Armature effective current (p.u) 
𝐼𝐼0  Long term armature effective current (p.u) 
𝐼𝐼𝑓𝑓𝑓𝑓  Unidirectional field current (p.u) 
𝑟𝑟𝑓𝑓  Field winding resistance (p.u) 
𝑟𝑟1𝑑𝑑   Damper winding resistance (p.u) 
𝐼𝐼𝑓𝑓𝑓𝑓0  Initial unidirectional field current (p.u) 
𝑇𝑇𝑑𝑑0′   Open-circuit d-axis transient time constant (s) 
𝑇𝑇𝑑𝑑0′′   Open-circuit d-axis subtransient time constant 

(s) 
𝑇𝑇𝑑𝑑′   Short-circuit d-axis transient time constant (s) 
𝑇𝑇𝑑𝑑′′  Short-circuit d-axis subtransient time constant 

(s) 
T1d  Damper winding time constant (s) 
𝑣𝑣 Instantaneous armature phase voltage (p.u) 
𝑉𝑉   Armature effective voltage (p.u) 
𝑉𝑉0   Long term armature effective voltage (p.u) 
𝑋𝑋𝑑𝑑 D-axis synchronous reactance (p.u) 
𝑋𝑋𝑑𝑑′  D-axis transient reactance (p.u) 
𝑋𝑋𝑑𝑑′′ D-axis subtransient reactance (p.u) 
𝑟𝑟𝑓𝑓   Field winding resistance (p.u) 
𝑟𝑟1𝑑𝑑   Damper winding resistance (p.u) 
𝑥𝑥𝑐𝑐   Canay reactance (p.u) 
𝑥𝑥𝑙𝑙    Armature leakage reactance (p.u) 
𝑥𝑥𝑎𝑎𝑑𝑑    Armature mutual reactance (p.u) 
𝑥𝑥𝑓𝑓   Field winding leakage reactance (p.u) 
𝑥𝑥1𝑑𝑑   Damper winding leakage reactance (p.u) 
𝑥𝑥𝑓𝑓1𝑑𝑑   Mutual damper to field leakage reactance (p.u) 
∆𝐼𝐼𝑓𝑓𝑓𝑓0  Initial variation of the field current (p.u) 

1    Introduction 

The three most applied transient tests for d-axis 
equivalent circuit modeling of synchronous machines 
are the sudden short-circuit, voltage-recovery, and 
load-rejection tests. The short-circuit test has been ap-
plied worldwide and it is recommended in the main 
standards for machine testing (IEEE, 2009; IEC, 2008; 
IEEE, 2014). Peak detection, interpolation, extrapola-
tion, are some of the employed techniques to the anal-
ysis of the short-circuit current (Kamwa et al., 1995a, 
1995b).  

The voltage recovery test is also described in the 
main standards, but few of its applications have been 
reported in the technical literature (Bortoni, 2017; 
Martin and Tindall, 2000; Beordo, 2016), even though 
the setup arrangement is the same of the sudden short-
circuit. The load-rejection test has been proposed by 
many authors (Melo and Ribeiro, 1977; Bortoni and 
Jardini, 2002; Wamkeue et al., 2011) and is readily 
applicable.  

In order to avoid terminal overvoltage, the ma-
chine is usually under excited and demanding consid-
erable reactive power. In fact, the voltage recovery test 
is similar to the d-axis load rejection test. Neglecting 
resistances, the short is a pure inductive load at null 
terminal voltage. When opening the short, the terminal 
voltage will increase to the open circuit voltage, which 
is the internal induced voltage for that applied field 
current. 

The obtained parameters can be saturated or not. 
For power system non-connected tests, i.e., short-cir-
cuit and voltage recovery tests, saturated or non-



saturated parameters depend on the applied excitation 
current. If the excitation current is in the linear stretch 
of the no-load saturation curve, the obtained parame-
ters are non-saturated, and if the excitation current is 
in the nonlinear stretch of the no-load saturation curve, 
the obtained parameters are saturated.  

Since the armature current during the short-circuit 
test must be controlled, as so as the terminal voltage 
in the voltage-recovery test, these tests are in general 
made with a reduced field current and this way in the 
linear stretch of the no-load saturation curve. 

The parameters obtained in the load-rejection are 
in general saturated, since initially, the machine is 
connected to a power system and the rated voltage is 
in the non-linear stretch of the no-load saturation 
curve. The obtained parameters can be non-saturated 
ones if a single load, e.g. a capacitance, is rejected 
from the synchronous generator. 

On the other hand, the d-axis of a synchronous 
machine can be better modeled if damper to field 
windings mutual leakage reactance is taken into ac-
count, instead of considering its value equal to the 
other mutual reactances. All tests previously men-
tioned give the necessary information to calculate this 
reactance if the transient excitation current is rec-
orded. It must be kept in mind that, in all the cases, the 
excitation voltage must be held constant during the 
tests. 

The following sections revisit the d-axis 
modeling of a salient pole synchronous machine, in-
cluding the effects of unequal mutual reactances. Sim-
ulations, field tests information and laboratory tests 
measurements are used to estimate the d-axis equiva-
lent circuit parameters. 

2   D-Axis Modeling 

 
Figure 1a describes d-axis equivalent circuit of a 

synchronous machine with only one damper winding 
where the per unit value of all mutual inductances are 
considered as the same.  Equations (1)-(5) can be used 
to obtain the p.u parameters of this equivalent circuit 
from the known p.u values 𝑋𝑋𝑑𝑑, 𝑋𝑋𝑑𝑑′ , 𝑋𝑋𝑑𝑑′′ and x (IEEE, 
2002). 

For the circuit of Fig. 1a, the reactance x takes the 
value of the leakage reactance, 𝑥𝑥𝑙𝑙. Nevertheless, it is 
interesting to notice that it does not matter which value 
x assumes (including negative values), resulting in dif-
ferent circuit parameters values, the traditional param-
eters, 𝑋𝑋𝑑𝑑, 𝑋𝑋𝑑𝑑′ , 𝑋𝑋𝑑𝑑′′, will always be retrieved. 

𝑥𝑥𝑎𝑎𝑑𝑑 = 𝑋𝑋𝑑𝑑 − 𝑥𝑥 (1) 

𝑥𝑥𝑓𝑓 =
(𝑋𝑋𝑑𝑑 − 𝑥𝑥) (𝑋𝑋𝑑𝑑′ − 𝑥𝑥)

(𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′ )
  (2) 

𝑥𝑥1𝑑𝑑 =
(𝑋𝑋𝑑𝑑′ − 𝑥𝑥)(𝑋𝑋𝑑𝑑′′ − 𝑥𝑥)

(𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′)
 (3) 

 

𝑟𝑟𝑓𝑓 =
1
𝜔𝜔𝑇𝑇𝑑𝑑′

𝑋𝑋𝑑𝑑′

𝑋𝑋𝑑𝑑

(𝑋𝑋𝑑𝑑 − 𝑥𝑥)2

(𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′ )
 (4) 

𝑟𝑟1𝑑𝑑 =
1

𝜔𝜔𝑇𝑇𝑑𝑑′′
𝑋𝑋𝑑𝑑′′

𝑋𝑋𝑑𝑑′
(𝑋𝑋𝑑𝑑′ − 𝑥𝑥)2

(𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′)
 (5) 

𝑋𝑋𝑑𝑑 = 𝑥𝑥 + 𝑥𝑥𝑎𝑎𝑑𝑑 (6) 

𝑋𝑋𝑑𝑑′ = 𝑥𝑥 +
1

1
𝑥𝑥𝑎𝑎𝑑𝑑

+ 1
𝑥𝑥𝑓𝑓

  (7) 

𝑋𝑋𝑑𝑑′′ = 𝑥𝑥 +
1

1
𝑥𝑥𝑎𝑎𝑑𝑑

+ 1
𝑥𝑥𝑓𝑓

+ 1
𝑥𝑥1𝑑𝑑

  (8) 

That is why this traditional circuit (Fig. 1a)  works 
pretty well for armature quantities simulation; after 
all, it is constructed to match the traditional parame-
ters (which were obtained from armature signals). On 
the other hand, it has been known for a long time that 
this circuit does not result in accurate field quantities 
calculations and simulations (Canay, 1969). As has 
been already shown, there are not enough degrees of 
freedom to make equal several mutual inductance val-
ues (Kamwa and Viarouge, 1994; Kirtley, 1994). Con-
sidering a given value for the leakage reactance, if one 
wants to make the p.u mutual reactance between field 
and damper windings equal to the other mutual reac-
tances, eventually there will be a difference between 
the measured and simulated field quantities. 

Instead, if the fidelity of rotor quantities simula-
tion, such as torque and current, is desired, this mutual 
reactance (𝑥𝑥𝑓𝑓1𝑑𝑑) must eventually be unequal to the 
others, resulting in the circuit of Fig. 1b. 

While considering the mutual reactance 𝑥𝑥𝑓𝑓1𝑑𝑑, a 
transformation can be applied to the circuit of Fig. 1b 
to reach the form of the circuit of the Fig. 1(a), result-
ing in the circuit of Fig. 1c. In this case, a convenient 
value of 𝑥𝑥𝑐𝑐 strongly related to 𝑥𝑥𝑓𝑓1𝑑𝑑 is used in place of 
x in equations (1)-(5), reaching modified parameters 
(using the subscript c). This relationship is given by 
(9). 

1
𝑥𝑥𝑓𝑓1𝑑𝑑

=
1

𝑥𝑥𝑐𝑐 − 𝑥𝑥𝑙𝑙
−

1
𝑋𝑋𝑑𝑑 − 𝑥𝑥𝑙𝑙

 (9) 

With those values in hands, simulation tools de-
signed to be used with the traditional circuit of Fig. 1a 
can still be employed, achieving fidelity of both arma-
ture and field windings. The challenge is to determine 
either 𝑥𝑥𝑐𝑐 or 𝑥𝑥𝑓𝑓1𝑑𝑑, that can be obtained by transient tests 
of voltage-recovery, load-rejection, and three-phase 
sudden short-circuit. 

 
(a) 



 
(b) 

 
(c) 

Figure 1. Direct axis equivalent circuits. 

3   Analysis of Transient Tests 

Sudden short-circuit, load-rejection and voltage 
recovery tests are well described in the main machine 
testing standards. The aim of the following sections is 
at revisiting such methods presenting analysis and 
equations to estimate 𝑥𝑥𝑐𝑐. 

3.1 Voltage-recovery test 

The voltage recovery test is applied to the short-
circuited machine operating as a generator, driven at 
rated speed. Excitation winding is fed with a constant 
voltage to obtain a desired armature current, normally 
limited to its rated value. Suddenly the three-phase ter-
minals of the machine are simultaneously opened, and 
both armature three-phase voltages and field current 
are recorded along the transient process. In this test, 
the terminal voltage steps from zero to a given value, 
and gradually grows until reaching its steady-state 
value. 

The terminal voltage behavior in the voltage re-
covery test is depicted in Fig. 2a, and the equation that 
governs the RMS value of the terminal voltage is pre-
sented in (10). 

𝑉𝑉 = 𝐼𝐼0  �𝑋𝑋𝑑𝑑 − (𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′ )  𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′

− (𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′) 𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′′ � 

(10) 

Taking into account the absolute values of A1, A2, 
and A3, depicted in Fig. 2a, the synchronous, transient 
and subtransient reactances are obtained from (11) to 
(13). 

𝑋𝑋𝑑𝑑 =
𝐴𝐴1
𝐼𝐼0

 (11) 

𝑋𝑋𝑑𝑑′ =
𝐴𝐴2
𝐼𝐼0

 (12) 

𝑋𝑋𝑑𝑑′′ =
𝐴𝐴3
𝐼𝐼0

 (13) 

 
 (a) 

 
(b) 

Figure 2. Quantities variation in the  
voltage-recovery test. 

 
While the reactances and the time constants can 

be obtained geometrically, they can also be calculated 
mathematically through exponential linear regressions 
over the transient and subtransient periods. 

Equation (14) describes the behavior of the unidi-
rectional field current related to the initial field cur-
rent, during the voltage recovery test, as depicted in 
Fig. 2b. 
 

𝐼𝐼𝑓𝑓𝑓𝑓
𝐼𝐼𝑓𝑓𝑓𝑓0

=  1 − �
𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′

𝑋𝑋𝑑𝑑
� � 𝑒𝑒

− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′

− �1 −
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

�  𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′′ � 

(14) 

Equation (15) is obtained evaluating (14) in 𝑡𝑡 
equals to zero. Equation (16) comes from the equiva-
lent circuit. Equation (17) results from (16) substitut-
ing making 𝑥𝑥 equal to 𝑥𝑥𝑐𝑐. 

𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

=  
𝑋𝑋𝑑𝑑

𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′
∆𝐼𝐼𝑓𝑓𝑓𝑓0
𝐼𝐼𝑓𝑓𝑓𝑓0

 (15) 

 
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

=  
𝑋𝑋𝑑𝑑′′ − 𝑥𝑥
𝑋𝑋𝑑𝑑′ − 𝑥𝑥

 (16) 

 

𝑥𝑥𝑐𝑐 =  �
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′� �
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

− 1��  (17) 

 

A3 



3.2 Sudden Short-Circuit Test 

The sudden short-circuit test is applied to the 
open-circuited machine operating as a generator, 
driven at rated speed. Excitation winding is fed with a 
constant voltage to obtain unsaturated or saturated pa-
rameters. Then, the three-phase terminals of the ma-
chine are suddenly and simultaneously shorted. The 
resulting field and armature currents in all phases are 
recorded. 

The RMS value of the armature current during the 
transient regime can be obtained by subtracting the su-
perior envelope by the inferior envelope of the arma-
ture current and then dividing the result by the square 
root of two. Envelopes are determined from the cur-
rent sinusoid peaks detection, interpolation, and ex-
trapolation (IEEE, 2009) 

The RMS value of the armature current behavior 
in the three-phase sudden short-circuit test is depicted 
in Fig. 3a, equation (18) model this phenomenon. 

𝐼𝐼 = 𝑉𝑉0  �
1
𝑋𝑋𝑑𝑑

+ �
1
𝑋𝑋𝑑𝑑′

−
1
𝑋𝑋𝑑𝑑
�   𝑒𝑒

− 𝑡𝑡
𝑇𝑇𝑑𝑑
′

+ �
1
𝑋𝑋𝑑𝑑′′

−
1
𝑋𝑋𝑑𝑑′
�  𝑒𝑒

− 𝑡𝑡
𝑇𝑇𝑑𝑑
′′� 

(18) 

Considering the absolute values of B1, B2 and B3 
depicted in Fig. 3a, the synchronous, transient and 
subtransient reactances are obtained from (19) to (21). 

𝑋𝑋𝑑𝑑 =
𝑉𝑉0
𝐵𝐵1

 (19) 

𝑋𝑋𝑑𝑑′ =
𝑉𝑉0
𝐵𝐵2

 (20) 

𝑋𝑋𝑑𝑑′′ =
𝑉𝑉0
𝐵𝐵3

 (21) 

The interaction with the unidirectional compo-
nent of the armature short-circuit current will result in 
a first order sinusoid over the unidirectional compo-
nent of the field current. The unidirectional compo-
nent can be determined as the average of the superior 
and inferior field current envelopes. 

The behavior of the unidirectional field current in 
face of short-circuit is described by (22) and is de-
picted in Fig. 3b. 

𝐼𝐼𝑓𝑓𝑓𝑓
𝐼𝐼𝑓𝑓𝑓𝑓0

=  1 + �
𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′

𝑋𝑋𝑑𝑑′
� � 𝑒𝑒

− 𝑡𝑡
𝑇𝑇𝑑𝑑
′

− �1 −
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑′′

�  𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑
′′� 

(22) 

Evaluating (22) in 𝑡𝑡 equals to zero, (23) can be 
obtained. Equation (24) comes from the equivalent 
circuit, and (25) is the solution of (23) and (24) for x 
equal to xc. 

𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑′′

=  
𝑋𝑋𝑑𝑑′

𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′
 
∆𝐼𝐼𝑓𝑓𝑓𝑓0
𝐼𝐼𝑓𝑓𝑓𝑓0

 (23) 

𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑′′

=  
𝑋𝑋𝑑𝑑′′ − 𝑥𝑥
𝑋𝑋𝑑𝑑′ − 𝑥𝑥

 
𝑋𝑋𝑑𝑑′

𝑋𝑋𝑑𝑑′′
 (24) 

𝑥𝑥𝑐𝑐 =  �
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑′′

𝑋𝑋𝑑𝑑′′

𝑋𝑋𝑑𝑑′
𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′� �

𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑′′

𝑋𝑋𝑑𝑑′′

𝑋𝑋𝑑𝑑′
− 1��  (25) 

 
(a) 

 
(b) 

Figure 3. Quantities variation in the  
sudden short-circuit test. 

3.3 Load-rejection Test 

The load rejection test is applied to the machine 
connected to the system, operating as a generator, 
driven at rated speed, and feeding a purely reactive 
load. Excitation winding is fed with constant voltage 
and the machine must be under-excited to avoid 
overvoltages during the test. 

Suddenly, the three-phase terminals of the ma-
chine are simultaneously opened, and both armature 
three-phase voltages and field current are recorded 
along the transient process. In this test, the terminal 
voltage steps from zero to a given value, and gradually 
changes until reaching its final value. The terminal 
voltage behavior in the voltage recovery test is de-
picted in Fig. 4a, and the equation that governs the 
RMS value of the terminal voltage is described in (26). 

𝑉𝑉 = 𝑉𝑉0  �1 − 𝐼𝐼0 �𝑋𝑋𝑑𝑑 − (𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′ )𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′

− (𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′)𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′′ ��. 

(26) 

Taking into account the absolute values of C1, C2, 
and C3, depicted in Fig. 4a, the synchronous, transient 
and subtransient reactances are obtained from (27) to 
(29). 

𝑋𝑋𝑑𝑑 =
𝐶𝐶1
𝐼𝐼0

 (27) 
 



𝑋𝑋𝑑𝑑′ =
𝐶𝐶2
𝐼𝐼0

 (28) 

𝑋𝑋𝑑𝑑′′ =
𝐶𝐶3
𝐼𝐼0

 (29) 

Equation (30) describes the behavior of the unidi-
rectional field current related to the initial field cur-
rent, during the voltage recovery test, as depicted in 
Fig. 4b. 

𝐼𝐼𝑓𝑓𝑓𝑓
𝐼𝐼𝑓𝑓𝑓𝑓0

=  1 − �
𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′

𝑋𝑋𝑑𝑑
� � 𝑒𝑒

− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′

− �1 −
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

�  𝑒𝑒
− 𝑡𝑡
𝑇𝑇𝑑𝑑0
′′ � 

(30) 

Equation (31) is obtained evaluating (30) in the 
instant zero. Equation (32) comes from the equivalent 
circuit. Equation (33) results from the solution of (31) 
and (32) for 𝑥𝑥 equal to 𝑥𝑥𝑐𝑐. 

𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

=  
𝑋𝑋𝑑𝑑

𝑋𝑋𝑑𝑑 − 𝑋𝑋𝑑𝑑′
∆𝐼𝐼𝑓𝑓𝑓𝑓0
𝐼𝐼𝑓𝑓𝑓𝑓0

 (31) 

 
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

=  
𝑋𝑋𝑑𝑑′′ − 𝑥𝑥
𝑋𝑋𝑑𝑑′ − 𝑥𝑥

 (32) 

 

𝑥𝑥𝑐𝑐 =  �
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

𝑋𝑋𝑑𝑑′ − 𝑋𝑋𝑑𝑑′′� �
𝑇𝑇1𝑑𝑑
𝑇𝑇𝑑𝑑0′′

− 1��  (33) 

 
(a) 

 
(b) 

Figure 4. Field current behavior in the load-rejection test. 

4  Tests and Simulations 

Both three-phase sudden short-circuit and voltage 
recovery tests have desired and undesired characteris-
tics when compared to each other. For instance, while 
there is a higher field overcurrent due to the three-

phase short circuit, there is a higher overvoltage in the 
armature terminals during the short circuit clearing. 
Both the ampacity of the field winding and the insula-
tion of the armature winding must be consulted with 
the manufacturer before the application of the test. 

Nevertheless, it is interesting to notice the rela-
tionship that exists between the field current variations 
due to the three-phase sudden short-circuit test (SC) 
and due to the voltage recovery test (VR). This rela-
tionship (34) can be obtained from (15) and (23) and 
can be used to validate obtained results. 

�∆𝐼𝐼𝑓𝑓𝑓𝑓0 𝐼𝐼𝑓𝑓𝑓𝑓0⁄ �
𝑆𝑆𝑆𝑆

�∆𝐼𝐼𝑓𝑓𝑓𝑓0 𝐼𝐼𝑓𝑓𝑓𝑓0⁄ �
𝑉𝑉𝑉𝑉

=  
𝑋𝑋𝑑𝑑
𝑋𝑋𝑑𝑑′′

  (34) 

Tests, simulations, and evaluations were carried 
out to assess the efficacy of the sequential application 
of sudden short-circuit and voltage recovery tests. The 
methods to obtain xc are also verified with simulation 
results. 

Table 1. Equivalent circuit parameters 
xl xad xf x1d xf1d 

0.10000 0.90000 0.20000 0.55626 -0.05000 

Table 2. Traditional parameters and Canay reactance 
𝑋𝑋𝑑𝑑 𝑋𝑋𝑑𝑑′  𝑋𝑋𝑑𝑑′′ 𝑥𝑥𝑐𝑐 

0.10000 0.90000 0.20000 0.55626 
 

 
Figure 5. SIMSEN simulation environment. 

4.1 Simulation Analysis 

The software SIMSEN was employed for the sim-
ulation of the circuit depicted in Fig. 5 (Kamwa and 
Viarouge, 1994). In this circuit, the synchronous ma-
chine (SM1) is excited by a fixed voltage source 
(VS1) and connected to the power system (VS) using 
two dummy power lines (LN1 and LN2) and a circuit 
breaker (CB1). The operation of the circuit breaker 
CB1 allows for load-rejection, while CB2 is used to 
perform short-circuit and voltage-recovery tests. 

The parameters of the d-axis equivalent circuit of 
the simulated synchronous machine are described in 
Table 1. Table 2 presents the calculated traditional pa-
rameters values. 

Figure 6 presents the terminal voltage and field 
current for the three-phase short-circuit at 5 s and the 
short-circuit clearing at 15 s.  Figures 7a and 7b pre-
sent details on the field current simulation, for the 



sudden short-circuit and for the short-circuit opening, 
respectively (machine under excited). 

In both cases, the initial field current was 0.377 
p.u. The field current variation for the simulated three-
phase short-circuit test was obtained as 1.1465 p.u, 
which results in a Canay reactance of 0.0751 p.u. For 
the voltage recovery test simulation, the initial field 
current variation was 0.225 p.u, resulting in a Canay 
reactance of 0.0478 p.u. 

It is observed that the Canay reactance resultant 
from the voltage recovery test was closer to the value 
of Table 2 than that obtained from the sudden short-
circuit test. This difference is explained by the fact that 
the initial field current variation of the latter is smaller 
than the actual, due to the influence of the exponential 
decay in the first peak. 

 
Figure 6. Simulated field current and terminal voltage. 

 
(a) 

 
(b) 

Figure 7. Simulated field current variation. 

4.2 Evaluation of Field Test Results 

In the course of commissioning activities, field 
circuit current variation was measured along the three-
phase short-circuit tests for synchronous generators of 
777.8 MVA and of 360 MVA from existent 
hydropower plants. 

For the 777.8 MVA hydro generator, the per unit 
values of 𝑋𝑋𝑑𝑑, 𝑋𝑋𝑑𝑑′ , and 𝑋𝑋𝑑𝑑′′, supplied by the 

manufacturer are 0.954, 0.324, and 0.225, respec-
tively. The initial field current was 980 A and the uni-
directional initial field current variation was 4600 A. 
Therefore, the calculations resulted in a Canay reac-
tance of 0.033 p.u. Measurements of the field current 
and simulations are presented in Fig. 8 

The supplied per unit values of 𝑋𝑋𝑑𝑑, 𝑋𝑋𝑑𝑑′ , and 𝑋𝑋𝑑𝑑′′, 
for the 360 MVA hydro generator are 1.110, 0.358, 
and 0.226. The initial field current measured during 
the test was 450 A and the unidirectional initial field 
current variation was 2878 A. The calculated Canay 
reactance was -0.172 p.u. Figure 9 presents the meas-
urement of the field current and its simulations. 

 
(a) 

 
(b) 

Figure 8. Field current for the 777.8 MVA generator. 

(a) 

 
(b) 

Figure 9. Field current for the 360 MVA generator 
 



4.3 Laboratory Application 

Three-phase sudden short-circuit and voltage re-
covery tests were applied to a laboratory synchronous 
machine. Figure 10 presents the test setup arrange-
ment, while the generator nameplate information is 
described in Table 3. The machine was driven by a DC 
motor at its rated speed. Measurements were taken us-
ing a Fluke 435 Series II power quality and energy an-
alyzer employing its PowerWave data capture feature. 

 
Figure 10. Laboratory test setup. 

 
Table 3. Laboratory Synchronous Machine Nameplate 

Information Data 
Manufacturer Equacional 
Power  2 kVA 
Power Factor 0.8 
Voltage 133/230/266/460 V 
Current 8.7/5.0/4.4/2.5 A 
Number of poles 4 
Rotational Speed 1800 r/min 
Excitation Voltage 220 V 
Excitation Current 0.6 A 
Insulation Class F 

 
Three phase sudden short-circuit and voltage re-

covery tests were applied employing the same setup 
and sequentially. The combined analysis of the arma-
ture short-circuit and voltage recovery current lead to 
per unit values of 𝑋𝑋𝑑𝑑, 𝑋𝑋𝑑𝑑′ , and 𝑋𝑋𝑑𝑑′′, equals to 1.244, 
0.241, and 0.199, respectively. 

For the three-phase sudden short-circuit, the ini-
tial field circuit current was 0.0975 A and the initial 
unidirectional field current variation was 0.4563 A, re-
sulting in a Canay reactance of -0.3498 p.u. 

Figure 11 depicts the results from the three-phase 
sudden short-circuit in terms of the three armature cur-
rent variation (a) and field circuit current variation 
measuring and simulation (b).  

Considering the voltage recovery test, the initial 
field current was 0.0978 A and the initial unidirec-
tional field current variation was 0.0733 A, obtaining 
the value of a Canay reactance of -0.3590 p.u. Figure 
16 presents the results obtained with the voltage re-
covery test from the three-phase short-circuit clearing. 
Figure 12a shows the behavior of the voltage recover-
ing while Fig. 12b presents the measured field circuit 
current and unidirectional field current simulation. 

 

It can be observed that there is an excellent agree-
ment between the Canay reactance values obtained in 
both tests. In addition, the relation between initial field 
current variations is 6.22 and the relation 𝑋𝑋𝑑𝑑/𝑋𝑋𝑑𝑑′′ is 
6.25, reinforcing the efficacy of the proposal with the 
sequential application of both tests. 

 

 
(a) 

 
(b) 

Figure 11. Armature current and DC component of field 
current for a three-phase sudden short-circuit test. 

 

 
(a) 

 
(b) 

Figure 12. Armature voltage and field current for the  
voltage recovery test. 

 
 



6  Conclusion 

While three phase sudden short-circuit and volt-
age recovery tests have advantages and disadvantages, 
considering their complementary nature, this paper 
explored the potentials of their sequential application 
to model the direct axis of salient pole synchronous 
generators. The voltage recovery test was treated as a 
direct axis load rejection instead of using the proce-
dure proposed in the most common machine testing 
standards. 

For sake of the complete modeling, looking for 
fidelity of the field circuit quantities simulation, the 
mutual leakage reactance between field and damper 
windings was considered. Nevertheless, the complete 
model was converted to the initial one, with equal mu-
tual reactances, using a simple transformation with the 
obtaining of the Canay reactance. Therefore, the paper 
also showed methods to obtain the Canay reactance 
from the aforementioned tests. The proposed method-
ologies were tested using results from proven simula-
tion software (SIMSEN), from short-circuit applied to 
two large hydropower generators, and from sequential 
tests applied to a laboratory machine, reaching a very 
good agreement between tests and simulations as 
shown along the paper. 
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