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The time stepping finite elements (TSFE) method is used to investigate the effect of space harmonics on no load and full load direct 

line starting of induction motor. The method used in this computation leads to consider only the first or just some significant space 
harmonics in time stepping finite elements model. The transient results of starting process are validated with the experimental 
measurements, and the effect of space harmonics on current, speed and torque are clearly shown.  
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I. INTRODUCTION 
HE INSTANTANEOUS magnetic field in induction 
motors include both space and time harmonics. They are 

caused respectively by the geometrical effect of winding and 
slots and by the saturation and static converters. If the motor is 
driven by sinusoidal voltage sources, the phase-belt harmonics 
and slot harmonics of the stator and rotor cause relatively large 
harmonic copper and core losses and breaking forces, which 
may decrease the torque of the motor [1]. Various works 
presented in the literature are based on equivalent circuit 
modeling, where the saturation and eddy current effects are 
neglected. When using the Finite Elements method, that is the 
most precise way for modeling the coupled field circuits and 
motion, we can not analyze the fundamental and harmonic 
fields separately. 
 

This paper presents the transient magnetic field modeling of 
cage induction motors using the air-gap interface method [2], 
[3]. In addition to considering the movement of the rotor, this 
method offers the possibility to consider only the first space 
harmonic, in the case of sinusoidal distribution winding, or 
some significant space harmonic order. The effect of space 
harmonics on the torque, current and speed are computed with 
this technique where some results are presented. 

II. TIME STEPPING FINITE ELEMENT MODEL OF INDUCTION 
MACHINE 

When using a 2D FEM modeling of induction motors, it is 
assumed that the magnetic vector potential has only one 
component in the axial direction and the magnetic problem is 
solved in two reference frames related to the stator and rotor. 

In order to account for the movement of the rotor by using 
the air-gap interface coupling method, the disconnected 
domains of the stator and rotor ( sΩ and rΩ ), shown in Fig. 1, 
are coupled on an artificial interfaceΓ , located at radii R in 
the air gap. The finite elements form of the field coupled to 
electrical circuit equations leads to the following system [4]: 
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where the homogenous Newman conditions, are considered in 
the interface coupling. In equation (1), Q is the stiffness and 
electrical circuit coefficient matrix of stator and rotor, T is the 
conductivity and electrical circuit coefficient matrix, P is a 
vector associated with input voltages, and X is the unknown 
vector associated with magnetic vector potential in the stator 
and rotor domains (As and Ar), the stator current and the 
voltage between the two ends of cage bar. 
 
The coupled field-circuit model described above (1) is closely 
dependent on mechanical movement of the rotor. Then, the 
mechanical equation governing the rotor motion must be 
introduced in this model. It is given by: 
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where Jm is the moment of inertia,  f the friction coefficient, 
Cch is the load torque. Cem is the electromagnetic torque. 
In term of angular position the mechanical speed of the rotor 
is given by: 
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III. COMPUTATION METHOD 
To solve equations (1), (2) and (3), the backward Euler’s 
method is used for the time discretization. They we can write: 
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Fig.1. Decoupled stator and rotor domains on one pole of motor 
 
In this computation the global field-circuit problem and 
mechanical motion are solved separately. The merit of this 
method is its simplicity [5]. The system equation (4) taking 
into account saturation, fundamental without or with space 
harmonics field and external circuit equations is solved by 
Newton Raphson method. At this step we can obtain the 
electromagnetic torque necessary to solve the mechanical 
equation by Runge-Kutta method of fourth order. 
 
The electromagnetic torque is computed by the Maxwell stress 
tensor on contourΓ surrounding the interface coupling of 
stator and rotor. It is given by: 
 

dθbbLRC ntem ∫=
πμ 20

2
                 (7) 

 
where bt and bn are respectively the tangential and normal 
components of field and L is the effective length of the motor. 
In these conditions the transient phenomena of induction 
motor are then due to magnetic, electric circuit and 
mechanical behaviors. 

IV. MODEL VALIDATION 
A standard induction motor of large use in industry (with 4 

poles, 5kW, 380 V, [2]) has been modeled, using the 
developed technique. In such resolution, the time step tΔ is 
chosen in order to compute the instantaneous variations of all 
the quantities as well as possible. 
 

 
 
Fig. 2.Measured input neutral-phase voltage. 
 

To validate the starting process results, the simulation are 
down under the same measured voltage shown in Fig. 2. The 
time harmonics of this voltage affects directly the waveform 
of the absorbed current. The computed and measured results 
for transient current and speed are depicted in Fig.3. We 
notice that their shapes are similar. 

 

 
(a) 

 

  
 (b) 

 

  
(c) 

 
Fig.3. Measured and computed current and speed. 
(a)- Transient current. (b)- Current at steady states (c) - Speed. 
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V. EFFECT OF SPACE HARMONICS ON TRANSIENT DIRECT LINE 
STARTING 

In this section the study is focused on the computation of the 
influences of space harmonics on starting quantities of 
induction motor. In doing so, the transient current, torque and 
speed of the rotor waveforms are computed for the case where 
only the fundamental space harmonic of field is considered 
and for the case where some significant space harmonics field 
are considered. 
 
 In this computation of the transient starting process, the 
studied motor is supplied with sinusoidal voltage. A time step 
of 0.1 ms is sufficient to compute the transient operation when 
only the first space harmonic is considered and 0.01 ms when 
the some space harmonics are considered. It is evident that the 
CPU time is reduced in the first case where only the first 
space harmonic is considered. 

A. No load starting process 

The transient current, speed and torque results at no load are 
shown respectively in Fig. 4 to 6 for the fundamental and 
multiharmonic cases. The effect of space harmonics on 
starting current is clearly shown. In transient region the peak 
values of current is great in the multiharmonic case, but at 
steady state relatively important ripples on stator current are 
caused by the space harmonics. This effect on speed is 
relatively not important. The computed torque waveform 
shows a large peak values and ripples in transient region. 

 

 
 

Whole transient 
 

  
 

Transient region 
 

 
 Steady state region 

 
Fig. 4 Computed current at no load starting 

B. Full load starting process 
The results for full load direct line starting are shown in Fig. 

7 to 9 for current, speed and torque respectively. The effect of 
space harmonics on stator current (Fig. 7) is not important in 
transient region, but at steady state the peak values of stator 
current are increased and the corresponding waveform is 
deformed. 

 
The decreasing rotor speed at steady state in multiharmonic 

case is caused by the breaking harmonic torques generated by 
the space harmonics. This effect can be explained by the large 
torque ripples observed in both transient and steady state 
regions of torque waveform (Fig. 9). 

 
 

  
Fig.5 Computed speed at no load starting 
 

  
Fig.6 Computed torque at no load starting 
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Whole transient 

 

 
Transient region 

 

 
Steady state region 

Fig. 7 Computed stator current at full load starting. 
 
 

 
 

Whole transient 
 

 
Steady state region 

 
Fig. 8 Computed speed at full load starting 
 

 
Whole transient 

 

 
Steady state region 

 
Fig. 9 Computed torque waveforms at full load 

VI. CONCLUSION 
The starting process of induction machine is computed with 
nonlinear time stepping finite element method taking into 
account only the fundamental field without or with some 
significant space harmonics. 
  

The obtained results show clearly the effect of space 
harmonics on the current, speed and torque in both transient 
and steady state regions. This technique can be used to 
investigate the effect of space harmonics on stray torque and 
losses. 
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