
UNIVERSITY OF SÃO PAULO
SÃO CARLOS SCHOOL OF ENGINEERING

Edsson Frank Medina Vigoria

A hybrid method (MVMO+TSM) for the parameter
estimation of one-axis generators model

São Carlos

2023

This is the corrected version of the dissertation. The original version is available at EESC/USP,  which houses 
the Graduate Program in Electrical Engineering.





Edsson Frank Medina Vigoria

A hybrid method (MVMO+TSM) for the parameter
estimation of one-axis generators model

Dissertation submitted to the São Carlos
School of Engineering of the University of
São Paulo in partial fulfillment of the require-
ments for the degree of Master of Sciencie in
Electrical Engineering.

Area: Electrical Power Systems

Advisor: Prof. Dr. Elmer Pablo Tito Cari

São Carlos
2023



 





I dedicate this work with great love: to my parents Francisco and Gloria (who without
them I would not be here), to my sister Rosa for their help in the most difficult times, to
Carlos Triveño and his wife Marcia who are an inspiration for me and to all my family

who has always been by my side.
The dedication put into this work in memory of Rony Aima Chaco.





ACKNOWLEDGEMENTS

I deeply appreciate:

• Professor Elmer Pablo Tito Cari for his excellent guidance and understanding during
this work.

• Colleagues of the LACOSEP for their friendship.

• Professor Manuel Lau Pacheco for teaching, guidance and friendship in the area of
electrical machines.

• All my friends for their good wishes.





RESUMO

VIGORIA, E. F. M. Um método híbrido (MVMO+TSM) para a estimação de
parâmetros do modelo de geradores de um eixo. 2023. 91p. Dissertation (Master’s
degree) - São Carlos School of Engineering, University of São Paulo, São Carlos, 2023.

O conhecimento dos parâmetros do modelo transitório do gerador síncronos é fundamental
para os estudos dinâmicos, o qual é usado para fazer planejamento e analises de segurança
do sistema elétrico de energia. Normalmente, os parâmetros são determinados por meio de
métodos offline (com o gerador desconectado da rede), porém, novas pesquisas utilizam
métodos online (com o gerador conectado a rede) devido as vantagens para obter os valores
dos parâmetros em diferentes condiçoes de operação, com este porpósito o método precisa
ser confiável e robusto. Neste trabalho apresenta-se um método hibrido para estimar
os parâmetros do modelo de um eixo do gerador síncrono com o propósito de fazer a
estimação com medidas que são facil obtenção e robusto em relação a convergência de
parâmetros. Este método hibrido é composto por um método metaheurístico chamado
Otimização de Mapeamento de Media-Variância (MVMO) e um método de programação
não-linear chamado Sensibilidade de Trajetória (TSM). O método MVMO é utilizado para
fornecer uma estimativa inicial inteligente para o segundo método (TSM), o qual será
usado para encontrar o mínimo local, portanto, o método híbrido aproveita as vantagens
do método metaheurístico e da programação não linear. O método é validado estimando os
parâmetros de um gerador síncrono de 2 kva em um pequeno sistema de potência montado
em laboratório com excelente resultados.

Palavras-chave: Gerador Síncrono, Estimação de Parâmetros, Método Híbrido, MVMO,
Sensibilidade de Trajetória, Convergência.





ABSTRACT

VIGORIA, E. F. M. A hybrid method (MVMO+TSM) for the parameter
estimation of one-axis generators model. 2023. 91p. Dissertation (Máster’s Degree)
- São Carlos School of Engineering, University of São Paulo, São Carlos, 2023.

The knowledge of parameters of transient model of the synchronous generator is funda-
mental for dynamic studies, which is used to make planning and analysis of security of
the electrical energy system. Normally, the parameters are determined through offline
methods (with the generator disconnected from the grid), however, new research uses
online methods (with the generator connected to the grid) due to the advantages to
obtain parameter values in different operation conditions, with this purpose the method
needs to be reliable and robust. In this work, a hybrid method is presented to estimate
the parameters of the one-axis model of the synchronous generator with the purpose of
making the estimation with measures that are easy to obtain and robust in relation to the
convergence of parameters. This hybrid method is composed of a metaheuristic method
called Media-Variance Mapping Optimization (MVMO) and a non-linear programming
method called Trajectory Sensitivity (TSM). The MVMO method is used to provide a
smart initial guess for the second method (TSM), which will be used to find the local
minimum, therefore, the hybrid method takes advantage of the metaheuristic method and
non-linear programming. The method is validated by estimating the parameters of a 2
kva synchronous generator in a small power system assembled in the laboratory with
satisfactory results.

Keywords: Synchronous generator, Parameter Estimation, Hybrid Method, MVMO,
Trajectory Sensitivity, Convergence.
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1 INTRODUCTION

1.1 Motivation and Relevance

Nowadays an important tool in the stability and planning studies of the Electric
Energy System (EES) is the evaluation of the dynamic response during a disturbance.
Therefore, the precise knowledge of the parameters of synchronous generators is very
important in the specialized programs used in the electric sector, with the purpose to
obtain simulations that show the dynamic behavior of EES. When the parameters are not
estimated accurately, simulations cannot show the real behavior of the system, or in the
worst case, the EES could operate in an insecure power margin that could lead to a system
collapse (KOSTEREV N. D.;TAYLOR, 1999). On the other hand, the accurate knowledge
of the parameters’ values supports engineering in the determination of the correct power
margin. Among the different components of the EES (synchronous generator, load models,
wind turbine, etc), the synchronous generator model is one of the most important. Usually,
the synchronous generator parameters are provided by manufacturers by off-line tests
(Generator disconnect from the grid). However, those parameters change when the generator
is in operation due to some parameters are subject to the saturation effect (LANDGRAF,
2014). In another case, when the information about generator parameters was lost, those
values are obtained by other generators with similar characteristics.

1.2 Parameter estimation method of synchronous generator

For the aforementioned reasons, many studies about the estimation of synchronous
generator parameters were proposed over time. The methods can be divided into two groups.
First, is the “Offline method” with the generator disconnected from the grid. Those methods
were standardized by the Institute of Electrical and Electronics Engineers (IEEE) (IEEE,
2018), (IEE, 2020). Such method has the disadvantage of disconnection the generator of
the grid, which produces economic losses or is used only during the maintenance period.
Second is the “Online method”, which does not require the disconnection of the generator
from the grid. The parameter values can be obtained in different operation conditions, both
in stationary and transient conditions (HEYDT et al., 2005). For this reason, this kind of
method to identify the parameters has become more attractive (BURTH; VERGHESE;
VELEZ-REYES, 1999), (LANDGRAF, 2014), (ZAKER et al., 2015), (LANDGRAF; CARI;
ALBERTO, 2022). Recent approaches for parameter estimation of the generator using
phasor measurements signals are based on the Phasor Measurement Units (PMU) can be
found in (LAVERTY et al., 2013), (ZIMMER; DECKER; SILVA, 2018), (GONZÁLEZ-
CAGIGAL; ROSENDO-MACÍAS; GÓMEZ-EXPÓSITO, 2019).
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The number of parameters to be estimated will depend on the level of detail of the
model, as can be seen in Table 1.

Table 1 – Nomenclature of different parameters of synchronous machine

Parameter Name Model
E ′

d d- and q-axis transient voltages Transient
E ′

q0 Initial condition on unmeasured state E ′
q (p.u) Transient

Efd Field voltage (p.u) Transient
Id, Iq d- and q-axis stator currents (p.u) Transient

Ke
Field voltage required for the production of
rated air-grap line voltage (volts) Transient

Pe, Qe Electric and Reactive Power (p.u) Transient
Pm Mechanical Power (p.u) Transient
T ′

d0 d-axis open circuit transient time constant (s) Transient
Vd, Vq d- and q-axis stator voltage (p.u) Transient
Vfd Actual field voltage (volts) Transient
Vt, It Stator terminal voltage and current Transient
x′

d d-axis transient reactance (p.u) Transient
xd, xq d- and q-axis synchronous reactance Transient
β Load angle (rad) Transient
α Rotor angle (rad/s) Transient
ω Rotor frequency (rad/s) Transient
ωs Synchronous frequency (rad/s) Transient
θ Terminal Voltage phase angle (rad/s) Transient
D Damping coefficient (p.u) Transient
H Inertia constant (p.u) Transient
T ′

kd Direct-axis damper leakage time constant (p.u) Transient
T ′′

d Time sub-transient constant of open circuit in the direct axis Sub-transient
To Armature winding time constant Transient
Rs Stator Resistance Transient

Ld, Lq d- and q-axis inductances Transient

Regarding the algorithm using parameter estimation methods, metaheuristic meth-
ods, (ERLICH; VENAYAGAMOORTHY; WORAWAT, 2010), (KOOSHKBAGHI; MAR-
QUEZ; XU, 2019) have been proposed in the scientific community. It allows the estimation
of the parameter within a large parameter search region; however, it could take a lot of
time, especially when the estimation is near the parameter value (BLUM; ROLI, 2003),
(ERLICH; VENAYAGAMOORTHY; WORAWAT, 2010), (GUNEN et al., 2020).

An example of a metaheuristic method is the Adaptive Black Widow Optimization
(ABWO) used in (MICEV et al., 2020) for the identification of synchronous generator
parameters based on a sudden short circuit test. The field current waveform is used to
obtain the transient parameters. The research considers a simple model with one damper
winding on each axis, where a sudden three-phase short circuit of the generator is carried
out in order to obtain an experimental waveform of the field current. Consequently the
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parameters "xd, x′
d, (T ′

d), (T ′
kd),(T ′′

d ), and (Ta)" are extracted using "ABWO", which is
based on adaptive change of the parameters of the algorithm what provides an increase in
the convergence speed and accuracy in the results.

On the other hand, nonlinear programming methods allow finding the local min-
imum faster. However, they are dependent on the initial condition. Some examples of
this kind of methods are the Kalman filter, which is used through a variant of this
method (Unscented Kalman Filter) in (GONZÁLEZ-CAGIGAL; ROSENDO-MACÍAS;
GÓMEZ-EXPÓSITO, 2019) to estimate 16 parameters of generic equivalent of synchronous
generator composed by Speed governor, Automatic voltage regulator, Power system stabi-
lizer, Synchronous generator, where the parameters are:

Speed Governor Automatic Voltage
Regulator

Power system
Stabilizer

Syncrhonous
Generator

Governor droop
(R)

Controller Time
Constant (Tavr)

PSS Time
Constant (TW )

Damping
Coefficient (D)

Primary Control
Time Constant (Tr)

Exciter Time
Constant (Te)

PSS Gain
(KW )

Inertia
Constant (H)

Secondary Control
Gain (Kd)

AVR Gain
(K0)

q and d axis
synchronous reactances

(xq), (xd)
q and d

transient reactances
(x′

q), (x′
d)

q and d axis transient
time constant
(T ′

q0), (T ′
d0)

The before-mentioned research uses the next measurement data "Voltage at the
generator bus (V ), Phase angle (θ), stator current (I), Rotor angle speed (ω), Electric
Power (Pe)". Therefore, the method is dependent on PMU to execute the estimation.

Another method used in (CHOI et al., 2019) is the Recursive Least-Squares (RLS)
to estimate in real time the parameters of the permanent magnet synchronous motor
(PMSM) based on the stator current ripple model. The RLS algorithm allows a complete
online estimation of the parameters. Where three electric parameters of the Permanent
Magnet Synchronous Rotor are estimated "Rs, Ld, and Lq".

In the same way, (ZHU; LIANG; LIU, 2021) used the Multistep estimation method
where the electric parameters are estimated in three steps, first the Rs and distorted
voltage (Vdead) are estimated by injection at standstill, after rotor flux linkage (ψpm),
inductances in Ld, Lq and it is estimated online by fixing rotor flux linkage (ψpm) at the
second step. However, estimation is very dependent on the sensors and inverter. If it has
bad conditioning of those measurements it can not provide good results.
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Finally, the Laboratory of Computing Assessment in Electric Power Systems
(LACOSEP) of EESC/USP has been developing the same application of the trajectory
sensitivity method (TSM), Mean-Variance Mapping Optimization Method (MVMO), and
hybrid method (MVMO + TSM) to determine the parameters of different elements in the
electric power system as can be seen in table 2.
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Table 2 – Research works developed in LACOSEP for parameter estimation with hybrid method

Author Year Work Work’s name Method Abstract

Cari, E. P. T.;
Alberto, L. F. C. 2005 Master

Dissertation

Methodology for the Parameter
Estimation of Synchronous
Generator and Excitation
System

TSM

In this work is proposed a methodology
for online estimation the parameters of
synchronous generator based on the
trajectory sensitivity technique.

Cari, E. P. T.;
Alberto, L. F. C. 2009 Thesis

Methodology for Nonlinear
Parameter Estimation with
Application to Synchronous
Generators

TSM

In this work is developed a new methodology
for estimation of nonlinear dynamic systems
based on the trajectory sensitivity, also is
developed the independent estimation of
mechanical and electric parameters through
readily available measures.

Beordo, L. 2014 Final report of
undergraduate

Experimental determination of the
parameters of a synchronous
generator test (off-line) and via
trajectory sensitivity analysis
technique (online)

TSM

In this work is developed a comparison
between conventional techniques
(off-line test) with a technique based on
trajectory sensitivity analysis to estimate
parameters of the synchronous generator
(on-line test).

Landgraf, T. G.;
Cari, E. P. T. 2014 Master

Dissertation

Modeling and Estimation of
Parameters of Synchronous
Generators by means of
Trajectory Sensitivity Analysis

TSM

In this work is developed a new simplify
model used for parameter estimation of
synchronous generator, which is modified of
two-axis model, where the field current
is used as an input.

Cari, E.;
Landgraf, T.;
Alberto, L. F. C;

2016 Paper

A constrained minimization
approach for the estimation of
parameters of transient
generator models

TSM

This paper proposes a parameter estimation
of the synchronous generator, where its
solution is based on a minimization of the
norm of algebraic equations of the transient
model of the synchronous generator subject
to differential equations constraints.



22Author Year Work Work’s name Method Abstract

Cari, E. P. T.;
Alberto, L. F. C. 2017 Article

Parameter estimation of load
models using a hybrid heuristic
and nonlinear approach

TSM
Hybrid Estimation of load models using
evolutionary method (MVMO) plus
nonlinear programming (TSM).

Ecyo, F. R. C.;
Cari, E. P. T.;
Erlich, I.;
Fedaku, S.

2018 Paper

Online Parameter Estimation
of a Transient Induction
Generator Model based on
Hybrid Method

TSM +
MVMO

This works proposes a hybrid method
(MVMO+TSM) for online parameter
estimation of induction generator
transient models using measurements
commonly available in practice.

Fioravante, B. S. 2019 Final report of
course

Software development for
parameters of the electric
machine by the short
circuit test

TSM

The parameters of the synchronous generator
were estimated through the short-circuit test,
where the sensitivity method was used
to obtain the parameters.

Moura, P. F. 2019 Final report of
course

Software development for
estimation of parameters of the
electric machine by the
load rejection test

TSM

The parameters of the synchronous generator
for estimation of nonlinear dynamic systems
were estimated through the load rejection test,
where the sensitivity method was used
to obtain the parameters.

Lemes, F. R.;
Gomes, G. J. N.;
Cari, E. P. T.

2020 Paper Load Model Identification
through a Hybrid Approach

TSM +
MVMO

This works proposes a hybrid method
(MVMO+TSM) to estimate the parameters
of load model from online
measurements obtained from tap changes of
transformers

Gomes, G. J. N.;
Cari, E. P. T. 2020 Master

Dissertation

Parameter Estimation of Wind
Power Plant Equivalent Model
through a Hybrid Method

TSM +
MVMO

This works proposes a hybrid estimation
method to estimate parameters of a wind
power plant generic model. At first, is used
an evolutionary method (MVMO). When
the parameters are close enough to their real
values, nonlinear programming (TSM) is
applied to improve the results and optimize
solution. Combining both methods results in
a fast and robust estimation approach.
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Author Year Work Work’s name Method Abstract

Landgraf, T.G.;
Cari, E. P. T;
Alberto, L. F. C.

2022 Paper
An Analysis of Structural and Practical
Identifiability Applied to a Transient
Generator Model

TSM

This work addresses issues of the
structural and practical identifiability of a
transient model of a synchronous generator,
also is selected an optimal time window of
measurement data for improving the
accuracy of the estimated parameters.

Vigoria, M. E. F;
Cari, E. P. T. 2023 paper Hybrid Estimation of Mechanical

Parameters of Synchronous Generator
TSM +
MVMO

This works developed a hybrid estimation
method, which uses an evolutionary method
(MVMO) to has a large parameter search
region to find a smart initial guess, which
is close to the true value to estimate the
mechanical parameters of synchronous
generator through nonlinear programming
method (TSM).
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1.3 Research goals

1.3.1 General Goal

Develop a robust and reliable estimation process for the transient synchronous
generator model based on a hybrid method composed of the MVMO and TSM algorithms.

1.3.2 Specific Goals

a. Develop the MVMO and the TSM algorithms to estimate the parameters of the
transient generator model.

b. Make independent the initial guess for TSM through an intelligent initial guess
provided by MVMO.

c. Robustness in relation to the convergence of parameters.

d. Combine the benefits of both methods to provide a robust and reliable estimation
process.

e. Online parameter estimation from easily accessible measurement.

f. Development of a synchronous generator parameter estimation software.

This thesis is the continuation of previous works (FARIAS et al., 2018), and
(LANDGRAF, 2022) in which the hybrid method was applied to the induction generator
model and an identifiability analysis was conducted for the synchronous generator model,
respectively.
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1.4 Work organization

The text is organized as follows:

• Chapter 2 shows the models of the synchronous generator with estimation purpose,
which is divided in mechanical and electric parameters, as well as their variables,
inputs, outputs, and parameters. Initially is shown the original model of the syn-
chronous generator, and consequently, is shown the model of electric parameters for
the one-axis model (salient pole rotor) with estimation purposes.

• Chapter 3 shows the hybrid estimation procedure, which contains how the MVMO
and TSM algorithm works.

• Chapter 4 presents the results of the hybrid estimation, which contains the estimation
of the mechanical and electric parameters, and the validation results.

• Chapter 5 shows the software developed for the one-axis generator model with a
GUI interface.

• Chapter 6 Present the conclusion and ongoing research.

• Annex A shows the development of the principal original model of the synchronous
generator used in electric power system studies. As well as is shown the bases adopted
for the magnitudes of the system per unit and the equivalent circuits.



2 SYNCHRONOUS MACHINE MODELLING

The equations of the transient model of the synchronous generator (KUNDUR,
1994), (KIMBARK, 1995), (ANDERSON; FOUAD, 2008) were developed in detail in
Annex A. Meantime, with parameter estimation purposes are necessary some modifications
in the model are to facilitate the application in real cases. These modifications are based
on the research work (LANDGRAF, 2022) and will be rewritten and presented in the next
sections.

2.1 Synchronous Generator Model for Estimation Purpose

In (CARI, 2009) was developed an improved transient generator model for parame-
ter estimation purposes from the traditional transient generator model (A.137)-(A.142).
The advantages of the model are to diminish the number of parameters to be estimated
and to use the measurements that can be obtained easily in the real system. Subsequently,
in (LANDGRAF, 2022) was unwrapped an analysis of the structural and practical identifi-
ability of the one-axis transient generator model for the selected parameter vector, states,
algebraic variables, inputs, and outputs to ensure the estimation.

2.1.1 Two-axis transient model

In (CARI, 2005) a set of variables of input, output, and parameters were proposed
for the transient synchronous generator model. Consequently, this model uses a special
reference system as shown in Figure 1.

Figure 1 – Relation between reference system of the machine (d−q) and the grid (Im −Re)

Source: (LANDGRAF, 2022)
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Two references are used to model the EES, the synchronous machine is modeled in
the “d− q” reference which is located in the rotor. One of the two axes is aligned with the
magnetic axis of the field winding, which is known as the “direct axis”, and another axis
is located 90° backward in relation to field winding, which is known as the “quadrature
axis”. The EES is modeled in the Im −Re (Synchronous reference), with the Re axis 90°
backward to the Im axis, δ and θ are the angles of the quadrature axis and the terminal
voltage, respectively. To simplify the analyses the reference voltage VRe coincides with the
Re axis (LANDGRAF, 2022).

The differential equations that describe the transient model of the synchronous
generator are (CARI, 2005):

δ̇ = ω (2.1)

ω̇ = ωs

2H

(
Pm − E

′

qIq − E
′

dId − (x′

d − x
′

q)IdIq − D

ωs

ω
)

(2.2)

Ė ′
q = 1

T ′
d0

(
Efd − E ′

q + (xd + x′
d)Id

)
(2.3)

Ė ′
d = 1

T ′
q0

(
−E ′

d − (xq + x′
q)Iq

)
(2.4)

Id =
Ebcos(δ) + E ′

q

x′
d + ZI

(2.5)

Iq = Ebsen(δ) + E ′
d

x′
q + ZI

(2.6)

For this model, the features are:

States: x = [δ, ω, E ′
q, E

′
d]

Parameters: p = [xd, xd, T
′
d0, xq, x

′
q, T

′
q0]T

Constants: c = [D,H,ZI , Eb, ωs]
Input variables: u = [Efd, Pm]
Output variable: y = [δ, ω]

2.1.2 Two-axis transient model with estimation purpose

The transient model of the two-axis generator model is given by:

δ̇ = ω − ωs (2.7)

ω̇ = ωs

2H
(
Pm − E

′

qIq − E
′

dId − (x′
q − x

′

d)IdIq −D(ω − ωs)
)

(2.8)

Ė ′
q = 1

T ′
d0

(
−E ′

q − (xd − x′
dId + Efd)

)
(2.9)

Ė ′
d = 1

T ′
q0

(
−E ′

d + (xq − x′
q)Iq

)
(2.10)
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Where the algebraic equations of the stator are:

E ′d− Vtsen(δ − θ) + x′
qIq = 0 (2.11)

E ′q − Vtcos(δ − θ) − x′
dId = 0 (2.12)

This model is obtained by neglecting the fast dynamics of the damper windings,
time constants, sub-transient reactances, stator resistance, and saturation effect.

Figure 1 shows the coordinate references of the synchronous generator (d, q) and
the grid (Im, Re). Vt denotes the magnitude of the generator terminal voltage and the
rotor angle (δ) and the terminal voltage phase angle (θ) are measured in relation to the
grid reference. The load angle (β) is the angular difference between (δ and θ).

The features of the model are:

States: x = [δ, ω, E ′
q, E

′
d]

Parameters: p = [H,D, xd, xq, x
′
d, x

′
q, T

′
d0, T

′
q0]

Input variables: u = [Efd, Pm, Vt, θ]

2.1.3 Improved model for the estimation of the one-axis model

In this model, there is no damper winding on the q-axis to represent the eddy
currents in the rotor body, therefore, x′

q = Xq and T ′
q0 = 0, consequently, E ′

d = 0. This
model is similar to the two-axis model of subsection 2.1.2 except that the equation (2.10)
is eliminated from the set of equations (2.7)-(2.10).

The original one-axis transient model of the synchronous generator is given by:

δ̇ = ω − ωs (2.13)

ω̇ = ωs

2H
(
Pm − E

′

q − (xq − x
′

d)IdIq −D(ω − ωs)
)

(2.14)

Ė ′
q = 1

T ′
d0

(
−E ′

q − (xd − x
′

d)Id + Efd

)
(2.15)

where the stator algebraic equations are

Vtsin(δ − θ) − xqIq = 0 (2.16)

E ′
q − Vtcos(δ − θ) − x′

dId = 0 (2.17)

Input Efd in (p.u) is the field voltage in the base system related to actual field
voltage Vfd (in volts) by

Efd = Vfd

Ke

(2.18)
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where Ke is a new parameter related to the field voltage [volts] required for the
production of rated air-gap line voltage (KUNDUR, 1994).

The model is obtained neglecting the dynamics of damper wingdings, sub-transient
time constants, reactances, and stator resistance (LANDGRAF, 2022).

The original one-axis model (2.13)-(2.18) uses the reference of Figure 1, has nine
parameters and depends on the θ angle as input, which is difficult to measure in practice,
therefore, has the following features:

Parameters: p = [H,D, xd, xq, x
′
d, T

′
d0, E

′
q0, δ0, Ke]

State variables: x = [δ, ω, E ′
q]

Input variables: u = [Vfd, Pm, Vt, θ]
Output variable: y = [ω]

The system (2.13)-(2.18) is decoupled into mechanical, and electric models for
improving the estimation. Such a decomposition reduces the number of parameters to be
estimated simultaneously since the mechanical part becomes independent of the electric
one. For both models, now, one has:

2.1.4 Improved model to estimate the mechanical parameters of synchronous generator

In (CARI, 2009) was proposed a methodology where is resolved this intrinsic
problem and decreased the number of parameters to estimate. For this purpose, the model
is decoupled into two independent parts, the mechanical parameters, and the electric
parameters.

Considering the equations expressed in the sub-section A and substituting Pe =
E ′

qIq + E ′
dId + (x′

d − x′
q)IdIq is possible to get the model of the mechanical parameters of

synchronous generator:

ω̇ = ω0

2H

[
Pm − Pe − D

ω0
ω
]

(2.19)

y = [ω]

• Pm: Mechanical power can be obtained from the stable state as Pm = Pe0 and is
regarded as constant during the transient period;

• Pe: Electric power, which is obtained through the measurements of the three-phase
voltages and currents;

• ω0: Synchronous speed, where ω0 = 2
np
ωe with ωe = 2πf , np is the number of poles

of the machine and f is the frequency in Hz (In Brazil f = 60 Hz);

• D: Damping coefficient;

• H: Inertia constant;
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Model 2.13 is completely decoupled of the electric variables and parameters, where
their variables are:

Parameters: p = [H,D]T
Constants: c = [Pm, f, np]T
Input variables: u = [Pe]
Output variable: y = [ω]

2.1.5 Improved model to estimate the electric parameters of one-axis model

The next step is the implementation of the model to estimate the electric parameters
of the synchronous generator, considering the equations developed in sub-section A, it is
possible to get the model of the electric parameters of the synchronous generator.

The electric model is given by equation (2.15) and algebraic equations (2.16)-(2.17),
which are functions of (E ′

q, δ, Vt, θ). However, angle (δ) from (2.13) was eliminated in the
decoupling process and a current balance equation was added to the model for obtaining
the load angle, β, instead of using "δ − θ" in (2.16)-(2.17):

Ė ′
q = 1

T ′
d0

(
−E ′

q − (xd − x
′

d)Id + Efd

)
(2.20)

0 = I2
t − I2

d − I2
q (2.21)

where:

Iq = Vtsin(β)
xq

(2.22)

Id =
E

′
q − Vtcos(β)

x′
d

(2.23)

The output of the models is the active and reactive power obtained from three-phase
voltages and currents of the generator:

Pe = E ′
qIq + (xq − x′

d)IdIq (2.24)

Qe = E ′
qId − (x′

dI
2
d) − xqI

2
q (2.25)

Finally, substituting Id and Iq and Efd, in (2.20)-(2.21) and (2.24)-(2.25), the
electrical model is obtained by

Ė ′
q = 1

T ′
d0x

′
d

(
−xdE

′
q + (xd − x′

d)Vtcos(β) + x′
d

Ke

Vfd

)
(2.26)

0 = I2
t −

E ′
q

2 − 2E ′
qVtcos(β) + V 2

t cos
2(β)

x′
d

2 − V 2
t sin(β)
x2

q

(2.27)

Pe =
E ′

qVtsin(β)
x′

d

+
(

1
xq

− 1
x′

d

)
sen(β)cos(β)V 2

t (2.28)

Qe =
E ′

qVtcos(β)
x′

d

−
(
sin2(β)
xq

+ cos2(β)
x′

d

)
V 2

t (2.29)
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The feature for parameter estimation purposes for the model (2.26)-(2.29) are

Parameters: p = [xd, x
′
d, T

′
d0, x

′
q, Ke, E

′
q0]

State variables: x = [E ′
q]

Algebraic variables: x = [β]
Input variables: u = [It, Vt, Vfd]
Output variables: y = [Pe, Qe]

As addressed elsewhere, only easily obtainable measures are required for the model.
Load angle (β) is extracted in each iteration through the balance current equation (2.27).
Another piece of information is that the initial condition of state variable E ′

q0 is considered
an unknown parameter. More information about the model can be found in (LANDGRAF;
CARI; ALBERTO, 2022).



3 IDENTIFIABILITY AND PARAMETER ESTIMATION PROCESS

The relation between the outputs and inputs of the model left not all parameters
can be estimated. Thus, the model identifiability problem is defined in two steps: structural
identifiability and practical identifiability, as can be seen in Figure 2.

Figure 2 – Identifiability analysis proposed in (LANDGRAF, 2022)

Source: (LANDGRAF, 2022)

• Structural identifiability: In the first step of identifiability analysis, it is verified
whether or not the parameter vector is identifiable from the selected inputs and
outputs of the model. If the model were not identifiable, the structure of the
model (inputs, state variables, parameter, output) must be altered. Such as test is
fundamental especially when only the metaheuristic method is used to estimate the
parameter of the model. Uniqueness problems (Non-linear methods) or convergence
for unreal values for some parameters (Metaheuristic methods) can happen during
the estimation process if structural identifiability is not maintained.

• Practical identifiability: After the structural identifiability is verified in Step I, the
parameters of the model are obtained through a parameter estimation process. A set
of parameters of the model that represents the dynamic behavior of the system with
some precision have to identify, and non-linear, metaheuristic, or hybrid methods
can be used in this Step.

The structural analysis of model (Eq. (2.26)-(2.29)) was successfully conducted
in (LANDGRAF, 2022). Therefore, the hybrid method proposed in Section 3.2 performs
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practical identifiability. More information about the identifiability analysis in a dynamic
system can be found in (LANDGRAF, 2022).

3.1 Estimation process

The procedure of parameter estimation can be divided into four stages, which is
proposed to make a robust and reliable estimation, where each stage has a specific function,
as can be seen in Figure 4:

Figure 3 – Flowchart of estimation method

Source: Adapted from (CARI, 2009)

• First stage: The measurement data obtained from EES, will be gathered to get
enough information about the dynamic response of the parameters.
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• Second stage: The model of the system will be defined with the purpose to select
the number of terms of equations, variables, etc.

• Third stage: A parameter estimation method is used to find the real value of the
parameter from the available measurements of the model. In this research, a hybrid
algorithm based on an evolutionary method “Mean-Variance Optimization Algorithm”
(MVMO), and a non-linear programming called “Sensitivity Trajectory Method” will
be used to estimate the parameters.

• Fourth stage: After the parameter estimation procedure, the validation step is
performed by comparing the model outputs with those of the real system for another
set of measures. In case of the validation is ok, the process stops. Otherwise, a change
must be proposed to the data collection, model, or estimation method.

3.2 Hybrid Estimation Method

Let us consider the dynamic system modeled by differential-algebraic equations
(DAE) given by:

ẋ = f(x, z, p, u)

0 = g(x, z, p, u)

y = h(x, z, p, u) (3.1)

where x ∈ Rm is the state variable vector, y ∈ Rr is the output variable vector,
u ∈ Rl is the input variable vector, and p ∈ Rnp is the parameter variable vector. Let pi be
the ith component of p . Functions f , g, and h must be differentiable in relation to each pi,
i = 1, 2, ..., np. When the model is represented by DAEs and, according to the evolution
of the parameters during the estimation, algebraic equation g(.) = 0 of the model (3.1)
can reach a bifurcation, admitting no solution and causing the method to fail. Towards
solving this problem, model (3.1) is replaced by a minimization formulation in which the
square of the algebraic equation is subject to differential equations (CARI; LANDGRAF;
ALBERTO, 2017), (LANDGRAF, 2022).

min g2(x(t), u(t), p)

s.a

 ẋ(t) = f(x(t), u(t), p)
x(t0) = x0

y(t) = h(x(t), u(t), p) (3.2)

The values of unknown parameters are calculated through a minimization between
available measurement yr and Mathematical Model Output y (obtained from (3.2)) is
formulated by a minimization problem of objective function:
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J(p) = 1
2

∫ T0

0
(yr(t) − y(t))T (yr(t) − y(t))dt, (3.3)

Where:

• J(p): Objective function or fitness function

• yr: Output vector of real system

• y: Output of the mathematical model

• T0: Period of the sampling of the measurement

• p: Parameter vector of the model

Towards avoiding convergence problems, (long processing time or estimation failure),
the proposed method solves Eq. (3.3) in two steps, as shown in Fig. 4:

Figure 4 – Flowchart of hybrid method to parameter estimation

Source: Adapted (GOMES, 2020)
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• Step I – parameter fitting by MVMO: the MVMO algorithm is used to obtain a
parameter vector close to the “true value” called intelligent initial guess.

• Step II – parameter fitting by TSM: From the Intelligent initial guess provided by
MVMO, the trajectory sensitivity method (TSM) is used to find the local minimum.

The steps of the hybrid parameter estimation method can be summarized as:

• Definition of the available measurements and model structure (input, output, states,
parameters, and constants)

• Definition of the limits of the search region for each parameter (Pimin, Pimax)

• Definition of the tolerances for MVMO (tol1) and another for TSM (tol2).

In Fig. 4, G(p) is a vector containing the derivative of the objective function J(p)
related to the parameter vector, as explained in Section 3.2.2, and Tol1 and Tol2 are
predetermined tolerances for MVMO and TSM, respectively. Since MVMO only provides
an initial guess for TSM, Tol1 is higher than Tol2. Towards avoiding any divergence of
TSM, a maximum value of |G(p)| smaller than Tol1 should be produced. Otherwise, Tol1
must be divided by two and MVMO must be rerun with this new tolerance.

Table 3 shows more nomenclature used in the metaheuristic method and nonlinear
programming method (TSM) for a better understanding of the hybrid method. Basically, the
terms "gene", "individual, and "population" used by MVMO are referred to as "parameter",
"parameter vector" and "set of parameter vector", respectively.

Table 3 – Nomenclature for TSM and MVMO

Symbol TSM MVMO
J(p) Objective function Fitness function
pi ∈ R Parameter gene
p ∈ Rnp Parameter Vector Individual

p =
(
p1, p2, ..., pnp

)
Ind =

(
gene1, ..., genenp

)
Size of Set of Parameter Population

population Vector

nk x np Spv =


V ector 1
V ector 2

...
V ector nk

 population =


Ind 1
Ind 2

...
Ind nk


Nite Number of Number of

Iteration Generation

The following sections detail MVMO and TSM algorithms.
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3.2.1 Mean-Variance Mapping Optimization Method (MVMO)

MVMO is a metaheuristic method based on the use of a mapping function for
mutating new generations with the mean and variance of the best population. The
evolution of MVMO populations shares characteristics with other algorithms that also
evolve. However, the method is different in the way it conducts its mutations from offspring
towards diversifying the populations (ERLICH; VENAYAGAMOORTHY; WORAWAT,
2010),(GOMES; CARI, 2020), (RUEDA; ERLICH, 2018), thus updating the solution
around the best one in each iteration.

First reported in (ERLICH; VENAYAGAMOORTHY; WORAWAT, 2010), it can
update the parameters of the mathematical model (3.2) and reduce the fitness function
(3.3).

MVMO is explained in Fig. 5 and described in the following steps:

Figure 5 – Mean-variance mapping optimization

a. Initialization: The limits of each parameter pi ∈ [pmin
i , pmax

i ] and an individual as
a parameter vector Rnp are defined. A population is defined as a set of individuals
Rnk x Rnp and the number of individuals, nk, is calculated. The initial population
nk x np is generated tolerance, Tol1 is defined.

b. Fitness function evaluation: The input measures are used for computing model
output y, hence, fitness function (3.3) for each individual (Ind), and ranking the
population from the best (smallest J(p)) to the worst (largest J(p)). The vector
is then normalized in a [0, 1] range for the evolution procedure, which ensures the
parameters do not lose their properties. The vectors are denormalized for each
individual for the assessment of the fitness function. Mean p̄i, variance vi, and some
factors (si, dio, si1, si2) (more information about MVMO algorithm process can be
found in Annex B) for the population column related to each parameter are calculated



38

and the best individual of the population is assigned as the parent (Indpar), as shown
in Fig. 6.

c. Stopping criteria: If the maximum |G(p)| value of the best individual (smallest J(p))
is lower than Tol1, the method stops; otherwise, it proceeds to the next step.

d. Offspring generation: Genes of the individual parent, Indpar, are mutated by a
mapping function, mean p̄i, variance vi, and the factors (si, dio, di, si1, si2) of the item
(b) for producing a new individual (Indpar). Fig. 7 illustrates the procedure.

e. Fitness function evaluation with the new individual: The population is again ranked
by a fitness function, after the inclusion of the new individual.

f. Removal of the worst individual: the worst individual is discarded for the maintenance
of the population size and returns to step "c".

Figure 6 – Procedure, step by step, for MVMO
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Figure 7 – New individual obtained from parent individual in offspring generator process

The main advantage of MVMO in comparison to traditional metaheuristic methods
(Genetic algorithm and Particle swarm optimization) is its better performance for small
populations (RUEDA; ERLICH, 2018), (GUNEN et al., 2020) -that is the reason why it
is used in this research. However, like any metaheuristic method, it faces the common
problem of time consumption when it is close to the local minimum. Towards overcoming
it, a trajectory sensitivity method (TSM) is used in the sequence (FARIAS et al., 2018)
(GOMES; CARI, 2020).

3.2.2 Trajectory Sensitivity Method

TSM is a well-established methodology for estimation purposes (BENCHLUCH;
CHOW, 1993), (CARI, 2009), (CARI; LANDGRAF; ALBERTO, 2017), (FARIAS et
al., 2018), and (GOMES; CARI, 2020). Compared with other nonlinear programming
algorithms, in general, it has faster convergence, since it uses the Hessian of the objective
function, J(p), to find the solution -that is the reason why it was chosen in this research.
However, like any non-linear programming method, it is highly dependent on the initial
parameter guess. The problem can be solved using MVMO for obtaining a good initial
guess, as explained in the previous section.

Considering the mathematical model of a dynamic system described in equation
(3.2). For didactic purposes, it is rewritten here.

min g2(x(t), u(t), p)

s.a

 ẋ(t) = f(x(t), u(t), p)
x(t0) = x0

y(t) = h(x(t), u(t), p) (3.4)
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The estimation process can be modeled as an optimization approach so that vector
p, which minimizes the objective function (3.3), can be found. Optimization condition
(∂J(p)

∂p
= 0) yields

G(p) = ∂J(p)
∂p

= −
∫ T0

0

(
∂y

∂p

)T

(yr − y)dt = 0 (3.5)

From the initial guess and adopting the Newton-Raphson method, the parameter
can be found by

pk+1 = pk − Γ(p)−1G(p)|p=pk (3.6)

where Γ is the Jacobian of G(p), expressed by

Γ ≈
∫ T0

0

(
∂y

∂p

)T (
∂y

∂p

)
|p=pk (3.7)

where
(

∂y
∂p

)
is the sensitivity function which is the partial derivative of (3.2)

regarding pi. More information on TSM can be found in (BENCHLUCH; CHOW, 1993),
(CARI, 2009), (FARIAS et al., 2018) and (GOMES; CARI, 2020).
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4 APPLICATION AND RESULTS

In order to better understand the estimation process, first will be used the hybrid
method (MVMO + TSM) on the mechanical parameters (H,D) of the synchronous
generator (explained in section (2.1.4). Next, the estimation of electrical parameters will
be carried out in section 2.1.5.

The system (Fig. 8) will be evaluated with different tolerances for both the MVMO
and TSM algorithms. In the case of the MVMO algorithm, the number of individuals will
be analyzed. This will provide an optimal number the individuals and tolerance for use in
the hybrid method.

Subsequently, the hybrid method (MVMO + TSM) will be used to estimate the
electric parameters of the synchronous generator.

4.1 Mechanical Parameter Estimation

The electric energy system (EES) considered for the study is composed of a
synchronous generator of 220 MVA, 24 kV, and 60 Hz that provides power to the infinite
bus through a transformer and two parallel transmission lines (Fig. 8). The impedance’s
line, transformer, powers, and voltages values are in values per unit (p.u). The base power
is 220 MVA, the based voltage on the low voltage side is 24 kV, and the high voltage
side is 220 kV. The synchronous generator is composed of a cylindrical poles rotor that
has an ST1A-type excitation system with KA = 200, TA = 0.025, Efmin = −6.4, and
Efmax = 7. The experimental data were obtained from a short circuit in one of the
terminals of the L2. The disturbance is eliminated by the protection devices in the time
t=0.07 s.

Figure 8 – Electric power system for testing the mechanical parameters

Source: (LANDGRAF, 2014)
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4.1.1 Benchmark for mechanical parameter estimation

In order to compare the result of the estimative provided by the hybrid method, the
mechanical generator parameter obtained in (LANDGRAF, 2014) was used as a benchmark
(see Table 4).

Table 4 – Mechanical Parameters of Generator of 220 MVA obtained of (LANDGRAF,
2014) used as benchmark

Parameter H D
Value 3.5 0.0024

For comparison purposes, initially, the mechanical generator parameters were
estimated by MVMO and TSM independently. The proposed hybrid method was then
used for the same purpose.

4.1.2 Estimation of mechanical parameters with MVMO

MVMO estimated the mechanical parameters of the synchronous generator of 220
MVA using the following features

Number of gens, np: 2
Number of gens for
mutation, ngm: 2
Number of individuals, nk: 10 (for case 1) and 50 (for case 2)
Tolerance, Tol1: 0.5; 0.1; 0.01 (for three situations)

Two cases were analyzed using two different numbers of individuals 10 (Case 1)
and 50 (Case 2) to find the optimal number of individuals. In addition, three different
tolerances (0.5, 0.1, and 0.01) were used for each case. The summary of the results using
10 and 50 individuals can be seen in Table 5 and 6, respectively.

Table 5 – Results of MVMO for 10 individuals (Case 1)

Tol1 Par. Final Value Reference Values Error % Time
(LANDGRAF, 2014)

0.5 0≤H≤ 7 4.07 3.5 48.4 27 s
0≤D≤ 1 0.026 0.0024 57.1

0.1 0≤H≤ 7 3.38 3.5 23.4 43 s
0≤D≤ 1 0.0047 0.0024 37.4

0.01 0≤H≤ 7 3.48 3.5 6.75 1 min
0≤D≤ 1 0.0026 0.0024 8.4 32 s
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Table 6 – Results of MVMO for 50 individuals (Case 2)

Tol1 Par. Final Value Reference Values Error % Time
(LANDGRAF, 2014)

0.5 0≤H≤ 7 3.15 3.5 13.4 46 s
0≤D≤ 1 0.013 0.0024 48.7

0.1 0≤H≤ 7 3.347 3.5 4.12 1 min
0≤D≤ 1 0.0075 0.0024 36.2 8 s

0.01 0≤H≤ 7 3.49 3.5 0.22 2 min
≤D≤ 1 0.0027 0.0024 3.45 5 s

Based on the result of Table 5 and 6, it was concluded that the error between
the reference and estimated parameter values becomes smaller as the tolerance decreases
when using 10 and 50 individuals for MVMO. However, the processing time also increases.
Additionally, when is used 50 individuals (Table 6) the accuracy of the estimated parameter
was improved. Nonetheless, the processing time also increased.

4.1.3 Estimation of mechanical parameters with TSM

TSM estimated the mechanical parameters of the 220 MVA synchronous generator.
The initial guess, for the two cases, was obtained from a difference of ±10 and ±30 of the
reference parameter (Table 4), and the tolerance for both cases was Tol2 = 0.001. Tables 7
and 8 show the results for both cases.

Table 7 – Results of TSM from initial guess with a difference ±10 of the reference parameter

Par. Initial Final Ref. Values Error % Time
Guess Values (LANDGRAF, 2014) Values (s)

H 5.25 3.5 3.5 0 3.2 s
D 0.0048 0.0024 0.0024 0

Table 8 – Results of TSM from initial guess with a difference ±30 of the reference parameter

Par. Initial Final Ref. Values Error % Time
Guess Values (LANDGRAF, 2014) Values (s)

H 7 3.5 diverge - -
D 0.006 0.0024 diverge -

As can be seen in Table 7, the accuracy of the parameter estimated by TSM is
better than the MVMO method. In addition, the time processing is also smaller. However,
the TSM has a strong dependency on the initial guess value, as can be seen in Table 8.

4.1.4 Results of Hybrid Method

The hybrid method estimated the mechanical parameters of the synchronous
generator. MVMO just provided an intelligent guess for TSM, as addressed in Section 3.2,
using the following features:
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Number of gens, np: 2
Number of gens for
mutation, ngm: 2
Number of individuals, nk: 10
Tolerance MVMO, Tol1: 0.5
Tolerance TSM, Tol2: 0.001

Table 9 shows the results of the application of the hybrid method for estimating
the mechanical parameters. The final value obtained by MVMO with a tolerance Tol1 was
used as an intelligent initial guess for TSM (gray column). The method converges in 36 s.

Since the final value of MVMO depends on the first population randomly generated
from the search region, the hybrid method was executed ten times. In all cases, the
parameter converged to the reference value and the processing time ranged between 35
and 40 seconds.

Table 9 – Hybrid method results

M
V

M
O

Par. Intelligent Tol Final Ref. Error Time
Ini. guess 1 Value Value % (s)

H 0≤ H ≤ 7 3.77 3.5 34.4

0.
5 29

D 0≤ D ≤ 1 0.005 0.0024 29.4

T
SM

Par. Intelligent Tol Final Ref. Error Time
Ini. guess 2 Value Value % (s)

H 3.77 3.5 3.5 0

0.
00

1 7
D 0.005 0.0024 0.0024 0

Total Time (s) 36

The hybrid method makes the estimation process reliable and robust regarding
convergence problems.

Figure 9 displays a comparison between the outputs signal (w) of the initial
model (before the estimation process) with the dashed line with the final model (after
the estimation process) with a red line for real measures and blue points line for the
mathematical model, respectively. After the application of the hybrid method, the output of
the real and mathematical model system was close enough, implying a correct estimation.
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Figure 9 – Initial and final estimation process of the mechanical parameters with the
hybrid method

4.2 Electric Parameter Estimation

The results obtained in this section were obtained through two EES built in a
laboratory. The measurements for the estimation will be obtained from a small power
system to apply the hybrid method in a computer with a capacity of 32 Gb of RAM.

The electric system test was built for obtaining experimental measurement data
with a synchronous generator connected to two loads through a transmission line (see Fig.
10). The dynamic load is composed of a capacitor bank and a three-phase induction motor
and the synchronous generator (SG) have 4 poles, 2 KVA, 220 V, 60 Hz, and Y connected.
The experimental data were obtained from a) a sudden connection of a dynamic load and
b) a sudden load disconnection (Table 10).

Figure 10 – Electric Power System built for the obtaining of measurement data for electric
parameters

Source: (LANDGRAF, 2022)
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Table 10 – Information on disturbances data obtained from (CARI; LANDGRAF; AL-
BERTO, 2017)

Disturbances Use tini(s) tf (s)
1.Sudden load connection Estimation 0.46 2.98

2.Sudden load disconnection Validation 0.26 2.48

The bases for the obtaining of per unit values (p.u) were nominal value of power (2
KVA) and line voltage (220 V).

4.2.1 Benchmark for parameter and optimal time period

The generator parameter obtained in (LANDGRAF, 2022) was used as a benchmark
(see Table 11) for comparisons of the estimation results provided by the hybrid method.

Table 11 – Parameter of 2KVA Generator obtained from (LANDGRAF, 2022) and used
as a benchmark

Parameter xd x′
d T ′

d0 xq Ke E ′
q0

Value 1.14 0.45 0.22 0.57 84.22 1.03

The optimal time windows for the measurement data were tini = 0.46s (initial time
of the disturbance) and tfin = 2.06s, according to the procedure proposed in (LANDGRAF;
CARI; ALBERTO, 2022).

4.2.2 Parameter Limits for the generator

MVMO depends on a careful selection of the search region in the parameter space
to succeed in the estimation. Therefore, the parameter limits provided by (KUNDUR,
1994) (see Table 12, Column 2) can be used by generators with more than 10 MVA.
However, they may not be adequate for smaller synchronous generators with less than
10 MVA, especially for T ′

d0, since small ones have small inertia, which influences such
parameters. Towards general parameter limits, the values provided by (KUNDUR, 1994)
were expanded, as shown in column 3 of Table 12.

Table 12 – Parameter limits in p.u. for salient pole rotor used for MVMO

Parameter Provided by (KUNDUR, 1994) Used in this study
xd 0.6 - 1.5 0.6 - 1.5
x′

d 0.2 - 0.5 0.2 - 0.5
T ′

d0 1.5 - 9.0 0.1 - 9.0
xq 0.4 - 1.0 0.4 - 1.0
Ke —- 50 - 90
E ′

q0 —- 0.7 - 1.3

The limits for Ke and E ′
q0 were obtained by the deviation of the nominal values

of the field voltage and terminal voltage (in p.u.), respectively. When the individuals
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(parameter vector) are randomly obtained (Table 12) for MVMO, the physical constraint
of the synchronous generator must be obeyed: xd > xq > x′

d.

4.2.3 Procedure for electric Parameter Estimation

For comparison purposes, initially, the generator parameters were estimated by
MVMO and TSM independently. The proposed hybrid algorithm was then used for the
same purpose.

4.2.3.1 Parameter Estimation by MVMO

MVMO estimated the parameter of the 2 KVA synchronous generator using the
following features:

Number of gens, np: 6
Number of gens for
mutation, ngm: 2
Number of individuals, nk: 10 (for case 1) and 50 (for case 2)
Tolerance, Tol1: 0.5; 0.1; 0.01 (for three situations)

Two cases were analyzed with two different numbers of individuals, i.e., 10 (Case 1)
and 50 (Case 2) so that the optimal number of individuals could be found. Three different
tolerances (0.5, 0.1, and 0.01) were used for each case. Tables 13 and 14 show a summary
of the results from the use of 10 and 50 individuals, respectively.

Table 13 – Results of MVMO for 10 individuals (Case 1)

Tol1 Par. Final Value Reference Error % Time
Values (LANDGRAF, 2014)

xd 1.10 1.14 0.87
x′

d 0.44 0.45 2.2
0.5 T ′

d0 0.20 0.22 4.54 53.27 s
xq 0.56 0.57 1.75
Ke 83.9 84.22 0.2
E ′

q 1.05 1.03 0.97
xd 1.15 1.14 0.52
x′

d 0.44 0.45 2.2
0.1 T ′

d0 0.222 0.22 0.9 2 min
xq 0.576 0.57 1.22 34 s
Ke 83.92 84.22 0.28
E ′

q 1.04 1.03 0.96
xd 1.141 1.14 0.08
x′

d 0.445 0.45 0.01
0.01 T ′

d0 0.221 0.22 0.45 6 min
xq 0.572 0.57 0.35 13 s
Ke 84.12 84.22 0.11
E ′

q 1.04 1.03 0.97
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As expected, the error between the reference and estimated parameter values
becomes smaller as the tolerance decreases when 10 individuals are used (Table 5).
However, the processing time also increases.

Similarly, when MVMO used 50 individuals (Table 14), the accuracy of the estimated
parameter was improved. Nonetheless, the processing time was also increased.

Table 14 – Results of MVMO for 50 individuals (Case 2)

Tol1 Par. Final Value Reference Error % Time
Values (LANDGRAF, 2014)

xd 1.148 1.14 0.7
x′

d 0.48 0.45 6.6
0.5 T ′

d0 0.225 0.22 2.27 2 min
xq 0.578 0.57 1.40 41 s
Ke 84.15 84.22 0.19
E ′

q 1.032 1.03 0.19
xd 1.147 1.14 0.61
x′

d 0.451 0.45 0.22
0.1 T ′

d0 0.228 0.22 3.63 7 min s
xq 0.5776 0.57 1.22 30 s
Ke 84.09 84.22 0.15
E ′

q 1.04 1.03 0.97
xd 1.141 1.14 0.08
x′

d 0.449 0.45 0.22
0.01 T ′

d0 0.228 0.22 3.63 12 min
xq 0.577 0.57 1.22 24 s
Ke 84.27 84.22 0.05
E ′

q 1.035 1.03 0.004

According to Tables 13 and 14, ten individuals and 0.5 tolerance are enough for
MVMO to obtain a good initial estimate of the parameters.

4.2.3.2 Results of TSM

TSM estimated the parameter of the 2 kVA synchronous generator. The initial guess,
for the two cases, was obtained from a difference of ±10 and ±30 of the reference parameter
(Table 11). The initial guess for Eq0 was VT 0 (Terminal voltage in p.u.), as recommended
by (LANDGRAF; CARI; ALBERTO, 2022). Physical constraint x′

d < xq < xd was obeyed
and the tolerance for both cases was tol2 = 0.001. Tables 15 and 16 show the results of
the two cases.

The accuracy of the parameter estimated by TSM is better than that obtained by
MVMO and the time processing is shorter. However, TSM is highly dependent on the
initial guess value. The parameter diverges for an initial guess distant from the reference
value (see in Table 16).



49

Table 15 – Results of TSM from initial guess with a difference ±10 of the reference
parameter value

Par. Initial Final Reference Values Error % Time
Guess Values (LANDGRAF, 2014) (s)

xd 1.25 1.142 1.14 0
x′

d 0.49 0.45 0.45 0
T ′

d0 0.24 0.22 0.22 0 13.02
xq 0.62 0.57 0.57 0
Ke 92.28 84.2 84.22 0
E ′

q VT 0=1.12 1.032 1.03 0

Table 16 – Results of TSM from initial guess with a difference ±30 of the reference
parameter value

Par. Initial Final Reference Values Error % Time
Guess Values (LANDGRAF, 2014) (s)

xd 1.36 Diverge 1.14 -
x′

d 0.55 Diverge 0.45 -
T ′

d0 0.25 Diverge 0.22 - –
xq 0.67 Diverge 0.57 -
Ke 101.26 Diverge 84.22 -
E ′

q VT 0=1.12 Diverge 1.03 -

Different initial values were randomly obtained from Table 12 for the evaluation of
the influence of initial guess on TSM convergence. Physical constraint x′

d < xq < xd was
kept. Table 17 shows the results for ten cases.

Table 17 – Convergence of TSM for different initial guesses from limits of Table 12

Initial xd x′
d T ′

d0 xq Ke E ′
q Converge

guess
Set 1 1.21 0.49 0.24 0.58 83 0.98 Yes
Set 2 0.9 0.42 0.45 0.6 89 1 Yes
Set 3 1.4 0.37 2.8 0.9 75 1.1 No
Set 4 0.75 0.33 3.9 0.64 66 0.85 No
Set 5 0.62 0.44 4.5 0.5 85 0.94 No
Set 6 1.3 0.3 1.5 0.75 70 0.9 Yes
Set 7 0.85 0.21 0.55 0.75 52 0.75 No
Set 8 1 0.49 1.03 0.92 60 1.2 No
Set 9 1.3 0.27 3 0.7 58 0.8 No
Set 10 0.8 0.4 0.9 0.8 64 1.25 No

4.2.3.3 Results of Hybrid Method

The hybrid method estimated the generator parameter. MVMO only provided an
intelligent initial guess for TSM, as addressed in chapter 2.1, using the following features:
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Number of gens, np: 6
Number of gens for
mutation, ngm: 2
Number of individuals, nk: 10
Tolerance MVMO, Tol1: 0.5
Tolerance TSM, Tol2: 0.001

Table 18 shows the result of the application of the hybrid method for estimating
the parameter.

The final value obtained by MVMO for tolerance (Tol1) 0.5 was used as an intelligent
initial guess for TSM (gray columns). The parameters converged to the reference values in
63.73 seconds.

Since the final value of MVMO depends on the first population randomly generated
from the search region, the hybrid method was applied twenty times. In all cases, the
parameter converged to the reference value and the processing time ranged between 55
and 75 seconds.

Table 18 – Hybrid method results

M
V

M
O

Par. Search Tol Final Ref. Error Time
region 1 Value Value % (s)

xd 0.6≤ xd ≤ 1.5 1.13 1.14 0.78
x′

d 0.2≤ x′
d ≤ 0.5 0.46 0.45 1.45

T ′
d0 0.1≤ T ′

d0 ≤ 9

0.
5 0.23 0.22 3.56

50
.4

8

xq 0.4≤ xq ≤ 1 0.59 0.57 2.34
Ke 50≤ Ke ≤ 90 83.4 84.22 0.64
E ′

q 0.7≤ E ′
q ≤ 1.3 1.1 1.03 6.36

T
SM

Par. Intelligent Tol Final Ref. Error Time
Ini. guess 2 Value Value % (s)

xd 1.13 1.14 1.14 0
x′

d 0.46 0.45 0.45 0
T ′

d0 0.23

0.
00

1 0.22 0.22 0

13
.2

5

xq 0.59 0.57 0.57 0
Ke 83.4 84.2 84.2 0
E ′

q 1.1 1.03 1.03 0
Total Time (s) 63.73

The hybrid method makes the estimation process reliable and robust regarding
convergence problems.

Fig. 11a and 11b display a comparison between the output signals (Pe and Qe) of
the real system (continuous line) with the mathematical model (dashed line), respectively.
After the application of the hybrid method, the outputs of both actual and model systems
were close enough, implying a correct estimation.
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(a) Active Power (b) Reactive Power

Figure 11 – Outputs of EES after the parameter fitting of the Hybrid Method

4.2.3.4 Validation results

The output of the model (Eq. 2.26 - 2.29) was simulated with the use of the
estimated parameter of Table 18 with input vector u = [It, VT , Qe] of the second type
of disturbance data explained in section 4.2. Figs. 12a and 12b show the output of the
real system (actual) and the mathematical model (model) of the validation. Both output
model and actual system are close enough, as expected by a correct estimation.

(a) Active Power (b) Reactive Power

Figure 12 – Outputs of EES for validation results provided by the Hybrid Method



5 SOFTWARE FOR PARAMETER ESTIMATION OF SYNCHRONOUS GENER-
ATOR - GENVALIDA 1.0.

In order to estimate, the parameters of the one-axis transient generator model of
chapter 2, a software with a Graphical User Interface (GUI) was developed in C-Sharp
(C#), the software called "Genvalida 1.0." provides a toolbox and customize framework for
parameter estimation with the built-in mathematical model an estimation MVMO and
TSM methods.

The GUI of the software was developed in three parts:

• Initial screen.

• Mechanical Parameter Screen: Contains the estimation of mechanical parameters of
synchronous generator model of section 2.1.4.

• Electric Parameter Screen: Contains the estimation of electric parameters of the
one-axis transient model of synchronous generator model of section 2.1.5.

5.1 Initial screen

The initial screen for the GUI for parameter estimation presents the following
parts:

Figure 13 – Mechanical Parameter Estimation GUI
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a. The first tool (1) is used to select the base values in p.u., which the electric power
system is working.

b. The mechanical parameter GUI can be opened through the button (2).

c. The third button (3) will be used to open the electric parameters GUI.

d. The information about the model of the synchronous generator for estimation
purposes can be obtained through the button (4).

e. The fifth button (5) shows information about how the hybrid method works.

5.2 Mechanical Parameters GUI

A GUI was developed for mechanical parameters, such as presented in subsection
2.1.4, as can be seen in Fig. 14:

Figure 14 – Mechanical Parameter Estimation GUI

Fig. 14 shows how is distributed the GUI for mechanical parameters, where:

a. The first number is used to select the file containing the measured data used in the
estimation process.

b. The second number is where the limits are defined for the parameter search region
to find the intelligent initial guess

c. The third number contains the system information.

d. The fourth number contains the buttons to make the hybrid parameter estimation.
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e. The fifth number shows the graphics between the mathematical model and the real
measures.

f. The sixth number shows the results of the hybrid estimation method, where the final
parameters can be found.

The GUI with results of the mechanical parameter estimation can be found in Fig.
15:

Figure 15 – Results of the Mechanical Parameter Estimation GUI

5.3 Electric Parameters GUI

The second part of the GUI is the electric parameter estimation explained in
subsection 2.1.5, as can be seen in Fig. 16.

In the same way that mechanical parameters GUI, the electric parameters are
divided into sections:

a. The first section is used to select the file containing the measured data used in the
estimation process.

b. The second section is where the limits are defined for the parameter search region to
find the intelligent initial guess

c. The third section contains the buttons to make the hybrid parameter estimation.

d. The fourth section shows the graphics between the mathematical model and the real
measures.
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e. The fifth section shows the results of the hybrid estimation method, where the final
parameters can be found.

Figure 16 – Results of the Mechanical Parameter Estimation GUI

The results of the electric parameter estimation in the GUI can be found in Fig.
17:

Figure 17 – Results of the electrical Parameter Estimation GUI



6 CONCLUSIONS

A hybrid method based on "Mean-Variance Optimization Method (MVMO)" (meta-
heuristic algorithm) and "Trajectory Sensitivity Method (TSM)" (nonlinear programming
method) has been proposed for the parameter estimation of the one-axis transient generator
model.

The method is applied in two steps. Initially, the metaheuristic algorithm is executed
for providing an intelligent initial guess for the second algorithm. A nonlinear programming
method is then applied using the initial guess so that the local minimum can be found.

The method was applied to the mechanical and electric parameters of the syn-
chronous generator with successful results.

The method was tested regarding processing time, accuracy, and convergence of
the parameters. The results show the accuracy of the estimated parameter and guarantee
convergence, providing a robust and reliable estimation process.

In addition, a software with a friendly interface (GUI) was developed with the
hybrid method.

6.1 Ongoing research

Ongoing research has been conducted towards the application of the hybrid method
(MVMO + TSM) to other generator models such as the two-axis model and sub-transient
model.

6.2 Published works

• Vigoria M. E. F; Cari, E. P. T. - Hybrid Estimation of Mechanical Parameters of
Synchronous Generator (Accepted XIX ERIAC)

• Vigoria M. E. F; Cari, E. P. T. - A hybrid method for the parameter estimation of
one-axis generators model (Submitted)
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Annex



ANNEX A – GENERAL MODEL OF THE SYNCHRONOUS GENERATOR

A.1 General Model of the Machine

The triphasic synchronous machine can be of two types, cylindrical pole machines,
and salient pole machines, it is composed of a field winding (fd), which generates a
magnetic camp principal for the machine which is known as an excitation magnetic
field. Consequently, the field winding generates a rotational movement driven by the
turbine coupled on its axis as well as a sinusoidal voltage that is induced in three stator
windings (“a”, “b”, “c”), called armature winding. Where the frequency of this voltage is
determined by the angular velocity and number of magnetic poles in the stator. Besides
the field and armature windings, there are short-circuited windings called damper windings
which dampen oscillations in a transient regimen thus the stability characteristics of the
synchronous machine improve (KUNDUR, 1994), (LANDGRAF, 2022). Therefore, the
synchronous machine can be represented through six windings, if the damper windings
(Kd), (Kq) are considered (as can be seen in Figure 18), where these are magnetically
accoupled and the k − index is used to denote an arbitrary number of windings. The
magnetic accoupled depends on the angular position (θ). In this way, the concatenated
flow with each winding is a rotor’s position function (KUNDUR, 1994).

Figure 18 – Schematic representation of a synchronous machine

Source: (KUNDUR, 1994)
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Figure 18 has:

• a, b, c: Stator phases windings

• ia, ib, ic: Phases current “a”, “b”, and“c”, respectively

• ψa, ψb, ψc: Concatenated flow with the phase’s windings “a”, “b”, and“c” in the stator

• ifd: Field winding current

• ikd, ikq: Current of the damping winding in the direct and quadrature axis, respectively

• ψfd, ψkd: Concatenated flow of damping winding of the direct and quadrature axis,
respectively

• efd: Field supply voltage

• θ: Angle between direct and magnetic axis correspondent to damping of the stator
of the phase “a”

• ω: Rotor angular velocity

In Figure 18 is shown, three windings in the stator, where each one is associated
with each phase, and three windings in the rotor: a field winding, which is feeding
through a continuous voltage source, and two damping windings which are short-circuited.
Consequently, the field winding and two damping winding are aligned with the “d-axis”
and the other is aligned with the “q-axis”.

When is applied the electromagnetic induction law (Faraday’s law) in the windings
of a synchronous machine, the instantaneous terminal voltage of any of these circuits can
be described by:

υ = ±Ri ± dψ

dt
(A.1)

Where:

• R: Winding’s resistance

• i: Current

• ψ: Concatenated flow of damping

The definition of the signs (+) or (−) of the equation A.1 is dependent on the
state of the machine (Generator or Motor) and the direction of the current in the winding.
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Consequently, considering the machine as a generator is obtained the next equations1:

υa = −Rsia + ψ̇a (A.2)

υb = −Rsib + ψ̇b (A.3)

υc = −Rsic + ψ̇c (A.4)

Where:

• υa, υb, υc: Instantaneous terminal voltages of the phases “a”, “b”, and“c” of the stator,
respectively

• Rs: Winding resistance of the stator

• ia, ib, ic: Instants terminal currents of the phases “a”, “b”, and“c” of the stator, re-
spectively.

The concatenated flows (ψ) can be obtained through the next equations:

ψa = −Laaia − Labib − Lacic + Lafdifd + Lakdikd + Lakqikq (A.5)

ψb = −Labia − Lbbib − Lbcic + Lbfdifd + Lbkdikd + Lbkqikq (A.6)

ψc = −Lacia − Lcbib − Lccic + Lcfdifd + Lckdikd + Lckqikq (A.7)

Where:

• Laa, Lbb, Lcc: Own inductances of the phases “a”, “b”, and“c” of the stator

• Lab, Lac, Lbc: Mutual inductances between phases “a”, “b”, and“c” of the stator

• Lafd, Lakd, Lakq: Mutual inductances of the phase “a” of the stator with the windings
of f ,d,and q of rotor

• Lbfd, Lbkd, Lbkq: Mutual inductances of the phase “b” of the stator with the windings
of f ,d,and q of rotor

• Lcfd, Lckd, Lckq: Mutual inductances of the phase “c” of the stator with the windings
of f ,d,and q of rotor

1 With the purpose to simplify the terms of the derivative d
dt , will be used the notation (.)

above the variables.
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Further, can be obtained the equations of voltage for the rotor of the synchronous
machine, correspondent with field windings (fd), direct axis damping (kd), and quadrature
axis damping (kq), respectively:

efd = ψ̇fd ±Rfdifd (A.8)

0 = ψ̇kd ±Rkdikd (A.9)

0 = ψ̇kq ±Rkqikq (A.10)

Where:

• Rfd, Rkd, Rkq: Field resistances of damping winding

• ifd, ikd, ikq: Field currents of damping winding

• ψfd, ψkd, ψkd: Concatenated flow of field winding and damping winding

• efd: Field voltage

The concatenated flow of the rotor can be obtained through the next equations:

ψfd = −Lfdaia − Lfdbib − Lfdcic + Lffdifd + Lfkdikd + Lfkqikq (A.11)

ψkd = −Lkdaia − Lkdbib − Lkdcic + Lkdf ifd + Lkkdikd + Lkdqikq (A.12)

ψkq = −Lkqaia − Lkqbib − Lkqcic + Lkqf ifd + Lkqdikd + Lkkqikq (A.13)

Where:

• Lffd, Lkkd, Lkkq: Own inductances of winding fd,kd, and kq of the rotor

• Lfdkd, Lfdkq: Mutual inductances between the field winding and damping winding of
the direct axis (kd) and the quadrature (kq)

• Lfda, Lkda, Lkqa, Lfdb, Lkdb, Lkqb, Lfdc, Lkdc, Lkqc: Mutual inductances between the wind-
ings fd, kd, and kq of the rotor and the phases “a”, “b”, and“c” of the stator

In accordance, with the periodic variation of mutual inductances with the position
of the angle’s rotor, the windings of damping can be considered. However, the differen-
tial equations presented previously will become extremely difficult to resolve. So, some
suppositions can be inferred that allow resolving these equations. Firstly, the windings of
the stator will be distributed in a sinusoidal way along the air gap with the purpose to
minimize all harmonics components in the flow of the air gap. Another assumption is the
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stator slots do not cause a significant variation in any inductance in the rotor with the
angle’s variation. Finally, the last assumption is that the saturation of magnetic circuits
can be neglected (KUNDUR, 1994), (ADKINS; HARLEY, 2013), (LANDGRAF; CARI;
ALBERTO, 2022).

This supposition can be described:

Laa = Ls + Lmcos2(θ)

Lbb = Ls + Lmcos2(θ − 2π/3)

Lcc = Ls + Lmcos2(θ + 2π/3) (A.14)

Where Ls > Lm, these inductances always will be positives, varying around an
average value constant Ls. Thus, the own inductances of the rotor can be described:

Lffd = Lffd, Lkkd = Lkkd, Lkkq = Lkkq (A.15)

Due to inductances being neglected, all will be considered constants, in addition,
can be considered independents of the position of the rotor in relation to the stator.

This supposition can be described as:

Lab = Lba = −[Ms + LmCos2(θ + π/6)]

Lbc = Lcb = −[Ms + LmCos2(θ − π/6)]

Lac = Lca = −[Ms + LmCos2(θ − 5π/6)] (A.16)

For the phases with the axis displaced at 120° in the space, the mutual inductances
always will be negatives, varying around a mean value Ms. Where Lm is the same inductance
that was considered in the own inductances and such that Ms > Lm.

The mutual inductances between the rotor and stator are:

Lafd = Lfda = MfCos(θ)

Lbfd = Lfdb = MfCos(θ − 2π/3)

Lcfd = Lfdc = MfCos(θ + 2π/3)

Lakd = Lkda = MdCos(θ)

Lbkd = Lkdb = MdCos(θ − 2π/3)

Lckd = Lkdc = MdCos(θ + 2π/3)

Lakq = Lkqa = MqSin(θ)

Lbkq = Lkqb = MqSin(θ − 2π/3)

Lckq = Lkqc = MqSin(θ + 2π/3) (A.17)
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These inductances vary with the angle (θ), in the rotation frequency of the machine.
Finally, the mutual inductances of the rotor are:

Lfdkd = Lkdfd = MR

Lfdkq = Lkqfd = 0

Lkdkq = Lkqkd = 0 (A.18)

Despite the own and mutual inductances of the rotor being constants, the induc-
tances presented in the equations of the stator are dependents on the angular position
of the rotor. Consequently, this produces that the mathematical representation of the
machine will be complex. A possible solution to bypass this problem is to establish a
variable transformation that fixes the greatness of the stator in the rotor of the synchronous
machine. This can be obtained through dq0 transformation.

A.1.1 dq0 transformation

Park’s Transformation (PARK, 1929), introduced a set of fictitious currents, volt-
ages, and fluxes, which become functions of real currents, voltages, and fluxes. Consequently,
these were substituted in the equations of the synchronous machine (KUNDUR, 1994), as
can be seen in equation (A.19):

Tdq0 = 2
3


cosθ cos(θ − 2π/3) cos(θ + 2π/3)

−sinθ −sin(θ − 2π/3) −sin(θ + 2π/3)
1/2 1/2 1/2

 (A.19)

Performing the transformation of the dq0 axes to abc phases of the stator is obtained
through the inverse of equation (A.19), as can be seen in equation (A.20):

T−1
dq0 = 2

3


cosθ −sinθ 1

cos(θ − 2π/3) −sin(θ − 2π/3) 1
cos(θ + 2π/3) −sin(θ + 2π/3) 1

 (A.20)

transformation of the equation (A.19) can be applied in the equations of voltages,
currents of the stator, and the equations of concatenated fluxes of the stator and rotor.
However, can only be applied if the set of measurements is expressed in values per unit
(KUNDUR, 1994).

Applying the transformation of the equation (A.19) to the equations (A.2)-(A.4),
is obtained the next equations for the voltages in the stator with respect to the dq0
components:

vd = −Rsid + ψ̇d − ωrψq (A.21)

vq = −Rsiq + ψ̇q + ωrψd (A.22)

v0 = −Rsi0 + ψ̇0 (A.23)
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Where:

• vd, vq, v0: Voltage in the direct, quadrature axis, and the zero sequence, respectively

• ωr: Rotor’s angular velocity.

Additionally, applying the transformation of the equation (A.19) to the equations
(A.5)-(A.7), are obtained the values for concatenated fluxes in the stator for the dq0 axis
system:

ψd = −Ldid +Mf if +Mdid (A.24)

ψq = −Lqiq +Mqiq (A.25)

ψ0 = −L0i0 (A.26)

Where:

• ψd, ψq, ψ0: Concatenated fluxes for direct, quadrature axis, and for zero-sequence,
respectively

• Ld, Lq, L0: Inductance of direct, quadrature axis, and zero sequence, respectively

• id, iq, i0: Direct, quadrature axis current, and zero sequence current, respectively

As inductances, Ld, Lq, and −L0, of equations (A.24)-(A.26), are constants and
independents of the angular rotor’s position. In consequence, these are expressed in function
to the transformation performed (KIMBARK, 1995).

Ld =
(
Ls +Ms + 3

2Lm

)
Lq =

(
Ls +Ms − 3

2Lm

)
L0 = Ls = −2Ms (A.27)

In addition, applying the transformation (A.19) to the equations (A.11)-(A.13)
obtained the following equations for the concatenated fluxes of the rotor:

ψfd =
(
Lf if +MRid − 3

2Mf id

)
(A.28)

ψkd =
(
MRif + Ldid − 3

2Mf id

)
(A.29)

ψkq = Lqiq − 3
2Mqiq (A.30)

Normally, the manufacturers provide enough data on the synchronous machines to
determine Park’s model with two circuits of the rotor in the direct and quadrature axis,
(BEHNAM-GUILANI, 1980), (LANDGRAF, 2022). This model will be used as a reference
model and will be determined in this text as a complete model.
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A.1.2 Electric Power and torque in dq0

The output of instant triphasic electric power of the stator can be obtained through
the sum of powers of the three phases:

Pt = vaia + vbib + vcic =
[
va vb vc

] 
ia

ib

ic



=
[
vd vq v0

]
(T−1

dq0)−T (T−1
dq0)


id

iq

i0

 =
[
vd vq v0

] 
3
2 0 0
0 3

2 0
0 0 3



id

iq

i0


= 3

2(vdid + vqiq + 2v0i0) (A.31)

Considering a balanced operation, where v0 = i0 = 0, the simplified power expres-
sion is shown in equation (A.32):

Pt = 3
2(vdid + vqiq) (A.32)

Substituting the equations (A.21)-(A.23) in (A.31) to express the voltage compo-
nents in concatenated flow and current terms, the power expression can be described in
the following way:

Pt = 3
2[(idψ̇d + iqψ̇q + 2i0ψ̇0)︸ ︷︷ ︸

Rate of variation of magnetic
energy of the armature

− (ψdiq − ψqid)ω︸ ︷︷ ︸
Power transferred across

the air gap

− (i2d + i2q + 2i20)Rs︸ ︷︷ ︸
Armature resistance loss

] (A.33)

The electric torque (Te) is transferred through the air gap and obtained by dividing
the transferred power through the air gap (power of rotational voltages) by the rotor’s
velocity in mechanical radians per second (ωm):

Te = 3
2(ψdiq − ψqid) ω

ωm

= 3
2
p

2(ψdiq − ψqid) (A.34)

Where p is the number of poles and ωm is represented by:

ωm = 2
p
ω (A.35)

The concatenated flow equations (A.24)-(A.26) and (A.28)-(A.30) associated respec-
tively to the circuits of stator and rotor, along with the voltage equations (A.21)-(A.23) for
the stator, the voltage equations (A.8)-(A.10) for the rotor and the torque equation (A.34),
describe the electric dynamic performance of the machine in terms of dq0 components.
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A.1.3 Representation of equation per unit (p.u)

The above equations of voltage and concatenated fluxes, can’t be used to be analyzed
in EES. offers simplicity in expressing variables of the system through normalization. In the
case of the synchronous machine, the use of a system per unit (p.u.) allows removing the
constants. Therefore, the mathematical representation is reduced, as well as the equations
that describe the machine will be expressed in terms of the electric equivalent circuit. The
base to select the system per unit (p.u.) for the stator is direct. On the other hand, the
rotor is required careful consideration (KUNDUR, 1994).

Consequently, the application of this system per unit (p.u.) in synchronous machines
has the same concept applied in analyses of EES, where normally is used two base
values between voltage, current, impedance, and power, while, another two values will be
calculated. However, in the case of synchronous machines exists an exception for velocity
or frequency. Therefore, is necessary to select a base for frequency (ω) or (fd), or the time
(t). Additionally, is necessary to calculate the bases for inductances and fluxes (KUNDUR,
1994), (ANDERSON; FOUAD, 2008).

The following expressions as voltage (vkd, vkq), currents (ikd, ikq), and fluxes (ψd, ψq),
are variables of the stator because have a direct relationship with abc phases through
Park’s Transformation. Thus, the current and voltages of the stator are expressed like
instantaneous values that are considered how sinusoidal functions where can be found
their peak values due to their peak terms. Therefore, for the conversion of the values to
system per unit (p.u.), the following values will be considered for the stator (KUNDUR,
1994), (ANDERSON; FOUAD, 2008):

a) Peak value of the nominal voltage of line to neutral (
√

2VLN).

b) Peak value of the nominal current of the line (
√

2IL).

c) Nominal frequency (Hz).

The base values for the other magnitudes of the stator are generated through three
options shown in Table 19, and Table 20. The time (t) is in seconds to analyze the stability
in EES. Consequently, the time constants will be expressed in seconds.

Symbol Description Definition Unit
Principal base magnitudes

vsbase Base Voltage Peak value of nominal voltage of line-neutral,
√

2VLN V(peak)
isbase Base Current Peak value of nominal Current,

√
2IL A(peak)

fs Base Frequency Nominal Frequency, Hz

np Poles number

Table 19 – Principal bases of magnitudes of the stator
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Symbol Description Definition Unit
Derived base magnitudes

Vsbase Base Voltage Arbitrary selection but normally nominal V (RMS)
(RMS) voltage (RMS) of line-neutral, VLN

Isbase Base Current Arbitrary selection but normally nominal A (RMS)
(RMS) nominal current RMS of line, IL

Sbase Base Power Sbase = 3VsbaseIbase = 3vsbase

sqrt2
isbase

sqrt2 = 3
2vsbaseisbase VA

(three phase)
ωbase Electric Velocity ωbase = ωs = 2base, where ωs is the synchronous rad.elec/s

Base velocity
ωmbase Mechanical ωmbase = ωbase(2

p
) is the synchronous rad.mec/s

Velocity Base velocity
Zsbase Impedance Zsbase = vsbase

isbase
= Vsbase

Isbase
Ω

Base
Lsbase Inductance Lsbase = Zsbase

ωsbase
H

Base
ψsbase Flow base ψsbase = Lsbaseisbase = vsbase

ωsbase
Vs

Tsbase Torque base Tbase = Sbase

ωmbase
= 3

2(= p
2)ψsbaseisbase Nm

Table 20 – Derived bases of magnitudes of the stator

Tables 19 and 20 show that the base power is equal to triphasic nominal power and
the voltage and current bases values are multiplied by a factor (3

2). This can be explained
due to transformation (A.19) is used, because it is not orthogonal (T−

dq01 ̸= T T
dq0), as can

be seen in (A.19) and (A.20). In this way, the transformation is not invariant in power
and the factor (3

2) is used to balance the power. On the other hand, when the voltage
(Vsbase) and current (Isbase) RMS values are used, base power is reached, i.e., at rated
triphasic power2. Furthermore, through a proper choice of the system per unit for the
rotor, the factor (3

2) that multiplied the inductances in the flow equation of the rotor in
(A.28)-(A.30) is discarded. The detailed development of this approach can be found in
(KUNDUR, 1994). Therefore, the base values of the rotor in the reciprocal system per unit
are chosen in the way that all base power equals for both stator and rotor. Accordingly,
the base values of the rotor are defined in Table 21.

2 A different coefficients choice of Tdq0 matrix is used in other texts, where (T −
dq01 = T T

dq0),
therefore the transformation will be orthogonal (power invariant).
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Symbol Description Definition Unit
ifdbase Field base current ifdbase = Lad

Lafd
isbase A

ikdbase Base current of the damping winding of axis-d ikdbase = Lad

Lakd
isbase A

ikqbase Base current of the damping winding of axis-q ikqbase = Lad

Lakq
isbase A

efdbase Field base voltage efdbase = Sbase

ifbase
V

Zfdbase Field base impedance Zfdbase = efbase

ifbase
= Sbase

i2
fbase

Ω
Zkdbase Base impedance of damping winding of the d-axis Zkdbase = Sbase

i2
kdbase

Ω
Zkqbase Base impedance of damping winding of the q-axis Zkqbase = Sbase

i2
kqbase

Ω
Lfdbase Field base inductance Lfdbase = Zfdbase

ωbase
H

Lkdbase Base inductance of damping winding of the d-axis Lkdbase = Zkdbase

ωbase
H

Lkqbase Base inductance of damping winding of the d-axis Lkqbase = Zkqbase

ωbase
H

Table 21 – Base magnitudes of the rotor

This bases choice is known as Lad − base reciprocal system per unit:

• The mutual inductances per unit between different windings must be reciprocal

• All mutual inductances between stator and rotor circuits in each axis (d,q) are
defined to be equaled in p.u. to the inductances Lad, and Laq, respectively

Therefore, adopting the aforementioned conditions is obtained:

Lafd = Lfda = Lakd = Lkda = Lad (A.36)

Lakq = Lkqa = Laq (A.37)

Lkd = Lkdf (A.38)

Consequently, equivalent models of electric circuits can be obtained.

A.1.4 General equations of generator model in the reciprocal system per unit

The following equations are considered two damping circuits in the q-axis and the
terms 1q and 2q are used instead of kq to identify them. Just a damping circuit of the
d-axis is considered and identified with the term 1d. Both magnitudes are represented in
the system per unit, except the time, which is expressed in seconds. Additionally, capital
letters of the variables of the stator Vd, Vq, V0, Id, Iq, I0 are used instead of vd, vq, v0, id, iq, i0,
respectively.



73

Stator voltage equations per unit, are represented by:

1
ωs

ψ̇d = RsId + ω

ωs

ψq + Vd (A.39)

1
ωs

ψ̇q = RsIq − ω

ωs

ψd + Vq (A.40)

1
ωs

ψ̇0 = RsI0 + V0 (A.41)

Rotor voltage equations per unit, are represented by:

1
ωs

ψ̇fd = efd −Rfdifd (A.42)

1
ωs

ψ̇1d = −R1di1d (A.43)

1
ωs

ψ̇1q = −R1qi1q (A.44)

1
ωs

ψ̇2q = −R2qi12 (A.45)

Consequently, the stator concatenated flow per unit is represented by:

ψd = −(Lad + Ll)Id + Ladifd + Ladi1d (A.46)

ψq = −(Laq + Ll)Iq + Laqi1q + Laqi2q (A.47)

ψ0 = −L0I0 (A.48)

Rotor concatenated flow equations per unit, are represented by:

ψfd = Lffdifd + Lf1di1d − LadId (A.49)

ψ1d = Lf1difd + L11dikd − LadId (A.50)

ψ1q = L11qi1q + Laqi2q − LaqIq (A.51)

ψ2q = Laqi1q + L22qi2q − LaqIq (A.52)

The electromagnetic torque of air gap per unit is represented by:

Te = ψdIq − ψqId (A.53)

In equations, (A.51) and (A.52) was assumed that the mutual inductance per unit
L12qis equal to Laq because in the q-axis the field winding is not represented and the
damping windings represent the global effects in this axis (KUNDUR, 1994). In this way,
all stator circuits of the rotor in the q-axis concatenate a single flow represented by Laq.
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A.1.5 Phasor relations

This section will make an analysis of variable dimensioning. Considering a voltages
balanced set per unit (KUNDUR, 1994), described by:

va =
√

2Vtcos(ωst+ θvs) (A.54)

vb =
√

2Vtcos(ωst− 2π
3 + θvs) (A.55)

vb =
√

2Vtcos(ωst+ 2π
3 + θvs) (A.56)

Where:

• θ: Angular synchronous frequency

• θvs: Angle phase of va

• Vt: RMS value per unit of phase voltage

Using the transformation (A.19) in the equations (A.54)-(A.56):

Vd = (
√

2VtVsbase

Vsbase

)cos(ωst+ θvs − θ) (A.57)

Vq = (
√

2VtVsbase

Vsbase

)sen(ωst+ θvs − θ) (A.58)

V0 = 0 (A.59)

With the definitions of Tables 19 and 20 about Vsbase, and vsbase is obtained:
√

2VtVsbase

vsbase

=
√

2VtVsbase√
2Vsbase

= Vt (A.60)

Resulting in:

Vd = Vtcos(ωst+ ωvs − ω) (A.61)

Vq = Vtsen(ωst+ ωvs − ω) (A.62)

The angle’s rotor (θ) where axis-d is ahead of phase a (Figure 18) is represented
by:

θ = ωt (A.63)

Denoting (δ) is the angle’s rotor where the q-axis is ahead of the phase and in
relation to a synchronous reference:

δ = θ − ωst± π

2 (A.64)
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Isolating (θ) of A.64 and substituting A.61 in A.62 is obtained:Vd

Vq

 = Vt

cos(θvs − δ + π
2 )

sen(θvs − δ + π
2 )

 = Vt

−sen(θvs − δ)
cos(θvs − δ)

 = Vt

sen(δ − θvs)
cos(θvs − δ)

 (A.65)

Denoting (β) as angular difference between δ and θvs:

β = (δ − θvs) (A.66)

Where (β) is known as the load angle

Substituting (A.66) in (A.65), the equations (A.61) and (A.62) are converted in:

Vd = Vtsen(β) (A.67)

Vq = Vtcos(β) (A.68)

Where Vd and Vq are components of the RMS phasor per unit of the terminal
voltage of the armature phase (KUNDUR, 1994).

In the same way, dq0 components of the armature terminal current (It) can be
described as phasors. If ϕ is the power factor angle is obtained:

Id = Itsen(β+) (A.69)

Iq = Itcos(β + ϕ) (A.70)

Figure 19 is shown the referential frames of the synchronous generator components
dq and the grid Im − Re. How the synchronous machine was equated through variable
transformation, in the dq reference that is positioned in the rotor and rotates to the rotor’s
velocity (ω). On the other hand, the grid equations to obtain the voltages and currents in
the EES are projected in the synchronous reference (Im −Re), with the Re axis backward
at 90° to the Im axis and rotates to synchronous velocity (ωs).

In the stability analyses, where the solution of differential equations of the syn-
chronous machine and algebraic equations of the grid are involved, the machine models
and the grid need to be properly interconnected or in the machine reference (dq reference)
or in the grid reference (synchronous reference). The necessary transformation is given by
(SAUER; PAI, 1998): Vd

Vq

 =
senδ −cosδ
cosδ senδ

 =
VRe

VIm

 (A.71)

The inverse transformation is given by:VRe

VIm

 =
 senδ cosδ

−cosδ senδ

 =
Vd

Vq

 (A.72)
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Where VRe = Vtcosθvs and VIm = Vtsenθvs, there are similar relations between
current terminal components as can be seen in the following equations:

V 2
Re + V 2

Im = V 2
d + V 2

q = V 2
t

I2
Re + I2

Im = I2
d + I2

q = I2
t (A.73)

(a) Voltage Components (b) Current components

Figure 19 – Representation of dq0 components of terminal voltage and current armature
in relation to the synchronous reference

Source: (LANDGRAF, 2022)

A.1.6 Mechanical equations

The angular position (θ) in (A.63) is measured by how stationary the reference
is while (δ) in (A.64) is measured in relation to the synchronous rotation. Therefore,
substituting (A.63) in (A.64), is obtained:

δ = ωt− ωst+ π

2 (A.74)

Deriving with respect to time:
dδ

dt
= ω − ωs (A.75)

Therefore, the equation of motion can be described by (KUNDUR, 1994):
2H
ωs

dω

dt
= Tm − Te (A.76)
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Where ω is the angular velocity of the rotor in rad.elec/s, ωs is the synchronous
velocity, H is the inertial constant in seconds, Tm and Te are the mechanical and electrical
torque per unit, respectively.

The equations (A.74) and (A.75) are the mechanical equations of the synchronous
machine. Equation (A.76) is known as the Swing equation because it represents oscillations
in the rotor’s angle (δ) during the disturbances (KUNDUR, 1994).

A.1.7 Equivalent circuits

Representing the equivalent circuits is very common in the representation of the
synchronous machine, though the generator performance can be described in the equations
(A.39)-(A.52). Besides that, the reciprocal system per unit is used.

For system per unit, the reactance per unit can be used as the inverse of the
inductances per unit. Therefore, considering inductances are obtained by multiplying the
inductances by the base electric velocity (ωs), the equivalent circuits of the d-axis and
q-axis can be obtained using the flow equations for rotor and stator circuits considering
their respective axis3:

• d-axis

ψd = −(Xad +Xl)Id +Xadifd +Xadif1d (A.77)

ψfd = −(Xffd + ifd) +Xfd1i1d −XadIf1d (A.78)

ψ1d = −(Xf1d + ifd) +X11dikd −XadId (A.79)

• q-axis

ψq = −(Xaq +Xl)Iq +Xaqi1q +Xaqi2q (A.80)

ψ1q = −(X11q + i1d) +Xaqi2q −XaqIq (A.81)

ψ2q = −(Xaq + i1q) +X22qi2q −XadIq (A.82)

Where:

• Xl, Xad, Xaq: Stator dispersion reactance, the mutual reactance of the d-axis, the
mutual reactance of q-axis

• Xffd, X11d, Xf1q: Own reactance of field circuit, own reactance of damping circuit
1d, and mutual reactance between field and damping circuit 1q

• X11q, X22q: Own reactance of damping circuit 1q, own reactance of damping circuit
2q

3 Considering a balanced operation, zero sequence can be despised.
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Figure 20a shows the equivalent circuit of d-axis using the equations (A.77)-(A.79),
while Figure 20b uses the equations (A.80)-(A.82) for the equivalent circuit of q-axis.

(a) d-axis

(b) q-axis

Figure 20 – Equivalent circuits of d-axis and q-axis in relation with the flows and currents

Source: (LANDGRAF, 2022)

According to Figure 20 is introduced for the rotor circuit the following dispersion
reactances per unit:

X1fd = Xffd −Xad (A.83)

Xl1d = X11d −Xad (A.84)

Xl1q = X11q −Xaq (A.85)

Xl2q = X22q −Xaq (A.86)

In addition, the mutual reactances Xf1d and Xad are considered equals, this makes
all mutual inductances in the d-axis equal (KUNDUR, 1994). In this way, series reactances
Xf1d − Xad represented in the equivalent circuit of the d-axis (Figure 20) disappear.
Therefore, the equivalent circuits with complete characteristics considering the voltages
equations (A.39)-(A.45) are shown in Figure 21.
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(a) Equivalent circuit of d-axis

(b) Equivalent circuit of q-axis

Figure 21 – Complete equivalent circuits of d-axis and q-axis

Source: (LANDGRAF, 2022)
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A.1.8 Synchronous machine parameters per unit

The synchronous machine parameters correspond to the reactances and resistances
of rotor and stator circuits (Figure 21). They are known as fundamental or basic parameters
of equivalent circuit elements of the d-axis and q-axis.

Although these fundamental parameters describe the complete electric characteris-
tics of the machine, this cannot be determined directly through machine measurements.
Therefore, standard parameters are defined by intermission of fundamental parameters
(KUNDUR, 1994), (SAUER; PAI, 1998):

Xd = Xl +Xad (A.87)

Xq = Xl +Xaq (A.88)

X ′
d = Xl + 1

1
Xad

+ 1
Xlfd

= Xl + XadXlfd

Xad +Xlfd

= Xd − X2
ad

Xffd

(A.89)

X ′
q = Xl + 1

1
Xaq

+ 1
Xl1q

= Xl + XaqXl1q

Xaq +Xl1q

= Xq −
X2

aq

X11q

(A.90)

X ′′
d = Xl + 1

1
Xad

+ 1
Xlfd

+ 1
Xl1d

(A.91)

X ′′
q = Xl + 1

1
Xaq

+ 1
Xl1q

+ 1
Xl2q

(A.92)

T ′
d0 = Xad +Xlfd

ωsRfd

= Xffd

ωsRfd

(A.93)

T ′
q0 = Xaq +Xl1q

ωsR1q

= X11q

ωsR1q

(A.94)

T ′′
d0 = 1

ωsR1d

Xl1d + 1
1

Xad
+ 1

Xlfd

 (A.95)

T ′′
q0 = 1

ωsR2q

Xl2q + 1
1

Xaq
+ 1

Xl1q

 (A.96)

Where:

• Xd, X
′
d, X

′′
d : Synchronous reactance, transient reactance, and sub-transient reactance

in d-axis (p.u.)

• Xq, X
′
q, X

′′
q : Synchronous reactance, transient reactance, and sub-transient reactance

in q-axis (p.u.)

• T ′
d0, T

′′
d0: Transient and sub-transient time constants of the open circuit of d-axis (s)

• T ′
q0, T

′′
q0: Transient and sub-transient time constants of the open circuit of q-axis (s)
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A.1.8.1 Parameters of salient pole machine

The standard parameters obtained in (A.87)-(A.96) were developed for a model
with two rotor circuits in each axis4, it can be applied in a smooth pole machine. However,
for a salient pole machine, just is necessary a damping winding in the q-axis, therefore,
the rotor circuit has just one circuit in the q-axis (2q). The other parameters of this
rotor circuit represent the sub-transient effects. The second rotor circuit (1q), is ignored.
Consequently, the expressions for the standard parameters in the q-axis of the salient pole
machine are given by:

Xq = Xl +Xaq (A.97)

X ′′
q = Xl + XaqX12q

Xaq +X12q

(A.98)

T ′′
q0 = Xaq +X12q

ωsR2q

= X22q

ωsR2q

(A.99)

The transient parameters X ′
q and T ′

q are not applicable to this model.

For the d-axis is considered two circuits for the rotor (field winding fd and damping
winding 1d) as in the case of smooth poles machine, the expressions obtained in the
equations (A.87)-(A.96) for parameters of smooth poles machine equal to salient poles
machine.

A.1.9 Synchronous machine variables per unit

The variables are the following equations:

E ′
q = Xdd

Xffd

ψfd = Proportionalvoltagetoψfd (A.100)

E ′
d = − Xaq

X11q

ψ1q = Proportionalvoltagetoψ1q (A.101)

Efd = Xad

Rfd

efd = Proportionalvoltagetoefq (A.102)

A.1.9.1 Dynamic equations of synchronous generator

The dynamic equations of synchronous generator including mechanical and electric
equations:

δ̇ = ω − ωs (A.103)
2H
ωs

ω̇ = Tm − (ψdId − ψqIq) (A.104)

4 Two circuits in d-axis, the field winding fd and winding 1d, and two circuits in q-axis,
damping winding 1q and 2q.
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1
ωs

ψ̇d = RsId + ω

ωs

ψq + Vd (A.105)

1
ωs

ψ̇q = RsIq + ω

ωs

ψd + Vq (A.106)

1
ωs

ψ̇fd = −Rfdifd + efd (A.107)

1
ωs

ψ̇1d = −R1di1d (A.108)

1
ωs

ψ̇1q = −R1qi1q (A.109)

1
ωs

ψ̇2q = −R2qi2q (A.110)

Considering Xf1d = Xad, the concatenated flow equations in d-axis are:

ψd = −(Xad +Xl)Id +Xadifd +Xadi1d (A.111)

ψfd = Xffdifd +Xadi1d −XadId (A.112)

ψ1d = Xadifd +X11dikd −XadId (A.113)

The concatenated flows in the q-axis are:

ψq = −(Xaq +Xl)Iq +Xaqi1q +Xaqi2q (A.114)

ψ1q = X11qi1q +Xaqi2q −XaqIq (A.115)

ψ2q = Xaqi1q +X22qi2q −XaqIq (A.116)

The algebraic equations (A.111)-(A.116) can be reorganized using the parameter
defined in (A.87)-(A.96) and the variables defined in (A.87)-(A.96) in the following way:

ψd = −X ′′
d Id + (X ′′

d −Xl)
(X ′

d −Xl)
E ′

q + (X ′
d −X ′′

d )
(X ′

d −Xl)
ψ1d (A.117)

ifd = 1
Xmd

[
E ′

q + (Xd −X ′
q)(Id − i1d)

]
(A.118)

i1d = (X ′
d −X ′′

d )
(X ′

d −Xl)2

[
ψ1d + (X ′

d −Xl)Id − E ′
q

]
(A.119)

ψq = −X ′′
q Iq −

(X ′′
q −Xl)

(X ′q −Xl)
E ′

d +
(X ′

q −X ′′
q )

(X ′
q −Xl)

ψ2q (A.120)

i1q = 1
Xmd

[
−E ′

d + (Xq −X ′
q)(Iq − i2q)

]
(A.121)

i2q =
(X ′

q −X ′′
q )

(X ′
q −Xq)2

[
ψ2q + (X ′

q −Xl)Iq + E ′
q

]
(A.122)
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Substituting (A.116)-(A.121) in (A.103)-(A.110), provides the following model of
the generator:

δ̇ = ω − ωs (A.123)
2H
ωs

ω̇ = Tm − (ψdIq − ψqId) (A.124)

1
ωs

ψ̇d = RsId + ω

ωs

ψq + Vd (A.125)

1
ωs

ψ̇q = RsIq − ω

ωs

ψd + Vq (A.126)

T ′
d0Ė

′
q = −Ė ′

q − (Xd −X ′
d)
[
Id − (X ′

d −X ′′
d )

(X ′
d −X ′′

l )2 (ψ1d + (X ′
d −Xls)Id − E ′

q)
]

+ Efd (A.127)

T ′′
d0ψ̇1d = −ψ1d+ E ′

q − (X ′
d −Xl)Id (A.128)

T ′
d0Ė

′
d = −Ė ′

d + (Xq −X ′
q)
[
Iq −

(X ′
q −X ′′

q )
(X ′

q −X ′′
l )2 (ψ2q + (X ′

q −Xl)Iq + E ′
d)
]

(A.129)

T ′′
q0ψ̇

′
2q = −ψ2q − E ′

d − (X ′
q −Xl)Iq (A.130)

With the following algebraic equations:

ψd = −X ′′
d Id + (X ′′

d −Xl)
(X ′

d −Xl)
E ′

q + (X ′
d −X ′′

d )
(X ′

d −Xl)
ψ1d (A.131)

ψq = −X ′′
q Iq +

(X ′′
q −Xl)

(X ′
q −Xl)

E ′
q +

(X ′
q −X ′′

q )
(X ′

q −Xl)
ψ2q (A.132)

These equations complete the dynamic model of the synchronous generator, if the
saturation of the magnetic circuit were negligence, in the same way, it will be used to
obtain the simplified model.

A.1.10 Simplified Models

The use of the complete model of the synchronous generator (A.123)-(A.132) in
simulations will be tedious in transient stability studies due to its elevated order. In
consequence, some simplified models were developed to simplify the complexity of the
model and make the analysis of more complex systems feasible.

A.1.10.1 Dynamic equations of synchronous generator

The transient model is reduced from the complete model from eighth-order to sixth-
order. Therefore, stator transients are despised. This simplification is plausible because
the changing voltages (ψ̇kd, ψ̇kq) are small in relation to rotational voltages (ωrψkq, ωrψkd).
Additionally, if stator transients (ψ̇kd, ψ̇kq) were neglected, the resulting algebraic equations
will be resolved simultaneously with the grid (SAUER; PAI, 1998), (LANDGRAF, 2022).
The model obtained still has the same number of damper windings as the complex model.
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The differential equations that describe this model are the following:

ψ̇fd = −Rfdifd + vfd (A.133)

ψ̇1d = −R1di1d (A.134)

ψ̇1q = −R1qi1q (A.135)

ψ̇2q = −R2qi2q (A.136)

How is possible to see the above equations, the condition ψ̇1q = 0 continues to
be valid for salient poles machines. However, the equations that describe the mechanical
transients were omitted for simplicity.

If the equations of the model are written in terms of variables of the stator, this
will be (Ė ′

q, Ė
′
d) instead of (ψ̇fd, ψ̇1q). More information about this model can be obtained

in (LANDGRAF, 2014), (CARI; LANDGRAF; ALBERTO, 2017). Such model is known
as the Two-axis model can be described as follows:

ω̇ = ω0

2H

(
Pm − E ′

qIq − E ′
dId − (xd − x′

d)IdIq − D

ω0
ω
)

(A.137)

δ̇ = ω − ωs (A.138)

Ė ′
q = 1

T ′
d0

(
Efd − E ′

q + (xd − x′
d)Id

)
(A.139)

Ė ′
d = −1

T ′
q0

(
E ′

d + (xq − x′
q)Iq

)
(A.140)

Id =
Vtcos(β) − E ′

q

x′
d

(A.141)

Iq = Vtsin(β) + E ′
d

x′
q

(A.142)

Where:

• E ′
fd: Proportional voltage to field voltage

• E ′
d, E

′
q: Transient voltage in the direct and quadrature axis, respectively

• Id, Iq: Current in the direct and quadrature axis, respectively

• x′
d, x

′
q: Transient reactance in the direct and quadrature axis

• D,H: Damping and Inertia constants

• T ′
d0, T

′
q0: Time transient constant of the open circuit in the direct and quadrature

axis, respectively

• δ: Rotor’s angle

• ω: Angular velocity
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• β: Generator rotor angle of quadrature axis

• Vt: Generator rotor angle of quadrature axis

For the transient generator model, the variables are:

Parameters: p = [xd, x
′
d, T

′
d0, T

′
q0x

′
q, x

′
q, E

′
d0, E

′
q0, H,D]T

State variables: x = [E ′
q, E

′
d]

Algebraic variables: x = [E ′
q, E

′
d]

Input variables: u = [Efd, Iq, Vt]
Output variables: y = [Pe, Qe]

For such model, the state (E ′
d) and (E ′

q) cannot be measured and the rotor’s angle
(δ) is very difficult to measure in the practice. Therefore, the initial conditions of the
state variable E ′

d0 E
′
q0 and the rotor’s angle (δ) must be considered as parameters, so the

number of the parameters increases to nine, which entails a worse numerical condition.
Another problem with the estimation of many parameters is the intrinsic problem where
the measurement of the angular velocity (ω) and the estimation of the rotor’s angle (δ) are
not enough to estimate the generator rotor angle of the quadrature axis (β) with precision.
In other words, the angle (β) is not observable, more information can be found in (CARI,
2009) (LANDGRAF; CARI; ALBERTO, 2022).

In equations (A.137)-(A.142), the capital letters are variables used in root mean
square (RMS) values. Additionally, when ψ̇1q = 0, for salient pole machines (x′

q = xq),
the model is reduced. Thus, the variable E ′

d = 0. Consequently, the transient model for
the salient pole generator is like the Two-axis model with the difference that E ′

d = 0, this
model is known as the “One-axis” model.

Consequently, the original one-axis transient model of the synchronous generator
will be presented in chapter 2 for didactic purposes.

In (CARI, 2009) is developed an improved transient generator model for parameter
estimation purposes obtained from the traditional transient generator model (A.137)-
(A.142). The advantages of the model are to diminish the number of parameters to be
estimated and to use only measurements usually available in the real system. Those models
will be shown in chapter 2.



ANNEX B – MVMO ALGORITHM INFORMATION

Proposed in (ERLICH; VENAYAGAMOORTHY; WORAWAT, 2010), being the
first step of Figure 4, this algorithm is a population-based metaheuristic method that uses
a mapping function to be able to mutate and create new generations through the mean
and variance of the best population. Population evolution shares characteristics with other
algorithms that also managed to evolve (GOMES; CARI, 2020). Nonetheless, these are
different due to the way they induce mutations in the offspring to diversify the population.
Consequently, the MVMO method updates the solution according to the best solution at
each iteration.

On the other hand, since during the mutation process, the statistical data of the
population are considered, the MVMO method introduces a memory shape factor, which
improves the search mechanism. Therefore, the MVMO is considered a robust method
because it combines the mapping function with the intelligent search technique. It also
provides better performance compared to other metaheuristic methods when the population
size is small (ERLICH; VENAYAGAMOORTHY; WORAWAT, 2010), (ERLICH et al.,
2012).

The goal of the MVMO method is to perform good optimization, so you need
to consider two very important concepts. First, exploration (global search) deals with a
broad search performed through the region of interest. Second, exploitation (local search)
performs the search on a small data set that is very close to the best solutions. For
better understanding, the terms "gene", "individual", and "population" are referred to as
"parameters", "parameter vector", and "parameter vector set" respectively.

In summary, the steps of the MVMO algorithm are as follows:

a. Initialization:

• Define limits of each parameter pi ∈ [pmin
i , pmax

i ] based on experience.

• Definition of an individual as a parameter vector Rnp.

• Definition of a population as set of individuals Rnk × Rnp.

• Define the number of individuals (np).

• Generate the initial population nk × np.

b. Fitness assessment:

• Use one input of measured data from each set of parameters, to compute the
outputs of model (3.3), determine the objective function J(p) for each individual,
and rank the population from the best (smallest J(p)) to worst (largest J(p)).
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• If J(p) of the best parameter vector (individual) is less than a tolerance (tol1 =
1 × 10−3) stop, else go to the next steps.

• Normalize the parameter vector using equation (B.1):

pnorm
i = pi − pmin

i

pmax
i − pmin

i

(B.1)

• Determine the population mean and variance as shown in Figure 22, using
equations (B.2), (B.3):

pi = 1
nk

n∑
i

pi(i) (B.2)

vi = 1
nk

j∑
i

(pi(j) − pi)2 (B.3)

Figure 22 – Procedure step by step for MVMO

• Determine shape factor si by equation (B.4):

si = −ln(vi) × fs (B.4)
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Where fs is a factor that defines the shape of the mapping function. Therefore,
if fs > 1 the precision of the estimation is improved (flat curve). However, if
fs < 1, the global search is performed (increase the slope of the curve). In
Erlich et al. (2012) some spaces such as fs ∈ [0.9 − 1] and fs ∈ [1 − 10] are
recommended when fs is less than and greater than 1. A dynamic factor is
obtained by equation (B.5):

fs = f ∗
s (1 + rand) (B.5)

Where f ∗
s is given by equation (B.6):

f ∗
s = f ∗

sini + ( i

ifin

)2(f ∗
sfin − f ∗

sini) (B.6)

Some recommended values are f ∗
sini ∈ [0, 9 − 1] and f ∗

sfin ∈ [1 − 3]

• Determine factor si1 and si2 using the next algorithm
if si ≥ di then di = di × fd

else di = di

fd

if rand ≥ 0.5 then si1 = si; si2 = di

else si1 = di; si2 = si

Where fd is a factor that makes di oscillate around si given by equation (B.7),
as shown in Figure 23:

fd = 1 + 2 × rand× △d0 (B.7)

Figure 23 – Representation of the factor fd.

A dynamic factor for △d0 can be obtained by equation (B.8):

△d0 = △d0ini + ( i

ifin

)2(△d0fin − △d0ini) (B.8)
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Initially, di = dio will be updated at each iteration. The procedure is represented
also in Figure 22.

c. Offspring generation

• Assign the best individual, best parameter vector, pbest as the parent, as shown
in Figure 24.

Figure 24 – Selection of the best individual.

• Select (randomly) elements of best individual pparent which be altered by the
mapping function, as shown in Figure 25.

Figure 25 – Gene of the parent replaced in the mapping function.

• Using si1, si2, pi and an aleatory number p∗
i = rand in (3.2), determine new

values for the n elements of pbest by the mapping function given by equations
(B.9), (B.10).

pinew = HMF (pi, si1, si2, p
∗
i ) (B.9)

pinew = h(pi, si1, si2, p
∗
i )+[1−h(pi, si1, si2, 1)+h(pi, si1, si2, 0)]∗p∗

i −h(pi, si1, si2, 0)
(B.10)

Where the function h is given by equation (B.11):

h(pi, si1, si2, p) = p · (1 − e−x·s1) + (1 − p) ∗ e−(1−x)·s2 (B.11)

With this approach, pinew will be concentrated around the mean value, as shown
in Figure 26.
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Figure 26 – Concentration around the mean value.

• For the remaining elements of pi use the same of pparent, as shown in Figure 27.

• Using the new elements, pnew ranked all the individuals again according to their
fitness function, discarded the worst element, and then went to step b, as shown
in Figure 28 and Figure 29.

Figure 27 – New individual pnew obtained from pparent remaining elements of pi.

Figure 28 – Population with the new individual without ranked.
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Figure 29 – Population ranked from the best to the worst individuals including the new
individual and discarding the worst one.

• Repeat all procedures until J(p) is less than a predefined tolerance.

According to (GOMES; CARI, 2020), the main advantage of the MVMO method
is its good performance using small populations, restricted search regions, and avoiding
divergence. However, a common problem with heuristic methods is the time they take
when it is close to the local minimum. To reduce the total convergence time, the method
will change after a few MVMO generations to a non-linear TSM, which is very efficient
when the initial vector is close to the solution. More information about MVMO algorithm
can be found in (ERLICH; VENAYAGAMOORTHY; WORAWAT, 2010).
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