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Abstract. The paper presents a method for determining electromagnetic parameters of different synchronous generator models based on dy-
namic waveforms measured at power rejection. Such a test can be performed safely under normal operating conditions of a generator working 
in a power plant. A generator model was investigated, expressed by reactances and time constants of steady, transient, and subtransient state in 
the d and q axes, as well as the circuit models (type (3,3) and (2,2)) expressed by resistances and inductances of stator, excitation, and equivalent 
rotor damping circuits windings. All these models approximately take into account the influence of magnetic core saturation. The least squares 
method was used for parameter estimation. There was minimized the objective function defined as the mean square error between the measured 
waveforms and the waveforms calculated based on the mathematical models. A method of determining the initial values of those state variables 
which also depend on the searched parameters is presented. To minimize the objective function, a gradient optimization algorithm finding local 
minima for a selected starting point was used. To get closer to the global minimum, calculations were repeated many times, taking into account 
the inequality constraints for the searched parameters. The paper presents the parameter estimation results and a comparison of the waveforms 
measured and calculated based on the final parameters for 200 MW and 50 MW turbogenerators.
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SSFR [2, 6, 7]) and those based on the results of measurements 
at a rotating machine. The methods based on the measurement 
tests carried out under the conditions close to normal operation 
of a synchronous generator, such as power rejection tests [2, 7, 
11]. The load rejection test is of great practical importance. Its 
realization requires only minor changes in the normal operating 
procedures of a generating unit. The test can be carried out 
during a scheduled shutdown of the generator. More detailed 
description of the load rejection test is given in Section 3.

The paper presents the models of synchronous generators 
with a cylindrical rotor (turbogenerator) of type XT and RL 
that take into account the saturation of the machine’s magnetic 
circuit. The parameter estimation method for these models is 
described. In this method, the dynamic waveforms of selected 
quantities measured during power rejection tests are used. The 
estimation results for 200 MW and 50 MW generators are given 
in the paper.

To determine the values of the parameters of the analysed 
mathematical models, the least squares method was used. An 
objective function was defined using the difference between 
the measured waveforms and simulation waveforms calculated 
with the use of the mathematical model. A widely used Newton 
gradient algorithm was used to minimize the objective function 
[12−15]. Section 5 contains a brief description of this algorithm 
together with its flow chart. This paper focuses on a broader 
description of the equations of individual models (Section 2). 
Moreover, the procedure for determination of initial conditions 
of simulations is thoroughly discussed (Section 4). It is a diffi-
cult issue, and mistakes made in this procedure result in errors 
in parameter estimation.

1.	 Introduction

The mathematical models and values of parameters of gen-
erating unit elements, primarily of synchronous generators, 
decide on the reliability of simulation investigations of power 
systems (PSs). Both simple and complex mathematical models 
of synchronous generators are used in these investigations. The 
models can be divided into XT-type models, expressed by stan-
dard parameters (reactances and time constants), and RL-type, 
expressed by resistances and inductances of electrical circuits. 
If the models are to accurately represent the phenomena oc-
curring in a generator, saturation of the magnetic circuits [1] 
should be taken into account. It should be emphasized that for 
the analysis of transient states in a PS, nonlinear models are 
often used – without taking into account the saturation of the 
magnetic circuit [1−4]. The waveforms obtained this way (e.g. 
waveform of the generator terminal voltage) differ significantly 
from real ones, so the formulated conclusions (e.g. concerning 
the required protection automation or control systems) may be 
false.

The methods for determining electromagnetic parameters 
of synchronous generators are widely described and discussed 
in the scientific technical literature [2, 5−11]. Among the mea-
suring methods there are distinguished those based on the results 
of measurements at machine standstill (e.g. frequency methods 
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2.	 Synchronous generator models taking into 
account the main flux saturation effect

2.1. The model of the type XT. The GENROU model with 
two equivalent circuits in the d and q generator axes is a typical 
representative of XT-type models of generators used widely for 
analyses of PSs and described in the literature [3, 10, 16−19]. 
In this model, transformation voltages in the generator armature 
circuits are neglected [3, 16, 19−21].

The differential and algebraic equations in the d axes of the 
GENROU model, expressed in relative units, have the form of 
[3, 18]:
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The differential and algebraic equations in the q axis 
are given by the formulas [3, 18]: 
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The symbols used to denote the quantities and 
parameters in (1) and (2) are as follows: Vd, Vq, Id, Iq, Ψd, 
Ψq – stator winding voltages, currents and magnetic fluxes 
in the d and q axis, respectively, "

d
"
q

" jΨΨΨ −=  – phasor 
of the subtransient flux linkage and its axial components, 
ΨD1, ΨQ1, IQ1 – flux linkage and current in the first 
equivalent damping circuit in the d and q axis, '

dE , '
qE  – 

generator voltage in the d and q axis behind the transient 
reactance, Efd, Ifd, – excitation voltage and exciting 
current, Ra, Xσ – leakage resistance and reactance of the 
stator, Xd, Xq, Xad, Xaq, '

dX , '
qX , "

dX , "
qX  – synchronous, 

stator reaction, transient and subtransient reactance in the 
d and q axis, respectively, '

d0T , "
d0T , '

q0T , "
q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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The electromagnetic torque is given by the formula: 
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2.1. The model of type XT  The model GENROU with 
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used widely for analyses of PSs and described in the 
literature [3, 10, 16, 17, 18, 19]. In this model, transforma-
tion voltages in the generator armature circuits are 
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The differential and algebraic equations in the q axis 
are given by the formulas [3, 18]: 
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The symbols used to denote the quantities and 
parameters in (1) and (2) are as follows: Vd, Vq, Id, Iq, Ψd, 
Ψq – stator winding voltages, currents and magnetic fluxes 
in the d and q axis, respectively, "

d
"
q

" jΨΨΨ −=  – phasor 
of the subtransient flux linkage and its axial components, 
ΨD1, ΨQ1, IQ1 – flux linkage and current in the first 
equivalent damping circuit in the d and q axis, '

dE , '
qE  – 

generator voltage in the d and q axis behind the transient 
reactance, Efd, Ifd, – excitation voltage and exciting 
current, Ra, Xσ – leakage resistance and reactance of the 
stator, Xd, Xq, Xad, Xaq, '

dX , '
qX , "

dX , "
qX  – synchronous, 

stator reaction, transient and subtransient reactance in the 
d and q axis, respectively, '

d0T , "
d0T , '

q0T , "
q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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The differential and algebraic equations in the q axis 
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and subtransient time constant in the d and q axis, at the 
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The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
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[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
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The differential and algebraic equations in the q axis 
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and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
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the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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The differential and algebraic equations in the q axis 
are given by the formulas [3, 18]: 
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The symbols used to denote the quantities and 
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d0T , '
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q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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of the subtransient flux linkage and its axial components, 
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generator voltage in the d and q axis behind the transient 
reactance, Efd, Ifd, – excitation voltage and exciting 
current, Ra, Xσ – leakage resistance and reactance of the 
stator, Xd, Xq, Xad, Xaq, '

dX , '
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dX , "
qX  – synchronous, 

stator reaction, transient and subtransient reactance in the 
d and q axis, respectively, '

d0T , "
d0T , '

q0T , "
q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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typical representative of XT-type models of generators 
used widely for analyses of PSs and described in the 
literature [3, 10, 16, 17, 18, 19]. In this model, transforma-
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The differential and algebraic equations in the q axis 
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The symbols used to denote the quantities and 
parameters in (1) and (2) are as follows: Vd, Vq, Id, Iq, Ψd, 
Ψq – stator winding voltages, currents and magnetic fluxes 
in the d and q axis, respectively, "
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of the subtransient flux linkage and its axial components, 
ΨD1, ΨQ1, IQ1 – flux linkage and current in the first 
equivalent damping circuit in the d and q axis, '

dE , '
qE  – 

generator voltage in the d and q axis behind the transient 
reactance, Efd, Ifd, – excitation voltage and exciting 
current, Ra, Xσ – leakage resistance and reactance of the 
stator, Xd, Xq, Xad, Xaq, '

dX , '
qX , "
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qX  – synchronous, 

stator reaction, transient and subtransient reactance in the 
d and q axis, respectively, '

d0T , "
d0T , '

q0T , "
q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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used widely for analyses of PSs and described in the 
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The symbols used to denote the quantities and 
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current, Ra, Xσ – leakage resistance and reactance of the 
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d and q axis, respectively, '

d0T , "
d0T , '

q0T , "
q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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used widely for analyses of PSs and described in the 
literature [3, 10, 16, 17, 18, 19]. In this model, transforma-
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The differential and algebraic equations in the q axis 
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circuits in the d and q axis are then neglected. The models 
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nes with a uniform air-gap (turbogenerator), it is often 
assumed that the magnetization characteristic of cores is 
the same for the d and q axis. For machines with a non-
uniform air-gap (hydrogenerator), there is often taken into 
account saturation only in the d axis, because of a large 
gap in the q axis. 
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defined, by means of which there are expressed the coefficients 
of a square function approximating relative differences between 
the nonlinear and linear characteristics of the subtransient flux 
linkage (Fig. 1b):

	 ∆(XadIfd) = α(jΨ– j ¡ β)2,� (3a)



481Bull.  Pol.  Ac.:  Tech.  65(4)  2017

Determination of synchronous generator nonlinear model parameters based on power rejection tests using a gradient optimization algorithm

where:

	

2 

2. Synchronous generator models taking into 
account the main flux saturation effect 

2.1. The model of type XT  The model GENROU with 
two equivalent circuits in the d and q generator axis is a 
typical representative of XT-type models of generators 
used widely for analyses of PSs and described in the 
literature [3, 10, 16, 17, 18, 19]. In this model, transforma-
tion voltages in the generator armature circuits are 
neglected [3, 16, 19, 20, 21]. 

The differential and algebraic equations in the d axis 
of the model GENROU, expressed in relative units, are of 
the form [3, 18]: 
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The differential and algebraic equations in the q axis 
are given by the formulas [3, 18]: 
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The symbols used to denote the quantities and 
parameters in (1) and (2) are as follows: Vd, Vq, Id, Iq, Ψd, 
Ψq – stator winding voltages, currents and magnetic fluxes 
in the d and q axis, respectively, "

d
"
q

" jΨΨΨ −=  – phasor 
of the subtransient flux linkage and its axial components, 
ΨD1, ΨQ1, IQ1 – flux linkage and current in the first 
equivalent damping circuit in the d and q axis, '

dE , '
qE  – 

generator voltage in the d and q axis behind the transient 
reactance, Efd, Ifd, – excitation voltage and exciting 
current, Ra, Xσ – leakage resistance and reactance of the 
stator, Xd, Xq, Xad, Xaq, '

dX , '
qX , "

dX , "
qX  – synchronous, 

stator reaction, transient and subtransient reactance in the 
d and q axis, respectively, '

d0T , "
d0T , '

q0T , "
q0T  – transient 

and subtransient time constant in the d and q axis, at the 
open winding of the generator stator. The term ∆(XadIfd) 
expresses the effect of saturation of the magnetic cores. 

The phenomenon of the machine magnetic circuit 
saturation [1] is taken into account in an approximate 
way, making it dependent on the magnetic flux linkages 
occurring behind the subtransient reactances in both axes 
[2, 3, 17, 18, 20]. 

Fig. 1 presents the nonlinear no-load characteristic of 
the generator (p.u.) expressed as a relationship between 
the subtransient flux linkage modulus and the excitation 
current. On the basis of this figure, there are defined the 
saturation coefficients S10 and S12 by means of which there 
are expressed the coefficients of a square function appro-
ximating relative differences between the nonlinear and 
linear characteristics of the subtransient flux linkage 
(Fig. 1b): 
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The electromagnetic torque is given by the formula: 
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The electromagnetic torque is given by the formula:
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2.2. The model of type RL. In models of a RL-type syn-
chronous generator, the rotor damping circuits of distributed 
constants are approximated by several equivalent circuits of 
lumped constants. Denoting the type of the mathematical model 
of a generator by a pair of numbers (1 + nd, nq) – where nd, nq 
determine the number of the equivalent damping circuits in 
the d and q axes of the rotor – there are determined the models 
of (3,3), (3,2), (2,2), or (2,1) type. The (2,2) model [2, 3, 7, 
20−23], when neglecting or taking into account the transforma-
tion voltage in the armature circuit [2, 20, 21], is often used to 
investigate the PS angular stability. Saturation of the magnetic 
cores [1] can be taken into account in an approximate way by 
introducing a correction for the main magnetic flux dependent 
on the magnetizing current [2, 3, 23]. The effect of the leakage 
flux saturation, the magnetic hysteresis, and the phenomenon 
of magnetic cross-coupling between the circuits in the d and 
q axes are then neglected. The models taking into account the 
saturation in the d and q axes base on the magnetization char-
acteristics in each axis. For machines with a uniform air-gap 
(turbogenerator), it is often assumed that the magnetization 
characteristic of cores is the same for the d and q axes. For 
machines with a non-uniform air gap (hydrogenerator), often 
saturation only in the d axis is taken into account, because of 
a large gap in the q axis.

For the turbogenerator model of (2,2) type, when neglecting 
the transformation voltages in the stator, the machine electro-
dynamic state is described by the differential equations of the 
rotor circuits (in relative units):
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where: ID1, IQ1, IQ2, Ψfd, ΨD1, ΨQ1, ΨQ2 – currents and flux 
linkages in the damping circuits in the d and q axes referred to 
the stator side; Rf, RD1, RQ1, RQ2 – referred resistances of the 
rotor electrical circuits; ωN – rated angular speed.

Moreover, the following dependencies hold:
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where: Lσf, LσD1, LσQ1, LσQ2 – leakage inductances of the rotor 
electrical circuits; Ψm

s
d
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q
at – values of the axial components 

of the main flux linkage when taking into account the saturation 
phenomenon.

The saturated main flux linkages in the d and q axes (Ψm
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d
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s
q
at)  

are expressed by the flux corrections ΔΨmd, ΔΨmq, (Fig. 2a) 
[2, 24]:
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where:

	 Ψmd = LadImd,  Ψmq = LaqImq,� (7b)

	 Imd = ¡Id + Ifd + ID1,  Imq = ¡Iq + IQ1 + IQ2.� (7c)

Assuming a proportional reduction of the main magnetic 
flux in the d and q axes (Fig. 2b), one obtains:
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gap in the q axis. 

 
Fig. 1. Subtransient flux linkage modulus (a) and saturation corrections 
of this flux (b) 

For the turbogenerator model of (2,2) type, when 
neglecting the transformation voltages in the stator, the 
machine electrodynamic state is described by the differen-
tial equations of the rotor circuits (in relative units): 

 ( ),
d

d
fdffdN

fd IRE
t

Ψ
−= ω    ,

d
d

1Q1QN
1Q IR

t
Ψ

ω−=  (5a) 

 ,
d

d
1D1DN

1D IRω
t

Ψ
−=    ,

d
d

2Q2QN
2Q IR

t
Ψ

ω−=  (5b) 

where: ID1, IQ1, IQ2, Ψfd, ΨD1, ΨQ1, ΨQ2 – currents and flux 
linkages in the damping circuits in the d and q axis 
referred to the stator side, Rf, RD1, RQ1, RQ2 – referred 
resistances of the rotor electrical circuits, ωN – rated 
angular speed. 

Moreover, the following dependencies hold: 

 ,sat
mdfdffd ΨILΨ += σ    ,sat

mqQ1Q1Q1 ΨILΨ += σ  (6a) 

 ,sat
mdD1D1D1 ΨILΨ += σ    ,sat

mqQ2Q2Q2 ΨILΨ += σ  (6b) 

where: Lσf, LσD1, LσQ1, LσQ2 - leakage inductances of the 
rotor electrical circuits, sat

mdΨ , sat
mqΨ  - values of the axial 

components of the main flux linkage when taking into 
account the saturation phenomenon. 

The saturated main flux linkages in the d and q axis 
( sat

mdΨ , sat
mqΨ ) are expressed by the flux corrections ∆Ψmd, 

∆Ψmq, (Fig. 2a) [2, 24]: 

 mdmd
sat
md ∆ΨΨΨ −= ,  mqmq

sat
mq ∆ΨΨΨ −= , (7a) 

where: 
 Ψmd = LadImd,  Ψmq = LaqImq, (7b) 

 Imd = – Id + Ifd + ID1,  Imq = – Iq + IQ1 + IQ2. (7c) 

Assuming a proportional reduction of the main magne-
tic flux in the d and q axis (Fig. 2b), one obtains: 

 ,∆∆∆ m
m

md
msat

m

sat
md

md Ψ
Ψ
Ψ

Ψ
Ψ
Ψ

Ψ ==  (8a) 

 ,∆∆∆ m
m

md
msat

m

sat
mq

mq Ψ
Ψ
Ψ

Ψ
Ψ

Ψ
Ψ ==  (8b) 

where: 

 ( ) ( )2sat
mq

2sat
md

sat
m ΨΨΨ += ,  .2

mq
2
mdm ΨΨΨ +=  (9) 

The correction ∆Ψm is determined on the basis of the 
generator no-load characteristic whose nonlinear part is 
approximated with a square function for the magnetizing 

current 2
mq

2
mdm III += . It can be expressed by two 

coefficients S10 and S12 (as for the model GENROU) [3, 
18, 20]. 

When neglecting the transformation voltages, the ge-
nerator stator equations are algebraic equations of the 
form: 

 ,sat
mqqσdad ωΨIωLIRV −+−=  (10a) 

 .sat
mddσqaq ωΨIωLIRV +−−=  (10b) 

a) 

.
p.

u
,

"
Ψ

10S
122.1 S

.p.u,fdad IX
 

b) 

.p.u,"Ψ

10S

122.1 S

(
)

.
p.

u
,

fd
ad

I
X

∆

 

∆Ψm,� (8a)

	 ∆Ψmq = 

3 

mathematical model by a pair of numbers (1+nd, nq) – 
where nd, nq determine the number of the equivalent 
damping circuits in the d and q axis of the rotor – there are 
determined the models of (3,3), (3,2), (2,2) or (2,1) type. 
The (2,2) model [2, 3, 7, 20, 21, 22, 23], when neglecting 
or taking into account the transformation voltage in the 
armature circuit [2, 20, 21], is often used to investigate the 
PS angular stability. Saturation of the magnetic cores [1] 
can be taken into account in an approximate way by 
introducing a correction for the main magnetic flux de-
pendent on the magnetizing current [2, 3, 23]. The effect 
of the leakage flux saturation, the magnetic hysteresis and 
the phenomenon of magnetic cross-coupling between the 
circuits in the d and q axis are then neglected. The models 
taking into account saturation in the d and q axis base on 
the magnetization characteristics in each axis. For machi-
nes with a uniform air-gap (turbogenerator), it is often 
assumed that the magnetization characteristic of cores is 
the same for the d and q axis. For machines with a non-
uniform air-gap (hydrogenerator), there is often taken into 
account saturation only in the d axis, because of a large 
gap in the q axis. 

 
Fig. 1. Subtransient flux linkage modulus (a) and saturation corrections 
of this flux (b) 

For the turbogenerator model of (2,2) type, when 
neglecting the transformation voltages in the stator, the 
machine electrodynamic state is described by the differen-
tial equations of the rotor circuits (in relative units): 

 ( ),
d

d
fdffdN

fd IRE
t

Ψ
−= ω    ,

d
d

1Q1QN
1Q IR

t
Ψ

ω−=  (5a) 

 ,
d

d
1D1DN

1D IRω
t

Ψ
−=    ,

d
d

2Q2QN
2Q IR

t
Ψ

ω−=  (5b) 

where: ID1, IQ1, IQ2, Ψfd, ΨD1, ΨQ1, ΨQ2 – currents and flux 
linkages in the damping circuits in the d and q axis 
referred to the stator side, Rf, RD1, RQ1, RQ2 – referred 
resistances of the rotor electrical circuits, ωN – rated 
angular speed. 

Moreover, the following dependencies hold: 

 ,sat
mdfdffd ΨILΨ += σ    ,sat

mqQ1Q1Q1 ΨILΨ += σ  (6a) 

 ,sat
mdD1D1D1 ΨILΨ += σ    ,sat

mqQ2Q2Q2 ΨILΨ += σ  (6b) 

where: Lσf, LσD1, LσQ1, LσQ2 - leakage inductances of the 
rotor electrical circuits, sat

mdΨ , sat
mqΨ  - values of the axial 

components of the main flux linkage when taking into 
account the saturation phenomenon. 

The saturated main flux linkages in the d and q axis 
( sat

mdΨ , sat
mqΨ ) are expressed by the flux corrections ∆Ψmd, 

∆Ψmq, (Fig. 2a) [2, 24]: 

 mdmd
sat
md ∆ΨΨΨ −= ,  mqmq

sat
mq ∆ΨΨΨ −= , (7a) 

where: 
 Ψmd = LadImd,  Ψmq = LaqImq, (7b) 

 Imd = – Id + Ifd + ID1,  Imq = – Iq + IQ1 + IQ2. (7c) 

Assuming a proportional reduction of the main magne-
tic flux in the d and q axis (Fig. 2b), one obtains: 

 ,∆∆∆ m
m

md
msat

m

sat
md

md Ψ
Ψ
Ψ

Ψ
Ψ
Ψ

Ψ ==  (8a) 

 ,∆∆∆ m
m

md
msat

m

sat
mq

mq Ψ
Ψ
Ψ

Ψ
Ψ

Ψ
Ψ ==  (8b) 

where: 

 ( ) ( )2sat
mq

2sat
md

sat
m ΨΨΨ += ,  .2

mq
2
mdm ΨΨΨ +=  (9) 

The correction ∆Ψm is determined on the basis of the 
generator no-load characteristic whose nonlinear part is 
approximated with a square function for the magnetizing 

current 2
mq

2
mdm III += . It can be expressed by two 

coefficients S10 and S12 (as for the model GENROU) [3, 
18, 20]. 

When neglecting the transformation voltages, the ge-
nerator stator equations are algebraic equations of the 
form: 

 ,sat
mqqσdad ωΨIωLIRV −+−=  (10a) 

 .sat
mddσqaq ωΨIωLIRV +−−=  (10b) 

a) 

.
p.

u
,

"
Ψ

10S
122.1 S

.p.u,fdad IX
 

b) 

.p.u,"Ψ

10S

122.1 S

(
)

.
p.

u
,

fd
ad

I
X

∆

 

∆Ψm = 

3 

mathematical model by a pair of numbers (1+nd, nq) – 
where nd, nq determine the number of the equivalent 
damping circuits in the d and q axis of the rotor – there are 
determined the models of (3,3), (3,2), (2,2) or (2,1) type. 
The (2,2) model [2, 3, 7, 20, 21, 22, 23], when neglecting 
or taking into account the transformation voltage in the 
armature circuit [2, 20, 21], is often used to investigate the 
PS angular stability. Saturation of the magnetic cores [1] 
can be taken into account in an approximate way by 
introducing a correction for the main magnetic flux de-
pendent on the magnetizing current [2, 3, 23]. The effect 
of the leakage flux saturation, the magnetic hysteresis and 
the phenomenon of magnetic cross-coupling between the 
circuits in the d and q axis are then neglected. The models 
taking into account saturation in the d and q axis base on 
the magnetization characteristics in each axis. For machi-
nes with a uniform air-gap (turbogenerator), it is often 
assumed that the magnetization characteristic of cores is 
the same for the d and q axis. For machines with a non-
uniform air-gap (hydrogenerator), there is often taken into 
account saturation only in the d axis, because of a large 
gap in the q axis. 

 
Fig. 1. Subtransient flux linkage modulus (a) and saturation corrections 
of this flux (b) 

For the turbogenerator model of (2,2) type, when 
neglecting the transformation voltages in the stator, the 
machine electrodynamic state is described by the differen-
tial equations of the rotor circuits (in relative units): 

 ( ),
d

d
fdffdN

fd IRE
t

Ψ
−= ω    ,

d
d

1Q1QN
1Q IR

t
Ψ

ω−=  (5a) 

 ,
d

d
1D1DN

1D IRω
t

Ψ
−=    ,

d
d

2Q2QN
2Q IR

t
Ψ

ω−=  (5b) 

where: ID1, IQ1, IQ2, Ψfd, ΨD1, ΨQ1, ΨQ2 – currents and flux 
linkages in the damping circuits in the d and q axis 
referred to the stator side, Rf, RD1, RQ1, RQ2 – referred 
resistances of the rotor electrical circuits, ωN – rated 
angular speed. 

Moreover, the following dependencies hold: 

 ,sat
mdfdffd ΨILΨ += σ    ,sat

mqQ1Q1Q1 ΨILΨ += σ  (6a) 

 ,sat
mdD1D1D1 ΨILΨ += σ    ,sat

mqQ2Q2Q2 ΨILΨ += σ  (6b) 

where: Lσf, LσD1, LσQ1, LσQ2 - leakage inductances of the 
rotor electrical circuits, sat

mdΨ , sat
mqΨ  - values of the axial 

components of the main flux linkage when taking into 
account the saturation phenomenon. 

The saturated main flux linkages in the d and q axis 
( sat

mdΨ , sat
mqΨ ) are expressed by the flux corrections ∆Ψmd, 

∆Ψmq, (Fig. 2a) [2, 24]: 

 mdmd
sat
md ∆ΨΨΨ −= ,  mqmq

sat
mq ∆ΨΨΨ −= , (7a) 

where: 
 Ψmd = LadImd,  Ψmq = LaqImq, (7b) 

 Imd = – Id + Ifd + ID1,  Imq = – Iq + IQ1 + IQ2. (7c) 

Assuming a proportional reduction of the main magne-
tic flux in the d and q axis (Fig. 2b), one obtains: 

 ,∆∆∆ m
m

md
msat

m

sat
md

md Ψ
Ψ
Ψ

Ψ
Ψ
Ψ

Ψ ==  (8a) 

 ,∆∆∆ m
m

md
msat

m

sat
mq

mq Ψ
Ψ
Ψ

Ψ
Ψ

Ψ
Ψ ==  (8b) 

where: 

 ( ) ( )2sat
mq

2sat
md

sat
m ΨΨΨ += ,  .2

mq
2
mdm ΨΨΨ +=  (9) 

The correction ∆Ψm is determined on the basis of the 
generator no-load characteristic whose nonlinear part is 
approximated with a square function for the magnetizing 

current 2
mq

2
mdm III += . It can be expressed by two 

coefficients S10 and S12 (as for the model GENROU) [3, 
18, 20]. 

When neglecting the transformation voltages, the ge-
nerator stator equations are algebraic equations of the 
form: 

 ,sat
mqqσdad ωΨIωLIRV −+−=  (10a) 

 .sat
mddσqaq ωΨIωLIRV +−−=  (10b) 

a) 

.
p.

u
,

"
Ψ

10S
122.1 S

.p.u,fdad IX
 

b) 

.p.u,"Ψ

10S

122.1 S

(
)

.
p.

u
,

fd
ad

I
X

∆

 

∆Ψm,� (8b)

where:

	 ∆Ψ m
sat = (Ψm

s
d
at)2 + (Ψm

s
q
at)2, Ψm = Ψm

2
d + Ψm

2
q.� (9)

Fig. 2. a) Magnetization characteristic and b) saturation corrections in 
d and q axis of the generator

4 

The generator electromagnetic torque Te is given by 
the formula: 

 Te = ΨdIq – ΨqId. (11) 

Equation (4) for the electromagnetic torque of the 
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2.3. Equations of mechanical motion.  The equations of 
mechanical motion (in relative units) are of the form: 
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where: ω – rotor angular speed, δ – load angle, TJ – 
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3. Power rejection tests 

The measurement results of selected quantities in 
steady and transient states, caused by opening the main 
switch connecting a generating unit with the power 
system, resulting in generator power rejection – Fig. 3, 
can be the basis of estimation of synchronous generator 
model parameters. The main advantage of such a distur-
bance is elimination of the influence of an outer power 
system on the generating unit under investigation [3, 7, 
17, 18, 24, 25]. 

 
Fig. 3. Load rejection test of the synchronous generator driven by a 
turbine 

By selecting the appropriate generator operating con-
ditions before performing a power rejection test, one can 
cause that transient phenomena will occur only in one 
generator axis. Thanks to it, parameter estimation can be 
simplified and made for the d and q generator axis 
separately. 

For power rejection in the d axis, the generator has to 
be initially (that is before opening the switch) loaded with 
only small reactive power (P0 = 0, Q0 ≠ 0). Such an initial 
load causes that during the transient state duration 
(initiated by opening the switch) there occur only the 
stator current component in the d axis, the stator voltage 
(induced in the q axis) and the excitation current change, 
while the rotor speed is constant. Fig. 4a shows the 
position of the phasors of the terminal generator voltage 
(VT0) and current (IT0) on the complex plane before the 
disturbance. 

For power rejection in the q axis, the generator has to 
be loaded with only small active power, while the 
generator reactive power is so chosen that the current 
phasor (IT0) lies along the q axis, and the load angle 
δ0 = −ϕ0, where ϕ0 − power coefficient angle (Fig. 4b) [3, 
18, 25, 26]. In this case, the generator initial active power 
P0 ≠ 0 and reactive power Q0 ≠ 0. Power rejection in the q 
axis results in the changes of the stator voltage in the d 
axis and the excitation current as well as, due to the 
saturation, also in small changes of the voltage in the q 
axis. That is why the machine circuits both in d and q axis 
are taken into account in calculations. 

In the generator mathematical model, the generator 
power rejections are represented by step changes of the 
stator current axial components from the initial values to 
zero. 

Opening the main switch at loading the generator with 
the active and reactive power for which the conditions of 
power rejection in the d and q axis are not met, corres-
ponds to arbitrary active and reactive power rejection 
(Fig. 4c) [3, 24].  

When taking measurements in a power plant, there can 
appear difficulties concerning the accurate determination 
of the initial values of the generator active and reactive 
power corresponding to the power rejection in the q axis. 
These values can often be determined with a certain 
accuracy only. Also the staff of a power plant may not 
agree to introduce the appropriate value of the generator 
initial active power. Opening the main switch under such 
conditions corresponds to arbitrary active and reactive 
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The correction ΔΨm is determined on the basis of the generator 
no-load characteristic whose nonlinear part is approximated with 
a square function for the magnetizing current Im =  Im

2
d + Im

2
q. 

It can be expressed by two coefficients S10 and S12 (as for the 
GENROU model) [3, 18, 20].

When neglecting the transformation voltages, the generator 
stator equations are algebraic equations of the form:
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The generator electromagnetic torque Te is given by the 
formula:

	 Te = Ψd Iq ¡ Ψq Id.� (11)

Equation (4) for the electromagnetic torque of the model 
GENROU is equivalent to (11) if there exists the subtransient 
symmetry Xd = Xq.

2.3. Equations of mechanical motion. The equations of me-
chanical motion (in relative units) have the form of:
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where: ω – rotor angular speed, δ – load angle, TJ – 
mechanical time constant, Tm – turbine mechanical torque. 

3. Power rejection tests 

The measurement results of selected quantities in 
steady and transient states, caused by opening the main 
switch connecting a generating unit with the power 
system, resulting in generator power rejection – Fig. 3, 
can be the basis of estimation of synchronous generator 
model parameters. The main advantage of such a distur-
bance is elimination of the influence of an outer power 
system on the generating unit under investigation [3, 7, 
17, 18, 24, 25]. 
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By selecting the appropriate generator operating con-
ditions before performing a power rejection test, one can 
cause that transient phenomena will occur only in one 
generator axis. Thanks to it, parameter estimation can be 
simplified and made for the d and q generator axis 
separately. 

For power rejection in the d axis, the generator has to 
be initially (that is before opening the switch) loaded with 
only small reactive power (P0 = 0, Q0 ≠ 0). Such an initial 
load causes that during the transient state duration 
(initiated by opening the switch) there occur only the 
stator current component in the d axis, the stator voltage 
(induced in the q axis) and the excitation current change, 
while the rotor speed is constant. Fig. 4a shows the 
position of the phasors of the terminal generator voltage 
(VT0) and current (IT0) on the complex plane before the 
disturbance. 

For power rejection in the q axis, the generator has to 
be loaded with only small active power, while the 
generator reactive power is so chosen that the current 
phasor (IT0) lies along the q axis, and the load angle 
δ0 = −ϕ0, where ϕ0 − power coefficient angle (Fig. 4b) [3, 
18, 25, 26]. In this case, the generator initial active power 
P0 ≠ 0 and reactive power Q0 ≠ 0. Power rejection in the q 
axis results in the changes of the stator voltage in the d 
axis and the excitation current as well as, due to the 
saturation, also in small changes of the voltage in the q 
axis. That is why the machine circuits both in d and q axis 
are taken into account in calculations. 

In the generator mathematical model, the generator 
power rejections are represented by step changes of the 
stator current axial components from the initial values to 
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Opening the main switch at loading the generator with 
the active and reactive power for which the conditions of 
power rejection in the d and q axis are not met, corres-
ponds to arbitrary active and reactive power rejection 
(Fig. 4c) [3, 24].  

When taking measurements in a power plant, there can 
appear difficulties concerning the accurate determination 
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power corresponding to the power rejection in the q axis. 
These values can often be determined with a certain 
accuracy only. Also the staff of a power plant may not 
agree to introduce the appropriate value of the generator 
initial active power. Opening the main switch under such 
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where: ω – rotor angular speed, δ – load angle, TJ – mechanical 
time constant, Tm – turbine mechanical torque.

3.	 Power rejection tests

The measurement results of selected quantities in steady and 
transient states, caused by opening the main switch connecting 
a generating unit with the power system, resulting in gener-
ator power rejection (Fig. 3), can be the basis of estimation of 
synchronous generator model parameters. The main advantage 
of such a disturbance is the elimination of the influence of an 

outer power system on the generating unit under investigation 
[3, 7, 17, 18, 24, 25].

By selecting the appropriate generator operating conditions 
before performing a power rejection test, one can cause for the 
transient phenomena to occur only in one generator axis. Thanks 
to that, parameter estimation can be simplified and made for the 
d and q generator axes separately.

For power rejection in the d axis, the generator has to be 
initially (that is before opening the switch) loaded with only 
small reactive power (P0 = 0, Q0  6= 0). Such initial load causes 
that for the duration of the transient state (initiated by opening 
the switch) there occur only the stator current component in the 
d axis, the stator voltage (induced in the q axis), and the exci-
tation current change, while the rotor speed is constant. Fig. 4a 
shows the position of the phasors of the terminal generator 
voltage (V–T0) and current (I–T0) on the complex plane before 
the disturbance.

For power rejection in the q axis, the generator has to be 
loaded with only small active power, while such generator re-
active power is chosen that the current phasor (I–T0) lies along 
the q axis, and the load angle δ0 = –φ0, where φ0 is the power 
coefficient angle (Fig. 4b) [3, 18, 25, 26]. In this case, the gen-
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That is why the machine circuits, in both d and q axes, are taken 
into account in the calculations.

In the mathematical model of the generator, the generator 
power rejections are represented by step changes of the stator 
current axial components from the initial values to zero.
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power rejection. In this case the electrical circuits of the 
generator longitudinal and transverse axis influence the 
disturbance waveforms. The generator parameters in the d 
and q axis can be estimated by the analysis of the 
disturbance waveforms at the arbitrary power rejection. It 
can also be assumed that the generator parameters in the d 
axis were determined before (e.g. by the analysis of the 
waveforms at power rejection in the d axis) and the 
generator parameters in the q axis are the searched ones. 

 
Fig. 4. Phasors of terminal voltage and current for power rejection in d 
axis (a), in q axis (b) and at arbitrary power rejection (c) 
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waveforms at power rejection in the d axis) and the 
generator parameters in the q axis are the searched ones. 
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power rejection. In this case the electrical circuits of the 
generator longitudinal and transverse axis influence the 
disturbance waveforms. The generator parameters in the d 
and q axis can be estimated by the analysis of the 
disturbance waveforms at the arbitrary power rejection. It 
can also be assumed that the generator parameters in the d 
axis were determined before (e.g. by the analysis of the 
waveforms at power rejection in the d axis) and the 
generator parameters in the q axis are the searched ones. 
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Opening the main switch when loading the generator with 
active and reactive power for which the conditions of power re-
jection in the d and q axes are not met, corresponds to arbitrary 
active and reactive power rejection (Fig. 4c) [3, 24].

When taking measurements in a power plant, difficulties 
can appear concerning the accurate determination of the ini-
tial values of the generator’s active and reactive power corre-
sponding to the power rejection in the q axis. These values can 
often be determined with only a certain accuracy. Also, the staff 
of a power plant may not agree to introduce the appropriate 
value of the generator’s initial active power. Opening the main 
switch under such conditions corresponds to arbitrary active 
and reactive power rejection. In this case, the electrical circuits 
of the generator’s longitudinal and transverse axes influence 
the disturbance waveforms. The generator parameters in the d 
and q axes can be estimated through the analysis of the distur-
bance waveforms at the arbitrary power rejection. It can also 
be assumed that the generator parameters in the d axis were 
determined before (e.g. through the analysis of the waveforms 
at power rejection in the d axis) and the generator parameters 
in the q axis are the searched ones.

4.	 Initial conditions of state equations for 
parameter estimation of the synchronous 
generator model

In the generator model parameter estimation process, the gener-
ator differential state equations are repeatedly solved for current 
values of parameters. Initial values of the state variables can 
be determined for the state before the disturbance for a steady 
operating point of the generator, determined by active power 
P0, reactive power Q0, and stator voltage V0.

4.1. The model of type XT. The initial values of the state variables 
for the GENROU model were determined under a simplifying as-
sumption of the machine’s subtransient symmetry Xd = Xq = X .  
In this case, the equivalent diagram of the generator stator in the 
steady state is of the form shown in Fig. 5. The complex plane 
was selected so that the voltage phasor V–0 was real.

The complex power, voltage, and current of the generator 
are given by:

	 S–0 = P0 + jQ0,� (13a)

	 V–0 = V0,  I–0 = 
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can also be assumed that the generator parameters in the d 
axis were determined before (e.g. by the analysis of the 
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generator parameters in the q axis are the searched ones. 
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The voltage phasor behind the subtransient impedance of 
the generator is expressed by:

	 E–0 = (Ra + jX )I–0 + V–0,� (14a)

and the voltage phasor behind the subtransient impedance to-
gether with a saturation correction is given by:

	 E–0sat = (jE–0j + j ∆E–0j)e j Arg{E–0}.� (14b)

The generator power angle is:

	 δ0 = Arg{E–Q0},� (14c)

where:

	 E–Q0 = E–0sat + (Xq ¡ X )I–0,� (14d)

If the real axis coincides with the q axis (as in Fig. 4), the 
current and generator terminal voltage phasors are given by:
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power rejection. In this case the electrical circuits of the 
generator longitudinal and transverse axis influence the 
disturbance waveforms. The generator parameters in the d 
and q axis can be estimated by the analysis of the 
disturbance waveforms at the arbitrary power rejection. It 
can also be assumed that the generator parameters in the d 
axis were determined before (e.g. by the analysis of the 
waveforms at power rejection in the d axis) and the 
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power rejection. In this case the electrical circuits of the 
generator longitudinal and transverse axis influence the 
disturbance waveforms. The generator parameters in the d 
and q axis can be estimated by the analysis of the 
disturbance waveforms at the arbitrary power rejection. It 
can also be assumed that the generator parameters in the d 
axis were determined before (e.g. by the analysis of the 
waveforms at power rejection in the d axis) and the 
generator parameters in the q axis are the searched ones. 
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and the initial values of the stator current and flux linkages in 
the d and q axes are:

	 Id0 = Im{I–
*
T0}, Iq0 = Re{I–

*
T0},� (15b)

	 Ψd0 = Re{IE–0e–jδ0}, Ψq0 = –Im{IE–0e–jδ0}.� (15c)

The initial values of the state variables are determined by 
the relationships:

	 Eq0 = Ψd0 + Id0(Xd  ¡ X ),� (16a)

	 Ed0 = Ψq0 + Iq0(Xq  ¡ X ),� (16b)

	 ΨD10 = Eq0 ¡ Id0(Xd  ¡ Xσ),� (16c)

	 ΨQ10 = Ed0 ¡ Iq0(Xq  ¡ Xσ),� (16d)

The initial conditions for load rejection in the d axis are ob-
tained based on (13) ÷ (16) when assuming P0 = 0 and Iq0 = 0. 
In the case of load rejection in the q axis, the generator should 
be loaded with active power P0 and reactive power Q0, for which 
δ0 = –φ0. At a given generator voltage V0 and active power P0, 
reactive power Q0 can be determined by solving the nonlinear 
equation:
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The initial values of the state variables are determined 
by the relationships 
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The initial conditions for load rejection in the d axis 
are obtained based on (13) ÷ (16) when assuming P0 = 0 
and Iq0 = 0. In the case of load rejection in the q axis, the 
generator should be loaded with active power P0 and 
reactive power Q0 for which δ0 = –φ0. At given generator 
voltage V0 and active power P0, reactive power Q0 can be 
determined by solving the nonlinear equation:  

 0
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 (17) 

by iterative method when taking into consideration 
(13) ÷ (16) [3]. 
 
4.2. The model of type RL.  From the nonlinear system 
of algebraic equations 
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one can determine the axial components of the stator 
current and voltage Id0, Iq0, Vd0, Vq0.  

The field current referred to the stator side is given by 
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Given that the currents in the generator damping 
circuits are equal to zero in the steady state 

 ID1 = IQ1 = IQ2 = 0 (20) 

one can determine from (6) ÷ (9) the initial values of the 
flux linkages being the state variables of (5). 

Preliminary, approximate values of the resistance and 
inductance of the windings, given e.g. in the catalog data 
of the generator, can be used in the relationships determi-
ning the initial values of the state variables for the 
generator models of XT and RL type. The current values 
of the parameters are used in subsequent iterations of 
parameter estimation. 

5. Estimation of synchronous generator 
model parameters 

The method of parameter estimation of the generator 
model consists in approximation of the measured wave-
forms by the functions expressed by the searched 
parameters of the model. The measured signals are 
strongly disturbed, so they must be appropriately filtered. 
The used zero-phase filtration with a third order digital 
Butterworth filter [27] gave satisfactory results. 

The least squares method can be used for parameter 
estimation of particular synchronous generator models. In 
the approximation process, these parameters are selected 
in such a way that the objective function determined in the 
form of the mean square error, defined for deviations 
(determined at the i-th instants) between the waveforms 
measured and those calculated based on the mathematical 
models, is minimized [3, 16, 18, 26, 28, 29, 30] 
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where: index m denotes the measured waveform of excita-
tion current and terminal generator voltage, and index s 
denotes the simulated waveform of these quantities calcu-
lated for the vector of the searched parameters X. 

Minimization of the objective function (21) is a 
nonlinear problem which can be solved by numerical 
methods. The Newton gradient algorithm was used to 
minimize the objective function (21). This algorithm is a 
deterministic local minimization algorithm. This algo-
rithm requires that the objective function F(X) should be a 
real function having continuous derivatives of first and 
second order in a given search interval. The gradient and 
Hessian of this function are used to search for the 
minimum of the function F(X) [13, 14, 15]. Fig. 6 shows a 
simplified flow-chart of the Newton gradient algorithm. 

In the zero-iteration of the algorithm (for k = 0), there 
is read the starting point X0 and parameters of the 
algorithm, i.a. the calculation accuracy ε. Next there are 
calculated the values of the gradient and Hessian of the 
function F in the successive iteration point Xk. On this 
basis, there is determined the search direction vector dk. 
Then there is performed directional minimization in the 
direction of the vector dk aimed at selection of the step-
size coefficient τk. After each iteration there is checked the 
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by iterative method when taking into consideration (13) ÷ (16) 
[3].

Fig. 5. The steady-state equivalent circuit of the generator at subtran
sient symmetry
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power rejection. In this case the electrical circuits of the 
generator longitudinal and transverse axis influence the 
disturbance waveforms. The generator parameters in the d 
and q axis can be estimated by the analysis of the 
disturbance waveforms at the arbitrary power rejection. It 
can also be assumed that the generator parameters in the d 
axis were determined before (e.g. by the analysis of the 
waveforms at power rejection in the d axis) and the 
generator parameters in the q axis are the searched ones. 

 
Fig. 4. Phasors of terminal voltage and current for power rejection in d 
axis (a), in q axis (b) and at arbitrary power rejection (c) 

4. Initial conditions of state equations for 
parameter estimation of the synchronous 
generator model 

In the generator model parameter estimation process, 
the generator differential state equations are repeatedly 
solved for current values of parameters. Initial values of 
the state variables can be determined for the state before 
the disturbance for the steady operating point of the 

generator determined by active power P0, reactive power 
Q0 and stator voltage V0. 

 
4.1. The model of type XT.  The initial values of the state 
variables for the model GENROU were determined under 
a simplifying assumption of the machine subtransient 
symmetry ""

q
"
d XXX == . In this case, the equivalent 

diagram of the generator stator in steady state is of the 
form shown in Fig. 5. The complex plane was selected so 
that the voltage phasor V0 was real. 

 
Fig. 5. The steady-state equivalent circuit of the generator at subtran-
sient symmetry 

The complex power, voltage and current of the genera-
tor are given by: 
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4.2. The model of type RL. From the nonlinear system of 
algebraic equations

	 P0 = Vd0 Id0 + Vq0 Iq0 ,� (18a)
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The initial values of the state variables are determined 
by the relationships 
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The initial conditions for load rejection in the d axis 
are obtained based on (13) ÷ (16) when assuming P0 = 0 
and Iq0 = 0. In the case of load rejection in the q axis, the 
generator should be loaded with active power P0 and 
reactive power Q0 for which δ0 = –φ0. At given generator 
voltage V0 and active power P0, reactive power Q0 can be 
determined by solving the nonlinear equation:  
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by iterative method when taking into consideration 
(13) ÷ (16) [3]. 
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one can determine the axial components of the stator 
current and voltage Id0, Iq0, Vd0, Vq0.  

The field current referred to the stator side is given by 
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Given that the currents in the generator damping 
circuits are equal to zero in the steady state 

 ID1 = IQ1 = IQ2 = 0 (20) 

one can determine from (6) ÷ (9) the initial values of the 
flux linkages being the state variables of (5). 

Preliminary, approximate values of the resistance and 
inductance of the windings, given e.g. in the catalog data 
of the generator, can be used in the relationships determi-
ning the initial values of the state variables for the 
generator models of XT and RL type. The current values 
of the parameters are used in subsequent iterations of 
parameter estimation. 

5. Estimation of synchronous generator 
model parameters 

The method of parameter estimation of the generator 
model consists in approximation of the measured wave-
forms by the functions expressed by the searched 
parameters of the model. The measured signals are 
strongly disturbed, so they must be appropriately filtered. 
The used zero-phase filtration with a third order digital 
Butterworth filter [27] gave satisfactory results. 

The least squares method can be used for parameter 
estimation of particular synchronous generator models. In 
the approximation process, these parameters are selected 
in such a way that the objective function determined in the 
form of the mean square error, defined for deviations 
(determined at the i-th instants) between the waveforms 
measured and those calculated based on the mathematical 
models, is minimized [3, 16, 18, 26, 28, 29, 30] 
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where: index m denotes the measured waveform of excita-
tion current and terminal generator voltage, and index s 
denotes the simulated waveform of these quantities calcu-
lated for the vector of the searched parameters X. 

Minimization of the objective function (21) is a 
nonlinear problem which can be solved by numerical 
methods. The Newton gradient algorithm was used to 
minimize the objective function (21). This algorithm is a 
deterministic local minimization algorithm. This algo-
rithm requires that the objective function F(X) should be a 
real function having continuous derivatives of first and 
second order in a given search interval. The gradient and 
Hessian of this function are used to search for the 
minimum of the function F(X) [13, 14, 15]. Fig. 6 shows a 
simplified flow-chart of the Newton gradient algorithm. 

In the zero-iteration of the algorithm (for k = 0), there 
is read the starting point X0 and parameters of the 
algorithm, i.a. the calculation accuracy ε. Next there are 
calculated the values of the gradient and Hessian of the 
function F in the successive iteration point Xk. On this 
basis, there is determined the search direction vector dk. 
Then there is performed directional minimization in the 
direction of the vector dk aimed at selection of the step-
size coefficient τk. After each iteration there is checked the 
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The initial conditions for load rejection in the d axis 
are obtained based on (13) ÷ (16) when assuming P0 = 0 
and Iq0 = 0. In the case of load rejection in the q axis, the 
generator should be loaded with active power P0 and 
reactive power Q0 for which δ0 = –φ0. At given generator 
voltage V0 and active power P0, reactive power Q0 can be 
determined by solving the nonlinear equation:  
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by iterative method when taking into consideration 
(13) ÷ (16) [3]. 
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Given that the currents in the generator damping 
circuits are equal to zero in the steady state 

 ID1 = IQ1 = IQ2 = 0 (20) 

one can determine from (6) ÷ (9) the initial values of the 
flux linkages being the state variables of (5). 

Preliminary, approximate values of the resistance and 
inductance of the windings, given e.g. in the catalog data 
of the generator, can be used in the relationships determi-
ning the initial values of the state variables for the 
generator models of XT and RL type. The current values 
of the parameters are used in subsequent iterations of 
parameter estimation. 

5. Estimation of synchronous generator 
model parameters 

The method of parameter estimation of the generator 
model consists in approximation of the measured wave-
forms by the functions expressed by the searched 
parameters of the model. The measured signals are 
strongly disturbed, so they must be appropriately filtered. 
The used zero-phase filtration with a third order digital 
Butterworth filter [27] gave satisfactory results. 

The least squares method can be used for parameter 
estimation of particular synchronous generator models. In 
the approximation process, these parameters are selected 
in such a way that the objective function determined in the 
form of the mean square error, defined for deviations 
(determined at the i-th instants) between the waveforms 
measured and those calculated based on the mathematical 
models, is minimized [3, 16, 18, 26, 28, 29, 30] 
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where: index m denotes the measured waveform of excita-
tion current and terminal generator voltage, and index s 
denotes the simulated waveform of these quantities calcu-
lated for the vector of the searched parameters X. 

Minimization of the objective function (21) is a 
nonlinear problem which can be solved by numerical 
methods. The Newton gradient algorithm was used to 
minimize the objective function (21). This algorithm is a 
deterministic local minimization algorithm. This algo-
rithm requires that the objective function F(X) should be a 
real function having continuous derivatives of first and 
second order in a given search interval. The gradient and 
Hessian of this function are used to search for the 
minimum of the function F(X) [13, 14, 15]. Fig. 6 shows a 
simplified flow-chart of the Newton gradient algorithm. 

In the zero-iteration of the algorithm (for k = 0), there 
is read the starting point X0 and parameters of the 
algorithm, i.a. the calculation accuracy ε. Next there are 
calculated the values of the gradient and Hessian of the 
function F in the successive iteration point Xk. On this 
basis, there is determined the search direction vector dk. 
Then there is performed directional minimization in the 
direction of the vector dk aimed at selection of the step-
size coefficient τk. After each iteration there is checked the 

, Vd0 = RId0 + ωLqIq0,� (18b)

one can determine the axial components of the stator current 
and voltage Id0, Iq0, Vd0, Vq0.

The field current referred to the stator side is given by:

	 Ifd0 = 

6 

 { }*
0T0d Im II = ,  { }*

0T0q Re II = , (15b) 

 { }0j"
0

"
0d Re δΨ −= eE ,  { }0j"

0
"
0q Im δΨ −−= eE . (15c) 

The initial values of the state variables are determined 
by the relationships 

 ( ),"'
d0d

"
0d

'
0q XXIE −+=Ψ  (16a) 

 ( )"'
q0q

"
0q

'
0d XXIΨE −+= , (16b) 

 ( )σ
'
d0d

'
0q0D1 XXIEΨ −−= , (16c) 

 ( )σ
'
q0q

'
0dQ10 XXIEΨ −−= . (16d) 

The initial conditions for load rejection in the d axis 
are obtained based on (13) ÷ (16) when assuming P0 = 0 
and Iq0 = 0. In the case of load rejection in the q axis, the 
generator should be loaded with active power P0 and 
reactive power Q0 for which δ0 = –φ0. At given generator 
voltage V0 and active power P0, reactive power Q0 can be 
determined by solving the nonlinear equation:  
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Given that the currents in the generator damping 
circuits are equal to zero in the steady state 

 ID1 = IQ1 = IQ2 = 0 (20) 

one can determine from (6) ÷ (9) the initial values of the 
flux linkages being the state variables of (5). 

Preliminary, approximate values of the resistance and 
inductance of the windings, given e.g. in the catalog data 
of the generator, can be used in the relationships determi-
ning the initial values of the state variables for the 
generator models of XT and RL type. The current values 
of the parameters are used in subsequent iterations of 
parameter estimation. 

5. Estimation of synchronous generator 
model parameters 

The method of parameter estimation of the generator 
model consists in approximation of the measured wave-
forms by the functions expressed by the searched 
parameters of the model. The measured signals are 
strongly disturbed, so they must be appropriately filtered. 
The used zero-phase filtration with a third order digital 
Butterworth filter [27] gave satisfactory results. 

The least squares method can be used for parameter 
estimation of particular synchronous generator models. In 
the approximation process, these parameters are selected 
in such a way that the objective function determined in the 
form of the mean square error, defined for deviations 
(determined at the i-th instants) between the waveforms 
measured and those calculated based on the mathematical 
models, is minimized [3, 16, 18, 26, 28, 29, 30] 
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where: index m denotes the measured waveform of excita-
tion current and terminal generator voltage, and index s 
denotes the simulated waveform of these quantities calcu-
lated for the vector of the searched parameters X. 

Minimization of the objective function (21) is a 
nonlinear problem which can be solved by numerical 
methods. The Newton gradient algorithm was used to 
minimize the objective function (21). This algorithm is a 
deterministic local minimization algorithm. This algo-
rithm requires that the objective function F(X) should be a 
real function having continuous derivatives of first and 
second order in a given search interval. The gradient and 
Hessian of this function are used to search for the 
minimum of the function F(X) [13, 14, 15]. Fig. 6 shows a 
simplified flow-chart of the Newton gradient algorithm. 

In the zero-iteration of the algorithm (for k = 0), there 
is read the starting point X0 and parameters of the 
algorithm, i.a. the calculation accuracy ε. Next there are 
calculated the values of the gradient and Hessian of the 
function F in the successive iteration point Xk. On this 
basis, there is determined the search direction vector dk. 
Then there is performed directional minimization in the 
direction of the vector dk aimed at selection of the step-
size coefficient τk. After each iteration there is checked the 
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Given that the currents in the generator damping circuits are 
equal to zero in the steady state:

	 ID1 = IQ1 = IQ2 = 0,� (20)

one can determine from (6) ÷ (9) the initial values of the flux 
linkages as the state variables of (5).

Initially, approximate values of the resistance and induc-
tance of the windings, given e.g. in the catalog data of a gen-
erator, can be used in the relationships determining the initial 
values of the state variables for the generator models of XT 
and RL type. The current values of the parameters are used in 
subsequent iterations of parameter estimation.

5.	 Estimation of synchronous generator model 
parameters

The method of parameter estimation of the generator model 
consists, in approximation, of the waveforms measured with the 
functions expressed by the searched parameters of the model. 
The measured signals are strongly disturbed, so they must 
be appropriately filtered. The used zero-phase filtration with 
a third-order digital Butterworth filter [27] gave satisfactory 
results.

The least squares method can be used for parameter es-
timation of particular synchronous generator models. In the 
approximation process, these parameters are selected in such 
a way that the objective function determined in the form of 
the mean square error, defined for deviations (determined at 
the i-th instants) between the waveforms measured and those 
calculated based on the mathematical models, is minimized [3, 
16, 18, 26, 28−30]

F(X ) = 
i=1

n
∑ jVTi(m) ¡ VTi(s)(X )j2 + jIfdi(m) ¡ Ifdi(s)(X )j2 ,� (21)

where: index m denotes the measured waveform of excitation 
current and terminal generator voltage and index s denotes 

the simulated waveform of these quantities, calculated for the 
vector of the searched parameters X.

Minimization of the objective function (21) is a nonlinear 
problem which can be solved by numerical methods. The 
Newton gradient algorithm was used to minimize the objective 
function (21). This algorithm is a deterministic local minimi-
zation algorithm. It requires that the objective function F(X) 
should be a real function having continuous derivatives of first 
and second order in a given search interval. The gradient and 
Hessian of this function are used to search for the minimum of 
the function F(X) [13−15]. Fig. 6 shows a simplified flowchart 
of the Newton gradient algorithm.
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stop condition, where •  denotes the vector norm. If the 
stop condition is met, or the permissible number of 
iterations is exceeded, the algorithm is ended. In the 
algorithm, there are also taken into account the limitations 
of the search intervals of particular objective functions 
[12, 13, 14, 15]. 

 
Fig. 6. Flow chart of the Newton gradient algorithm [12] 

6. Calculation results 

The calculations of the parameters of the generator 
mathematical models analyzed were based, first of all, on 
the measured dynamic waveforms of the excitation volta-
ge (generator input signal) as well as the stator voltage 
and excitation current (output signals) at the power rejec-
tion in the d axis for Q0 = 0.5531 in the generating unit no 
5 in Power Plant Rybnik [3, 30]. In the generating unit 
analyzed, there is installed a TWW-200-2A turbo-
generator (of ratings: SN = 235 MV⋅A, VTN = 15.75 kV, 
cosϕN = 0.85) driven by a steam turbine. This generator is 
equipped with an electromachine excitation system. Fig. 7 
shows the measured waveform of the excitation voltage 
determined by the impact of the generator voltage 
regulation system. Figs. 8 and 9 show the waveforms of 
the terminal voltage and the excitation current, measured 
and calculated for the resultant values of the parameters 
for the models GENROU, RL (3,3) and (2,2). The resul-
tant values of the parameters of these models are given in 
Tab. 1. For comparison, the parameters of the GENROU 
model recalculated from the parameters of the RL (2,2) 
model are also presented in Table 1. 

 
Fig. 7. The measured waveforms of the of the excitation voltage for 
power rejection in the d axis in Power Plant Rybnik 

 
Fig. 8. Waveforms of the voltage at generator terminals for power 
rejection in the d axis in Power Plant Rybnik, measured and calculated 
for the resultant values of parameters for the models: GENROU, RL 
(3,3) and (2,2) 

 
Fig. 9. Waveforms of the excitation current for power rejection in the d 
axis in Power Plant Rybnik, measured and calculated for the resultant 
values of parameters for the models: GENROU, RL (3,3) and (2,2) 
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Fig. 6. Flowchart of the Newton gradient algorithm [12]

In the zero-iteration of the algorithm (for k = 0), the read 
is the starting point X0 and parameters of the algorithm, i.a. 
the calculation accuracy ε. Next, the values of the gradient and 
Hessian of the function F in the successive iteration point Xk 
are calculated. On this basis, there is determined the search 
direction vector dk. Then, the directional minimization in the 
direction of the vector dk aimed at selection of the step-size 
coefficient τk is performed. After each iteration, the stop con-
dition, where k•k denotes the vector norm, is checked. If the 
stop condition is met or if the permissible number of iterations 
is exceeded, the algorithm is ended. In the algorithm, there are 
also taken into account the limitations of the search intervals 
of particular objective functions [12−15].
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6.	 Calculation results

The calculations of the parameters of the analyzed mathematical 
models of the generator were based, first of all, on the mea-
sured dynamic waveforms of the excitation voltage (generator 
input signal), as well as on the stator voltage and excitation 
current (output signals) at the power rejection in the d axis 
for Q0 = 0.5531 in the generating unit No. 5 in Rybnik Power 
Plant [3, 30]. In the analyzed generating unit, there is installed 
a TWW-200-2A turbogenerator (of ratings: SN = 235 MV ¢A, 
VTN = 15.75 kV, cosφN = 0.85) driven by a steam turbine. This 
generator is equipped with an electromachine excitation system. 
Fig. 7 shows the measured waveform of the excitation voltage, 
determined by the impact of the generator voltage regulation 
system. Figures 8 and 9 show the waveforms of the terminal 
voltage and the excitation current, measured and calculated for 
the resultant values of the parameters for the GENROU and RL 
(3,3) and (2,2) models. The resultant values of the parameters of 
these models are given in Table 1. For comparison, the param-
eters of the GENROU model, recalculated from the parameters 
of the RL (2,2) model, are also presented in Table 1.

Table 1 
Parameters of the models RL (3,3), (2,2) and GENROU calculated 
based on the waveforms recorded during power rejection in the d 

axis in Rybnik Power Station and parameters XT determined based 
on the parameters RL of the model (2,2)

Par. RL33 RL22 Par. RL33 RL22

R 0.00190 0.00190 R•
D2 0.00765 –

Lσ 0.1192 0.1181 L•σf 0.07774 0.1293

Lad 2.0965 2.1707 R•
f 0.00102 0.00134

L•σD1 0.00023 0.00021 S10 0.00189 0

R•
D1 0.00823 0.00626 S12 0.1119 0.1124

L•σD2 0.09006 –

Par. GENROU GENROU 
from RL22

Par. GENROU 
from RL22

RL22

R 0.00190 0.00190 Tdo 5.5767 5.4494

Xσ 0.1274 0.1181 Tdo 0.0600 0.0621

Xd 2.2865 2.2888 S10 0.00105 0

Xd 0.2426 0.2402 S12 0.1029 0.1124

Xd 0.1278 0.1183

Next, the waveforms obtained at the arbitrary power rejec-
tion in Halemba Heat and Power Plant for P0 = 0.08042 and 
Q0 = 0.05509 were analyzed [31]. In the analyzed generating 
unit, an 6H6372/2 turbogenerator manufactured by Škoda was 
installed (of ratings: PN = 50 MW, VTN = 10,5 kV), driven by 
a steam turbine. This generator is equipped with a SEMIPOL 

Fig. 9. Waveforms of the excitation current for power rejection in the d 
axis in Rybnik Power Station, measured and calculated for the resultant 
values of parameters for the models: GENROU, RL (3,3) and (2,2)
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Fig. 8. Waveforms of the excitation current for power rejection in the d 
axis in Rybnik Power Station, measured and calculated for the resultant 
values of parameters for the models: GENROU, RL (3,3) and (2,2)
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Fig. 7. The measured waveforms of the of the excitation voltage for 
power rejection in the d axis in Rybnik Power Station
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static excitation system. Fig. 10 shows the waveforms of the 
excitation voltage, Figs. 11 and 12 present the waveforms of 
the terminal voltage and the excitation current measured and 
calculated for the resultant values of the parameters for the 
models: GENROU, RL (3,3) and (2,2). The resultant values of 
the parameters of these models are given in Table 2.

Table 2 
Parameters of the models RL (3,3), (2,2) and GENROU calculated 
based on the waveforms recorded during arbitrary power rejection 
in Halemba Heat and Power Plant and parameters XT, determined 

based on the parameters RL of the model (2,2)

Par. RL33 RL22 Par. RL33 RL22

R 0.00088 0.00088 Laq 1.6756 1.5722

Lσ 0.1538 0.1549 L•σQ1 2.5190 0.7516

Lad 1.6526 1.6868 R•
Q1 0.00561 0.00463

L•σD1 0.03306 0.00307 L•σQ2 0.01194 0.00134

R•
D1 0.00701 0.00429 R•

Q2 0.04884 0.01265

L•σD2 0.07326 – L•σQ3 0.09280 –

R•
D2 0.00649 – R•

Q3 0.01135 –

L•σf 0.07339 0.1555 S10 0.07310 0.07260

R•
f 0.00095 0.00134 S12 0.2346 0.2341

Par. GENROU GENROU 
from RL22

Par. GENROU GENROU 
from RL22

R 0.00088 0.00088 Xq 1.6502 1.7271

Xσ 0.1476 0.1549 Xq 0.7152 0.6634

Xd 1.8417 1.8417 Xq 0.1450 0.1562

Xd 0.2966 0.2973 Tqo 1.647 1.5960

Xd 0.1450 0.1579 Tqo 0.1615 0.1282

Tdo 4.3979 4.3517 S10 0.07235 0.07260

Tdo 0.1040 0.1079 S12 0.2265 0.2341

7.	 Conclusions

In the paper, parameter estimation results of the synchronous 
generator nonlinear models on the basis of power rejection tests 
when using the Newton gradient algorithm were presented. In 
the calculations, the load rejection test realized for a generator 
operating in a power plant was used. The realization of the test 
is relatively simple contrary to e.g. tests for a machine working 
under no-load conditions which require disconnecting the gen-
erator from the power system and its long driving [3, 11, 16]. 
Furthermore, the test of power rejection is a large disturbance 
in the steady state, despite its simplicity and safety for the 

Fig. 10. The measured waveforms of the excitation voltage for power 
rejection in the d axis in Halemba Heat and Power Plant
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Fig. 11. Waveforms of the voltage at generator terminals for arbi-
trary power rejection in Halemba Heat and Power Plant, measured 
and calculated for the resultant values of parameters for the models: 

GENROU, RL (3,3) and (2,2)

0 5 10 15
0.985

0.99

0.995

1

1.005

t, s

V T
, 

p
.u

.

 

 

measurement

GENROU

RL (3,3)

RL (2,2)

Fig. 12. Waveforms of the excitation current for arbitrary power rejection 
in Halemba Heat and Power Plant, measured and calculated for the resul-
tant values of parameters for the models: GENROU, RL (3,3) and (2,2)
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generator operation. This test causes great changes in voltages 
and currents which are influenced by all the parameters of the 
model, i.e. the parameters in the d and q axes. As a result, based 
on the recorded waveforms it is easier to determine parameters 
of the model, as opposed to tests using a small disturbance (e.g. 
step or pseudorandom small changes of the reference voltage 
in the generator voltage regulation channel).

Based on the investigations performed, it can be stated that:
●	 It is possible to estimate the parameters of the synchro-

nous generator XT and RL models from measurements of 
the appropriate dynamic waveforms at power rejection.

●	 The parameter estimation was made through minimization 
of a complicated, nonlinear objective function (21). This 
function was determined in the form of a mean square 
error between selected measurement (on a real object) 
waveforms and calculated (based on the assumed model, 
initial conditions, and current parameters) waveforms. 
The Newton local optimization gradient algorithm with 
constraints was used to minimize the objective function.

●	 The nonlinearity of magnetic core magnetization should 
be taken into account during the estimation.

●	 Taking into account the estimation results of the gen-
erator RL (2,2) model parameters, one can determine 
(based on algebraic formulas) the parameters of the 
model GENROU of type XT (and vice versa).

●	 The calculation results of the synchronous generator 
mathematical model parameters should be the basis for 
performing reliable simulation investigations of a power 
system.

Summing up, one can state that the errors of the parameter 
estimation of different synchronous generator models performed 
with the use of appropriate measurements are not large. Mean-
while, the use of the generator parameters determined based on 
the catalog data for simulations of steady and transient states 
in a power system results in considerable calculation errors. 
Large errors are also caused by using a model that does not 
take into account the saturation of the magnetic circuit. Fig. 13 
shows exemplary waveforms obtained for the model GENROU 

taking and not taking into account the saturation of the mag-
netic circuit (with the same parameters XT) at a step change in 
the reference voltage of the generator operating under no-load, 
compared with the measured waveforms. The influence of not 
taking into account the saturation of the magnetic circuit of gen-
erators increases when analysing and simulating an expanded, 
multi-machine PS (there occur larger differences between the 
actual waveforms and the simulation results).
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