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Abstract -The paper describes the steady state analysis 
of squirrel cage induction motors using a two-dimensional 
finite element solution. Saturation is included using an 
iterative process combining both static and time- 
harmonic solutions. The motor end-effects are calculated 
using 2d and 3d finite elements including a lumped 
parameter approach during the solution of the time- 
harmonic problem. Both motors types, with closed and 
open rotor slots are analysed. Different operating points 
for load, no-load and locked rotor situations are analysed 
and compared. The influence of the different end-effect 
parameters is analysed by including or neglecting them in 
the calculations. Good agreement with measurements are 
found for all operating conditions. The calculations are 
performed using a commercial FEA package. 

I. INTRODUCTION 

In the last decade, the analysis of squirrel cage induction 
motors using finite elements has received much attention. 
The analysis is mainly based on the field calculation of a 
cross-section of part of the motor (mostly one pole pitch). To 
obtain realistic results, the calculation must include the 
following effects: 

1) Induced rotor currents 
2) Saturation 
3) Motor end effects 

To combine both saturation and induced currents 
theoretically, a transient solution is required. Because this 
method results in very high computational costs, several 
approximation methods are developed [ 1,2]. The method 
described here uses a combination of static (non linear) and 
time-harmonic (linear) calculations. The motor end-effects 
(stator end-winding impedance and end-ring impedance) are 
included in the calculations as lumped parameters. Values 
for the end effect parameters are often obtained using 
empirical formulae. Here, the parameters are obtained by 
two- and three dimensional field analysis [3]. 
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This results in a miore accurate description of the end- 
effects. While the empirical formulae only give a single value 
for e.g. the end-winding leakage, the finite element analysis 
shows that the end-eli‘fect parameters vary under different 
load conditions. An additional advantage of calculating the 
end-effects is that no prototyping is required, the analysis is 
purely based on simulations. 

11. FINITE ELEMENT ANALYSIS 

Four-pole traction motors having 48 stator slots and 40 
rotor slots are modt.:led. The 2d finite element model 
describes one pole pitch of the motor. 

A. Comb ination of saturation and induced currents 

To combine both the influence of induced currents and 
saturation, an iterative process using both time-harmonic and 
static solutions is used [ 2 ] .  The time-harmonic solver is used 
to obtain the rotor currents. From the solution the real and 
imaginary pail of stator and rotor currents are extracted and 
used a s  excitation for two static non linear problems. From 
the two static solutions, the reluctivity in each element is 
determined by averaging the reluctivities from the two 
solutions. The obtained reluctivity vector is used for the 
following time-harmonic (linear) solution. The described 
iteration procedure is found to converge in less than five 
steps and is more rotlust when compared to the method of 
successive underrelaxation [4]. It is used for both current 
driven and voltage driven calculations under various load 
conditions. The proedure can either be started with the 
static calculations (initially no rotor currents are assumed) or 
with the time-harmonic calculation. The latter is 
advantageous simulating open rotor slots. When closed rotor 
slots are esamined, a linear calculation will provide much 
smaller rotor currents; than the rated currents and will not 
influence the nest st.atic solution. Therefore, the iteration 
process should start with the static problem definition. The 
procedure gives similar results as the more conventional 
method of effective reluctivities [l]. The analysis is 
performed for motors with closed and open rotor slots. 

U. ~ . ~ ~ ~ l i s i ( l ~ ~ [ ~ i i [ ) t i  of etid-efects 

The time-harmonic :solution procedure consists of the finite 
element problem defir’iition combined with a set of circuit 
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....... Zeqb 

: rotor bar in the finite element model 

-f---k : external impedance (rotor end effect) 

Fig. 1. Finite element - circuit mod21 for one pole of a squirrel cage induction 
motor. 

equations describing the motor end-effects. The considered 
end-effects are the resistance and leakage inductance of both 
end-winding and end-ring. The end-effects are included as a 
lumped parameter model. The quantities of the parameters 
are obtained using the 2d and 3d finite element method as 
described in [3]. The end-winding parameters can be 
considered directly. The modeling of the end ring however, 
requires the inclusion of additional impedances. The 2d 
finite element model describes only one pole pitch of the 
motor geometry. Modeling only the part of the end-ring that 
exists between the rotor bars in the model would result in a 
time-harmonic solution with the sum of all bar currents to be 
zero. In order to obtain the correct solution the rotor model is 
expanded with two additional impedances Zeqa and Zeqb (Fig 

In series with each rotor bar there is a resistance taking 
into account that the rotor bars are longer than the length of 
the iron core. Between two adjacent rotor bars an impedance 
equal to twice the ring segment impedance is placed. The 
enclosing impedances Z,, and Z,+ are a function of the ring 
segment impedance Z,, the number of pole-pairs p and the 
number of rotor bars N: 

1). 

The iilfluence of each separate end-effect parameter is 
examined by considering or respectively neglecting it in the 
simulation. 

C. Calculation of the eizd-effect parameters 

The calculation of the end effect parameters is performed 
using 2d and 3d finite elements except for the end-winding 
resistance, which is calculated analytically. The end-winding 
leakage and the end-ring leakage are calculated using a 3d 

supply voltage [VI 
' measurements calculations _ - _ _ _  

Fig 2 Calciilnted and measured no-load characteristic. 

model describing one pole pitch of the end-winding region. 
Both leakage components are calculated for different load 
conditions. An important variation in both parameters is 
noticed due to the fact that the cou ng between stator end- 
winding and rotor end-ring is load-dependent [ 3 ] .  This 
coupling between the end-winding and the end-ring should 
theoretically be incorporated in the magnetizing inductance 
but is negligible since the coupling mainly takes place in air 
By far the most iinportant end-effect parameter for a squirrel 
cage induction motor IS the end-ring resistance. This 
parameter is calculated using an analytical appro 
2d (asisyninietric) and a 3d finite element calcul 
for different load conditions Significant differences are 
obtained [3] when skin effect becomes important (motor 
start-up) Because the 3d approach is the only one where the 
current input is correctly modeled (via the bars), the 3d 
solution is considered the most accurate. 

I11 NO-LOAD SIMULATION 

For the no-load simulation, synchronous speed of the motor 
is assumed. Therefore, no induced rotor currents are 
assumed, the oiily end-effects that have to be taken into 
account are the end-winding impedances. The full end- 
winding inductance acts in this situation as leakage. Fig. 2 
shows the calculated and measured no-load characteristic It 
can be seen that the non linear behavior of the motor at no- 
load is correctly modeled. 

The motor has closed rotor slots. The end-winding 
parameters have little influence on the overall result (less 
than 5%) because the end-winding leakage is only a few 
percent of the inagnetizing inductance The agreement with 
measurements is within 5% for most operating points both 
for motors with open and closed rotor slots. 

IV LOAD SIMULATION 

For the load calculations, different operating points, at 
various \slues for the slip s, are compared with 
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measurements. As mentioned above, the time harmonic 
solver is used to obtain the induced rotor currents. For the 
no-load calculations it is merely used to obtain the stator 
currents when only the stator voltage is known (voltage 
driven no-load calculations). The time-harmonic solver 
however, requires that only one frequency is specified. 
During load operations, the frequency of the stator currents 
equals the supply frequency, while the rotor current Y 

frequency is the supply frequency multiplied by the slip. Two 
approaches are possible to resolve this problem. 

Consider first the equation solved by the 2d time-harmonic 
solver (3). I I 

2 0 4  0 6  08 1 1 2  1 4  1 6  
slip [%] 

V.(vVA,)-  joaA, = -Js,, (3 1 : mear:urements : calculations - - -_-  
Fig. 3. Measured and calcu'latzd torque characteristic for a 400 kW traction 
motor. 

Here A, is z-component of the vector potential A ,  o is the 
conductivity, o is the angular velocity, J, ,  is the source 
current and v the reluctivity. To obtain the correct induced 
currents, the slip dependent angular velocity so, (on is the 
supplied angular velocity) can be applied in (3) resulting in 
the following equation to be solved (4): 

quantities for the stator current I, the supply power P and the 
torque T at different values for the slip s. 

Good agreement beween calculation and measurement can 
be taken from table I. The comparison shown in table I is 
done for a motor with closed rotor slots and a rated power of 
146 kW. The main reason why the calculated power and 
current are smaller than measured is that iron losses are not 

Fig. 3 ShOWS the torque characteristic (ItleaSUrementS and 

V.  (vVA,) - jso,crA, = -Js,, (4) 

For voltage driven calculations, applying the slip pulsation 
is not When the slip pulsation is used, the flus 
variation on the stator will also take place with this pulsation 
resulting in a back-EMF that is l/s times smaller than 
required. Therefore, the applied voltage U, has to be scaled 
down to sun. In order to maintain the correct ratio between 
back-E2 and resistive voltage drop, the resistiviQ of the All four end-effect parameters mentioned above have to be 
stator winding has to be scaled down in taken into account. Tlhe most important end-effect parameter 

Equation (4) suggest an other possibility: It is possible to is the end-ring resistance. Calculations show that more than 
obtain the correct induced currents by applying the supply 30 % of the Joule losses in the rotor are located in the bar- 

the rotor, This approach is used here since it requires the generated torque of i:he motor is proportional to the rotor 
modification of the rotor conductivity only, the supply Joule losses. There:fore, an accurate calculation and 
voltage and stator resistance keep their rated value. It should consideration of the end-ring resistance is essential. 

to calculate the rotor end riIlg resistance aIld the resistance of that the elld-ri% leakage is of no importance during load 
operations. As it is iiii the no-load simulations, the influence the bar ends outside the rotor core (Fig. 1).  
of the end-winding impedance remains small. This is 
enforced by the fact that the end-winding leakage is smaller A.  Comparison between measurements and siinulations 
during load operations. 

in the ca"culations. 

C d C U l ~ l t i O ~ ~ S )  for 21 40(1' kW motor with Open Slots. 

B. 1nf111e17L.e (?ft/le entj-eflect par.ar)feters 

manner. 

frequency and simultaneously using s~ as the conductivity in ends Outside the ro'tor core and in the The 

be noted that the modified conductivity s.lould also be used Furthermore, due to title small Slip fIXqUency, it Can be stated 

Table I shows a comparison of calculated and measured 
V. LOCKED ROTOR SIMULATIONS 

For Illotors with open rotor slots, the behavior at locked 
rotor operation is approximately linear. The above described 

2.01 91.7 89.0 245 234 1321 1257 closed rotor slots. thc consideration of saturation cannot be 
78.9 75.6 208 196 1126 lo60 neglected. the behavior is non linear. Also the influence of 1.68 

1.21 59.9 59.3 153 148 835 801 
0.80 43.9 45.2 103 103 562 552 the different cnd-effeist parameters is different for both types 
0.34 27.5 30.5 42 46 242 234 of motors. 

TABLE I 
COMPARISON BETWEEN CALCULATED AND MEASURED LOAD OPERATING POINTS 

(a) CALCULATIONS @) MEASUREMENTS 

T ["I 
(a) (a) (b) (a) (b) procedure converges in two iteration steps. For motors with 

slip s ["h] 1 [AI p [kWl 
(b) 
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values for the stator current I, the supply power P, inductance 
L and resistance R for locked rotor operation. The influence 
of the different end-effect parameters is shown by including 
them one by one in the simulation. Table I1 refers to a motor 
with open rotor slots Only if all end-effect parameters are 
considered, good agreement with measurements are found. 
Unlike in the load or no-load calculation, the end-ring 
leakage has a distinct influence at locked rotor operation. 
This holds only for inotors with open slots. Due to the bridge 
leakage the influence of the end-ring leakage is much 
smaller for niotors with closed rotor slots. 

VI. CONCLUSIONS 
_ _ _ _ -  : measurements : calculations 

Fig. 4. Measured and calculated inductance at locked rotor operation (closed 
rotor slots). 

The analysis of squirrel cage induction motors is performed 
and compared with measurements. The end-effect parameters 
are included as lumped parameters in the 2d analysis. The 
influence of tlie end-effect parameters is examined for all A. Comparison between measurements and srinulations 

Fig. 4 shows the calculated and measured locked rotor 
inductance for various values of the supply voltage. 

Good agreement with measurements is found for most 
operating points. The non linear behavior of the motors with 
closed rotor slots is mainly due to an additional leakage 
component, the bridge leakage, that is strongly load 
dependent [ 5 ] .  

B. Influence ofthe end-eflect parameters 

load conditions by including or neglecting them in the 
calculations Good agreeinent between measurements and 
computations is found 

At no-load, the iiffluence of the end-winding impedance is 
noticeable but rather small (less than 5%). 

At load. the most important parameter is the end-ring 
resistance The end-winding leakage inductance has little 
influence and the end-ring leakage inductance can be 
neglected. 

For motors with open rotor slots examined at locked rotor, 
all end-effect parameters have a significant influence on the 
motor behavior. For motors with closed rotor slots, the end- 
ring leakage has far less infhence This is due to the fact that 
these motors have an additional leakage component, the 
bridge leakage, that also results in a non linear behavior at 
locked rotor operation 

During locked rotor operation, none of the end-effect 
parameters can be neglected even though the leakage 
components of end-winding and end-ring are at their 
minimum value. During locked rotor operation the coupling 
between rotor end-ring and stator end-winding obtains its 
maximum value, so the leakage parts of end-winding 
inductance and end-ring inductances are at their minimum 
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