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Abstract—Induction motor optimization can be time 

consuming. One of the parameters central to the design is slip, 
which changes greatly as the field analyst modifies the layout of 
the machine. Two notable contributions of this paper include (1) 
a method for computing power factor while modeling only 1/3 of 
one pole pitch of the machine, and (2) a method for minimizing 
the number of slip calculations required during design 
optimization by using equivalent circuit representations of 
voltage, torque, and rotor power dissipation. The first 
contribution allows the designer to analyze the smallest sub-
portion of the machine possible during optimization. The second 
reduces the overhead required by numerous slip calculations. 
The importance of introducing power factor into the optimization 
is also discussed. A linear induction motor is the primary focus of 
this paper. 
 

Index Terms—linear induction motor, optimization, power 
factor, vector potential. 

I. INDUCTION MOTOR OPTIMIZATION BACKGROUND 

n the early years of motor optimization, much work was 
approached through the use of the equivalent circuit, and 

tying in certain performance criteria to that circuit [1]. Most 
attempted optimizations did not involve details of slot and 
back iron dimensions, but rather capacitance and operating 
regimes to enhance efficiency [2]. Finite element analysis is 
becoming increasingly integral to induction motor design. One 
of the more thorough examples is that by [3], where objective 
functions such as cost and steady state power were coupled 
with multiple constraints involving starting torque, pull out 
torque, power factor, and temperature in the stator winding. 
This paper shows how to accomplish the task using an 
unconstrained optimization with 1/6 of a pole pitch followed 
by a constrained optimization. 

II. THE PROBLEM DEFINED AND DOCUMENT OUTLINE 
The field analyst typically begins an induction motor design 

with a good finite element analysis tool, a targeted power and 
speed, and some guidelines for minimizing cost, size, or both. 
This information is enough to dictate torque. A motor’s size is 
dictated by the torque demand. In the past, we targeted 
operation torque at ½ pull out torque, but the new vector 
controllers have allowed operation very close to peak torque 
capability. With a wound rotor or permanent magnet machine, 
it is trivial to place the rotor in its peak torque position and 
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analyze about that point. By contrast, peak torque for an 
induction motor is determined by slip, a slip value that is very 
dependent on the shape and size of the teeth, and amount of 
back iron, i.e., all the parameters that vary in the optimization.  

Complicated optimization designs involving induction 
motors are exacerbated by this property, i.e., that one of the 
key optimization indexes, peak torque, is slip dependent. More 
specifically, the slip where the torque peaks changes 
considerably with design modifications. Most commercial 
finite element codes possess parametric analysis capability. 
Even with these capabilities, the analysis time is driven up by 
the necessity of investigating physical design changes at a 
whole range of slip values. The long analysis time is raised to 
another level with linear induction motors because angular 
periodic boundary conditions cannot be used and the number 
of unknowns becomes very large. The design problem for 
rotating and linear machines is aggravated a bit more by the 
fact that the end user is usually concerned about a range of 
performance criteria involving indexes such as power/weight, 
cost, power factor, and thermal rise. 

The techniques developed are quite applicable to rotating 
and linear induction motors, but special attention is given to 
linear induction motors in this paper. This paper is outlined in 
three divisions. 

First, a parametric optimization is described for 
determining the slot layout and back iron geometry. Slip is 
necessarily a part of this analysis. In the first division, the two 
most notable contributions of this paper are presented. A 
method for computing power factor while modeling only 1/3 
of one pole pitch is disclosed. In addition, a method of 
incorporating equivalent circuit relations into the analysis is 
introduced to reduce the number of slip calculations required.  

Second, a method is shown for transferring this first stage 
data into a linear embodiment. A short linear motor is 
employed to predict the effects of a very long one. 

Third, the optimization of the reaction plate’s closure shape 
is discussed involving a three dimensional analysis. 

A. Thermal Considerations 
The primary focus of this work involved a Maglev 

application in which the heating of the reaction plate was of 
secondary interest, being intermittent. Experience has taught 
us that a current density of 3.1·106 A/m2 in the copper is a 
good number to use for continuous duty stator conductors 
cooled by air. This number should be increased to 5·106 A/m2 
for water cooled coils. This number is increased upwards 
depending on the duty cycle (61% for this study) and the 
exposure of the end windings. We typically perform a thermal 
analysis after the first magnetic run and then iterate one to two 
cycles. The current density is held fixed during the magnetic 
analysis, decreased by the expected packing fraction. 
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Depending on the voltage targeted, this number can range 
from 35 to 75% for a form wound coil machine. A preliminary 
insulation specification must be performed if the magnetic 
analysis is to be meaningful.  

III. THE PARAMETRIC SETUP 

Rotating machines have the advantage of allowing angular 
periodic boundary conditions to reduce the size of the 
problem. The design parameters of interest include the stator 
and rotor slot width and depth, gap radius, and amount of back 
iron behind the rotor and stator. For Maglev applications such 
as that driving this work, the reaction rail was designed largely 
by economics to be a 6.35 cm sheet of aluminum backed by a 
19 cm sheet of 1010 steel. The air gap is also dictated by non-
electrical considerations, in this case by practical mechanical 
tolerances to 10 mm. The first step is to represent the linear 
motor with a rotary counterpart. Why is this done? Linear 
motors have significant entry and exit effects, but those effects 
should not be made a part of the optimization which will focus 
on maximizing thrust/weight and power factor on a per unit 
length basis. Because of the high pole count characterizing 
these motors, it is important to optimize the central portions of 
the motor to the exclusion of end effects. The optimization 
needs to be done with as small a portion of the machine as 
possible to minimize analysis time. 

1010
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σ=3.25·107 S/m

M-19 steel

J=2.6·106 A/m2
10 mm gap

x y

z

Single sided LIM

 
Fig. 1. Cross-section of a one sided linear induction motor represented as a 
large radius rotary counterpart. 

We desire the best choice of x, y, and z to maximize 
performance. The length is to be chosen later to meet the 
criteria of the sponsor after the right cross-section is 
determined. An unconstrained optimization is employed to 
select the tooth width, depth, and back iron thickness which 
maximizes one of two indexes, torque/weight and 
torque/weight times power factor. The question of what 
constitutes best performance is quite legitimate. To quickly set 
the stage for the rest of the paper, these optimizations are 
solved using a 4-level nested loop of the unknowns x, y, and z 
plus slip. A 4-dimensional spline is fit to the data, and  
variable metric methods are used to find the true maximum 
[4][5][6]. There are two problems with the resulting solution 

shown in Fig. 2. The structural integrity of the very slender 
teeth is questionable. More importantly, however, the 
synchronous reactance commensurate with the long slots 
delivers a very poor power factor and a high current demand 
on the inverter. 

Best torque/ weight ratio

1.65 4.438

11.42

Dimensions in cm

 
Fig. 2. Best torque-to-weight ratio cross-section resulting from maximizing 
torque to weight.  

Incorporating power factor into the optimization is a more 
prudent approach. But this poses a bit of difficulty. Fig. 3 
shows the geometry to be optimized, which uses a 5/6 pitch 
three phase winding on the stator. Only 1/180th of the motor is 
analyzed using a 60 degree phase periodic boundary condition. 
For the two degree section shown in inset (b), the vector 
potential at θ = 0 is repeated at θ = 2˚, and shifted by 60˚. An 
integration of the vector potential over the slot cross-section is 
required to extract power factor. Portions of this integration 
must be phase shifted by 120˚ and 180˚ to complete this 
calculation of power factor. 
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Fig. 3. Single sided induction motor to be optimized. 

We wish to compute the voltage induced in the coil pairs 1-
3 and 2-4 in inset (a) of Fig. 3. But the only coils available in 
the analysis are those shown in inset (b). The solution follows 
by observing that volumes 5 and 6 hold the necessary 
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information is their vector potentials are delayed by 180 and 
120 degrees, respectively. The vector potential through these 
volumes must be logged through the analysis and an 
integration performed,  
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As the geometry is changed substantially, it is important to 
capture performance near peak slip. It is desirable to reduce 
the number of calculations for slip. One technique for doing 
this is to recognize from the equivalent circuit of an induction 
motor shown in Fig. 4, that the thrust varies quite closely with 
slip as 
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Fig. 4. One phase of the equivalent T circuit for an induction motor. 

Here, sp is the slip at peak thrust, q is the number of phases, 
and λ is the stator wavelength; k is the coupling coefficient 
between rotor and stator defined as 
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The problem degenerates to determining the right value of 
k2Ls. With a bit of analysis, it can be shown that this special 
product is linked not only to thrust and the induced stator 
phase voltage, but also to power dissipation on the rotor [7]. 
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Since all three of these quantities are easily computed 
through the analysis, they provide not only an easy estimate of 
k2Ls and thus peak thrust, but also serve as a solution integrity 
check. In theory only two slip calculations are required, but 
this author used 4-5 points to minimize numerical error.  

When power factor is added to the optimization index, the 
slots become much shorter as shown in Fig. 5. 

Optimized design when power 
factor is added

1.86 2.98

8.51

Dimensions in cm

Compute the vector 
potential over this complete 
region  

Fig. 5. Slot design using power factor times torque/weight as the optimization 
index. 

A. Linear Motor Analysis  
Fig. 6 shows the linear embodiment of Fig. 5. One central pole   

Torque / weight · power factor 
optimization

Subsection containing 3 side poles and one central pole pair. 

Central pole pair

 
Fig. 6. Linear embodiment of the induction motor. 

pair is positioned between 3 side poles. The side poles provide 
the entry and exit effects. This geometry is analyzed for force 
with the number of central units, n, for the final motor treated 
as an unknown.  

target central sideunitsF nF F= + . (8) 
This design was complicated by the additional demand that 

the motor achieve target thrust with zero vertical force. That 
means the motor is operated at a much higher slip than its 
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rotary counterpart. 

IV. RESULTS 
Fig. 7 shows the finished stator, 3.35 m long. The thrust and 

lift forces are shown for two different operating gaps. The fact 
that the vertical forces go through zero at the same slip 
frequency is significant. The attractive forces to the steel back 
plate and the eddy currents opposing this attraction have the 
same gap dependence, i.e., a 1/gap2 dependence.  

 
Fig. 7. Picture of the finished motor. 
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Fig. 8. Thrust and lift forces for the completed motor. 

The forces continue to increase as the reaction plate width 
increases. The knee of the curve appears to make the plate 
about 3.8 cm wider than the motor. 

Fig. 10 shows a comparison to a double sided geometry. 
Although it does not have the penalty of unwanted vertical 
force, the geometry forces a vertical reaction plate. If the 
working height of that reaction plate is 15.2 cm, the singled 
sided design is favored. Optimizing against thrust/weight also 
exceeds desired inverter specifications. 

V. CONCLUSIONS 
Incorporating equivalent circuit representations into induction 
motor analysis avoids excessive calculations at different slip 
values. Integrating vector potential over slots with appropriate 
phase change allows power factor calculations with less than 
one pole of geometry. 

1.9 cm

17.1 cm

6.35 mm aluminum 
backed by 19 mm of 
steel

Geometry repeats 
in this direction Mirror image below not 

shown  
Fig. 9. The reaction rail width must be extended parametrically in 3D.  

Results of the Analysis
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Fig. 10. Comparison with double sided geometry. 
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