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I.     INTRODUCTION 
 THE magnetic field is possible to resolve to the 

high harmonic series incurred from concentrated 

winding in the slots, air-gap inequality due to the 

slotting. Each of these fields could generate additional 

torque on  the  rotor  at variable speed at start up. A 

well-known method to reduce the harmonic content in 

the line current when operating a grid-commutated 

inverter is to use a twelve-pulse convertor and a three-

winding transformer. This method could be modified   

and   applied   in   convertor   applications   with 

induction machine [5]. When a three phase inverter 

supplied conventional source to the  three phase 

squirrel cage induction motors exhibit harmonic 

pulsating of torque. These torque pulsations attain 

objectionable values during low frequency and in many 

cases dictate the satisfactory lower limit speed.  In 

industrial applications, uniform speed of rotation these 

pulsating torques need to be minimized. The results of 

minimizing the sixth harmonic pulsating torque 

component in an inverter induction motor drive system 

using a modified version of Rosenbrock's hill climb 

technique are presented in [6]. 

Air gap permeance pulsation caused by rotor slot [7], 

[16] and stator slot opening is discussed in [1] and [15] 

Detection of  these  harmonics  is,  of  course,  a  

separate  issue  that depends on number of rotor, stator 

slots, pole pair numbers, eccentricity, etc. [17]. These 

slot harmonics are the source of a no negligible part of 

the unbalanced magnetic pull where the skewing 

reduces their amplitude. Simulation including 

slots effect is performed on three phase motor with 

36 stator slot, 28 rotor bars, four-pole and with double 

layer lap winding in [2]. In a multiphase system, here 

assumed to be a system that comprises more than the 

conventional three phases. The presence of detrimental 

spatial harmonics in the air-gap at low speed and start-

up is solved in [13]. Main target was reduced cooper 

loss and in addition general expression for the 

harmonic fields by machine of more than three phases. 

 

The same target for three-phase motor is presented in 

[8] where Tessarolo and col. designed stator coil for 

adjusting air-gap space harmonics Eleven-phase 

machine which can be excited with harmonics up to the 

ninth is excited in [14]. The technique is assessed using 

finite element analysis. Magnetic flux harmonic 

reduction, torque pulsations minimization, and on the 

power ratings is presented in [3] and [4] for six-phase 

induction motor. 

Renato O. C. Lyra and Thomas A. Lipo describes a 

technique of injecting third harmonic zero sequence 

current components in the phase current. This phase 

current improves the machine torque density greatly. 

During starting, Some simple control strategies have  

been  proposed to  keep  the  current constant at  any 

preset value. At starting torque pulsations to eliminate 

supply frequency [9]. 

This paragraph deals with the other possibilities of 

harmonic analysis squirrel cage induction machine. M. 

Aiello, A. Cataliotti, S. Nuccio measured sped on 

induction machine based on Chirp-Z transformation 

(Fig.1) as supply current harmonic analysis [11]. The 

speed is evaluated from rotor frequency harmonics of 
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the rotor slots. Authors experimentally results 

compared with FFT  the method is shown on case of 

7.5kW induction motor. 

 
 
Fig.1. Block diagram of “double Chirp Z Transform algorithm” for 

induction motor speed measurement based on rotor slot harmonics [11]. 
 

 

II.  TORQUE AND ELECTROMAGNETIC 

FIELD ANALYSIS 

This part is dedicated onto the basic information 

about analyzed machine. After  that follows  the  

electromagnetic field and the torque analysis is done 

for nominal slip. Analyzed machine is 3-phase 

induction machine with squirrel-cage, type 1LA7083-

2AA10 with power 1.1kW 

A.Parameters of Analyzed Machine 

Stator and rotor machine packet is consists from 116 

electrical sheet M800–65A, thickness 0.65mm. 

Winding is placed  at  the  stator  U–slots  with  these  

parameters: wire diameter 0.64 mm, one parallel wire, 

one parallel branch, 83 conductors in slot and 6 outlets. 

The rotor V–slots are filled with aluminum bars on 

both sides associated of the conductive rings. The 

stator bore is 64mm and the split ratio of this machine 

is 0.512. Analyzed machine was design for the  

following  parameters:  power  1100W;  phase  voltage 

240V; nominal torque 3.87Nm; frequency 50Hz; 

nominal current 2.5A; nominal speed 2845rpm; 

efficiency 77.8% and power factor 0.86. 

 

 

 
 

B.  Electromagnetic Field and Torque 

Calculation 

This part is dedicated to the electromagnetic field 

calculation by FEM in the ANSYS program – 

calculates torque on a body in a magnetic field 

(command TORQ2D; TORQC2D), with the aid [12]. 

TORQ2D invokes an ANSYS macro which 

calculates mechanical torque on a body in form of a 

magnetic field. The air (symmetry permitted), and a 

closed path passing through the air elements 

surrounding the body must be available. A 

counterclockwise ordering of nodes on the PPATH 

command will give the correct sign on the torque result. 

This macro is valid for 2-D planar analysis. 

TORQC2D is used for a circular or cylindrical body 

such as a rotor in an electric machine. The air elements 

surrounded the body must centered global origin. The 

air elements covered the path at radius RAD selected. 

To using the macro, elements with a high permeability 

material should be unselected prior. This macro is valid 

for 2-D planar analyses only. The macro calculates the 

time to average torque, it is  done in a harmonic 

analysis. Radial symmetry model is not necessary at a 

full 360°. 

Meshing problems are common in electrical 

engineering, and are essentially caused by two factors – 

the complex geometry of the electro-technical 

application and the strong variations in  the  

distribution of state  variables in  certain physical cases. 

Sometimes, it is difficult to decide if a new 

formulation, numerical tool or meshing algorithm will 

be the optimum means to eliminate the problem. Thus, 

it appears more judicious  to  evaluate  all  the  

problems  by  topics  and  to present their solutions, 

either by meshing techniques, or by numerical or 

mathematical techniques. The following topics 

continually appear – magnetic air gap, movement of 

conducting  materials  under  a  magnetic  field,  

boundary layers, deformations under the effect of 

electromagnetic forces, magnetic saturation and finally 

the magnetic field at the infinite. All topics are 

described in [10]. 

The electromagnetic torque is being investigated at 

rated 

slip area. The size of the magnetic circuit 

oversaturation achieved  about  1%  (Fig.  2),  which 

means percentage of magnetic circuit where is 

magnetic flux density greater than 

1.8T. Behavior of magnetic flux density along the air 

gap is shown at Fig.3 with average value 0.595T. 
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      Fig. 2  Electromagnetic field distribution (nominal slip). 

 

 

 

 

 

Fig. 3  Behavior of magnetic flux density along the air gap (center). 

 

For this case is electromagnetic torque 3.93Nm. The 

results of spectral analysis are shown at Fig. 4. There is 

a noticeable increase in slot harmonics of the magnetic 

flux density. The size of the electromagnetic torque 

pretty well describes the torque characteristic (Fig. 5), 

especially around the operating point of the machine. 

Positive sign of torque represents operating mode for 

motor and negative sign of torque represents operating 

mode for generator. 

 

 
 

          Fig. 4  High harmonic components of magnetic flux along the      

                    air  gap. 

 
 

       Fig. 5  Torque comparison – measured vs. calculated (ANSYS). 

The torque is calculated via a circular path integral 

of the Maxwell stress tensor. Fourier transform is 

used for high harmonic components evaluation of 

calculated pulsating torque behavior (Fig. 6). In 

conclusion the comparison between computed 

pulsating torque and measured pulsating torque along 

the one rotor turn is presented. 

 
Fig. 6  High harmonic torque components from electromagnetic field. 

In the spectrum of pulsating torque are included 

higher- order spatial harmonics, with dc component 

3.9Nm. All is done for nominal load (slip is 5.17%). 
 

                      III.  TORQUE MEASUREMENT 

The torque measurement is divided onto the three 

parts: mechanical torque measurement, dynamic 

torque measurement at start up and pulsating torque 

measurement in case of the nominal load (nominal 

slip). 
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A.  Mechanical torque 

The load  characteristic was measured for slip in 

range from 0 up to 10%. Based on these measurements 

can be gradually set the parameters of the equivalent 

circuit and thereby obtain the necessary 

electromagnetic analysis. Behavior of the mechanical 

torque and stator phase current is shown at the 

following figure (Fig. 7), where the nominal 

mechanical torque, the nominal speed (slip) and the 

nominal current is marked, see figure. 
 

Fig. 7  Behavior of the mechanical torque and stato

 

B.  Additional torque and the speed characteristic 

during the machine start-up process 

Experimental  measurement  was  made  with  

measuring card NI PCIe-6361 (Fig. 1) and shaft 

DATAFLEX 22/20 (Fig. 2). The results of 

experimental measurement (Fig. 8)(the engine was 

loaded with inertia torque of the flywheel 

JFV=0.0182kg.m2) are  processed in LabVIEW. Self

inertia torque of analyzed machine is 0.0011kg.m2. 

The results of the start-up torque measuremen

speed characteristic are shown in the following graphs 

(Fig. 9-10). The torque characteristic   with   marking   

of   area,   where   additional asynchronous torque 

occurs is  shown on the  Fig. 9.  The maximal dynamic 

start-up torque and both torque envelope are also 

marked in the following figure. 

 

Fig. 8  Mechanical torque during the machine start-
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        Fig. 9 Speed characteristic during the mac

                Fig. 10  Torque characteristic during t

The looked-rotor torque value was measured as a 

multiple of the nominal torque MZ=2.45MN which 

corresponding with manufacturer tolerance  

according to  the  manufacturer's (Fig. 11) the looked

rotor torque is in range MZ=(1.9-2.6)MN.

Fig. 11 Diagram of the torque characteristic class
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C.  Pulsating torque at steady-state 

         The pulsating torque measurement (Fig. 12) was made 

with the following condition: steady-state with nominal load 

(it means the load torque 3.87Nm). High harmonic 

components of pulsating torque are shown at the Fig. 9, 

where the dc component is 3.91Nm. 

 

         Fig. 12  Pulsating torque per one rotor turn (at steady-state). 

 

                                  IV .CONCLUSION 

           Analyzed machine is 3-phase induction machine with 

squirrel-cage rotor 1LA7083-2AA10 with power 1.1kW. 

Typically, these machines are used as drive of industrial 

applications, etc. fans, pumps, machine tools, press and 

others.  The  load  characteristic  was  measured  for  slip  

in range from 0 up to 10%. Based on these measurements 

can be  gradually set  the  parameters of  the  equivalent 

circuit (classical “T-cell” it was used) and thereby obtain 

the necessary input for electromagnetic analysis. 

     Analyzed machine is 3-phase induction machine. 

Typically, these  machines are  used  as  drive of  

industrial applications, etc. fans, pumps, machine tools, 

press and others.  The  load  characteristic was  measured  

for  slip  in range from 0 up to 10%. Based on these 

measurements can be  gradually set  the  parameters of  the  

equivalent circuit (classical “T-cell” it was used) and 

thereby obtain the necessary input for electromagnetic 

analysis. 

   The results of experimental measurement of the torque 

at the start-up were processed in the LabVIEW program. 

The comparison of  the  experimental measurement results 

and calculation results (from the Maxwell program) is 

done at the following figures, Fig.13-16. 

         Finally, from the electromagnetic field the pulsating 

torque behavior per one complete turn of rotor and then 

high harmonic torque components were calculated. The 

spectral analysis results of the magnetic flux density along 

the air gap has been done and also the pulsating torque 

along the air gap. The resultant pulsating torque  is  out  of  

its  DC component consists of higher orders spatial 

harmonics. Course pulsating torque obtained retrospectively 

from the electromagnetic field is different from the measured. 

This is due to the fact that the analysis was not possible to 

cover all the things that affect the pulsating torque value and 

the higher spatial harmonics creation. For the calculation of 

pulsating torque the model should be adjusted (see 

comparison on Fig. 13). The dc components are 

practically the same, but the differences between 

measurement and calculation are apparent and they are 

caused by the model simplification 

 
Fig. 13  Comparison of the torques during the analyzed machine start-up. 

 
Fig. 14  Comparison of the torque characteristics of the analyzed machine. 

 
 Fig. 15  Comparison of the speed characteristics of the analyzed machine. 

 
Fig.  16  High  harmonic  components comparison  of pulsating torques – 
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measurement and calculation 
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