Brodogradnja VVolume 75 Number 4 (2024) 75402

journal homepage: www.brodogradnja.fsh.hr =
BRODOGRADNJA

Brodogradnja
An International Journal of Naval Architecture and

Ocean Engineering for Research and Development -

P

@ CrossMark

Novel approaches to representing the speed—-time characteristics of a direct
start-up induction machine driving gravitational-type loads

llija Knezeviét, T atijana Dlabac™, Martin Calasan®, Maja Kréum®

Affiliation

! Faculty of Maritime Studies Kotor, University of Montenegro
2 Faculty of Electrical Engineering, University of Montenegro
3 Faculty of Maritime Studies, University of Split

ARTICLE INFO ABSTRACT
Editor-in-Chief: Prof. Nastia Degiuli On ships, practically all types of induction machine loads are present, among which
Associate Editor: PhD Ivana Marti¢ those with fan and gravitational characteristics are the most common. This paper

addresses the speed-time curve dependency on the direct start of an induction machine

Keywords_: _ under gravitational load. The characteristic of speed-time, w = f (1), is described
Mathematical modeling through two analytical expressions. The first expression is derived using the formula
Gravitational loads for torque based on Thévenin’s equivalent circuit, while the second expression is

derived from Kloss’s formula for torque. The mathematical model has been tested
] . . through simulation and experimental validation on an induction machine in laboratory
Ship auxiliary machines conditions. Also, the paper includes a realised MATLAB program for determining the
Ship's power system mentioned characteristics. The results show the high precision and practical
applicability of the proposed analytical expressions in different working conditions.

Induction machine

1. Introduction

The development of electrical systems on ships began in the 1880s when the ship “Columbia” was
equipped with a direct current (DC) power source, which was used for lighting [1,2]. However, a true
revolution in marine electrical energy occurred through discoveries such as the induction machine (IM), the
transformer and the diesel engine at the end of the 19th century and beginning of the 20th [3]. These
discoveries spurred additional research and development, directing the shipbuilding industry towards more
advanced and complex electrical systems that have become standard on today’s ships [4]. In this context, IMs
have emerged as one of the most significant devices on ships. Specifically, IMs are alternating-current rotary
machines, which are most commonly used as motors and generators on ships [5]. The primary advantage of
these machines lies in their robustness, efficiency and ability to provide consistently high performance under
various operational conditions [6]. Although IMs require increased torque during start-up, their basic design
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and reliability make them crucial for maritime applications, particularly during manoeuvring [7,8] and for
many other operations [9].

Regardless of its size or purpose, every ship relies on a reliable electrical power network (EPN) to
function smoothly [10]. Technological advancement has increased the demand for electrical power on ships
[11]. Modern ships contain advanced navigation systems, communication equipment, air-conditioning units
and many other electrical devices that require a stable power supply [12]. The ship’s EPN represents a complex
assembly that includes various voltage levels [13].

Electric motor drives on a ship can be compared to those used on land. Both types consist of an electric
motor, a working mechanism, a connecting element, a control part and a network connection [14]. However,
there are several specificities for ship IMs compared to those intended for use on land [6]. These specificities
include a particular class of insulation, protection against sea salt and moisture, increased resistance to
vibrations and the ability to withstand swaying, certain inclinations and similar conditions [3,15]. In the
context of ships’ electric motor drives, the key characteristics that determine their operational performance
are the starting torque and starting current [16,17]. These characteristics are of great importance because they
determine the speed and efficiency with which the motor transitions from a state of rest to a working state, as
well as the impact of the start on the overall electrical power network of the ship [18]. In addition to these
technical aspects, integrated control systems serve for the efficient management, monitoring of consumption,
diagnostics and optimisation of the entire ship’s EPN [19].

IMs, which are crucial for operating ship auxiliary devices, are characterised by specific loads that are
essential for their efficient operation [13,16]. Specific loads of IMs found on ships include fan, gravitational,
and linear loads. For fan loads, the torque is a quadratic function of speed; for linear loads, the torque is a
linear function of speed; while for gravitational loads, the torque is constant and does not depend on speed.
One of the most prominent loads on a ship is the gravitational load, which is typical for auxiliary ship machines
and devices that generate a constant torque load [12]. This group includes various types of ships’ winches,
cranes, elevators, compressors and similar devices. When a ship’s auxiliary machine has the ability to return
mechanical energy to the IM, thus switching the machine from motor to generator mode, we can then speak
about a potential torque load [3]. In practice, when an IM drives a ship’s crane or elevator, it works in either
the first or second quadrant on the w—M plane, where the speed varies while the torque load does not change
sign.

Electric motor drives represent the largest group of energy consumers on a ship, accounting for
approximately 75%-80% of the total generated electrical energy, with IMs being the most common [3,12].
Their significant application in electric propulsion systems, where some motors can be connected to high
voltage directly or via transformers, underscores their importance [10]. However, the initiation of these motors
is especially critical; during start-up, the current drawn from the electrical network can be 6-8 times higher
than the nominal current, potentially destabilising the ship’s EPN and affecting the stability and quality of the
electrical supply [18,20]. As such, understanding and managing the starting process of IMs is paramount.
Namely, for the stability of the power system, it is important to reduce the current during the start of the motor.
Thus, different starting methods have been developed, such as direct online [21], star-delta switches [22,23],
autotransformers [24], soft starters [25] and inverters [26]. For high-power IMs, the substantial moments of
inertia can lead to insulation damage if the starting time exceeds the machine’s short-circuit withstand time.
The starting time of an IM can be determined through three basic approaches: numerical techniques; graphical
methods; and analytical solutions.

The first approach, based on numerical techniques, is used in Numerical Time-Domain Computation
(NTDC) [27]. This approach uses a series of differential equations to describe the dynamic behaviour of the
IM. Once these equations are formulated, numerical integration methods (namely the classic Euler’s method,
the well-known Runge—Kutta method, or the Finite Element Method) are utilised to solve them. Software tools
such as MATLAB/Simulink, Ansys, or similar, based on these methods, enable simulation of the starting
times of IMs [28]. However, it should be noted that this approach is computationally demanding, especially
for complex models.
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Graphical methods provide a visual analysis of starting time through speed—torque curves. These curves
of the torque of the IM and the driven load are presented on a standard graph, which is then divided into
segments. In each segment, the torque is interpolated and then all the values are summed up to obtain the total
starting time [29].

The behavior of the IM, especially during the starting time, is shown by a mathematical model. In one
of the studies, Aree [30] deals with calculating the starting times for medium- and high-voltage IMs and
proposes an exact formula. He particularly highlights the accuracy of this approach when the machine is
started using standard techniques. Building on the foundation of previous research, Calasan, along with his
collaborators, has continued to explore the field of the start-up of IMs in his publications [28,31-34]. In paper
[31], an invertible analytical formula is introduced for the mathematical modeling of the starting time of an
IM under no-load conditions, utilising Kloss’s expression for torque and solving it through the Lambert W
equation. In another paper [28], using Thévenin’s theorem for the calculation of the IM current as well as the
torque, he derives an invertible analytical solution for calculating the no-load starting time of the motor.
Additionally, paper [32] provides an analytical solution for the acceleration of the IM, as well as a
methodology for determining its maximum value. In contrast to these approaches, paper [33] focuses on
modeling the speed—time characteristics of IMs in no-load conditions, examining the losses due to friction in
the bearings. In the context of a ship’s electrical power system, where the IM often drives a fan-type load, the
authors in paper [34] modeled direct starting under such load conditions. This method allows for precise
calculation of the starting time of the IMs used in marine applications, such as pumps, fans and thrusters.

In this paper, a novel approach to mathematical modeling of the speed-time characteristic under
gravitational (constant) load conditions is proposed. The primary outcomes and significant insights from this
research are:

e This paper introduces novel and original mathematical expressions for the speed-time
characteristics of modeling an IM that is directly started under gravitational load conditions.
These expressions are based on Kloss’s formula for torque and application of Thévenin’s
equivalent circuit for torque calculation.

e A software approach implementing the aforementioned mathematical modeling technique is
presented.

e The results of simulations and experimental investigation of the proposed mathematical
expressions are provided, confirming their applicability.

e The proposed expressions were tested for various machine power and voltage values,
demonstrating their robustness in different operational conditions and wide applicability in
practice.

This paper is organised into seven sections. The second section describes the ship’s electric motor drive.
The third section presents original and novel mathematical expressions for the speed—time characteristics of
directly started IMs under a gravitational load. The fourth section focuses on software approaches to modeling
the speed-time characteristics of IMs’ gravitational-type loads. The fifth section pertains to simulation results
that demonstrate the applicability and accuracy of the proposed expressions. The sixth section of the paper
provides experimental verification of the proposed formulas. Finally, the seventh section summarises the
essential findings and highlights potential directions for future research.

2. Shipboard Electrical Power Systems

The shipboard electrical power systems are based on the principle of a central plant for generating
electrical energy, similar to that on land. These systems include several generators, which are mainly powered
by diesel engines or steam turbines. These generators can be paralleled and synchronised on the main
switchboard, supplying electrical power to all consumers on board [35]. Management of the generators is
enabled through a Power Management System (PMS), which automatically switches generators on and off
according to the current demand for electrical power. The standard frequency on board is typically 50/60 Hz.
For three-phase voltage levels, the standard voltages are 380/440 V and 690/660 V, while single-phase
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voltages are set at 240 V and 120 V. For alternating current systems, the upper limit for low voltage is 1000
V and for direct current systems, it is 1500 V [36,37].

For high-voltage systems, the standard voltages range from above 1 kV to 15 kV. Electrical distribution
on ships is based on different systems for different voltage levels, namely for high-voltage and low-voltage
levels. The distribution network can have a ring or radial configuration [12,37]. The main distribution board
is divided into at least two segments to ensure redundancy in case of failures. It provides power supply to all
consumers on board, including the power supply to the ship’s auxiliary machines, which are crucial for the
operation of the main ship’s engine. The auxiliary machines on board, such as cranes, winches, pumps, fans,
thrusters and compressors, are powered by the IM [3,38].

For the analysis and modeling of electromotive drive systems on ships, it is important to understand the
operation of IMs and the load characteristics of a ship’s auxiliary machines. As illustrated in Figure 1, the
electromotive drive powering a ship’s auxiliary machine has typical load characteristics, which can be
categorised as: hyperbolic; linear; fan-type; and gravitational [34]. Auxiliary machines and devices on board
can be divided into two main groups: those that typically rotate in one direction, such as fans, centrifuges,
thrusters, reels and pumps (known as reactive loads); and those where the direction of rotation changes rapidly
or slowly during the operating cycle, such as cranes, elevators and the like [34,39].

Induction Machine Ship Auxiliary Machines
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Fig. 1 Electromotive drive and stationary torque curves of a ship’s auxiliary machines

(a) hyperbolic - M| = g; (b) linear —-M | =Bw; (c) fan—M = Be”; (d) gravitational M, =B

3. Novel approach to representing the speed—time curve for a gravitational type of load

It is important to emphasise that the derived analytical expressions presented below are valid only under
the assumption that all the parameters of the IM are constant. This assumption simplifies the analysis but may
not fully reflect the real operational conditions, where parameters can vary due to factors such as changes in
temperature, slip, component wear and voltage fluctuations. Specifically, the application to 1IMs with more
complex rotor designs, such as those with multiple cages or deep-bar rotors, can result in different torque and
slip, which are not directly covered by these models.

To derive the expression for the starting time of an IM under gravitational load, Thévenin’s equivalent
circuit is used, as shown in Figure 2. This represents a simplified equivalent circuit derived from Figure 1.
Here, Ut is the Thévenin voltage, representing the open-circuit voltage at the terminals of the network when
the load is removed. Xt is the Thévenin reactance, representing the equivalent reactance seen by the load, and
Rt is the Thévenin resistance, representing the equivalent resistance seen by the load. In this context, the rotor
circuit is treated as the load. Xz represents the rotor reactance, while Rz /s is the rotor resistance divided by the
slip (s), which indicates the resistance experienced by the rotor as it decelerates from synchronous speed. This
division by slip is crucial as it reflects the varying resistance seen by the rotor during different operational
speeds.
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;X X,

Fig. 2 Thévenin's equivalent circuit

The developed electromagnetic torque of an IM can be calculated using the well-known expressions for
torque as follows:

RZ
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where:
U is the value of the Thévenin voltage source (U, = Xn U),
X+ X,
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Xr is the value of the Thévenin reactance (X = ), and

2
Rris the value of the Thévenin resistance R :%, while
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27n,

).
0

ws is the synchronous speed of the rotating magnetic field within the air gap (o, =

In the context of IMs, the concept of rotor slip (s) is important for understanding machine performance
and operational efficiency. Rotor slip is defined as the difference in speed between the rotating magnetic field,
established by the stator, and the actual speed of the rotor, . It is expressed as a percentage of the
synchronous speed, @, . Mathematically, this can be expressed as:

W, — @

s(%) =

-100 (2)

S

For an approximate calculation of torque, which gives the relationship as a function of slip, and for a
known value of maximum torque and its corresponding slip at the maximum torque of the machine, Kloss’s
expression is used.

2M
M=_""br 3)
S S
S, S
where:
2
M is the value of the maximum torque (M, = 3 /43) Xt Xy ) and

o, (R + X7 X, ) +(X; + X, )
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RZ
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The following subsections present the derivation of expressions for the start-up time of the IM. The first
proposed expression is derived using the torque equation from Thévenin’s equivalent circuit, while the second

proposed expression is derived using Kloss’s expression for torque. Although the final expression for the start-
up time of the IM has the same mathematical formulation, they differ in their coefficients.

sor is the value of the corresponding slip at the maximum machine torque (s, =

3.1 First expression
In the context of dynamic analysis of an IM, Newton’s equation for rotational motion can be formulated

as.
|\/Iem_l\/ILz‘Jd_a)
dt
d(1-5)a,)
M, -M, =]~ %/ 4
em L dt ()
ds

Mem_ML:_Ja)sa

It is important to note that slip (s) is variable as a function of time because it changes during the IM
start-up process. The driving torque in an IM is the developed electromagnetic torque (Mem). External forces
such as gravitational load also cause a load torque (ML) on the motor shaft. The moment of inertia of the rotor
(J) represents a measure of the resistance to changes in rotational speed.

Common to all types of loads is the use of expressions for electromagnetic torque, such as the Thévenin
expression and the Kloss expression. However, when a specific load torque (gravitational, fan, linear, no-load)
is introduced into M, a completely different model for the starting time of the IM is obtained. Observing
Thévenin expression for machine torque, and gravitational type of load, the slip-time IM characteristics have
the following form:

2 R
3(U. /3 2
(Y:/-5) s B =—st$ 5)

),

R 2
: (RTJFSZJ +(X; +X,)

By applying standard mathematical operations, the previous equation can be rewritten in the following
form:

(IR 4107 (X, +X,)')s* +(200/RR; )5+ 10 R,R,

dt = ds (6)

(Ba)s (X +X,) + Ba)SRTZ)SZ ~(3U,?R,~2Bw,R,R; )s+Bw,R,”

The total start-up time for a loaded IM with a gravitational load characteristic, when directly connected
to the network, is obtained as follows:

S
|

The previous equation can be written in the most general mathematical form as follows:

(waRT2 +Jm? (X, + xz)z)s2 +(2J0RR; )s+I0RR,

2 ds (7)
(Ba)s (X; +X,) + Ba)SRTZ)sZ ~(3U,%R, ~2Bo,R,R; )s+Ba,R,?
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To streamline the integration process, the following form is introduced as an intermediate variable in
the equation below. This facilitates the necessary algebraic manipulation by simplifying the transformation of
the equation. Due to the identical degrees of the polynomial in the integral equation, division is required,
resulting in the equation taking the following form:

a, « a, «
aS tastay oy \% %

o a,
2 (10)
s —asS+a, a, 2 _% g %
a, a,
This equation is solved by applying the decomposition method in the following form:
(%msjs L%, %
o Q, 4 a k, N K, (11)
(S—Sl)(S—SZ) (S_Sl) (5_52)

The coefficients s1 and sz, given in equation (11), represent the real roots of the equation. The
coefficients ki and k2 can be solved observing the following equation:

o (04
L &

{kl}:{ 1 1 }_1 o, a, 12)
K, e

o a,
After decomposing equation (10) and solving the system of linear equations shown in equation (12), we
get the final expressions for the coefficients ki and ko. The expressions for ki and k. are derived as follows:

o +a,a, + S (o + a,0,)

|:k1:| B (S, —S,)

K, a,a +a,a, + S, (o + o,a,)

(13)

a,a,(s,—S,)

Furthermore, by approaching the analysis of real roots of the quadratic equation that occurs in the
decomposition process, expressions for s; and s> were derived. These roots of the quadratic equation are
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significant for understanding the dynamic properties of the IM under various slips. The expressions for s; and
sz are given in the following formula:

2
@, l(a_] %
{31}_ a, \4\a, a,

(14)
2
ol 1fa) _a
a, 4\ a, a,
Therefore, the acceleration time of an IM can be calculated as follows:
r k k

tzj&{l+ L+ 2 }ds (15)

1 054 (S_Sl) (S_Sz)

Finally, the start-up time of an IM to a certain speed is obtained by integrating the above expression
within the limits from s=1to s:

t:ﬁ(s—1)+ﬁkl|n[ﬂj+ﬂk2|n(s‘52j (16)

a, a, 1-s ) ¢, 1-s,

The analytical expression derived to describe the speed-time characteristics under a gravitational load
of an IM is a new contribution to the theory of electric machines. This expression significantly differs from
those found in works [28,31], which focus on the speed-time characteristics in no-load conditions.
Additionally, a completely different mathematical relation for time is given when the IM drives a linear type
load [33] or a fan type load [34].

The formula we previously derived for calculating the starting time of the IM under gravitational load
can also be applied to calculate the starting time of the machine using soft starts. This is because soft start
involves a gradual increase in the supply voltage. Therefore, the formula we derived earlier can be used to
calculate the time during each interval when the supply voltage remains constant.

3.2 Second expression

The speed-time characteristics can also be determined by utilising Kloss’s equation for torque, allowing
us to present the equation as follows:

2Mbr —B=—Ja)sﬁ (17)
S Su dt
Sor S

Kloss’s expression, derived from the Thévenin model, assumes that we neglect the stator resistance,
which allows one to focus on the dominant effects of rotor slip in the analysis of machine torque. The
previously mentioned equation (17), after a series of mathematical operations, can be transformed and

displayed in the form defined by equation (8). In this case coefficient -, =0 while others have the following
values:
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a, =0,
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3 s~br (18)
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4. A software approach to representing the speed—time curve for gravitational-type loads

The MATLAB/Simulink dynamic model of an IM driving a gravitational type of load during direct start
and speed loading is presented in Figure 3. The detailed core segment of the developed MATLAB code,
grounded on the equations above, is given in the APPENDIX. This section introduces a software-based
methodology for determining the speed-time curve of an IM under gravitational loading, incorporating a series
of mathematical steps. In the next section of the paper, the presented simulation results are aimed at testing
the proposed mathematical equations describing the speed-time characteristics.

For building the IM model in the Simulink environment, the Simscape Electrical toolbox from
MATLAB was used, specifically the SI Units Induction Machine block. This block enables precise modeling
and simulation of the dynamic behaviour of the IM. The mathematical model behind this block includes a
fourth-order state-space model for the electrical part of the machine, and a second-order system for the
mechanical part. All electrical variables and parameters are referenced to the stator and expressed in an
arbitrary two-axis reference frame (dq frame). The stator and rotor voltage equations describe the voltage—
current relationships, the flux linkage equations define the relationships between the currents and fluxes in the
stator and rotor, the electromagnetic torque equation determines the torque developed in the motor, and the
mechanical dynamics equation describes the angular acceleration of the rotor, taking into account inertia and
friction. To solve these equations, the NTDC method was used in the Simulink environment, using integrators
to calculate the state variables over time.

For modeling the speed-time curve for the gravitational-type of loading on the ship, a software approach
is proposed that includes a series of mathematical steps. The steps shown in Figure 4 illustrate the precise
starting time calculation of a direct start-up IM when starting a gravitational-type load.

-2
Gravitational type of load Discrete
le-06 s.
J Scope1
| 'i <Rotor speed (wm)> ‘
Display1

Induction Machine

Fig. 3 MATLAB/Simulink dynamic model of an IM driving a gravitational type of load during direct start and speed loading

The software approach presented in the paper relies on MATLAB code and begins with setting the
parameters of the IM. For modeling the speed-time characteristics, Thévenin’s expression for torque is used,
where coefficients are taken from relation (9). If the calculation is performed through another approach based
on Kloss’s expression for torque, the coefficients defined by relation (18) are taken. Further steps of the
software approach include finding the roots s: and sz, given in equation (14). Using a matrix (12), the
coefficients ki and k> are determined, and then, utilising the expression for time (16), the speed-time
characteristic of the IM is obtained.
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Fig. 4 Steps in modeling the speed-time characteristic for a gravitational load
5. Simulation results

In this section, the simulation results for IM under various operating scenarios are present. The goal of
this investigation is to test the proposed mathematical equations for modeling the speed-time characteristics.
For this purpose, Table 1 provides the parameters of the equivalent circuit of the IM used for simulation tests.

Table 1 Parameters of the IM used for the simulation

IM parameters [28] Value
P [W] 3730
U [V] 575
f [Hz] 60
R1[Q] 2.053
R [Q] 1.904
X1[Q] 2.545
X2 [Q] 2.545
Xm [€2] 98.77
J [kgm?] 0.02

10
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The simulation results demonstrate the reliability and applicability of the derived expressions for
representing the speed-time curve of a directly started IM under a gravitational load. Additionally, there is a
high degree of consistency between the proposed analytical solutions and the results obtained from NTDC
simulations (MATLAB/Simulink). This confirms the accuracy of modeling the dynamic behaviour of the IM
under a gravitational load in real maritime operational conditions.

Figure 5 shows the speed-time and torque-time characteristics of an IM under gravitational load,
comparing the results obtained from the Kloss equation with the MATLAB/Simulink simulation results.
Subfigure 5a shows the speed-time curve and demonstrates a good match between the characteristics obtained
using the analytical time expression (16), which employs the Kloss equation for electromagnetic torque, and
the results from the MATLAB/Simulink simulations. There is a perfect alignment of the speed-time
characteristics obtained from the analytical expression with the MATLAB/Simulink simulations. Subfigure
5b depicts the torque-time characteristics. It also shows a good match between the torque-time characteristics
obtained using the Kloss equation and the MATLAB/Simulink simulations. The electromagnetic torque
obtained from the Kloss equation exhibits a gradual increase, reaching a maximum, then stabilizing at the
steady-state torque value. In contrast, the torque-time characteristics obtained from the MATLAB/Simulink
simulations display an oscillatory nature, which is a consequence of the machine's dynamic operation. This
oscillatory nature of the torque is directly due to the transient processes occurring during the machine's
operation. Despite these oscillations in the transient period, both methods converge to the same torque values.

2000 : : . . . ' ' '

= 1500 P

£ P

= ¢/

< 1000 Z |

o) P

8 P

N 500} Kloss equation ||

== == = \|atlab/Simulink

0 1 1 1 1 | 1 L :

(@) © 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

T T I
— K|0SS equation
= = = = \atlab/Simulink ||

_20 | | | | |
(b) © 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time [s]
Fig. 5 Speed-time and torque-time characteristics of an IM under gravitational load for U =300 V, B =10 Nm, J = 2J,

The speed-time profiles shown in Figures 6, 7, 8 and 9 are obtained using the analytical expression for
the start-up time given in equation (16). The start-up time, given as a function of slip (s), is calculated for
various speeds by discretizing the slip from s = 1 (standstill condition) to s = 0 (near synchronous speed) with
a small step size As. For each discrete slip value, the corresponding time is calculated and accumulated to
form the overall speed-time characteristic.

In subsequent simulations, several values of the gravitational load coefficient were selected that are
lower than the nominal torque load. Subfigure 6a displays the dynamic behaviour of an IM in a simulation
environment at a voltage of 450 V and a gravitational load coefficient of B = 10 Nm. This simulation

11
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demonstrated a high consistency between the proposed models and the simulation results obtained using
MATLAB/Simulink, particularly in terms of the speed at which the machine reaches a steady state. In the
initial phase of the start-up, it is observed that the IM in MATLAB/Simulink exhibits mild oscillations.
However, the models based on Thévenin’s theorem and Kloss’s equation show close alignment. Moreover,
the results obtained from MATLAB/Simulink in the steady state exhibit very good consistency with
Thévenin’s model, indicating a robust validation of the proposed model.

Also shown in Figure 6 are the errors of the proposed models compared to the MATLAB/Simulink
model for an IM with the values U = 450 V, B = 10 Nm, J = Jn. Subfigure 6b presents the absolute error,
while subfigure 6¢ presents the relative error. It is evident that the proposed models closely follow the
reference curve of the MATLAB/Simulink model, with some deviations during motor acceleration. The
absolute error indicates the maximum deviations during acceleration, while the errors decrease as the motor
reaches its steady operating speed. The relative error provides additional insight into the accuracy of the
models by highlighting the percentage deviation from the reference model throughout the acceleration period.
In addition to the visual representation of both absolute and relative errors, the total RMS error was calculated
to quantify the accuracy of the proposed models. The RMS error for the Thévenin model is 43.41 rpm, while
for the Kloss model, it is 45.97 rpm. These results confirm that both models have an acceptable deviation
compared to the MATLAB/Simulink model.
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Fig. 6 Simulation results for IM at U = 450 V, B = 10 Nm, J = Jy; (a) Speed-time curve; (b) Absolute error; (c) Relative error
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Furthermore, tests of the derived expressions with variations in the moment of inertia IM were
conducted. It was shown that an increase in the moment of inertia results in longer start-up times, as illustrated
in Figure 7. For smaller moments of inertia, excellent alignment of the proposed models with the models in
the MATLAB/Simulink environment was recorded. In the zoomed-in view on Figure 7a, which focuses on
the initial response between 0 and 0.15 seconds, slight deviations between the MATLAB/Simulink models
and the models using Thévenin’s expression for torque and Kloss’s equation were observed. The zoomed-in
view from Figure 7b shows that Thévenin’s model is almost perfectly aligned with the results from
MATLAB/Simulink, demonstrating very good agreement as the motor speed approaches 1776 rpm.

Figure 8 shows the results of the simulation at a supply voltage of 450 V, showing the impact of different
gravitational load coefficients. Higher gravitational load coefficients result in a decrease in motor speed,
indicating a slowdown in operation. The initial phase, up to 0.09 seconds, shows oscillations in the results
obtained from MATLAB/Simulink. From the zoomed-in view on Figure 8a, an excellent match between the
proposed Thévenin model and MATLAB/Simulink is evident. The zoomed-in view from Figure 8b, focused
on the steady state, also demonstrates good correspondence between Thévenin’s model and
MATLAB/Simulink, confirming the effectiveness of the proposed model under various load conditions.

The results of the simulation at a gravitational coefficient of B=10 Nm and different supply voltages of
575V, 450 V and 350 V are shown in Figure 9. The simulations indicate that lower supply voltages lead to
slower acceleration of the IM. From the zoomed-in view on Figure 9a, it is evident that Thévenin’s model
fairly well follows the curve from MATLAB/Simulink, while Kloss’s model shows deviations. The zoomed-
in view from Figure 9b, focused on the steady state at the reduced voltage of 350 V, reveals discrepancies
between Thévenin’s and Kloss’s models compared to the results from MATLAB/Simulink.

1800 . 5
&
1600 | ,2J p -
1400 | A P 1774 (b) 1
'l 4] 1772
1200 | ] 7 1770, o = = =|
d 'I 1768

0.132 0.136

y/
&2

€
£1000 905 Pt .
900 -

§ 800 | 4 sgsp 7 (@) -
o 890

? 600 | 885 / _

0.0745 0.075
400 g4

Proposed model - Thevenin theorem
200 t = == =Proposed model - Kloss equation

== \Matlab/Simulink
0 I 1 1 1 1 1 .
0 0.05 01 0.15 0.2 025 0.3 0.35

Time [s]

Fig. 7 Simulation results for IM at U = U,, B =10 Nm

13



I. Knezevic¢ et al. Brodogradnja Volume 75 Number 4 (2024) 75402

1800 —rLr _ L _LF LI ]
1600
1400
1200 r
E - - E O O Em
g 1000 t 0.126  0.127 0.128 .
3 -]

o 800 r 1550 (a) |
@ 600 —
1500

400 - 0.091 |
Proposed model - Thevenin theorem
200 = == == Proposed model - Kloss equation 4
” === = \atlab/Simulink
O | ] ]
0 0.05 0.1 0.15 0.2
Time [s]
Fig. 8 Simulation results for IM at U =450 V, J = J,
2000 T . . . .
1500 1 1740 o o e e -
1735 b
— 1730 ()
g_ 1725 e
; 1000 022 0.23 -
q') -
O ,.—?
o s
7 .- (a)
-
-
500 0.035  0.036 |
Proposed model - Thevenin theorem
= = ==Proposed model - Kloss equation
0 ===== \atlab/Simulink
0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]

Fig. 9 Simulation results for IM at B =10 Nm, J = J,

The execution times for obtaining the speed-time characteristics using analytical models and
simulations in the MATLAB/Simulink environment for various scenarios are shown in Table 2. The execution
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times for MATLAB/Simulink simulations are typically around 2.5 seconds, while analytical models, such as
the Thévenin and Kloss models, require between 0.25 and 0.35 seconds. In the context of smaller machines,
this difference in execution time may not be critical, as both times are relatively short. However, for more
complex models and larger machines, where moments of inertia are greater and supply voltage is lower, the
execution time for MATLAB/Simulink simulations can be significantly longer. This highlights the additional
advantage of analytical models, which are superior in terms of execution time compared to the NTDC methods
used by MATLAB/Simulink. Analytical models not only offer faster processing times but also do not require
specialized licensed software like MATLAB/Simulink, thereby further reducing costs.

Table 2 Execution time of the proposed analytical models and MATLAB/Simulink simulations

U J B Execution time in [s] Execution time in [s] Execution time in [s]
V] [kgm?] [Nm] Kloss model Thévenin model MATLAB/Simulink
450 Jn 10 0.28 0.26 2.72
575 2Jn 10 0.31 0.24 2.53
575 3n 10 0.35 0.25 2.69
575 43 10 0.27 0.25 2.74
450 Jn 5 0.26 0.24 2.60
450 Jn 20 0.24 0.25 2.32
575 Jn 10 0.26 0.24 2.39
450 Jn 10 0.3 0.25 2.32
350 Jn 10 0.3 0.26 2.21

6. Experimental results

In this section, experimental investigation results are presented for the proposed mathematical
expressions describing the speed-time characteristics. The validation was performed under laboratory
conditions using the Lucas-Nulle test bench shown in Figure 10. This bench is equipped with a servo brake
that precisely adjusts the gravitational load used to load the directly started IM. The parameters of the IM were
obtained using short-circuit and no-load test methods, as detailed in paper [34], and the parameters are given
in Table 3. Using the ActiveServo software, the machine was controlled and measurements were carried out
with exceptional accuracy in real-time data acquisition.

The measurement results for the gravitational load coefficient B=1 Nm are visually presented in Figure
11, while the results for B=1.5 Nm are shown in Figure 12. In observing the proposed results, at high speed,
a very high level of agreement between the experimentally obtained and simulated results is evident. The
discrepancy between the estimated speed values and the measured speed at the start of the IM is due to the
dynamics of the machine and the characteristics of the IM model. For example, the model does not consider
the parameter dependency on slip or the friction moment in the bearings. This indicates the high reliability
and robustness of the derived mathematical expressions and dynamic modeling of the M.

Table 3 Parameters of the IM used for the experiment

IM parameters [34] Value
Pn [W] 300
U[V] 380
f[Hz] 50
R1[Q] 21.70
R2[Q] 19.67
X1 [Q] 25.79
X2[Q] 20.26
Xm [Q] 333.7
J[Q] 0.00175

15



I. KneZevi¢ et al. Brodogradnja Volume 75 Number 4 (2024) 75402

NSRS

Fig. 10 The test bench on which the proposed expressions were validated
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Fig. 11 Experimental results for B =1 Nm
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7. Conclusion

On ships, various types of auxiliary machinery are present, affecting the operation of the IMs. One of
the more commonly present load characteristics of the IM on a ship is gravitational. Consequently, this paper
is the first in the field to tackle the representation of the initiation time for an IM burdened with a gravitational
type of load.

The paper provides novel and original mathematical equations for representing the speed—time curve of
a directly started IM under a gravitational load. These mathematical expressions are derived without any
assumptions. The first mathematical approach is derived from the expression for torque in Thévenin’s
equivalent circuit, while the second is derived from Kloss’s formula for torque. Simulations of these models
were tested in various operating scenarios, with results compared to those obtained using NTDC methods
(MATLAB/Simulink). Moreover, experimental testing of the proposed equations was carried out under
laboratory conditions on a 300 W IM, which showed an exceptional matching of the results.

The practical significance of these analytical formulas is substantial. Both models provide analytical
expressions for the speed-time characteristics of a directly started IM under a gravitational type of load, which
is commonly found on ships. These formulas enable accurate adjustment of protective devices and evaluation
of the quality of electrical energy in the ship’s power system. This ensures efficient energy management and
enhances the reliability of marine operations. Such analytical expressions are useful for engineers designing
marine power systems.

Future research will be directed at obtaining the inverse time-speed characteristics of directly started
IMs and the influence of various types of ship auxiliary machinery on the above characteristics of the IM.
Variables neglected in the modeling, such as variations in the parameters of the IM equivalent circuit with the
impact of temperature and slip, will be considered in future research. Also, future research will focus on
comparing the speed and time characteristics of IMs with different types of loads, and detailed analyses of the
impact of different types of loads on machine characteristics.
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8. Appendix

Calculated UT
~ulated RT
culated XT

culated Mbr

Calculated sbr

A=J*wWs;

B=J*ws*spr"2;

C=B1;

D=2*Mpr*spr;

E=Bl*spr”"2;

A2=A/C;

B2=B/A;

D2=D/C;

E2=E/C;

F2=B2-E2;

characteristic = [1 -D2 E2];
roots = roots ([l -D2 E2]);

real indices = find(imag(roots) == 0);
real roots = roots(real indices);
sa = real roots(real indices(1l));
sb = real roots(real indices(2));
matrix = [1 1; -sb -sa];

outside = [D2; F2];

solution = inv(matrix) * outside;
k1l = solution(1l);

k2 = solution(2);
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