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TOPICALITY OF THE RESEARCH 

 

The present research and a large number of recent scientific articles [3], [4], [6], [11]–

[15] testify that it is important to carry out operative calculation of induction motor parameters 

today. In the existing studies, there is not a rigorous analytical solution to evaluate the impact of 

the skin effect on the rotor resistances and inductance. Numerous independent calculation 

methods have been created; each has its own characteristics and capabilities, as well as 

disadvantages. Therefore, the correct calculation method of induction motors with variable 

parameters, which depend on rotor electromagnetic process during the dynamic processes, has 

not been created [24], [40], [41]. 

The research methods of electrical motors are continuously expanding and evolving. The 

used methods for quality improvement can be achieved only on the basis of modern computer 

technology widespread application. The mathematical model correctly performed by the 

computer can be considered the most universal research tool. This model provides a solution to a 

variety of tasks; the consideration of various important factors makes it possible to get an idea of 

the phenomena, which mainly correspond to processes, which are observed in the research. 

The research into the computer mathematical models of electrical motors opens new 

perspectives for studies of electrical motors with numerical methods. The physical studies of 

electrical motors are required for the creation of experimental samples, lead to high financial 

costs and do not result in the opportunities provided by a computing experiment. The computing 

experiment is intended to such complicated multiparameter non-linear process research and 

optimization, to which the application of traditional research methods is too complicated or even 

impossible. The opportunity to replace the real object with the mathematical model provides 

greater advantages of electrical motor studies. 

 Taking into account the above-mentioned considerations, the theme of the Doctoral 

Thesis about studies of induction motor transient processes with variable rotor parameters under 

the impact of skin effect in dinamic regimes of motors is topical and important. 

 

OBJECT UNDER INVESTIGATION, AIM OF AND TASKS OF THE 

RESEARCH 

 

The squirrel-cage induction motor SCIM (high power SCIM) although predominantly 

with a nominal power exceeding 10 kW is the research object of the Doctoral Thesis.  
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The aim of the Doctoral Thesis is, taking into account the impact of the skin effect in 

rotor, to create and study SCIM mathematical models in static and dynamic modes, which 

corresponds to modern mathematical modeling capabilities. 

To achieve the aim set, the following main tasks have been formulated and solved: 

1. To create the SCIM mathematical model taking into account the impact of the skin effect. 

2. To work out algorithms and programs for determination of variable rotor parameters. 

3. To carry out the dynamic calculations of induction motor taking into account the impact 

of the skin effect in rotor. 

4. To verify the reliability of the obtained models and calculations results. 

 

MEANS AND METHODS OF THE RESEARCH 

 

1. The exploration of the theory of the SCIM transient process in order to define research 

task, aims and methods of solution. 

2. The materials of international conferences, as well as the materials of various foreign 

publications devoted to the impact of skin effect in rotor. 

3. The mathematical calculations, using software MS Excel, Fortran, software complexes 

QuickField 5.7 and Power Simulation (PSIM). 

4. The mathematical modeling for the calculations of SCIM variable parameters and 

transient process.  

 

SCIENTIFIC NOVELTY OF THE RESEARCH 

 

In the Doctoral Thesis, the calculation methodology of variable parameters of the 

squirrel-cage induction motor rotor is developed, taking into account the impact of the rotor skin 

effects. 

 

PRACTICAL APPLICATION OF THE RESEARCH RESULTS 

 

The computer program proposed by the author makes it possible to calculate the transient 

process of squirrel-cage induction motor both at rotor constant parameters and in case of 

different change in the ways of variable rotor parameters during the transient process. The 

author’s proposed methodology can be used not only for the calculation of the rotor parameters 

of motor, but also for designing of new SCIM with an arbitrary rotor slot configuration. 
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THE APPROBATION OF RESEARCH RESULTS 

 The main results of the research have been presented at the following international 

conferences: 
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INTRODUCTION 

 

At present induction motor is the main electric motor that is used as a drive motor for 

majority mechanisms (about 90 % of all motors used in national economy are induction motors) 

[19], [22], [30]. 

The necessity of continuous security of electricity supply prompted experts to pay 

attention to short-term transion processes that arise in electrical motors and electrical network in 

case of starting-up and sudden disturbances of stationary operating mode [16]. 

A common feature of these processes is that the current and torque values deviate 

significantly from values (current and torque), which are characteristic for stationary operating 

mode at the constant rotation speed [10], [17], [26]. In addition, the torques and currents can 

reach very high values, and in particular unfavorable cases torque value can reach up to 15 times 

greater than the nominal value and current — 3 times from its steady state value [34], [39], [43]. 

Researching the transion processes of induction motors, resistance plays a more 

important role [7], [12], [42]. The reason for this is that resistance plays a more important role in 

creation of torque, and in the research of transient process it is usually considered to be a 

constant value during the process [39]. Analyzing the transient process of induction motors at 

constant rotor resistance during the process, only qualitative picture can be obtained, which 

often, particularly with regard to torque, may prove to be incorrect. 

In order to achieve good efficiency, the induction motors must operate at rated (nominal) 

load with a small slip value (sN = 0.02  0.05) and, thereby, they must have a high stiffness of 

mechanical characteristics (sN = 0.06  0.15) provided by the small rotor resistance [47]–[49]. 

This request for the induction motors with constant parameters is contrary to the requirements of 

sufficient start-up motor torque value, because induction motor start-up torque increases with an 

increasing rotor resistance. But, if the corresponding stationary mode rotor parameters are saved, 

the motor starting torque with such rotor winding resistance will be significantly less than the 

nominal one [20], [32]. This eliminates the possibility to run the following motors with constant 

and close to the rated load. Starting motors with a small load, the torque curve distortion could 

cause difficulties due to the impact of higher field harmonics. In this context, the motors of 

general meaning have being constructed only as motors with variable parameters [28], [29]. In 

order to increase the rotor resistance R2, and, thereby increase the torque Mp at start-up, the 

phenomenon of skin effect or current displacement effect is used. This problem is solved, using 

the rotor winding special constructions [6], [19], [40], [41]. It should be noted that the rotation 

speed curve of induction motors is also dependent on rotor inductance during the transion 
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process [5], [15], [42]. In order to make the correct induction electric drive dynamic calculations, 

it is necessary to take into account the rotor parameter changes at different slip values 

during the process. 

The aim of the Doctoral Thesis is, taking into account the impact of the skin effect in 

rotor, to create and study SCIM mathematical models in static and dynamic modes, which 

corresponds to modern mathematical modeling capabilities. 

To achieve this aim, the following main tasks have been formulated and solved: 

1. To create the SCIM mathematical model taking into account the impact of the skin effect. 

2. To work out algorithms and programs for determination of variable rotor parameters. 

3. To carry out the dynamic calculations of induction motor taking into account the impact 

of the skin effect in rotor. 

4. To verify the reliability of the obtained models and calculations results. 

The first chapter rewiews various existing methods, as well as the author’s proposed 

methodology with due account for the rotor skin effect of induction motor in the dynamic 

processes.  

 In the second chapter, based on the proposed methods, the calculation of rotor variable 

parameters is carried out, the comparative analysis of the calculation results is shown, the 

possiblity of different method application and their calculation accuracy are evaluated. 

 The third chapter describes the mathematical model of squirrel-cage induction motor with 

variable parameters of the rotor, as well as provides the dynamic process calculation algorithm 

and software description. 

 The fourth chapter is dedicated to experimental research for dynamic process of 

induction motor with variable rotor parameters. 

 

1. METHODS FOR DETERMINATION OF THE VARIABLE 

PARAMETERS OF THE ROTOR IN THE TRANSIENT MODE OF 

OPERATION 

 

It is known [5], [17], [19] that at start-up of the squirrel-cage induction motor, when the 

frequency of the rotor is high (f1 = f2), the rotor bar current is forced out of the air gap direction 

that, in essence, is the expression of the skin effect in conductors. At start-up of the squirrel-cage 

induction motor, only the upper part of the rod actively works and its working cross-section area 

decreases, which causes R2 to increase. Simultaneously with the current displacement the rod 

inductance is reduced, which together with increasing R2 leads to the increase in starting torque. 
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During the start-up of motor, the current frequency of the rotor is reduced. When the motor 

reaches the rated speed, the current frequency of the rotor is very low (f2 = sNf1)  1  5 Hz. In 

this case, the effect of current displacement practically disappears, and the current is distributed 

evenly over the cross section of the rod. Rod resistance becomes small, and the motor runs with a 

good efficiency. 

 

1.1. Detection of the Rotor Parameter Changes of Motor Dependent (the 

Impact of Skin Effect) Studied Range 

 

In order to identify the need to consider the skin effect at start-up, the electromagnetic 

torque of wide range of A4 SCIM was calculated with p = 2 [32] starting torque and nominal 

torque relations Mstart/MN at different frequencies f1 of supply voltage at s = 1 and the evaluation 

of necessity to take into account the effect was performed comparing the obtained torques with 

the rated ones for the motors. The parameters of the Г-shaped equivalent scheme 
XXRXR ,,,, 2211

  

are shown in handbook [32] and given in relative units (r.u.). 

The obtained dependences Mstart/MN = f(P2) for indicated motors are presented in Fig.1.1., 

where P2 is motor rated power. If starting torque value calculated in such a manner is greater 

than the nominal one, here it is accepted that the impact of skin effect will be small and such 

motors should not be subjected to research. 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.1. Calculated dependence of Mstart/MN on the motor rated power P2 value at different 

frequencies f1 of supply voltage for rated power range of motors A4 from 0.12 kW to 315 kW, if 

the parameters correspond to the nominal one. 
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Based on the the obtained correlations (Fig. 1.1), the following conclusions can be drawn 

for considered A4 squirrel-cage induction motors with p = 2 in the power range 0.12  315 kW. 

The current displacement effect has to be taken into account only for high power SCIM (at 

50 Hz over 10 kW). For low power SCIM this appearance can be ignored. If high power motor 

operating frequency is less than 50 Hz, the range of research is lower, which indicates that at the 

frequency tuning the rotor parameters changes are not significant. 

 

1.2. Rotor Parameter Determination Using Fild’s Coefficients 

 

According to A. Fild [2] and F. Emde [1], the resistance of a rectangular rod is calculated 

by a conditional depth of current penetration hr, while the inductance — by depth hx: 

)(
stien

r

h
h  , )(fhh stienx  ,   (1.1) 

where hstien  is the total height of the conductor. 

In the calculations, it was found convenient to define not just the rod resistance and 

inductance with uneven current density but also their relative changes under the effect of current 

displacement. These changes are estimated with Fild’s coefficients kr and kx. 

Analytical equations for defining kr and kx (obtained for rectangular bars under the 

assumption of the material resistivity constancy over the entire area of its cross-section, the 

infinity of the magnetic permeability of steel, and the straightness of magnetic flux linkage lines 

in the slot) are: 
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 .   (1.2) 

In these equations, ξ is the so-called reduced height of the bar rod — i.e. a dimensionless 

quantity, the value of which is determined by the equation: 

72 102 
b

bf
h stien

stien


 ;     (1.3) 

where bstien and b are the width of the rod and the slot, respectively (since the rotor 

winding is usually not insulated, bstien = b); 

f2 is the frequency of current in the rotor; 

ρ is the resistivity of the rotor rod material at the estimated temperature. 

The phase resistance of squirrel-cage rotor windings with a current displacement can be 

calculated as (6-164) [30]: 
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22

2




gr

stienr

R
RkR ,       (1.4) 

where Rstien is slot zone resistance of rod winding; 

 Rgr is closed ring zone resistance; 

 ∆ is tranformation coefficient of closed ring current to the rod current (6-72) [30]: 

2

sin2
Z

p
       (1.5) 

The phase inductance of squirrel-cage rotor windings with a current displacement (CD) 

can be calculated as follows (6-173) [30]: 

)(109.7 1

6

2 dfstienxklfX    ,   (1.6) 

where stien  is magnetic conductivity coefficient of rod at tab. 6-23 [30]; 

f  is magnetic conductivity coefficient of frontal dissipation as (6-176) [30]; 

d  is magnetic conductivity coefficient of differential dissipation as (6-174) [30];  

f1 is the frequency of supply voltage; 

l is an air gap length. 

 

 

1.3. Rotor Parameter Determination Based on a Multi-Link Circuit 

 

The author has accepted the same approach as in [30], i. e. the equivalent scheme of a 

rotor with variable parameters influenced by the current displacement effect could be presented 

as a multi-link circuit with constant and current displacement independent impedances (Fig. 1.2). 

 

 

 

 

 

 

 

Fig 1.2. The multi-link circuit of rotor rod. Fig. 1.3. Division of a solid rod 

into elementary layers. 
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Then, the author proposed the method for calculation of the rotor rod with a displacement 

of the electric current density in the multi-link scheme of impedances that is based on the 

following assumptions. 

Knowing the magnetic line configuration of the flux linkage in a rotor slot, we can divide 

a massive electrical conductor (a squirrel-cage winding solid rotor rod) into a number of 

elementary layers separated from each other by thin insulation layers (Fig. 1.3). We will assume 

that there is a plane-parallel field in the slot and that the electric current density along the line of 

flux is constant. Since the height of an elementary layer is comparatively small, these allowances 

do not introduce any considerable errors into the calculations. 

Therefore, the parameters of equivalent scheme (see Fig. 1.2) are resistance Ri and 

inductance Xi of the i-th elementary layer: 

ii qlR        (1.7) 

where ρ is the resistivity of the rotor rod material at temperature of calculation; 

qi = hi bi  is the cross-sectional area of the i-th layer; 

bi is the average width of the i-th layer; 

posposi nhh /  is the average heigth of the  i-th layer; 

npos is a number of elemental layers in slot;  

l  is the length of the i-th elementary layer; 

and 

lsflX iii 
0102 2     (1.8) 

where  ω2 is the angular frequency of the rotor bar current; 

i  = hi / bi is the conductivity of a geometrical magnet tube whose boundaries are 

defined by the i-th elementary layer; 

0 —magnetic constant, 7

0 104    H/m. 

Thereby determining the rotor equivalent impedance Zekv, the results are the rotor rod 

resistance Rekv = Rstien and inductance Xekv = Xstien. 

 

1.4. Rotor Parameters Determination Using the Softtware System  

QuickField 5.7 

 

One of the ways to give the rotor parameters is multifunctional softtware system 

QuickField 5.7, which is based on the method of finite elements for the calculation 
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(mathematical modelation) of the magnetic fields. In the present research, the problem of plane 

parallel field in section «The magnetic field of alternating currents» is solved.  

The topological model for a given slot was created in QuickField 5.7 environment. 

Creation of the model occurs in three stages: 

1. The topological model of calculated area designing and description — setting the 

vertices and edges, which covers the blocks with different physical parameters (environmental 

material properties, field sources), the result is placed in data base as file type **.mod. 

2. Setting the material properties, field sources and boundary conditions, giving for 

identifiers these elements. This task parameters are placed in data base as file type **.dhe. 

The following material properties (bloc identifiers) are set in all the models: 

 the magnetic permeability of air gap (two components of the plane parallel field) µx = 1 

and µy = 1; 

 the magnetic permeability of rotor core steel µ = 1000; 

 core material of squirrel cage — aluminum with the magnetic permeability (two 

components of the plane parallel field) µx = 1 and µy = 1 and conductivity  

g = 20.5·106 S/m . 

The core of the rotor is the source of the field in all the models. In the massive conductor 

the total current is given, and the current value is taken arbitrarily that does not affect the 

determined parameters (resistance and inductance). 

The parameters of topological model edge identifier are the first type of boundary 

conditions. The first type or Dirihle boundary condition at the border is the known vector 

potential numerical value A0 = 0. 

3. Creating of the finite element mesh. A finite element mesh was built in automatical 

regime. It is possible to build a very dense mesh in some areas and sparse in others, because a 

method of geometrical decomposition ensures a smooth transition from small to larger items. 

 In the solving process of the QuickField 5.7 task one more file is created, which is written 

as a result of the calculation — file type **.res. 

 

1.5. Rotor Parameter Determination Using Catalog Data 

 

This section describes the author’s proposed method that allows determining the slip-

dependent rotor parameters using SCIM catalog data [32]. The following data can be considered: 

the stator resistance and inductance R1 and X1, as well as the torque values Mi, which correspond 

to certain fixed slip values si. Nominal slip value sN corresponds the nominal torque MN, critical 
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slip skr — to the maximum torque Mmax, slip value s = 0.8 — to the minimum torque Mmin (in 

certain cases the minimum torque can be defined by a different slip value in the range 0.7  s  

0.9), slip value s = 1 — starting torque Mstart (Fig. 1.4). 
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Fig.1.4. The squirrel-cage induction motor torque dependence on the slip. 

 

Determining the rotor parameters, the known [19] induction motor electromagnetic 

torque equation (1.9) is accepted as a basis 
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which is used in a transformed form: 
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Whereas the catalog provides the information about the curve M = f(s) (Fig.1.4) 

expressed points, the rotor parameters R2е and X2е should set a greater number of points. Then the 

dependence M = f(s) would need to be approximated by a mathematical equation: 

 in range 0  s  skr with a third-degree polynomial 
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 in range skr  s   s1 with a fourth-degree polynomial 
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 Polynomial (1.10) and (1.11) coefficients can be found in the catalog, using the 

information on the torque Mi in typical slip points si. In order to determine three coefficients а3, 

а2, а1 in equation (1.11) and five coefficients b4, b3, b2, b1, b0 in equation (1.12) the three and 

five equations are required respectively. Therefore, the derivatives of the given expressions 

should be used: 
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In addition it should be noted that in points s = skr  and s = 0.8  dm/ds = 0. 

 Expressing from (1.10) inductance X2е, we obtain 
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After reduction we obtain 
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In the beginning, the derivative dR2e/ds is determined from the equation (1.16): 
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 Solving (1.17), the Eiler’s method can be used. According to this method, the resistance 

value corresponds to any slip si value and can be determined as 

R2e,i=R2e,i-1+R2e,i      (1.18) 

where 

 1

1

2
,2 











 ii

i

e
ie ss

ds

dR
R .     (1.19) 

In addition, in equation (1.19) value (dR2e / ds)i-1 is determined from the right-hand side of 

equation (1.17), by inserting values (dM / ds)i-1, Mi-1, R2e and si-1 obtained in the previous step i. 

Let’s review the solving algorithm, which is based on the following calculations. The 

current displacement effect in the rotor slots is not actually observed at a low slip value, the 

resistance is constant and, therefore, in equation (1.17) dR2e/ds = 0 may be accepted. For 

accepted slip value m0 can be calculated in (1.11), (dm / ds)/s=s0  — in (1.13). 

Then, equation (1.17) is converted into an algebraic equation and its solution gives R2e,0, 

which corresponds to initial slip si-1 = s0 (it is desirable that s0  0.01). Subsequently, the 

equivalent inductance X2е,0 and electromagnetic torque M0=m0·MN, which corresponds to s0, 

have been calculated, using (1.15) and (1.10) respectively. 
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The whole slip change range [s0;1.0] is divided into k equal parts with step 

ksh /)0.1( 0 , as a result the argument has be obtained si = s0+ih (i = 0, 1, 2, ..., k). Then the 

next slip value is calculated as follows s1 = s0+1h. 

It is necessary to look for parameters corresponding to s1: m1 — at (1.11) or at (1.12), 

(dm/ds) s = s1 — in (1.13) or in (1.14). Using (1.19), define the corresponding ΔR2e,1, rotor 

equivalent resistance R2e,1 — at (1.18), equivalent inductance X2е,1 at (1.15), M1 = m1MN — at 

(1.10). The calculation is repeated. 

Review of methods indicates that many options are available to solve the formulated 

tasks by various methods (using different methods). The formulated methods show that it is 

necessary to take into account the rotor slot form. The author’s proposed calculation methods of 

parameters during the transient processes with multi-link circuit and using catalog data are a 

good alternative to other authors' suggested solutions. The accuracy of the author’s proposed 

methods is required for the comprehensive examination. 

 

2. THE CALCULATIONS OF THE ROTOR VARIABLE PARAMETERS 

WITH DIFFERENT METHODS 

 

 In this chapter, based on the methods proposed in Chapter 1, the calculations of variable 

rotor parameters are carried out for chosen A4 series high power 4АН355S4У3 315 kW and low 

power 4А90L2У3 3 kW squirrel-cage induction motors wiht various slot configurations. The 

comparative analysis of the calculation results is shown, the application possiblity of different 

methods and their calculation accuracy are evaluated. 

The topological models of slot and the magnetic field distribution for chosen motors at 

the different frequences with softtware system Quick Field 5.7 are created (Fig. 2.1 and Fig. 2.2). 

Obtained field scenes (Fig. 2.1) of high power SCIM testify that at slip s values close to 

singleton, the magnetic flux lines are concentrated in the upper part of the slot. Accordingly, the 

current density of these slot layers is higher. At the small slip s values the magnetic flux lines 

and, at the same time, the current density is evenly distributed over the height of the slot. 
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a)        b) f2 = 50 Hz       c) f2 = 30 Hz    d) f2 = 0.6 Hz 

Fig. 2.1. The topological model (a); field distribution in the slot at different frequencies b) – d) 

for SCIM 4AH355S4У3 315 kW. 

 

 

 

a)          b) f2 = 50 Hz         c) f2 = 2.15 Hz 

Fig. 2.2. The topological model (a); field distribution in the slot at different frequencies b) – c) 

for SCIM 4А90L2У3 3 kW.  

 

For low power 4А90L2У3 3 kW SCIM (Fig. 2.2) the magnetic flux lines are practically 

evenly distributed over the height of the slot. It allows concluding that the distribution of 

magnetic flux during the start-up is not dependent on the current displacement effect. 

 The resistance and inductance for the chosen SCIM have been calculated with different 

methods. The graphic dependences R’2 = f (s) and X’2 = f (s) in r.u. for the SCIM 4AH355S4У3 

315 kW are presented in Fig. 2.3. 
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а)       (b) 

Fig. 2.3. SCIM 4АН355S4У3 315 kW rotor start-up resistance (a) and inductance (b): 

1 — obtained using Fild’s coefficients; 2 — obtained using the multi-link circuit; 

3 — obtained using Quick Field; 4 — obtained using catalog data. 

 

From the obtained dependence (Fig. 2.3. a) it is obvious that during the start-up moment 

at f2 = 50 Hz (s = 1) the rotor resistance reaches its maximum value. With the acceleration of the 

motor, the slip reduces as well as the value of the rotor resistance reduces, reaching its nominal 

value. 

The comparison of SCIM 4АН355S4У3 315 kW resistances, obtained by different 

methods, with catalog data are presented in Table 2.1 (in r.u.). The most accurate results are 

provided by the method, which is based on the rotor slot equivalent multi-link circuit. The least 

accurate results have been obtained, using method with Fild’s coefficients. 

Table 2.1 

The Comparison of SCIM 4АН355S4У3 315 kW Resistances, Obtained by Different Methods, 

with Catalog Data 

Parameters Mode of operation 

Rotor resistance, r.u. start-up variation % nominal variation % 

Catalog data 0.038  0.014  

Using Fild’s coefficients 0.03 21.05 0.01437 2.64 

Using the multi-link circuit 0.03613004 4.92 0.0143268 2.33 

Using QuickField 5.7 0.0337 11.3 0.01442 3 

Calculation, using catalog data 0.041 7.89 0.015 7.14 
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From the obtained dependences (Fig. 2.3. b), it is obvious that during the start-up process at f2 = 

50 Hz (s = 1) the rotor inductance reaches its minimum value. With the acceleration of the motor, the slip 

reduces whereas the value of the inductance increases. 

The comparison of SCIM 4АН355S4У3 315 kW inductances, obtained by different 

methods, with catalog data is presented in Table 2.2 (in r.u.). The most accurate results are 

provided by the method, which is based on the rotor slot equivalent multi-link circuit. 

Table 2.2 

The Comparison of SCIM 4АН355S4У3 315 kW Inductances, Obtained by Different Methods, 

with Catalog Data 

Parameters Mode of operation 

Rotor inductance, r.u. start-up variation % nominal variation % 

Catalog data 0.08   0.14   

Using Fild’s coefficients 0.1231 53.87 0.166367 18.83 

Using the multi-link circuit 0.103647 29.55 0.127417 8.9 

Using QuickField 5.7 0.1334 65.75 0.154 10 

Calculation, using catalog data 0.108 35 0.16 14.29 

 

The comparison of resistance and inductance obtained by different methods for SCIM 

4А90L2У3 3 kW is presented in Fig. 2.4.  
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(а)       (b) 

Fig. 2.4. SCIM 4А90L2У3 3 kW rotor start-up resistance (a) and inductance (b): 

1 — obtained using Fild’s coefficients; 2 — obtained using the multi-link circuit; 

3 — obtained using Quick Field; 4 — obtained using catalog data. 
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From the obtained dependence (Fig. 2.4. a) it is obvious that during the start-up moment 

at f2 = 50 Hz (s = 1) the rotor resistance reaches its maximum value. With the acceleration of the 

motor, the slip reduces as well as the value of the rotor resistance negligibly reduces, reaching its 

nominal value. 

From the obtained dependences (Fig. 2.4. b) it is obvious that during the start-up process at  

f2 = 50 Hz (s = 1) the rotor inductance reaches its minimum value. With the acceleration of the motor, the 

slip reduces whereas the value of the inductance negligibly increases. 

The comparison of SCIM 4А90L2У3 3 kW resistances, obtained by different methods, 

with catalog data is presented in Table 2.3 (in r.u.). All methods, which have been used for 

calculations of rotor parameters, give the results with almost the same accuracy. 

Table 2.3 

The Comparison of SCIM 4А90L2У3 3 kW Resistances, Obtained by Different Methods, with 

Catalog Data 

Parameters Mode of operation 

Rotor resistance, r.u. start-up variation % nominal variation % 

Catalog data 0.048  0.047  

Using Fild’s coefficients 0.0527 9.79 0.0501 6.59 

Using the multi-link circuit 0.050872 5.98 0.04955 5.42 

Using QuickField 5.7 0.05119 6.65 0.04982 6 

Calculation, using catalog data 0.05 4.17 0.049 4.26 

 

The comparison of SCIM 4А90L2У3 3 kW inductances, obtained by different methods, 

with catalog data is presented in Table 2.4 (in r.u.). The most accurate results are provided by the 

method using Fild’s coefficients. 

The results of rotor resistance and inductance calculations allow accepting that, having 

calculated the variable rotor parameters, the current displacement effect in rotor slots is taken into 

account for high power motors. This phenomenon can be ignored for low power motors. The 

author’s proposed method for calculation of the rotor parameters, based on the slot multi-link 

circuit, provides the high-precision of calculations. This method can be used not only for 

calculations (or specifying) the rotor parameters of existing motors, but also in designing of new 

SCIM with arbitrary rotor slot configuration. 
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Table 2.4 

The Comparison of SCIM 4А90L2У3 3 kW Inductances, Obtained by Different Methods, with 

Catalog Data 

Parameters Mode of operation 

Rotor inductance, r.u. start-up variation % nominal variation % 

Catalog data 0.053  0.1  

Using Fild’s coefficients 0.053527 0.99 0.054231  

Using the multi-link circuit 0.04551 14.10 0.04578  

Using QuickField 5.7 0.06348 19.77 0.06368  

Calculation, using catalog data 0.05 5.66 0.054  

 

3. MATHEMATICAL MODELS OF A SQUIRREL–CAGE INDUCTION 

MOTOR AND THEIR APPLICATION IN THE RESEARCH OF 

TRANSION PROCESS WITH ROTOR CURRENT DISPLACEMENT 

EFFECT 

 

This chapter is devoted to the calculations of the SCIM transion process taking into 

account the rotor variable parameters; to the review of accepted mathematical models; to the 

choice of coordinate system and basic parameters. 

Phenomena that accompany the transion process in electrical motors are extremely 

difficults. Creating mathematical correlations and regularities, which are wholly subordinate to 

the transion process flowing, is practically impossible due to great mathematical difficulties and 

complicating formulas [49]. 

Therefore, in mathematical modelling it is necessary to take into account only the main 

factors, neglecting the minor edicts [16], [31]. For this purpose, the idealized SCIM is reviewed. 

For this idealized SCIM the magnetic circuit is not saturated, the hysteresis phenomenon and the 

loss in steel (Fuko current) have not been considered, the magnetomotive force (m. s.) and the 

induction distribution in space have been adopted (accepted) sinusoidal (higher harmonics is not 

taken into account), leakage inductances are accepted regardless of the rotor position. For the 

purpose of simplicity, it is generally believed, that parameters do not depend on SCIM currents 

and rotation speed, as well as the resistances — on temperature. 
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The induction motor (IM), whose stator and rotor windings are three-phase, the rotor 

windings are considered to have been reduced to stator windings, winding connection is “star / 

star”, three-phase IM windings are moved at angle 120 el. deg., the air gap is even, rotor is 

symmetrical, the stator windings are symmetrical, is considered in mathematical modelling [27], 

[31], [49]. 

IM voltage equation will be written considering the energy direction from the network to 

the shaft positive. This corresponds to IM motor operating mode. 

The relative units (r.u.) have been accepted to be used in the present research for transient 

process calculations, as well as the base values of the stator and rotor circuit have been 

formulated.  

The IM nonlinear differential equation system in phase coordinates with periodic 

coefficients has been created in the present research. To obtain the system of equations with 

constant coefficients, the coordinate transformation along two perpendicular axes has ben carried 

out. As a result, IM model has been obtaned in d, q, 0 coordinates, the axis of which is fixed in 

relation to rotor and rotates in relation to stator with rotor rotation speed, i.e. ωк = ωr = ω. This 

coordinate transformation allows using IM model for the calculations of transient process with 

variable rotor parameters [35], [38]. The IM d, q, 0 coordinate system is presented in Fig. 3.1. 

 

 

 

 

 

 

 

 

 

Fig. 3.1. The induction motor d, q, 0 coordinate system.  

 

The simplest algorithm, which is written in a matrix form and allows using the standard 

procedures of integration, is used for IM transient process calculations.  

Equations (3.1) and (3.3) [27] to be resolved for the calculation of the transion process of 

IM 
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where slM  — the load torque, which determined the drive; 

MT  — the inertial constant of IM and drive in synchronous seconds. 

The rotor variable inductance Xr is included in matrix [A], the rotor variable resistance 

Rr — in matrix [D].  

The calculations performed in the second chapter made it possible to find the most 

convenient and accurate method for the calculations of rotor parameters in matrices [A] and [D]. 

It is the author's own developed method, based on the multi-link circuit, which will be used 

hereafter for the calculations of referred matrices of rotor parameters during the IM transient 

prosess, i. e. to solve equations (3.1). 

The author has created a block scheme and software for calculations of IM transient 

prosess with variable rotor parameters. 

 

4. THE CALCULATIONS OF THE TRANSIENT PROCESS OF 

INDUCTION MOTOR WITH ROTOR VARIABLE PARAMETERS 

4.1. The Calculation Using the Software Created by the Author  

 

 This chapter is dedicated to research of transient process for the chosen induction motor. 

The rotor resistance and inductane calculation results (the second chapter) allow 

accepting that the calculated variable rotor parameters, the current displacement effect have to be 

taken into account only for high power motors. This phenomenon can be ignored for low power 

motors. 

Therefore, the calculation of the transion process is carried out for the subsequent 4А 

series 4АН355S4У3 315 kW type of motor. The equations for the calculation of IM transion 

process in the relative units (r.u.) have been made in the third chapter. The rotor resistance and 



25 

inductance in the aforementioned equations are variable parameters. The calculation of IM 

transient process is carried out, using the method of rotor parameter calculations set out in the 

first chapter.  

The author has developed software for calculations of SCIM transient process with 

variable rotor parameters for the chosen motor. The following parameters have been chosen as 

the basic data for calculations: 

U1 and I1 are stator phase voltage [V] and current [A]; 

f1 is supplying source frequency [Hz]; 

R1 is stator winding resistance r.u.; 

X1 is stator winding inductance r.u.; 

X = Xad is the inductance of magnetisation circuit r.u.; 

rotor slot form (configuration) and sizes [mm]; 

ρ is resistivity of rotor winding material [Ω·mm2/m]. 

The load simulation (in r. u.) can be described as 

2kMM cload        (4.1) 

where 0cM  is the static component of torque;  

k = 0.702 is a load coefficient. 

The torque of inertia J [ kg·m2 ] is simulated with the mechanical time constant MT : 

159.314
55.9


N

N
M

M

Jn
T      (4.2) 

For motor 4АН355S4У3 315 kW: 

159.314448.0159.314
203255.9

15008.5
159.314

55.9







N

N
M

M

Jn
T  

The dynamic characteristics )(tfI  , )(tfMem  , )(tfn   have been obtained as a 

result of the transient process calculations. 

The dynamic characteristics ( )(tfI  , )(tfMem  , )(tfn  ) for high power SCIM  

4АН355S4У3 315 kW for setting the resistance and inductance of rotor in different ways are presented 

in Fig. 4.1. 

The dependence of start/nominal value ratio as well as the duration of the transient 

process from calculation ways of rotor variable parameters (the comparision with different 

method results) for SCIM 4АН355S4У3 315 kW is presented in Table 4.1. 

 The performed calculations show that rotor variable parameters noticeably impact the 

transion process of high power SCIM. 
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Fig. 4.1. Dynamic characteristics of SCIM 4АН355S4У3 315 kW for setting the parameters of 

rotor in different ways: 

1 — mode of operation with constant rotor parameters 014.02 
NR r.u. and 14.02 

NX r.u. at 

nominal mode; 

2 — mode of operation with variables at start-up rotor parameters 2R   and 2X  , using Fild’s 

coefficients; 

3 — mode of operation with variables at start-up rotor parameters 2R   and 2X  , using a multi-

link circuit. 
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4.2. The calculation of the SCIM Transient Process by PSIM Software 

Complex 

 

Simulation of start-up in settings of the rotor constant (nominal) parameters 

014.02 
NR  r.u. and 14.02 

NX  r.u. [28] for SCIM 4AH355S4У3 315 kW is presented in Fig. 

4.3 b. The parameters [32] used in simulation are presented in Fig. 4.3 a. 

In PSIM software complex, the calculations are carried out in physical units. In the 

author’s proposed program the calculations are carried out in relative units. To carry out the 

calculations at the same load, the coefficient k = 0.702, which was used by the author’s program, 

should be reduced to PSIM software complex as follows: 

059.0
155

2032702.0702.0
22
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k  
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a)      b) 

Fig. 4.2. Setting parameters a) and transient process modelation scheme with constant rotor 

parameters b) for SCIM 4АН355S4У3 315 kW.  

 

The dynamic characteristics ( )(tfI  , )(tfMem  , )(tfn  ) for high power SCIM  

4АН355S4У3 315 kW are presented in Fig. 4.4 (a). 

SCIM start-up simulation with program PSIM in settings of rotor variable parameters is 

based on the scheme that is presented in Fig. 4.2. 

In each phase rotor circuit introduced five sections, which contain resistance (5.66 mΩ) 

and inductance (0.045 mH). SCIM start-up simulation with rotor variable parameters is 

presented in Fig. 4.3. 

At start-up moment the nominal resistance 16.52 mΩ and starting inductance 0.3 mH are 

set. The rotor rotation speed control sensors are included in the rotor circuit. When SCIM 
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reaches certain rotation speed (150, 350, 600, 900, 1300 min-1) the inductance is included in the 

rotor circuit, but resistance is replaced on short-circuit. Thereby, the decrease in resistance and 

the increase in inductance are simulated during SCIM start-up. 

In order to verify the accuracy of calculations, a simulation scheme with 9 regulation 

sections was drawn up. But the obtaned results suggest that the start-up (Ipal, Mpal, tpal) and 

nominal (IN, MN) parameters are not dependent on the number of introduced sections. The 

simulation of SCIM transient process can make the scheme with 5 regulation sections. 

 

 

 

 

 

 

 

 

 

 

 

a)      b) 

Fig. 4.3. Setting parameters a) and transient process simulation scheme with variable rotor 

parameters b) for SCIM 4АН355S4У3 315 kW. 

 

Dynamic characteristics ( )(tfMem  , )(tfn  ) of high power SCIM 4АН355S4У3 315 

kW for setting the parameters of rotor (by the author’s software (a) and by PSIM software 

complex (b)) in different ways are presented in Fig. 4.4. 

According to PSIM software complex, the obtained simulation results well coincide with 

the computer calculation results by the author’s proposed methods for the parameter change 

calculation. The dynamic characteristic of SCIM 4AH355S4У3 315 kW explicitly shows it (Fig. 

4.4).  
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a)  

    b) 

Fig. 4.4. Dynamic characteristics of SCIM 4АН355S4У3 315 kW for setting the parameters of 

rotor in different ways: 

a) — with variables at start-up rotor parameters, using the author’s proposed program; 

b) — with variables at start-up rotor parameters, using PSIM software complex. 

 

 

Dynamic characteristics of SCIM 4АН355S4У3 315 kW with constant (Fig. 4.2) and 

variable (Fig.4.3) rotor parameters are presented in Fig. 4.5. 

The characteristics obtaned by PSIM software complex (Fig.4.5) show, that the duration 

of transient process as well as the starting torque Mstart and starting current Istart depend on the 

rotor variable parameters. 
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a) b) 

Fig. 4.5. Dynamic characteristics of SCIM 4АН355S4У3 315 kW, using PSIM software complex: 

a) — with constant parameters at nominal mode; 

b) — with variable parameters at start-up rotor parameters. 

 

 

The comparision of starting parameters for SCIM 4AH355S4У3 315 kW at modes of 

operation with constant and variable rotor parameters is presented in Table 4.5.  
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Table 4.5 

The Comparison of the Results Obtaned by Various Methods  

4AH355S4У3 

315 kW 
Parameters 

Starting 

torque 

ratio 

Starting 

current 

ratio 

Duration of 
start-up 

    

  

tstart, s 

Using the 

author’s program 

With  

constant 

parameters 
2.28 8.75 2.09 

Using Fild’s 

coeficients 
3.69 8.53 1.4 

Using  

multi-link 

circuit 
4.45 8.77 0.85  0.9 

Using PSIM 

software complex 

With  

constant 

parameters 
2.54 9.78 1.5  1.7 

With 5 

regulation 

sections 
6.02 9.93 0.85  0.9 

With 9 

regulation 

sections 
6.34 9.58 0.85  0.9 

N

start

M

M

N

start

I

I
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CONCLUSIONS 

 

1. The results of rotor resistance and inductance calculations allow assuming that in 

calculation of the variable rotor parameters the current displacement effect in rotor slots 

must be taken into account only for high power motors (at 50 Hz above 10 kW). For low 

power motors this phenomenon can be disregarded. As the operating frequency of high 

power motor is less than 50 Hz and the research range at motor power is less, it indicates 

that the changes of rotor parameters are not significant at the frequency regulation. 

2. The calculations of high power motor parameters, using Fild’s coefficients, give relatively 

many errors in calculations of start-up regimes. This feature makes the use of this method 

undesirable. 

3. Rotor parameter determination, using the softtware system QuickField 5.7, is 

cumbersome, because it requires the labor-intensive creation of topological model for 

slots with an arbitrary configuration and manual input of the rotor current frequency. This 

makes it impossible to use the calculated rotor parameters for simulation of SCIM 

transient process. 

4. The author’s proposed method for calculations of rotor parameters, using a multi-link 

circuit, gives relatively accurate results of calculations: the deviation of resistance value 

(relative error) from catalog data is 2.334.95 %; the deviation of inductance value — 

8.929.55 %. 

5. The author’s proposed program, based on the multi-link circuit, makes it possible to 

smoothly change rotor parameters during the transient process. This makes the 

calculations of transion process corresponding to reality. This method can be used not 

only for rotor parameter calculations of existing motors, but also for designing of new 

SCIM with arbitrary rotor slot configuration. 

6. The author’s proposed method for calculations of rotor parameters, based on the catalog 

data, gives a satisfactory accuracy of calculations. However, this method can be used 

only for already designed motors, as well as for simulation of transient process of these 

SCIMs. 

7. The simulation scheme of SCIM start-up with PSIM software complex in settings of rotor 

variable parameters has been created. 

8. The performed calculations, using PSIM and the author’s proposed program, have shown 

that for high power SCIM 315 kW the duration of transient process depends on the rotor 

parameters: with constant at nominal regime tstart = 1.52.09 s; with variable parameters 
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tstart = 0.850.9 s. The start/nominal torque ratio increases from values 2.54 r.u. to 6.34 r.u. by 

PSIM simulation results (2.284.45 r.u. by the author’s proposed program), the start/nominal 

current ratio almost does not depend on the calculation methods of the rotor parameters. 

 

FUTURE RESEARCH 

 

Within the framework of the Doctoral Thesis, the method for calculation of rotor 

parameters has been created, and direct start-up high power SCIM with loads of ventilator torque 

has been examined. The direct start-up is not a characteristic method in modern practice. Also, 

the load types may be different — compressor load, load with constant torque etc. In fact, the 

research should continue to investigate the frequently used dynamic modes for such motors as, 

for example, star–triangle start-up or motor start-up by “soft starting” method, when at constant 

stator voltage frequency motor starting current is limited, using the thyristor that smoothly 

changes the stator voltage. However, the research of such regimes requires long execution time 

and, therefore, could be the next author's subject of the research. It is also important to examine 

other real dynamic processes (reversing, braking, work with other loads), using the author’s 

proposed method for dynamic evaluation of rotor parameters. The author’s proposed method 

shows good opportunities of functional application.  
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