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This study considers the electromagnetic and electrome-
chanical processes in a traction induction motor. The task
addressed relates to the absence of a universal mathemat-
ical model of a high-power induction motor that accounts
for magnetic circuit saturation, cross-saturation, and core
losses. Such a model is required for an adequate descrip-
tion of transient processes under the operating conditions
of marine power plants.

The essence of the results reported here is the construc-
tion of a system of equations describing the electromag-
netic and electromechanical processes in a traction induc-
tion motor, taking into account magnetic circuit saturation.
The proposed model includes four differential and two alge-
braic equations, providing complete controllability over the
machine dynamics on both linear and nonlinear segments
of the magnetization characteristic. By applying the dy-
namic inductance method, the model accounts for the inter-
dependence between flux linkages and currents in different
coordinate axes, as well as for the nonlinear variations of
inductance parameters under magnetic saturation. These
specific features have made it possible to accurately repro-
duce the real physical processes in the motor, as confirmed
by bench verification based on the Caterpillar 3516 marine
power plant. The results are attributed to the use of a gener-
alized spatial model and dynamic inductances that reflect
the variability of the motor’s magnetic state under different
load conditions.

The built model could be used in the synthesis of auto-
matic control systems, analysis of transient processes, diag-
nostics of electric drives, as well as optimization of power
plants. It could be practically implemented under condi-
tions of stable thermal regime of the motor and availability
of reliable experimental data for identification of satura-
tion parameters
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1. Introduction

Current development of world maritime transport is
characterized by the transition to using electric vessel propul-
sion systems, in particular, electric propeller drives based on
induction traction motors. This is due to the need to increase
energy efficiency, reliability, and environmental friendliness
of vessel operation [1, 2]. In the context of growing require-
ments for reducing fuel consumption, reducing harmful
emissions, and ensuring stable operation of power plants,
there is a need to improve models and methods for analyzing
electric drives [3].

Scientific research in this area is necessary because con-
ventional mathematical models of induction motors do not
fully reflect the real electromagnetic processes occurring in
the machine, in particular the effect of saturation of magnetic
circuits [4, 5]. To establish optimal vessel steering modes,
the navigator or the autosteering system changes operation
of the power plant. This is achieved by changing the control
laws of the induction motor of the propeller drive (amplitude,
pulse-width control, or operation with reduced rotor flux link-
age) [1, 3]. In order for the auto-steering system to be effective
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and economical in terms of control mode, its mathematical
model must accurately reflect the physical processes in the
traction power transmission. Therefore, it is extremely impor-
tant to take into account the effect of saturation of the mag-
netic circuits of the engine since it changes its parameters
under different operating modes. This will make it possible
to build an accurate model that could help minimize fuel or
electricity consumption. Ignoring this factor may lead to in-
accuracies in the calculations of operating modes, forecasting
transient processes and, as a result, to ineffective engineering
solutions in the design and operation of vessel electric drives.

The practical significance of such research results relates
to the possibility of constructing more accurate mathematical
models that will make it possible:

-to increase the reliability of computer simulation of
electric propeller drives;

- to optimize electric motor control systems taking into
account nonlinear characteristics;

- to reduce energy losses and increase the equipment ser-
vice life;

- to increase the reliability and safety of marine transport
operation.




Therefore, it is a relevant task to carry out studies aimed
at constructing a mathematical model of a vessel’s propeller
traction induction motor taking into account the saturation of
magnetic circuits.

2. Literature review and problem statement

Current studies on magnetic saturation modeling of induc-
tion machines tend to use two main methodological groups. Pa-
per [6] considers similar models, known as mixed current-flux
or flux-linkage based models, emphasizing their advantage in
the context of control problems. Work [4] reports the results
of studies that use polynomial experimental dependences of
inductances on fluxes or currents. These models introduce
nonlinear dependence of magnetic parameters into simplified
spatial models [7], thereby showing their effectiveness for basic
dynamic analysis.

Another group of approaches is based on field magnetic
models, in particular magnetic circuits, as described in study [5].
It is shown that such an approach gives a more physically
justified description of saturation and cross-saturation since it
directly takes into account the geometry of the machine, simi-
lar to work [8]. However, issues related to high computational
complexity and the need for detailed geometric data regarding
the machine, similar to work [9], remain unresolved. The likely
reason is objective disadvantages associated with resource-in-
tensive calculations by the finite element method (FEM), the
application of which underlies study [10]. Such an approach
makes the corresponding iterative research methods impracti-
cal for dynamic control problems. Additional problems arise, as
shown in [11], with the need to accurately identify a large num-
ber of parameters in complex multifactor models. An option
for overcoming related difficulties is to use simplified but func-
tional methods, such as the method of statistical inductances,
described in particular in [12]. In the study, nonlinear processes
in the magnetizing circuit of an induction machine are taken
into account through the functional dependence between the
flux linkage and the magnetizing current. This significantly
minimizes the computational load. A similar methodology was
used in [13], in which the dependence is given in the form of
a table or analytical approximation.

In [14], further improvement is proposed through the
method of dynamic inductances. The authors claim that this
method makes it possible to accurately take into account com-
plex magnetic phenomena, especially under modes with large
currents and a wide range of fluxes, which are characteristic
of transport traction induction machines. A similar approach
is used in [15]; however, despite the inclusion of saturation
of the paths of leakage fluxes and mutual induction between
perpendicular machine contours, it requires high accuracy in
determining the functions of the dependences between these
parameters of the magnetic state. In addition, in study [16],
the possibility of taking into account the mutual saturation
is confirmed, which increases the adequacy of the model.
According to [15], the method of dynamic inductances is
a convenient and effective tool for describing dynamic pro-
cesses while work [17] emphasizes its advantages when it is
necessary to take into account the effects of saturation.

In addition, combined models (mixed current-flux) have
been devised, as shown in [18], which are widely used as
a compromise between accuracy and complexity. These mod-
els, as similarly demonstrated by studies [19, 20], are applied
in induction machines of relay protection drives, as well

as, according to [21], for induction pump motors. However,
studies [19, 20] do not take into account the entire range of
magnetic processes that occur in the circuits of an induction
machine, which is also characteristic of paper [21]. In addi-
tion, the considered studies [19, 20] have not been verified for
high-power motors. These models have also found application
in bench training drives [22], bench diagnostic models [23].

Improvement of mathematical and simulation models of
induction machines taking into account saturation, as shown
by study [24], led to the development of various variants of
static nonlinear inductances, the evolution of which is given
in work [10]. A similar approach is used in [25], but it mainly
focuses on improving the accuracy of estimating torque and
currents under transient regimes compared to linear models,
often ignoring more subtle effects. An option to overcome this
limitation could be to take into account additional nonlineari-
ties, such as cross-saturation, similar to ref. [26]. A similar ap-
proach is used in [27], in which options are developed to take
into account the effects of cross-saturation, hysteresis, and
frequency-dependent losses, which are critical for powerful
transport installations. However, the review in [28] shows that
these complex models also have high requirements for parame-
ter identification, making their practical application difficult.

Another direction is the application of well-known devised
approaches to other motor configurations, such as polyphase
machines in [29]. In [30], saturation models for six- and more-
phase induction machines are described. However, as the
authors of [31] note in their study of a polyphase machine, there
is often a lack of validation of these methods on large-power
machines, especially typical for transport power plants.

As a result of our review of current papers, it can be stated
that many researchers, such as in [32], introduce saturation of
the main flux. Similarly, paper [33] focuses on the same aspect.
But in that work, the issue of adequate and convenient for en-
gineering calculations consideration of cross-saturation (mu-
tual influence of fluxes) for high-power machines remains
unresolved, which is especially important for motors with un-
even clearance or non-standard design. The likely reason is ob-
jective difficulties associated with the complexity of the math-
ematical description and the need for additional experimental
parameters or a magnetic circuit for identification. In addition,
a significant part of the published works, in particular [24, 27],
checks the models on laboratory or medium-power induction
machines. This means a potentially uncertain transferability of
the results to high-power rowing traction motors. The specific-
ity of marine traction (long-term sharply changing stochastic
loads, disturbances, high inertia) are not sufficiently taken
into account in the experimental verification, as noted in [34].

All this allows us to argue that it is advisable to conduct
a study aimed at constructing and validating a model of
a high-power induction traction machine that effectively takes
into account both the saturation of the main flow and cross-sat-
uration but, at the same time, retains minimal computational
complexity for implementation in control systems under condi-
tions typical of marine traction.

For practical applications in real-time systems, methods for
fast, reliable identification of saturation parameters are needed.
Many works either propose complex identification systems
based on a combination of FEA and bench tests, or use ap-
proximations that degrade accuracy with temperature changes,
insulation aging, or magnetic properties of steels. This is due
to the limited access to a complete set of experimental data for
large machines, the influence of many variables (temperature,
deformations, accumulation of residual magnetization).



The combination of saturation with other nonlinear pro-
cesses within the same model (hysteresis, frequency losses,
gap effects) remains poorly understood. Although some stud-
ies include certain additional nonlinear effects, a systematic
and effective approach to simultaneously consider saturation
and other nonlinear processes in models suitable for real-time
control systems with high-power motors has not yet been de-
vised. Usually, studies make a compromise between accuracy
(FEA, hysteresis models) or speed (simplified nonlinearities).

The influence of the design features of the propeller motor
and the mechanical system (massive shaft, gearbox, propeller)
taking into account transient disturbances of the environment
and the saturation of magnetic circuits is rarely considered.
This is important for an adequate description of the traction
modes during maneuvers.

The reasons why these issues have remained unresolved are:

- the high cost and complexity of FEA modeling of large
traction machines, the need for accurate geometric and elec-
trical parameters of each individual engine;

- a large number of interrelated parameters (temperature,
hysteresis, energy losses), which complicates experimental
identification under field conditions;

- the lack of public data or bench results for large marine
engines due to commercial confidentiality;

- the traditional focus of researchers on real-time control
problems (where the simplest possible models are required)
has led to the priority of simplified nonlinear descriptions
instead of more complete physical models;

- interdisciplinary barriers: a complete description of a trac-
tion engine requires the cooperation of electromechanics, fluid
dynamics engineers, and materials scientists.

Based on the identified gaps in the research into induc-
tion motors, it is possible to state a general unsolved problem
as the lack of a universal, numerically efficient and verified
method for constructing a spatial mathematical model of
a high-power traction induction motor for a vessel propulsion
system. This method should simultaneously take into account
the main magnetic saturation and cross-saturation of the fluxes,
hysteresis, and frequency-dependent losses, as well as variable
operating conditions (temperature, load duration). It is import-
ant that it be identified and verified on marine traction ma-
chines under field/bench conditions with adequate integration
into the electromechanical models of a vessel.

The specified issue corresponds to the practical goal - to
build a mathematical model suitable for analyzing and design-
ing control and diagnostic systems for propeller traction motors.

In accordance with the identified unresolved issues, the
purpose of our study is to construct and verify a mathematical
model of a traction induction motor in a vessel’s propeller.
The specified model should take into account magnetic sat-
uration and cross-saturation, suitable for use in the study of
transient regimes and in the design of control systems for
vessel traction drives.

The system of research on induction machines in recent
years has significantly increased the understanding of the role
of magnetic saturation in the modeling of induction machines
and has proposed a number of approaches for including non-
linearities in the model. However, for application to vessel
traction installations, there is a set of unresolved issues. These
include consideration of cross-saturation in large machines,
full verification on traction motors, practical methods for
identifying parameters under field conditions, as well as si-
multaneous consideration of hysteresis and frequency losses
in models suitable for real time.

3. The aim and objectives of the study

The purpose of our study is a mathematical description
of a traction induction machine taking into account the satu-
ration of magnetic circuits, suitable for practical use in auto-
matic control systems of vessel propulsion power plants. This
will allow for a proper adequacy of the mathematical model
to actual physical processes.

To achieve the goal, the following tasks were set:

- to take into account the saturation of magnetic circuits
in the mathematical description of the induction motor of the
vessel propulsion power plant;

- to verify the model of the induction motor for a vessel
propulsion power plant taking into account the saturation of
magnetic circuits.

4. The study materials and methods

The object of our study is the electromagnetic and electro-
mechanical processes in a traction induction motor.

The scientific hypothesis assumes that the construction of
a specialized mathematical model of a traction induction mo-
tor could increase the accuracy of its description. The model
must take into account the saturation of the main magnetic
path in a wide range of changes in the mutual induction flux
of the stator and rotor. It is necessary to take into account
the saturation of the scattering paths and mutual induction
between perpendicular circuits at significant machine cur-
rents and the combined saturation of the working flux and
scattering fluxes for key engine operating modes. This would
increase the adequacy of the model to real physical processes.

As initial relations, equations and systems of equations
should be taken that are the most general and suitable for
studying most processes in vessel power systems. The model
of a three-phase induction propeller motor is shown in Fig. 1.

Fig. 1. Spatial model of a three-phase induction
propeller motor

The statistical functional dependence between the values
of flux linkage and magnetizing current is given by the follow-
ing expression [4, 5]

Vs =L (i) ey

where /5 — generalized flux linkage vector in the air gap of
an induction machine; fu - generalized magnetizing current
vector of an induction machine; L, - equivalent mutual in-
ductance from the main magnetic field induced by the com-
mon action of the currents of all three phase stator windings
of an induction machine, coupled to each phase winding of
the machine, respectively.



A system of differential equations in coordinates a, £, 7,
which are fixed relative to the stator [4, 5]:
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where ug,, Uy, Ug, — projections of stator voltage vectors onto
the corresponding axes a, £, ¥; Uy Urp, Uy, — Projections of
rotor voltage vectors onto the corresponding axes a, f, 7;
is» Isp, Isy — projections of stator current vectors onto the corre-
sponding axes o, 3, ; e irp, ir, — projections of rotor current
vectors on the corresponding axes &, £, ¥; Wsa» Wsp» Wsy — Pro-
jections of stator flux linkage vectors onto the corresponding
axes a, 3, ¥; Wra Wip» Wry — Projections of rotor flux linkage
vectors onto the corresponding axes «, £, y; w, — angular ve-
locity of rotation of the rotor shaft.
Flux linkage in (2) [5]:
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where L is the mutual inductance.
Electromagnetic energy that is concentrated in the air gap
of the machine [4]

Y
2 P [ )

where i =1, 2, ..., n — number of windings in the machine.
Electromagnetic moment [5]
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where p is the number of pole pairs of the machine.

The set of equations (2) to (5) describes the processes of
electromechanical energy conversion in a three-phase induc-
tion machine in the coordinate axes a, /3, y. The general system
consists of fourteen equations, the dependent variables in it
are six currents, six flux linkages, electromagnetic torque, and
rotor rotation speed. The system is generally nonlinear since it
contains equations in which the coefficients are functions of
the dependent variables.

Expression (2) contains all possible pairs of current forma-
tion that determine the value of the electromagnetic torque.
These pairs of currents generate vibrations in a real machine.

Assuming that the modulus of the flux linkage vector in
the air gap of the machine s depends only on the modulus
of the resultant magnetodynamic force or on the magnetizing
current i, proportional to it, the most complete consideration
of saturation in dynamics was considered in works [4, 5]. The
Filz method is based on the fact that when entering a non-
linear section of the magnetization curve of an induction
machine, an increase in the magnetization current along one
axis of the coordinate system causes a corresponding increase
in the flux linkage w5 along all axes of the specified system.
Then it is possible to introduce the concepts of dynamic in-
ductances along the axes and mutual inductances between
the axes, which depend on the increase in the modules of the
flux linkage vectors and the magnetization current and their
spatial position.

In [4], the concept of the radial component of the dynamic
inductance is introduced. It is the limiting value of the ratio
of the increment of the flux linkage value to the increment
of the magnetization current value when the magnetization
current tends to zero

dy s
I8 ==72, 6
P di, ©®

Similarly, in [5], the concept of the tangential component
of dynamic inductance was introduced. It is the limiting value
of the ratio of the increment of the working flux linkage to
the increment of the magnetizing current if the magnetizing
current tends to zero. In this case, the modulus of the magne-
tizing current vector remains constant

=Y @)
Ly

Let us introduce the values inverse of the radial compo-
nent of dynamic inductance

= 7#’ (8)

e ©
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Their further use will simplify the mathematical form of
recording the resulting ratios.

5. Results of investigating the mathematical model
of a traction induction motor

5.1. Accounting for the saturation of magnetic cir-
cuits in the mathematical description of an induction
motor for a vessel’s propulsion power plant

The systems of equations (2), (3), and (5) are supple-
mented with expressions that take into account the saturation
of the machine’s magnetic circuit.

After substituting expressions (3) into system (2), we ob-
tain the voltage equation of the generalized machine in the
braked three-phase coordinates.



For the a, f3, y coordinate system, the stator voltage equation
taking into account losses in the steel will take the following form:
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where r, is the resistance equivalent to the losses in the steel;
Lueo Lup» 1y are the projections of the magnetizing current vector.
Equation of the circuits of a squirrel-cage rotor:
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According to the approach from [4], the flux linkage vector
consists of the sum of the flux linkage vectors of the self-induc-
tance and mutual inductance of the corresponding windings.
Then the following expressions hold for the flux linkages:
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Ve =VYora TWsa» (15)
Vig =Vorp tWsp> (16)
Yy =Wory Wy )
where:

Vosa = Losa “Isas (18)
Yosp = Losp Isps (19)
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Projections of the magnetization current vector [5]:
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g =lsp +ip, (25)
Ly =lgy +ipy. (26)

Substitution of ratios (12) to (26) into system (10), after
analytical transformations, allows us to obtain the following
system of equations for stator windings:
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Similarly, substituting ratios (12) to (26) into system (11),
after analytical transformations, allows us to obtain the fol-
lowing system of equations for the windings of a short-cir-
cuited rotor:
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For the projections of vector i, based on relations (24) to
(26) we can write the following:
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Or in differential form:
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Given that the values of derivatives of flux linkages are
equal to:
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the following system holds:
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The modulus of the flux linkage vector in an orthogonal
coordinate system can be written as follows [4]:
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For projections of rotor currents, based on system (29), the
following relations hold:
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In accordance with expressions (8), (9), (29) to (36), Fig. 2
shows a graphical interpretation of the physical content of
radial dynamic inductance.

Fig. 2. Graphical interpretation of the physical meaning
of radial dynamic inductance

In accordance with expressions (8), (9), (29) to (36), Fig. 3
shows a graphical interpretation of the physical meaning of
tangential dynamic inductance.

The expression for electromagnetic moment takes the form
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Fig. 3. Graphical interpretation of the physical meaning
of tangential dynamic inductance

The equation of motion of the electromechanical part
takes the following form [5]
do, _~ M+M,
dt J o
where M, is the reduced moment of resistance of the mecha-
nism. Finally, the system of equations describing the processes
of electromechanical energy conversion in a three-phase
machine, in the coordinate axes a, £, y taking into account
saturation, is represented by the following system (39):
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This system contains a set of differential and algebraic
equations and unambiguously describes electromagnetic and
electromechanical equations in a three-phase asynchronous
machine, taking into account saturation.

5. 2. Verifying the model of an induction motor for
a vessel’s propulsion power plant taking into account
the saturation of magnetic circuits

Taking as a basis the vessel’s diesel-generator power plant
Caterpillar 3516 (maximum power, 2500 kVA / 2000 kW; rated
power, 2275 kVA / 1820 kW; generator type — Caterpillar 1844
with a rated frequency of 50 Hz.), a bench verification of the
use of this mathematical model in the control system of a ves-
sel’s propulsion power plant was carried out (Fig. 4, 5).

Fig. 4. Diesel generator of the vessel’s propulsion
power plant Caterpillar 3516

Fig. 5. Traction induction motor for the propeller drive
of the vessel’s propulsion power plant Caterpillar 3516

The verification was carried out on the basis of the power
system, which is a combined power supply source for the
ship’s propulsion system and general transport electricity con-
sumers (Fig. 6).

Our structural diagram describes one circuit in the power
plant (diesel generator-rectifier-inverter-reducer-engine-mo-
tor), although it should be noted that the drive unit, as a rule,
is multi-circuit. These circuits can function both indepen-
dently and have a common bus of alternating or direct current.
The power system provides power to consumers with three-
phase current. The power sources are the main and backup
diesel generators or an external voltage source, in particular
an external transformer substation (for port operation). At the
same time, it must have a power not less than the rated power

of the single transport energy system, equipped with lightning
protection and a dead-earthed neutral. This is typical for the
docking mode or power supply from external vessels in the
event of an accident. When powered from an external source,
the voltage of the supply network through the protection
circuit and filters is supplied to the rectifier. The rectifier per-
forms the functions of voltage rectification, ripple smoothing,
ensuring a smooth charging mode of the filter capacitors
when the source is connected, as well as uninterrupted power
supply to the load during short-term voltage drops in the
network. In addition, the use of a filter reduces the level of
interference. At the output of the network rectifier, a DC volt-
age is formed, which is within the rated values. Then, using
a controlled inverter, this DC voltage is converted into AC.

Fig. 6. Structural diagram of the power circuit

in a vessel’s power system: 1 — primary heat engine (mostly
diesel); 2 — synchronous generator (the dotted line indicates
the synchronous generator-exciter system); 3 — common AC

bus; 4 — rectifier; 5 — DC filter unit; 6 — common DC bus;

7 — autonomous voltage inverter; 8 — induction machine;
9 — reducer; 10 — engine; 11 — converter for natural needs;

12 — consumers for natural needs;
13 — control system

To implement the frequency converter control system, we
shall write its key switching function. The algorithm for im-
plementing this function is as follows: the specified function
will be equal to one if the corresponding power module of the
frequency converter is open, and equal to zero if the corre-
sponding power module of the frequency converter is open.

The design of the automatic voltage regulation circuit of
the Caterpillar 3516 power plant is based on IGBT-type power
modules. This is due to a number of advantages over other
types of circuits for power systems:

- lower capacitance;

- simple control circuit;

- the ability to block control;

- higher operating frequency.

In this case, the autonomous voltage inverter is connected
to a common DC bus, which is shunted by a capacitor filter
designed to compensate for the reactive power of the load, and
its use is a specific feature of this circuit.

The circuit of the autonomous voltage inverter contains
six power modules, each of which is shunted by a corre-
sponding diode. This configuration is necessary to ensure the
conductivity of the current of the active-inductive load, which
is a traction induction motor. The conversion of DC voltage
into three-phase AC is carried out by sequentially switching
the corresponding transistors. It is important that at any given



time in each of the inverter phases, three transistors must be
simultaneously open, while the others remain closed.

The opening of the power switches occurs when a control
pulse is received from the control system to the base (or gate)
of the corresponding transistor. The quality and shape of the
output AC voltage is determined by the specified parameters
of the transistors. Under ideal conditions, it is possible to ob-
tain a sinusoidal shape of the output AC voltage. Its frequency
is regulated by increasing or decreasing the pulse frequency of
the converter key. This ability to regulate the output voltage fre-
quency is the key difference between a transistor voltage inverter
and a thyristor inverter, which does not have such a function.

When using a power circuit with an isolated neutral of an
autonomous voltage inverter, the algorithmic method of switch-
ing power keys can be described by the expressions given below.

For phase voltage AB:

U4 if S;-Ss0rS,-S;=1;
AB =\ 17 _ (40)
0if S;-S;=1orS,-S, =1,
for phase voltage BC:
U, if S3-SgorS,-Ss=1;
Be =1 - o (41)
0if S;-Ss=10rS,-Ss =1,
for phase voltage CA:
+U,if Ss-S, orSe-S; =1;
= Y 195752 0T 96 *01 (42)
0if S;-Ss=1orS, -S¢ =1,

where Uyup, Upe, Uca are the corresponding phase voltages;
S1, S2, S3, S4, Ss, Sg are the control signals of the corresponding
modules of the autonomous voltage inverter.

In this case, the state for which the system is executed is
unacceptable:

S-S, =1
S3-S,=1; (43)
Ss-Sg=1.

An extended description of the control sequence of the
frequency converter modules can provide for parallel connec-
tion of two phases of the traction induction motor in series
with the third phase. The other phases change state only in
relation to the common DC bus. Therefore, the relationships

given below apply.
For phase voltage AB:
Uy, if S;-S4-Ss0rS,-S3-Se=1;
AB = : _ _ _ _ (44)
0,if S;-S5=1,S,=00rS;-S5=0,S, =1,
for phase voltage BC:
1U,,if S5-S5-S,0r Sy -S;-Sg=1;
BC=1q (45)
0,if S3-S5=1,5,=00rS;-S;=0, S, =1,
for phase voltage CA:
Uy, if S5-S,-S,0r S¢S, - S5 =1;
Upy = a 572 47 601 37 B (46)
0,if S,-S, =1,Ss=00rS,-S; =0,S; =1.

To ensure the software implementation of the switching
function of the frequency converter, the following assump-
tions are adopted.

First, the power switches of the converter are considered
ideal: their resistance in the open state is zero, the resistance
in the closed state goes to infinity, and the switching time is
instantaneous.

Second, when using pulse-width modulation, the switch-
ing time parameters (delays, rise time) are undesirably small
compared to the actual duration of the conducting and
non-conducting states of the corresponding switches.

Third, the values of the leakage currents through the
closed switches are taken close to zero compared to the cur-
rent in the open (working) position.

Fourth, during implementation, the ideality of the power
source and switching elements is assumed, and the interval of
the "dead” pause is also not taken into account.

While using the law of control over the keys of the power
converter, it is necessary to determine the input and output
parameters of the conversion of electrical energy, in partic-
ular, the quality of the output voltage. In this case, it should
be taken into account that the sequence of behavior of the
autonomous voltage inverter as a link in the closed automatic
control system as a whole is of decisive importance. It is incor-
rect to take into account only the factors of the qualitative har-
monic composition of the formed output voltage for powering
the induction motor and ensuring a high efficiency.

The output parameters of the equivalent circuit of the
motor are given in Table 1.

Table 1
Initial parameters of the equivalent motor circuit
Parameter Parameter value

Rated power, W 240000
Rated phase stator voltage (rms), V 665

Rated phase stator current (rms), A 135

Rated rotor current (rms), A 128

Rated magnetizing current (rms), A 36

Rated phase starting current, A 300
Nominal current frequency, Hz 338
Maximum stator voltage frequency, Hz 95
Nominal rotor speed, rpm 103
Nominal absolute slip, s 0.02
Rotor moment of inertia, kg - m? 21
Nominal torque, N - m 2366
Active stator resistance, Ohm 83.107
Active rotor resistance, Ohm 68-1073
Rotor time constant (electromagnetic), s 1.294
Efficiency factor, s 0.937

As a result, the transient characteristics shown in Fig. 7
are obtained.

Based on the oscillograms shown in Fig. 7, a smooth
increase in the rotor speed to 1000 rpm is observed during ac-
celeration for approximately 0.2 s, which indicates high-qual-
ity dynamic controllability of the system. The stator current
under a transient mode reaches a value of 300 A, while the
current along the y-axis has an amplitude of about 280 A and
repeats the shape of the main current, which indicates the
dominance of the reactive component in the magnetization
process. The rotor magnetic flux increases to 9 Vb with no-
ticeable oscillations at the beginning of the start-up, which



quickly fade away, and then settles at the level of 6-7 Vb.
During braking, a mirror-shaped process occurs, character-
ized by the symmetry of the electromechanical characteristics
of the motor.

300 A "
| 7000 rpm

P

280 A

Iy

a2 s

Fig. 7. Oscillograms of a full-scale experiment

Our results indicate a stable aperiodic nature of transient
processes, the absence of supersaturation of the magnetic cir-
cuit, and effective damping of oscillations. This confirms the
high-quality dynamics of the induction motor and the suit-
ability of the control system for fast reversing modes taking
into account magnetic processes.

6. Results of investigating the saturation processes
in an induction machine: discussion and summary

Our results, represented in the form of a system of
equations (39), including four differential and two algebraic
equations, are a direct consequence of the application of the
method of dynamic inductances based on a generalized spa-
tial model (Fig. 1). Such a compact structure of the system
is explained by the effectiveness of the introduction of radial
and tangential dynamic inductances (6), (7), which make it
possible to integrate nonlinear dependences of the magnetic
circuit. This provided the possibility for correctly reflecting the
variability of the magnetic state of the engine in a wide range
of loads, since dynamic inductances quantitatively reflect
nonlinear changes in parameters due to saturation (Fig. 2, 3).

The verification results obtained on the basis of the
Caterpillar 3516 vessel power plant (Fig. 4, 5), which are
displayed on the oscillograms (Fig. 7), confirm the adequacy
and completeness of the built model. The observed stable
aperiodic nature of transient processes and the smooth in-
crease in speed indicate that the model accurately reflects the
dynamics of a powerful machine, ensuring full control over
processes in linear and nonlinear sections of the magnetiza-
tion characteristic.

The advantages of this study are attributed to the com-
prehensive consideration of saturation and cross-saturation
while maintaining the numerical efficiency of the model.
Unlike approaches based on field magnetic models, which are
computationally complex and require detailed geometric data,
our compact system (39) allows for an adequate description
of the dynamics while minimizing computational resources.
This becomes possible due to the use of the dynamic induc-
tance method, which effectively integrates nonlinear param-
eters into the spatial model. In addition, unlike a significant

part of known solutions that do not take cross-saturation into
account or are tested on low-power machines, the model built
takes into account the relationship of flows and currents in
different coordinate axes. The model has been verified on
a high-power traction machine, which confirms its feasibility
for the class of propeller traction engines.

The scientific and applied task of taking into account the
saturation processes has been solved by integrating dynamic
inductances, which allowed us to take into account the satu-
ration of the main magnetic circuit and cross-saturation. Re-
lations (27) and (28) for the stator and rotor windings confirm
the possibility of taking into account nonlinearities within
a compact system of equations.

Successful verification on a real installation (Fig. 7) shows
that the model provides accurate reproduction of actual phys-
ical processes and effective control over transient processes.

A special feature of the proposed mathematical model of
a traction induction motor is the comprehensive consider-
ation of the processes of magnetic saturation, cross-satu-
ration, and losses in steel. At the same time, the numerical
efficiency and compactness of the system of equations are
preserved. Unlike detailed field magnetic models (FEA) [1-5],
the proposed approach does not require detailed geometric
data of the machine and complex calculations. The resulting
compact system of equations contains four differential and
two algebraic equations and provides an adequate descrip-
tion of the dynamics at minimal computational costs. This
was made possible by the method of dynamic inductances,
which integrates nonlinear parameters into the spatial model.

Unlike known solutions [6, 8, 12] that ignore cross-satura-
tion or describe it in a simplified manner, our model takes into
account the relationship of fluxes and currents in different
coordinate axes. This allows for a more accurate reproduction
of magnetic phenomena in powerful traction machines with
large currents. This result was possible thanks to the applica-
tion of the method of dynamic inductances (Filtz method).
This method makes it possible to accurately determine the
change in inductances during the saturation process.

An important feature of the model is its experimental ver-
ification. Unlike works [24, 27, 31], which verify the models
on laboratory or medium-sized machines, our verification
was performed on a shipboard installation Caterpillar 3516.
This confirms the transferability of the model to high-power
propeller traction engines. Our results demonstrate the ability
of the model to accurately reproduce real processes under
operating conditions of vessel systems.

Thus, unlike conventional mathematical models that do
not fully reflect the effects of saturation, the proposed system
of equations with dynamic inductances provides an adequate
description of transient regimes. It is suitable for studying and
controlling high-power marine power plants.

When attempting to apply it in practice and in further the-
oretical studies, it is necessary to take into account the follow-
ing limitations of this study. The proposed solutions are ade-
quate within the framework of a stable thermal regime of the
engine. A change in the thermal state of the machine leads
to a change in the indicators of the equivalent circuit, which
can reduce the accuracy of using the model, so this must be
taken into account in its practical operation. In addition, the
accuracy of predicting dynamics depends on the availability
of reliable experimental data for identifying saturation pa-
rameters. This imposes restrictions on the need to re-identify
parameters when changing the magnetic properties of steels,
which can occur due to aging of materials.



Despite the above limitations, there are also shortcomings
of the study that may make it impossible to provide practical or
theoretical expectations from using the results, even under the
specified conditions. A potential drawback is that the design
does not cover other nonlinear processes, such as hysteresis
and frequency-dependent losses (steel losses). Ignoring these
effects may lead to the impossibility of ensuring the accu-
racy of energy loss estimation and the adequacy of dynamics
modeling during ultrafast transients. This is because these un-
accounted processes significantly affect the overall magnetic
state and machine parameters at high flux change frequencies,
which is uncharacteristic for transport power plants.

Further studies in this area should tackle two key di-
rections. The first is the integration of the thermal module
into the constructed system of equations. This is necessary
because such an extension will make it possible to increase
the accuracy of the model and its adequacy under conditions
of long-term and sharply changing loads of marine transport,
ensuring dynamic correction of the parameters of the equiva-
lent circuit depending on the temperature. The second prom-
ising direction is the combination of saturation with hystere-
sis and frequency-dependent losses within the same model.
This will make it possible to devise a systematic and complete
approach for simultaneously taking into account all the main
nonlinearities in models suitable for real-time control systems
with high-power engines.

7. Conclusions

1. We have built a system of mathematical equations that
describes electromechanical and electromagnetic processes
in the circuits of an induction motor of a vessel’s propulsion
power plant, taking into account the saturation of magnetic
circuits. The indicated relations contain four differential and
two algebraic equations, which is sufficient to determine
the full controllability of dynamics in linear and nonlinear
sections of the magnetization characteristic. This became
possible due to the use of the method of dynamic inductances
as the main tool in building a mathematical model.

2. The verification of the model of an induction motor
of a vessel’s propulsion power plant, taking into account
the saturation of magnetic circuits, showed that our results
are acceptable in the development and construction of drive
control systems and auto guidance systems. This became pos-
sible due to the consideration of the change in the magnetic
state of the traction induction machine, which allowed us to
describe, adequately to real electromagnetic and electrome-
chanical processes, the induction machine, as well as simulate
the specified processes. The mathematical model built shows
positive prospects for further research in this area to derive

more accurate relations describing the circuits of a traction
induction motor based on the obtained equations.
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