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FLUX LINKAGE HARMONICS CAUSED BY MAGNETIC CORE 
ANISOTROPY IN INDUCTION MOTORS 

Abstract:  The paper deals with main effects occurring in flux linkages of the stator winding and analogous 
effects occurring in magnetising currents of induction motors whose rotor cores have certain anisotropic 
properties. Analytical forms which define spectra of the flux linkages have been provided on the basis of ap-
proximation of the magnetic field co-energy function. In the paper a series approximating the symmetrical 
components of phase flux linkages was derived and interpreted. Results of field calculations, carried out for 
the cores, were used to determine the influence of the anisotropy on the co-energy function of the rotating 
magnetic field and functions of the flux linked with the winding. 
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Introduction 
Different magnetic measurements have shown 
that non-oriented steel sheets, which are used 
in constructions of laminated magnetic cores 
of induction motors, have certain anisotropic 
properties. This magnetic anisotropy is the 
reason of the magnetic flux fluctuations of the 
rotating field in the air gap. The magnitude of 
these fluctuations is the highest in bipolar ma-
chines and depends on the saturation level of 
the magnetic core [1]. Fluctuations of the ro-
tating field cause the perturbations of voltages 
induced in the stator windings, current pertur-
bations and parasitic components in electro-
magnetic torque. At present these phenomena 
are taken into account in control system design 
[2-3]. On the other hand, synchronous torques 
generated due to the core anisotropy can be 
useful in motors with solid rotors [4]. Field 
calculations of the magnetic field distribution 
in the stator core, which were carried out for a 
medium size motor, indicate similar level of 
the stator and rotor core anisotropy, both in 
linear or non-linear part of the magnetization 
characteristic. Dedicated circuital model of the 
induction motor with the anisotropic stator or 
rotor core is formulated with the assumption 
that the distribution of the magnetic flux den-
sity in the air-gap is mono-harmonic. It simpli-
fies mathematical formulas in cases when the 
non-linear magnetization characteristic should 
be taken into account. In field calculations the 
hysteresis loops are replaced by unambiguous 
characteristics determined as dependences be-
tween averaged values of the flux density with 

respect to the values of the forced magnetic 
field strength. The axis of easy and hard mag-
netization are assumed to be as perpendicular. 
Due to the above, the circular rotating MMF in 
the motor with the uniform air gap and with 
the anisotropic rotor produces an elliptical ro-
tating field of the flux density; this field ro-
tates at a variable angular velocity and its 
magnitude is not constant. Moreover, the 
MMF axis and the flux density field axis are 
not co-linear. The presence of the magnetic 
anisotropy in the stator core produces analo-
gous effects. Quantitatively similar effects oc-
cur when the air gap is non-uniform, for ex-
ample in synchronous motors with a salient 
pole of the rotor [5]. It was applied during 
formulation of the circuital model of induction 
machines.  
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Fig.1. Modeling concept of the core anisotro-
py with the use of a non-uniform air-gap, 
RD – sheets rolling direction.  
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2. Flux-current relations in induction 
motor with anisotropic rotor 
The co-energy of the magnetic field in the 
core and in the air gap of the induction motor 
with the anisotropic rotor is a function of: N 
independent currents ni  of windings, the an-

gular position ϕ  of the rotor, and the angular 

position µβ  of the resultant magnetomotive 

force MMF in the air-gap with respect to the 
rotor axis of easy magnetization. 
Separate analysis of the main rotating field 
and the leakage fields (also in non-linear parts 
of the magnetization characteristics) allows us 
to express the global field co-energy as a sum 
of the main field co-energy and the leakage 
field co-energy. The main field co-energy de-
pends on the magnetizing current μi  which 

corresponds to the amplitude of the first har-
monic of the resultant MMF. When the rotor 
core is anisotropic then the co-energy depends 
also on the introduced angular positionµβ . In 

order to separate these two independent varia-
bles, the approximation by the Fourier’s series 
is used. The leakage fields co-energy depends 
on the individual currents and on the rotor po-
sition. Then the co-energy of the global mag-
netic field should be written as following sum: 
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The flux linked with the separate stator coils 
can be expressed by internal magnetization 
characteristics ( ) ( )µµ ββ ,iψ,iψ μμ μyμx ,  in the 

magnetizing current in x axis and in perpendi-
culary axis. They are defined by the deriva-
tives of the co-energy function with respect to 
the variables μi and µβ , respectively [6]. 

Due to the non-linearity of the main magnetic 
circuit the third harmonics of the flux density 
in the air gap generates also significant com-
ponent of the flux linkages. On this basis the 
formula approximating the main flux linkages 
of the stator winding can be written as fol-
lows:  
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The constants ( )1
snν  and ( )3

snν  are the winding 
coefficients of the first and third harmonic, re-
spectively. The angle nα  denotes an angular 

position of the winding axis. The angle µα is 

equal to ϕ+βµ . In was assumed, that the 

magnetization characteristics of the leakage 
field paths are linear. Then leakage inductanc-
es can be defined as independent of the cur-
rents, but due to the anisotropy they depend on 
the rotor position. So the leakage flux of each 
winding can be specified in the form:  
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(3) 
This approach simplifies the formulas for 
symmetrical components of the phase fluxes. 
Analogous relations for rotor windings with 
occurrence of the stator anisotropic core can 
be obtained after changing the coordinate sys-
tem. 

3. Symmetrical components of three- 
phase main and leakage fluxes  
Symmetrical components (0,1,2) of the main 
flux linkages of the three-phase stator wind-
ing, expressed according formulas (2), are ob-
tained is the form:  
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Analogous transformation of the relations be-
tween leakage fluxes and currents leads to the 
following expression: 
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It can be seen, that due to the anisotropy each 
symmetrical component of the phase leakage 
fluxes depends on all symmetrical components 
of the phase currents. The equation for the 
component (2) is equal to the conjugated equa-
tion for the component (1). Harmonic analysis 
of phase fluxes and its symmetrical compo-
nents was performed on the assumption that 
sinusoidal stator currents have only the first 
symmetrical component. The rotor rotates at 
non-zero slip, but the rotor currents are equal 
to zero. Hence: 

( ) ( ) ( ) constiiii n
j =ν== µ
α

µ
µ ,3/e 1*21  

( ) 0000 1, ϕ+Ω−=ϕα+Ω=αµ tst         (6) 

Results of the harmonic analysis performed 
for main flux and leakage fluxes are included 
in Table 1 and 2, respectively. 

Table 1. Pulsations of main flux harmonics 

snµψ  ( )1
sµψ  ( )1

sµψ  ( )0
sµψ   

0Ω  0Ωje  const. 0  

( ) 021 Ω− s  ( ) 021 Ω− sje  02 Ωs  0  

( ) 041 Ω− s  ( ) 041 Ω− sje  04 Ωs  0 (*) 

( ) 041 Ω+ s  ( ) 041 Ω+ sje  04 Ωs  0  

03Ω  0 0 03Ω  (*) 

 (*) in nonlinear part of magnetization characteristic only 

The pulsations of the phase fluxes are present-
ed in the first columns of these tables. In turn, 
the second columns contain the elements of 
the first symmetrical components of the phase 
fluxes. The third ones show pulsations which 
appear in the module of the first symmetrical 
components of the phase fluxes. The last col-
umns present the pulsations of the zero com-
ponents of phase main and leakage fluxes.  

Table 2. Pulsations of leakage fluxes harmon-
ics 

snσψ  ( )1
sσψ  ( )1

sσψ  ( )0
sσψ  

0Ω  0Ωje  const. 0 

( ) 021 Ω− s

 

( ) 023 Ω− s

 

( ) 021 Ω− sje  
0 

02 Ωs  

0 

0 

( ) 023 Ω− s

 

( ) 043 Ω− s

 

( ) 045 Ω− s

 

0 
( ) 045 Ω−− sje

 

0 

( ) 046 Ω− s

 

( ) 043 Ω− s

 
0 

According the above results it can be conclud-
ed that in the case of the anisotropic fixed ro-
tor or the anisotropic stator, the first symmet-
rical component module of the fluxes contains 
a constant component and pulsating compo-
nents with frequencies equal to02Ω  or 04Ω . 
The zero symmetrical component contains the 
first harmonic due to the position-dependent 
phase leakage fluxes. It means that phase 
linked fluxes are not symmetrical. Additional-
ly, the zero components of the third harmonics 
of the main fluxes appear in saturation condi-
tions. On the other hand, in synchronous con-
ditions, when the slip is equal to zero, the first 
symmetrical component module of fluxes has 
a constant value only. Then the zero compo-
nents contain the third harmonics due to the 
saturation state of the core and the asymmetry 
of phase leakage fluxes. 

4. Field calculation of co-energy and 
flux linkages  
Qualitative and quantitative identification of 
the magnetic field co-energy and linked fluxes 
was performed for a magnetic core of a 5.5 
kW two pole induction motor with (three-
phase, two-layer stator winding, q=6). The ro-
tor windings were omitted. The air gap was 
reduced to 0.5 mm and the stack length was 
shortened to 100 mm.  

 
Fig. 2. Core cross-section of the modelled 5.5 
kW induction motor and magnetic field distri-
bution produced by the stator windings sup-
plied by balanced currents. 

Unambiguous magnetization characteristics of 
the core material in the easy and hard magnet-



 Maszyny Elektryczne – Zeszyty Problemowe Nr 3/2015 (107) 

 

196 

ization directions were determined based on 
the hysteresis loops of dynamo sheets type 
M600-50A produced in the Czech Republic. 
Calculations were performed with the use of 
the MagNet 2D package. The distributions of 
the rotating field for sequential position of the 
main flux axis were obtained for stator sym-
metrical currents. Amplitudes of these currents 
were increased until the flux density in the sta-
tor teeth was equal to 1.5 T. The function of 
the field co-energy and the functions of flux 
linkages of the stator windings were presented 
with respect to the angular position of the re-
sultant MMF axis. In the next step the Fouri-
er’s spectra of these functions were calculated. 
Components of individual harmonics calculat-
ed for the anisotropic core of the rotor and iso-
tropic core of the stator are shown, for exam-
ple, in Figures 3, 4 and 5. 

 
 
Fig. 3.Constant componentco,0E , second 

harmonic co,2E  and fourth harmonic co,4E

of the field co-energy function vs. magnetizing 
current. 

Results of the field calculation confirm the oc-
currence of the predicted harmonics in sym-
metrical components of the phase fluxes at sta-
tionary rotor conditions. Similar results were 
obtained for the anisotropic stator and iso-
tropic rotor. It is worth emphasizing that the 
estimated value of the harmonics are close to 
the level of the field calculation accuracy. 
However, the cohesion of results shown in the 
above figures confirms correctness of the ob-
tained results. Analogous components in the 
co-energy function were obtained in test cal-
culations carried out for an identical core with 
two-phase sinusoidal distributed windings. 
 

 

Fig. 4. Constant component ( )1
0,sψ , second 

harmonic ( )1
2,sψ  and fourth harmonic ( )1

4,sψ  of 

the first symmetrical component of the stator 
phase fluxes vs. magnetizing current. 

 
 

Fig. 5. First harmonic ( )0
1,sψ  and third har-

monic ( )0
3,sψ  of the zero symmetrical compo-

nent of the stator phase fluxes vs. magnetizing 
current. 

It can be noted that amplitudes of the first 
symmetrical component of the flux harmonics 
do not depend approximately on values of the 
magnetizing current. The formulas provided in 
Table 1 and Table 2 were verified in the field 
calculations for the slip which was equal to 
one. These formulas can be used in prediction 
of the co-energy harmonics and stator linked 
flux harmonics generated by the rotor anisot-
ropy at an optional non-zero value of the rotor 
slip.  

5. Conclusions 
Theoretical analysis and field calculations 
were the basis for determining the spectra of 
the field co-energy and fluxes linked with sta-
tor windings for an anisotropic and non-linear 
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magnetic core of an induction motor. It neces-
sary to stress that the spectra voltages should 
be similar. The analysis was carried out for the 
current supply conditions. The same harmon-
ics appear in spectra of magnetizing currents 
under voltage supply conditions with the neu-
tral wire. On this basis, it can be assumed that 
even harmonics of the first symmetrical com-
ponent of the stator phase currents and the first 
harmonics of the zero symmetrical component 
of the phase voltages can be treated as useful 
signals in the diagnosis of the stator core ani-
sotropy. On the other hand, the harmonic 

Ω2s  of the first symmetrical component of 
the stator phase currents and the harmonic 
( )Ω2s-3  of the zero symmetrical components 
of the phase voltages can be used in the diag-
nosis of the rotor core anisotropy. Measure-
ment results prepared for the presentation and 
reference [7] provides motor voltage and cur-
rent data which confirm the existence of the 
indicated higher harmonics. The presented re-
sults can be applied in diagnostic of cores 
based on motor current spectra analysis 
MCSA. Calculation results indicate possibili-
ties of further research on the impact of core 
anisotropy on parasitic effects in motor cur-
rents, voltage and electromagnetic torque. 

REFERENCES 

1. Zagradisnik I., Hribernik B., ”Influence of 
anisotropy of magnetic material on the 
saturation harmonics in the three-phase 
induction motor”. IEEE Transactions on 
Magnetics. Vol. 24. No.1, pp. 491-494, 1988. 

2. Wolbank T.M., Machl J.L., Hauser H., 
Macheiner P., “Lamination Material 
Anisotropy and Its Influence on the Operation 

of Inverter-Fed Induction Machines”. IEEE 
Transactions on Magnetics, vol. 39, No. 5, 
pp. 3283-3285, 2003. 

3. Holtz J., Hangwen P. “Acquisition of Rotor 
Anisotropy Signals in Sensorless Position 
Control Systems“. IEEE Transactions on 
Industry Applications, vol. 40, no. 5, pp. 
1379-1397, 2004. 

4. Spałek D.,“Synchronous torque of induction 
motor with solid and magnetically anisotropic 
rotor”, Zeszyty Problemowe – Maszyny 
Elektryczne, Nr 84, str. 167- 171, 2009 

5. Warzecha A., Mazgaj W., “Identification 
techniques of functions approximating 
magnetization characteristics of synchronous 
machines”, COMPEL: The International 
Journal for Computation and Mathematics in 
Electrical and Electronic Engineering Vol. 32 
No. 4, pp. 1267-1277, 2013. 

6. Warzecha A., Sobczyk T., Mazgaj W., 
„Matematyczny opis silnika indukcyjnego z 
anizotropią magnetyczną rdzenia”, Zeszyty 
Problemowe - Maszyny Elektryczne, nr 100, 
str.123-128, 2013. ( in Polish) 

7. Drozdowski P., Duda A., “Fault detection of 
induction motors due to the effects of 
magnetic saturation”, Zeszyty Problemowe – 
Maszyny Elektryczne Nr 100, str. 33-38, 2013 

Acknowledgments  
This paper was supported by research grant 
No DEC-2011/01/B/ST7/04479: “Modelling 
of nonlinearity, hysteresis, and anisotropy of 
magnetic cores in electromechanical convert-
ers with rotating magnetic field” financed by 
the National Science Centre (Poland). 

 

 


