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Abstract—Induction machines (IMs) are crucial to driving 

auxiliary machinery and devices of ships, such as pumps, fans, 

winches, and elevators, which are essential for maintaining the 

operational functions of a ship and are characterised by various 

types of loads. This is of critical importance because high surges 

of starting current can cause instabilities and fluctuations in a 

ship’s power system, directly affecting the safety and efficiency 

of ship operations. This paper provides a comprehensive review 

of analytical expressions for modelling the start-up time of 

directly started IMs under different ship operational conditions 

(no-load, linear load, fan load, and gravitational load). 

Validation of the analytical models was performed by 

comparing the speed-time characteristics obtained from the 

experimental measurements with the corresponding ones 

obtained by simulations in a MATLAB Simulink environment. 

The observed 1.5 kW IM reached a steady state for 0.1356 

seconds when driving the load with a fan characteristic. 

However, when subjected to linear and gravitational loads, the 

IM requires longer times to reach a steady state - 0.1400 and 

0.1606 seconds, respectively. The results of the simulations and 

experimental tests highly corresponded with the analytical 

predictions, confirming the reliability and practical 

applicability of the analytical models. 

 
Index Terms—Directly started; Induction machine; 

Modelling; Ship auxiliary machinery. 

I. INTRODUCTION 

A. Background and Idea behind the Research 

In the maritime industry, three-phase induction machines 

(IMs) with squirrel-cage rotors are key elements of 

propulsion systems due to their exceptional reliability, 

efficiency, and simple construction [1]. These IMs are 

specifically designed to withstand demanding maritime 

conditions, making them indispensable for various ship 

operations [2], [3].  

On ships, consumers can be classified according to their 

functions into categories such as propulsion machines, 

auxiliary machines, deck machines and devices, hotel 

consumers, and general needs of the ship [4], [5]. IMs, which 

are often power deck machines and devices, as well as 

auxiliary ship machines, are characterised by specific load 

characteristics [6], [7]. These load characteristics of IMs can 

be categorised into the four most important groups [8]: fan-

type loads, gravitational loads, linear loads, and hyperbolic 

loads. 

The gravitational load characteristic implies a constant 

torque as a function of speed and is often found in cargo, 

tension, and anchor winches, compressors, hoists, and cranes. 

On the other hand, the fan type, often called the “propeller 

characteristic”, is predominant in the operation of propellers, 

pumps, fans, and thrusters [9]. IMs on ships with linear load 

characteristics can be found in specific devices, such as 

winders [4]. The hyperbolic load characteristic is found in 

ship applications for drives that require constant power.  

The starting of an IM is a critical phase [10], as the current 

can reach up to nine times the nominal value, causing 

significant disturbances in the power network of the ship 

[11]–[13]. These disturbances not only affect the stability of 

the network, but also create oscillations in the quality of the 

power supply, affecting sensitive systems such as navigation 

and communication [14]–[16]. Additionally, high starting 

currents can reduce machine lifespan, leading to higher 

maintenance costs [17], [18]. To mitigate these effects, 

appropriate techniques are required to limit the starting 

current [19], [20]. Various methods such as direct online 

starting [21], star-delta starters [22], [23], autotransformers 

[24], soft starters [25], and inverters are commonly used [26], 

each with its own advantages and limitations. 

The motivation for this research arises from the need to 

accurately model the dynamic behaviour of IMs in shipboard 
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environments, especially during transient conditions like 

starting and load changes. These processes affect power 

quality and equipment lifespan. Reliable models are crucial 

to understanding these effects and improving the performance 

and reliability of shipboard electrical systems. 

B. Literature Review 

Modelling the operation of an IM involves solving 

nonlinear differential equations that adequately describe its 

function [27], [28]. The speed-time curve of a machine can 

be represented via numerical techniques in the time domain 

or through analytical expressions. The numerical approach, 

which uses integration techniques to solve a set of equations, 

is implemented in several software packages to simulate 

electrical machines. Although this method is demanding in 

terms of the execution time required, due to the complexity 

and scope of the equations that are solved, it allows precise 

modelling and provides detailed information on the 

machine’s operation. 

Analytical approaches to calculate IM start-up time are 

divided into two categories. The first includes analytical 

expressions to model the speed-time characteristics without 

load. For example, Aree [29] proposes a simplified first-order 

motor model for conventional starting methods, while 

Ćalasan [30] presents a formula derived using the Lambert W 

function to calculate start-up time under no-load conditions 

based on Kloss’s torque equation. Similarly, Ćalasan [31] 

provides an expression based on the equivalent circuit and 

Thevenin’s torque equation, using an iterative process with 

the Lambert W function for the calculation of the inverse 

speed-time during direct no-load starts. The second category 

focusses on modelling speed-time characteristics under load, 

crucial in maritime settings. Various dynamic models have 

been developed, such as those in [32], which describe started 

IMs directly, taking into account bearing losses. Additionally, 

Knežević, Ćalasan, and Dlabač [33] review ship loads, 

particularly fan loads, providing precise analytical 

expressions for speed-time characteristics using the torque 

equations of Kloss and Thevenin. In [34], a formula was also 

introduced to present speed-time characteristics under 

gravitational loads.  

C. Contribution and Novelty 

The key contributions and novelties of this paper are as 

follows. 

− A comprehensive review and analysis of analytical 

methods for calculating IM start-up times under various 

shipboard loads, including linear, fan, and gravitational 

load characteristics, as well as no-load conditions. 

− Simulations validating the theoretical dynamic models of 

speed-time characteristics, conducted under varying inertia 

moments and load coefficients. 

− Experimental validation of theoretical expressions on a 

1.5 kW IMs, confirming their practical applicability and 

reliability. 

− A novel comparative analysis of IM performance with 

different shipboard loads under identical conditions has not 

been previously addressed in the literature. This analysis 

examines the speed-time characteristics of various loads 

both through simulations and experimental measurements. 

− The analytical models presented are crucial for adjusting 

overcurrent protection devices and evaluating power 

quality in shipboard electrical systems. 

D. Paper Organisation 

This paper is organised into five sections. Section II 

provides a detailed examination of the analytical approaches 

for modelling the speed-time characteristics of directly 

started IMs under various types of loads. In Section III, 

simulations of different dynamic models are conducted to 

describe the speed-time characteristics. The experimental 

results are presented in Section IV. Section V provides the 

key findings of the study and possible directions for future 

research. 

II. ANALYTICAL SOLUTIONS FOR MODELLING THE SPEED-

TIME CURVES OF INDUCTION MACHINES UNDER VARIOUS 

OPERATING CONDITIONS 

This section presents analytical formulas for calculating 

the start-up time of an induction machine under various load 

conditions on a ship. With regard to the mechanical 

subsystem and shipboard loads, nearly all types of load are 

considered. The analytical expressions for the start-up time 

presented in this section are derived from the parameters of 

the equivalent Thevenin circuit. The relationships and 

parameters of the Thevenin equivalent circuit are thoroughly 

detailed in [33], [34]. 

A. No-Load Operation 

In [30], an analytical formula is presented to calculate the 

time required to start a direct-starting IM in no-load mode. 

This formula was derived from the Kloss formula for torque 

and is given in the following form 
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In addition to the formula mentioned above, in [31], 

another formula is proposed derived from the expression for 

torque determined from the Thevenin equivalent circuit of the 

IM 
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B. Linear Load Type 

In marine applications, IMs often operate under various 

load characteristics. In this context, the linear load 

characteristic is described as follows 

 ( )1 .L L sM B s =  −  (3) 

In the equation, ML represents the load torque, 
s  

represents the synchronous speed of the machine, BL 

represents the coefficient of linear loading, and s represents 

the slip of the machine. An analytical solution, proposed in 

[32], which describes the speed-time characteristic of a IM 
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that is started directly under a linear load, is given as follows: 
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The entire procedure to determine all the unknown 

coefficients can be found in [32]. 

C. Fan Load Type 

The most commonly encountered load characteristic of 

ships is the fan-type load, which can be described as follows 

 ( )
2 21 ,L F sM B s =  −  (5) 

where ML is the load torque, BF is the fan load coefficient,

s  is the synchronous speed, and s represents the slip. 

In [33], the modelling of the speed-time characteristics of 

a IM directly started when driving a fan-type load on a ship 

was performed and explained in detail. The derived 

expression is given in the following form 

 
( )

( )

1

1

1

2 2

2

1 4 2

3 1 2 3

2

1 1 2 3

1

1 24

2 1
3 1 2 1 2

1
log

1
log

2

log
2

tan 22
.

4 tan 2

s
t k

s s

r s
k

r k s s

k r r r

r r s r s r

r rk

r r r r s r

−

−

 −
= + 

− 

   −
+ − +   

−   

 + +
+ + 

+ + 

 +
+  

 − − + 

 (6) 

D. Gravitational Load Type 

The gravitational load characteristic of a ship, where the 

load torque (ML) is equal to the gravitational constant (BG), 

i.e., the load torque is constant and independent of the 

rotational speed, can be expressed as follows 

 ,L GM B=  (7) 

In [34], modelling of the start-up time was performed for a 

IM directly started driving a gravitational load type. Two 

expressions for time were derived, both with identical 

mathematical formulations. The first expression was obtained 

by applying Kloss’s torque equation, while the second was 

derived from the torque expression via Thevenin’s equivalent 

circuit. The expression obtained for time as a function of slip 

is given in the following form 
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III. SIMULATION RESULTS 

In this section, simulation results are presented to analyse 

and verify the analytical expressions for modelling the speed-

time characteristics of directly started IMs. Specifically, the 

simulation results of the IM under no-load conditions and 

while driving fan-type and linear loads are shown. 

Additionally, a comparison of different ship loads operating 

at the same operating point is presented. The IM used in the 

simulation tests was selected from the Simulink library, and 

its parameters are provided in Table I. Speed variations 

observed in the simulation results are expected, as they are a 

direct consequence of the different load coefficients under 

which the motor was tested, with each load type causing 

changes in the IMs speed. 

TABLE I. PARAMETERS OF THE INDUCTION MACHINE. 

Parameters Value 

Stator resistance - R1  1.405 Ω 

Rotor resistance - R2 1.395 Ω 

Stator reactance - X1 1.8344 Ω 

Rotor reactance - X2 1.8344 Ω 

Nominal moment of inertia - Jn 0.0131 kgm2 

Nominal voltage - Un  400 V 

Nominal power - Pn  4 kW 

Nominal frequency - f  50 Hz 

Number of pole pairs - p  2 

A. No-Load Operation 

The simulation results for the start-up time of a directly 

started IM under no-load conditions are presented to evaluate 

the accuracy and variability of the analytical expressions. 

These results are important for understanding the behaviour 

of IM when no mechanical load is applied to the shaft. The 

following figures compare the analytical expressions for 

modelling the speed-time characteristics with 

MATLAB/Simulink simulations. Verification of analytical 

expressions for different moments of inertia J, 2J, and 4J is 

shown in Fig. 1. A higher moment of inertia extends the start-

up time of IM. The analytical expressions are shown to be 

very precise compared with the MATLAB/Simulink 

simulation under different moments of inertia, confirming 

their validity.  

 
Fig. 1.  Speed-time characteristics of IM under no-load conditions at 

U = 200 V. 
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B. Linear Load Type 

This section presents simulation results for different 

operating conditions of the IM under linear load conditions. 

The simulation results for different moments of inertia J, 2J, 

and 4J are shown in Fig. 2(a). These results confirm the good 

agreement of the analytical expressions with the 

MATLAB/Simulink simulations, showing that an increase in 

the inertia moment prolongs the start-up time of the IM. The 

accuracy of analytical expressions under these conditions 

highlights their ability to accurately predict machine 

dynamics. The results of testing the analytical expressions to 

represent the speed-time characteristics at different linear 

load coefficients (0.019 and 0.19) are shown in Fig. 2(b). A 

higher linear load coefficient leads to a greater slip in the 

machine, which affects the reduced rotational speed. Under 

these conditions, the analytical expressions show good 

agreement with the MATLAB/Simulink simulations, 

confirming their validity and reliability under different load 

conditions. 

 
(a) 

 
(b) 

Fig. 2.  Speed-time characteristics of the IM under linear loading: (a) 

U = 300 V, BL = 0.19; (b) U = 300 V, J = 2J. 

C. Fan Load Type 

The simulation results for the start-up time of a directly 

started IM driving a fan-type load are shown in Fig. 3. As in 

the previous simulations, the same methodology is used to 

compare the analytical expressions with the 

MATLAB/Simulink simulations. Figure 3(a) shows the 

simulation and comparison for different moments of inertia. 

The results indicate a strong agreement of the speed-time 

characteristics between the analytical expressions and the 

MATLAB/Simulink simulations. Figure 3(b) presents the 

simulation results for different fan load coefficients 

(BF = 0.00015 and BF = 0.0015). A higher fan load 

coefficient leads to a reduction in speed. Under these 

conditions, the analytical expressions show very good 

agreement with the MATLAB/Simulink simulations, with the 

Thevenin model proving ideal, especially in the steady state, 

whereas the Kloss model tracks the results with slight 

deviations. 

 
(a) 

 
(b) 

Fig. 3.  Speed-time characteristics of the induction machine under fan 

loading: (a) U = 300 V, BL = 0.0009; (b) U = 300 V, J = 2J. 

D. Gravitational Load Type 

The results of the verification of the analytical expressions 

for representing the speed-time characteristics of a directly 

started IM driving a gravitational load type are shown in Fig. 

4.  

In Fig. 4(a), where the results for different moments of 

inertia are presented, the MATLAB/Simulink results for the 

nominal moment of inertia slightly oscillate, whereas for 

higher inertia values these oscillations become less 

pronounced. The agreement of the analytical expressions 

with MATLAB/Simulink simulations is rather strong, 

confirming their accuracy under conditions of constant load 

torque. In Fig. 4(b), a simulation is performed for different 

coefficients of gravitational load. In reality, the gravitational 

load represents a constant torque independent of the speed. 

The machine started with double the moment of inertia and a 

voltage of 300 V, and very good agreement between the 

analytical expressions and MATLAB/Simulink simulations 

was observed. 
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(a) 

 
(b) 

Fig. 4.  Speed-time characteristics of the induction machine under 

gravitational loading: (a) U = 300 V, J = Jn, BG = 10; (b) U = 300 V, J = 2J. 

E. Performance of Shipboard Loads at the Same 

Operating Point 

For a precise analysis of the performance of an IM under 

different shipboard loads, it is crucial to conduct comparisons 

at the same operating point, i.e., at the same load torque under 

steady-state conditions. Figure 5 presents a torque-speed 

graph illustrating the operating point at which simulations 

were performed to analyse the IM start-up under various 

shipboard loads. The simulations were carried out with a fan 

load coefficient BF = 0.00043543, a linear load coefficient BL 

= 0.0659875, and a gravitational load coefficient BG = 10. All 

simulations were conducted at a voltage of 300 V and a 

moment of inertia Jn = 2J. The aim of the analysis is to 

compare the speed-time characteristics of the direct-start 

induction machine at the same operating point to determine 

which load allows the machine to achieve the shortest start-

up time and to identify the differences in start-up time 

between the different types of loads. This analysis is of 

exceptional importance because extended start-up times, 

especially if they exceed the duration the machine can 

withstand in a short-circuit state, can become very dangerous 

for the machine itself. Prolonged start-up times increase 

thermal stress, which can lead to overheating and damage the 

machine’s insulation. 

In Fig. 5, the electromagnetic torque and the torques of 

different load types (fan, gravitational, and linear) are shown 

as functions of speed. The operating point, marked on the 

graph, represents the speed and torque at which the machine 

operates stably. Analysing the start-up at this point allows for 

a precise comparison of the time required to reach a steady 

state for each type of load. 

 
Fig. 5.  Torque-speed characteristics. 

Figure 6 presents the simulation results for the speed-time 

characteristics of a IM directly started under different 

shipboard loads at the same operating point.  

 
(a) 

 
(b) 

Fig. 6.  Speed-time characteristics at the same operating point: (a) Results 

obtained through the Thevenin model; (b) Results obtained through 

MATLAB/Simulink simulation. 

Figure 6(a) shows the simulation results obtained via the 

Thevenin model, and Fig. 6(b) shows the results of the 

MATLAB/Simulink simulations. The results of the three 

models are consistent, demonstrating the alignment between 

the analytical expressions and the MATLAB/Simulink 

model. The simulation results indicate that the start-up time 
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is the shortest for the fan load type, whereas the start-up times 

for the linear and gravitational load types are somewhat 

longer. This can be attributed to the nature of each load type 

and their impact on the dynamics of the IM. Owing to its 

quadratic relationship with speed, the type of fan load allows 

for faster attainment of a steady state. The linear load type, 

which has a torque proportional to speed, requires more time 

for start-up, as the load torque increases linearly with speed. 

The gravitational load type, with constant torque, also 

requires a longer start-up time because the load remains the 

same regardless of speed, imposing additional strain on the 

machine at lower speeds. 

IV. EXPERIMENTAL RESULTS 

The results of the experimental validation of the analytical 

expressions for modelling the speed-time characteristics of a 

directly started IM under different types of shipboard loads 

are presented in this section. The experimental measurements 

were conducted at the Laboratory for Electromotor Drives 

and Traction at the Faculty of Electronic Engineering, 

University of Niš, Niš, Serbia. The experimental setup is 

shown in Fig. 7. The IM was subjected to different types of 

loads to obtain speed-time characteristics, which were then 

compared with theoretical predictions. The measurements 

included no-load, fan and linear load types. 

 
Fig. 7.  Experimental setup used to measure the speed-time characteristics of 

the IM. 

First, experiments were conducted under standard no-load 

and short-circuit conditions to obtain the IM parameters, 

which are given in Table II. The IM used for load emulation 

is powered by an ABB ACS 880-01 frequency converter. 

There are encoders on the left and right ends of the shaft. The 

encoder on the left end is used to measure the speed during 

the experiments. This encoder is programmed to output 8192 

pulses per revolution. The encoder on the right end of the 

shaft is used by the ABB ACS 880-01 frequency converter 

for more precise control in the desired operating mode. This 

encoder outputs 1000 pulses per revolution. Pulse acquisition 

from the measurement encoder is performed by the dSPACE 

DS 1103 device every 1 ms. For the control of this device, the 

dedicated software ControlDesk is used and programming is 

performed in MATLAB. The speed data are stored in a MAT 

format suitable for processing in MATLAB. The ABB 

frequency converter, series ACS 880, subseries 01, is 

programmed to operate with direct torque control (DTC) and 

powers the machine. In experiments, when it is used, it 

powers the machine so that the machine behaves as a defined 

load (fan and linear). This load emulation is performed 

directly in the frequency converter by modifying its control 

algorithm through adaptive programming via Drive composer 

software. In load emulation mode, excess energy is dissipated 

on a braking resistor. The data of interest are recorded from 

the Drive Composer software at the highest possible 

resolution and stored in .csv format. This format is later 

converted to an MAT file for further processing. The two 

variables recorded are speed and load torque. 

TABLE II. PARAMETERS OF THE EXPERIMENTAL IM FROM NO-

LOAD AND SHORT-CIRCUIT TESTS. 

Parameters Value 

Stator resistance - R1  5.0530 Ω 

Rotor resistance - R2 3.2296 Ω 

Stator reactance - X1 5.5217 Ω 

Rotor reactance - X2 5.5217 Ω 

Nominal moment of inertia - Jn 0.003487 kgm2 

Nominal voltage - Un  400 V 

Nominal power - Pn  1.5 kW 

Nominal frequency - f  50 Hz 

Number of pole pairs - p  1 

A. No-Load Operation 

Figure 8 shows the experimental results of directly starting 

the IM under no-load conditions without any external 

mechanical load applied. The aim of this experiment is to 

compare theoretical models based on Kloss’s formula and 

Thevenin’s theorem with experimental results to validate 

analytical expressions for no-load conditions. Figure 8 shows 

good agreement of the speed-time characteristics obtained 

from the analytical expressions with the experimental results. 

Theoretical models show high precision in predicting 

machine dynamics during start-up. However, since the 

analytical expressions represent the ideal startup of the 

machine and do not account for losses due to bearing friction, 

a slight deviation of the speed obtained experimentally from 

the theoretical models can be observed in the steady state. 

 
Fig. 8.  Experimental results of the speed-time characteristics of the IM 

under no-load conditions. 

B. Linear Load Type 

Figure 9 shows a comparison of the speed-time 

characteristics obtained experimentally with the analytical 

expressions. IM was started with a constant nominal supply 

voltage of 400 V and a linear load coefficient BL = 0.0120. 

9
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Analytical expressions based on Thevenin’s theorem and 

Kloss’s equation were compared with the experimental 

results to validate the accuracy of the models. Initially, the 

experimental IM slightly oscillates, but it follows the 

characteristics of the Thevenin model very well. In the steady 

state, the experimental results agree well with the analytical 

expressions, confirming the precision of the theoretical 

models. This agreement indicates that the analytical models 

successfully predict the behaviour of the IM under linear 

loading, providing reliable data for further analysis and 

application. 

 
Fig. 9.  Experimental results of the speed-time characteristics of the IM 

under linear loading. 

C. Fan Load Type 

Figure 10 shows the results of the experimental validation 

of the analytical expressions for the speed-time 

characteristics of a IM started directly. IM started with a fan 

load coefficient BF = 0.00003914 and a constant voltage of 

400 V. In the initial time period of 0.07 s, the Thevenin model 

closely followed the experimental results, while the Kloss 

model showed a slight deviation. In the steady state, where 

the rotational speed of the IM is approximately 2900 rpm, 

there is a very good alignment between the theoretical 

expressions and the experimental results. This confirms that 

analytical models can accurately predict the behaviour of the 

machine not only during transient periods but also in the 

steady state. 

 
Fig. 10.  Experimental results of the speed-time characteristics of the IM 

under fan loading. 

D. Gravitational Load Type 

Figure 11 presents the results of the validation of analytical 

expressions with experimental measurements under a 

gravitational (constant) load. The IM was loaded with a 

gravitational load coefficient of BG = 1.456 and powered by 

a constant voltage of 400 V. The results show a very good 

match between the analytical expressions for the start-up time 

of the IM under constant load and the experimental 

measurements under the same conditions. The analytical 

expressions closely follow the experimental measurements 

throughout the entire start-up process. In steady-state, the 

match can be considered almost ideal, confirming the validity 

of theoretical models for describing the machine dynamics 

under gravitational load. 

 
Fig. 11.  Experimental results of the speed-time characteristics of the IM 

under gravitational loading. 

E. Performance of Shipboard Loads at the Same 

Operating Point 

To analyse the performance of different loads, 

experimental measurements of speed-time characteristics 

were conducted at the same operating point. Figure 12 shows 

the torque-speed graph of the experimental machine, which 

illustrates the operating point where the start-up analysis of 

the IM was performed under different shipboard loads. The 

experimental measurements were conducted with a fan load 

coefficient of BF = 0.000015183, a linear load coefficient of 

BL = 0.0047, and a gravitational load coefficient of 

BG = 1.456, with a constant supply voltage of 400 V. 

 
Fig. 12.  Torque-speed characteristics of the experimental IM with the 

operating point where comparisons were made. 

Figure 13 shows the speed-time characteristics of a directly 

started IM to compare the start-up times for different loads at 
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the same operating point. Figure 13(a) presents the results 

obtained through analytical expressions derived from 

Thevenin’s expression for torque obtained from the 

equivalent circuit of Thevenin, while Fig. 13(b) shows the 

results obtained from experimental measurements at the same 

operating point. The results indicate that the shortest start-up 

time is required for the fan load, followed by the linear load, 

while the gravitational load requires the longest time to reach 

the steady state. 

 
(a) 

 
(b) 

Fig. 13.  Speed-time characteristics at the same operating point and under no-
load conditions: (a) Results obtained through the Thevenin model; (b) 

Results obtained from experimental measurements. 

V. CONCLUSIONS 

This paper reviewed and validated analytical expressions 

for the IM start-up time under various shipboard operating 

conditions. The speed-time characteristics obtained from both 

simulations and experimental measurements closely matched 

analytical predictions, particularly those based on the 

Thevenin theorem, while the Kloss torque formula showed 

slight deviations as it is an approximation derived from the 

Thevenin model. 

The results indicate that the IM reached a steady state 

fastest when there was no load. Among the different types of 

loads, the fan load allowed the machine to reach steady state 

in the shortest time. Specifically, for the fan load, the duration 

of the start process was about 0.13 seconds. However, with 

other types of loads, the starting process time is longer. For 

the observed experimental machine, the starting process took 

0.14 seconds under linear load and 0.16 seconds under 

gravitational load. The time period for reaching a steady state 

under fan loading was approximately 8 % shorter compared 

to linear load, and 19 % shorter compared to gravitational 

load. 
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