End winding leakage calculation of a squirrel-cage
induction motor for different load conditions

ISEFTaE]

/‘-‘\‘

EAS I

THESSALONIKI R. De Weerdt, K. Hameyer, R. Belmans
Dept. ESAT, Research Group ELEN

Abstract: The calculation of the end winding leakage of a squirrel-cage induction motor
using a three-dimensional finite element method is discussed. The end winding
inductance is thought to consist of a leakage, describing the flux linked with the end
winding enly, and a mutual part, describing the flux linked with both end winding and
end ring. Both leakage and mutual inductance are found to vary for different load
conditions. ;

tors using the finite element method. a two-dimensional approach is

ors using the finite element method, approach
s motor end effects (end wmdmg Jmoedance and end ring impedance)
are in
set of circuit equations. To mcorporate ‘the end winding and end ring inductance at the
appropriate location in the coupled finite element - circuit model, these inductances have to be
split into a leakage component and a mutual component. The mutual inductance is part of the
magnetising inductance but can be neglected in practise since the coupling is in air.
Determining both leakage componénts using an analytical or empiricai approac‘h i1s not
pOSSlDle t‘urlnermore me analyucal approx1mauons assume IHC ena wmumg 1eaKdge to OC
constant for all operating conditions [2]. It is shown that this assumption is incorrect. The
leakage inductance is found to decrease when the load increases due to the increase of the

mutual inductance between end winding and end ring.

3D finite element model

The finite element analysis is performed using a commercial CAD package [3]. The 3D mesh is
generated by extrusion. An axial cross-section of the end winding region of the motor is used
as the base plane (figure 1). This base-plane has to contain all outlines required in the final
model. The consecutive planes are generated by rotating the base plane around the center line
of the shaft. 84 planes are required to generate the 3D model.
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Fig. 1: Axial cross-section of the end winding region

By relabeling the different regions in the consecutive planes, the 3D model is buiit. An other
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set of meshes represents the current excited coils and is joined with the material mesh, i.e. the
3D model generated from the base plane, during the problem definition. Due to symmetry, only
one quarter of one end region has to be modelled. Figure 2 shows part of the material mesh
(the end ring and rotor bar ends) together with the stator end winding coils
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Fig. 2: 3D model of one quarter of an end winding region of a squirrel cage induction
motor

Referring to figure 2, it is obvious that the generation of the stator end winding coils requires a
more complex extrusion based model compared to the material mesh. Therefore, the building
of such complex models using extrusion techniques is only possible if material and coil meshes
can be treated separately. The rotor coil meshes, required for the definition of the rotor
excitation, are located inside the end ring and rotor bar ends.



Inductance calculations

\The inductances are calculated based on the stored energy in the model [4]. To determine both
leakage components and the mutual inductance three problems have to be solved. One having
only the stator coils excited, one having only the rotor coils excited and one problem with both
stator and rotor coils excited. Considering the stored energy in these problems to be Wy, W,
and Wy, the following equations are valid:
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Since the rotor valies are referred to the stator, M;; = M,, = M. The value of W_; is less than
(W1 + W5 (the negative sign has to be applied in the expression for W) if the flux cause

by the rotor excitation opposes the stator flux. If the rotor flux supports the stator flux, Wy
will be higher than (W, + Wa2). Under normal conditions, the rotor flux opposes the stator
flux, resulting in W < (Wm1 + Wy). The division by eight or four in equation (1) takes into
account that only one fourth of one end region or one fourth of one end ring is modelled.

When only the mutual inductance has to be calculated, it is sufficient to solve two problems,
one with the rotor flux opposing the stator flux, one with the rotor flux supporting the stator
flux. The difference between both stored energy values is only a function of the mutual
inductance and the apphed currents [4]. Introducing the stator end winding leakage, Lo, the
end ring leakage Lo and the end ring leakage referred to the stator, Lo;, the different
inductances can be calculated from

2 8
‘ ,2 g . \
Ly'=Wmy = Lor =L -M
(11') , (2)

2*%4 L M

Lr = Wm2 2 Lc;r - Lr‘_.cl = Lr(l——,—]
Iy L, r
8

M= (WmB -~ Wmi - Wm2) 3i1i'
: . r



Results

The following table shows the calculated inductances at three different slip values. A linear
time-harmonic solution is used. Therefore, the self inductance of end winding L, and end ring
L, remain constant.

Table 1: Calculated inductance components at different slip values
Inductance slip [%]
fmH] 0.34 1.42 B 100
L 0.49 0.49 0.49
L, 0.46 0.46 0.46
L; 0.65e-3 0.65e-3 0.65e-3
M 0.13 6.19 0.21
Loy 0.33 0.30 0.25
Lo, 0.47¢-3 0.42¢-3 0.35¢-3
Los 0.36 0.30 0.28

From table 1, a decrease of the leakage and an increase of the mutual inductance is noticed. At
no load, the full self inductance of the motor is considered as leakage resulting in a leakage
inductance of this motor with a variation from 0.49 mH at no load to 0.28 mH at locked rotor.

Conclusions

The end w ng inductance of a squirrel cage induction motor is calculated using a 3D finite
eleme*xt met hod. A significant variation of the leakage components of both end winding and
ing inductance is found at different load situations.
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