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ABSTRACT 

A simple cost model has been developed that allows the calculation of the OEM cost of electric traction 
motors of three different types, normalized as a function of power in order to accommodate different power and 
size. The model includes enough information on the various elements integrated in the motors to allow 
analysis of individual components and to factor-in the effects of changes in commodities prices. 

INTRODUCTION 

A scalable cost model for each of the main components of an electric vehicle (EV) is a useful tool that can 
have direct application in computer simulation or in parametric studies. For the cost model to have wide 
usefulness, it needs to be valid for a range of values of some parameter that determines the magnitude or size 
of the component. For instance, in the case of batteries, size may be determined by energy capacity, usually 
expressed in kilowatt-hours (kwh), while in the case of traction motors, size is better determined by rated 
power, usually expressed in kilowatts 0. The simplest case is when the cost of the component in question 
is a direct function of its size; then cost is simply the product of its specific cost ($/unit size) and the number 
of units (size) in the vehicle in question. Batteries usually fall in this category (cost = energy capacity x 
$kWh). But cost is not always linear with size or magnitude; motors (and controllers), for instance, become 
relatively less expensive as power rating increases. 

Traction motors, one of the main components for EV powertrains are examined in this paper, and a simplified 
cost model is developed for the three most popular design variations. 

GENERAL DEVELOPMENT OF THE COST MODEL FOR TRACTION MOTORS 

The cost model for traction motors considers the following types of designs: DC, AC (induction), and DC- 
brushless (permanent magnet). The approach taken to develop the cost model is as follows: 

1. A representative motor of each type is selected for cost analysis, 

2. Each motor is broken down into its main constituting elements, 

3. The cost of each element is determined and related to a simple but meaningful 
parameter, such as mass ($Ab), 

4. The cost of the complete moto; is determined'by adding the individual element costs 
plus the cost of assembly and testing, and 

5. The cost for each motor is normalized on the basis of power delivered to obtain a 
specific cost characteristic for each design. 



MAIN OBJECTIVES AND ASSUMPTIONS 

The main objectives of this exercise are to characterize the cost of traction motors for light duty EVs and to 
allow the simple calculation of "OEM cost" for three type of motors. OEM cost is defined as the delivered 
price that the original equipment (vehicle) manufacturer (the OEM) pays to the supplier during regular %gh 
volume" production. 

It is assumed that the production of these components takes place under realistic but "favorable" economic 
conditions, with volumes high enough to justify a significant level of automation and full realization of raw 
materials volume discounts. 

POWERTRAINS FOR ELECTRIC VEHICLES 

The powertrain for an EV is relatively simple compared to that of an internal-combustion-engine (ICE) 
powered vehicle. In general, whether front or rear wheel drive (not considering multi-motors or wheel-motors), 
the EV powertrain consists of 

An electric traction motor, 
A motor control system, 

A final drive. 
A speed reducing gear train, and 

The traction motor normally operates at a maximum rotational speed in the range of 6,000-15,000 rpm, 
while the final drive usually turns the vehicle wheels at a speed between 1,000 and 2,000 rpm. Therefore, use 
of a reduction drive is inevitable. Also it is necessary to provide independent wheel motion (right and left) for 
going around curves, so a differential gear is usually included. Two speed and reversing drives have been used 
in earlier vehicles, but with advances in motor and controller technology, they now appear unnecessary. 

The speed-reducing gear train is often designed integral with the traction motor; mass, space, and cost savings 
usually result because of the combined motor/gear housing. The gear train usually provides a speed reduction 
between 6 and 141, and a differential gear is usually included in the gearbox. The lubrication system for the 
gear train often doubles as the cooling system for the motor. Figure 1 shows a typical EV integral motodgear 
drive unit. 

TRACTION MOTORS FOR ELECTRIC VEHICLES 

There are three types of electric traction motors being currently considered: DC-series and shunt, AC- 
induction, and permanent-magnet DC-brushless. Motors of all three of these designs are capable of providing 
the necessary power and performance required by EVs, but each type has different characteristics that may 
make it better suited for specific applications. In general, AC-induction motors are simpler and cheaper to 
make, have high efficiency and relatively low mass, but they require complex control systems. DC motors are 
easier to control, but they are also somewhat heavier, more expensive, and slightly less efficient than 
equivalent AC-induction motors. DC-brushless motors with rare-earth magnets tend to be more expensive to 
make, but they are lighter than and have as high efficiency as AC-induction motors, while using essentially 
the same type of controls. 

OVERVIEW OF THE COST MODEL METHODOLOGY 

Three types of traction motors will be analyzed at the component level to determine the nature of the materials 
from which they are made, the amounts necessary, and their cost. The cost and amount of material are then 
normalized as functions of mass and power delivered by the motor in question. This analysis constitutes a 
simple characterization, or model, of the given motor design at the component, or material, level. 



Figure 1. 
Systems) 

Typical EV Integral Motor/Gear Drive System (Courtesy of Delco Propulsion 



A series of "specific" parameters in terms of cost, mass, and volume per unit power are then calculated, which 
characterize each type of motor. When it is desired to estimate the cost, mass, and volume of a traction motor 
of a given type and power, the specific parameters for the motor design in question will provide a quick first 
approximation. The estimate can be further refined by making adjustments at the component level to consider 
changes in material prices, substitutions, or design changes. 

THE AC-INDUCTION MOTOR 

An AC-induction motor can be broken down into its main individual components. These components 
generally fall into the following categories: 

Stator core, 
Stator winding, 
Armature or rotor core, 
Rotor conductors (squirrel cage), 
Shaft, 
Frame or housing, 
End caps, 
Bearings and seals, and 
Misceflaneous (speed and temperature sensors, fasteners, connectors, etc.). 

These individual components can now be examined in detail to determine the materials from which they are 
made and the nature of the manufacturing process, in order to estimate their cost. A typical AC-induction 
traction motor is shown on Figure 2. ' 

Figure 2. A Typical Traction AC-Induction Motor (Source: U.S. Department of 
Energy P I )  



The AC-Induction Motor Components 

In order to conduct the analysis, it is necessary to examine specific motors that are typical of the state of the 
art in traction motor design. Results from a small survey revealed that essentially identical motors (in size and 
design) can have different outputs, depending on their operating system voltages (in general, higher voltages 
develop higher outputs). On the other hand, the general design characteristics of traction motors of this type 
were found to be fairly uniform; most examples analyzed showed strong similarities. Therefore, to avoid the 
problem introduced by the range of voltages encountered on the various systems examined, it was decided to 
assume that "high voltage systems will eventually become the standard, which is what indeed seems to be 
taking place anyway. 

Analysis of the AC-Induction Motor 

The AC motor selected as "typical" is taken to be a 40-kW (continuous rating), 300+V (open circuit) 
machine, with maximum speed in the 13,000-15,000 rpm range, using a nominal 180-size frame and a stack 
length of 7 in. (Willis [l]). This type of motor is usually of the cast aluminum, squirrel cage design and is 
cooled by either forced oil or air. The stator and rotor cores both consist of stackings of silicon-steel 
laminations, stamped and welded together to form a unit. The frame or housing is made in two or three pieces 
from cast or extruded aluminum or magnesium, and it usually includes two bearings and a seal. The stator 
winding is made from magnet (copper) wire, with class " H  insulation, and it likely includes a temperature 
sensor. The shaft is turned from cold-rolled steel, and it includes steps to accommodate the rotor core, the 
bearings, and a gear or a spline. 

From breaking down the motor into its individual elements and analyzing them for mass and material content, 
we obtain the results shown in Table 1. As for the costs of these individual elements, estimates based on 
typical high-volume raw-material andor outsourced part costs, yield the results shown in Table 2. 

Table 1. Material Content in AC-Motor 
Components 

Component Mass (lb) Percent of Mass 

Core laminations, stator 
Core laminations, rotor 
Field winding (copper) 
Housing (magnesium) 
Shaft 
Rotor conductor (aluminum) 
Miscellaneous 
Total 

51 
28 
12.3 
7.3a 
7.0 
3.7 
5.0 

114.3 

44.6 
24.5 
10.8 
6.4 
6.1 
3.2 
4.4 

100 

a If made of aluminum, mass would be 11.5 Ib. 



Table 2. Cost of Individual Components of the AC Motor 

Cost per 
Cost per Unit Mass Percent of 

Component Component ($) ($fib) Total Cost 

Core laminations, stator 
Core laminations, rotor 
Field winding (copper) 
Housing (magnesium) 
Rotor conductor 
Shaft 
Miscellaneous 
Total (materials and parts) 

1 l o a  
60a 
25 
25b 
7.5 
3.5 
25 
256 

2.16 
2.14 
2 
3.4 
2 
0.5 
5 
2.24 

43 
23.5 
9.8 
9.8 
3 
1 
9.8 

100 

a Based on initial sheet material cost, not net cost after stamping. 

If made of aluminum, cost would be $20 ($1.75Ab). 

The Complete AC-Induction Motor 

The assembly of the various components that make up the motor is relatively straightforward, especially if 
ample jigs and automatic equipment are available for welding, winding, machining, etc. Final assembly and 
testing can also be manual or automated. In general, this phase of the manufacturing operation represents fiom 
30 to 40% of the total manufacturing cost. In addition, a 20% gross margin is added to obtain the final OEM 
price. The final estimated OEM cost for this nominal 40-kW AC-induction motor is shown in Table 3. 

Table 3. Estimated Cost of the 
AC-Induction Traction Motor 

Element Cost ($1 

Material cost 256 
Assembly/testing (at 30%) 115 
Assembly/testing (at 40%) 175 
Total manufacturing cost 370-430 
Gross margin (20%) 75-85 
OEM price per unit 445-515 



THE DC MOTOR 

The conventional DC motor is similar to the AC-induction motor, but it differs significantly in the stator 
design, and in addition, it requires a commutator and brushes to transfer electric power to the armature. A 
typical DC traction motor is shown on Figure 3. The main individual components of a DC motor include 

Frame, 
Pole cores, 
Pole windings, 
Annature or rotor core, 
Rotor winding, 
Commutator, 
Shaft, 
Brushes and holders, 
End caps or flanges, 
Bearings and seals, and 
Miscellaneous parts. 

The DC Motor Components 

The stator of a DC motor consists of a number of poles or electromagnets (usually four), with a core made 
from a stacking of silicon-steel laminations and a magnet wire (copper) winding. These poles are usually 
attached to a steel cylinder (the frame) with bolts. The nature of the pole windings is a function of the motor 
circuit; heavy wire/few turns for a series-type motor, fine wire/many turns for a shunt-type motor, etc. Also 
unlike the AC motor, the housing or Erame is part of the magnetic circuit, so it must be made from steel (not 
aluminum or magnesium). 

The rotor core and shaft are very similar to that of the AC motor, but the conductors are different, requiring a 
true magnet-wire winding. Also, the winding is connected to a copper commutator press-fitted over the shaft. 
The additional parts make the DC rotor longer and heavier, as well as more complex and costlier to produce. 

Analysis of the DC Motor 

DC motors have torque-speed characteristics generally different from AC motors. For instance, a series-type 
DC motor normally can achieve a peak (short-time) power level over three times higher than its rated 
(continuous) power. On the other hand, AC motors achieve a peak only about twice the rated power. Also, 
DC motors operate at much lower speed (6 or 7,000 rpm; max.) than equivalent AC motors (up to 15,000 
rpm, max.). Therefore, the ratings of AC and DC motors are not directly equivalent, especially for EV 
applications, where peak power is a critical parameter. Even DC motors of various types have different torque- 
speed relations; shunt-wound DC motors, for instance, have much less torque at low speed than corresponding 
series-wound motors. Therefore, one of the trends in DC-powered EVs is to use separately excited shunt- 
wound motors, where the voltage and current of the field is externally controlled (independent of the rotor), so 
the motor can have the best characteristics of series or shunt over the entire operating range. 

The DC-series motor selected for analysis is rated at a much lower voltage (up to 14.4 V) and develops much 
lower power at high speed than the AC-induction motor selected (Advanced DC Motors, Inc. [3]). However, it 
still can be considered almost equivalent because of its high peak power at low speed. The peak power rating 
of the AC motor is 67 kW, while that of the DC motor is 52 kW, and the rated power of the AC motor is 
40 kW, while that of the DC is only 20 kW (the motors are not even rated to the same standard; in fact it 
appears that there are no standards at all flor EV motor rating). Taking the two performance levels into 
account, the DC motor could be considered at least 60% equivalent (the average), and probably more like 70%, 
because of the higher utilization at the lower speeds. In fact, the particular DC motor analyzed was chosen 



Figure 3. A Typical Traction DC Motor (Courtesy of Advanced DC Motors, Inc.) 
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primarily because data was readily available, but it is far from the ideal. A larger, separately excited shunt- 
wound motor clearly would have been preferable. However, the motor chosen is close enough in p e r f o m c e  
to the others, that with proper power correction factors it yields comparable results. 

Analyzing the individual elements of the motor for mass and material content, we obtain the results shown in 
Table 4. Analyzing the individual elements for cost, based on typical high-volume, raw materials and/or 
outsourced parts cost, we obtain the results shown in Table 5. 

Table 4. Material Content in DC-Motor Components 

Component Mass (Ib) Percent of Mass 

Core laminations, rotor 
Core laminations, poles 
Frame 
Armature winding 
Pole windings 
Commutator 
Shaft 
Housing (end caps) flanges 
Miscellaneous 
Total 

33.3 
29.5 
29.0 
10.3 
9.5 

10.5 
9.3 
5.0 
6.0 

142.3 

23.4 
20.8 
20.4 
7.2 
6.6 
7.4 
6.5 
3.5 
4.2 

100 

Table 5. Cost of Individual Components of the DC Motor 

Cost per Cost per Percent of 
Component Component ($) Unit Mass ($Ab) Total Cost 

Core laminations, rotor 
Core laminations, poles 
Frame 
Armature winding 
Pole windings 
Commutator 
Shaft 
Housing (end) flanges 
Miscellaneous 
Total (materials and parts) 

6!ja 
20 
21 
19 
30 
5 

10 
30 

285 

2.6 
2.2 
0.7 
2.0 
2.0 
2.9 
0.5 
2.0 
5.0 
2.0 

29.8 
22.8 
7.0 
7.4 
6.7 

10.5 
1.8 
3.5 

10.5 
100 

a Based on initial sheet material cost, not net cost after stamping. 



The Complete DC Motor 

The assembly of the DC motor is similar to the assembly of the AC motor. The main differences are that the 
armature is wound from magnet wire (instead of being die-cast from aluminum) and that the winding must be 
soldered to the commutator. The pole windings, however, are far simpler than the equivalent AC stator. Even 
though the DC motor is more complex and requires more operations to produce, the assembly and testing 
phase still represents from 30 to 40% of the total manufacturing cost, because materials and parts costs are 
also higher. A 20% gross margin is also added to obtain the final OEM price. The final estimated OEM cost 
for this DC series motor is shown on Table 6. 

Table 6. Estimated Cost of the 
DC-Traction Motor 

Element cost ($1 

Material cost 
Assemblyhesting (at 30%) 
Or assemblyhesting (at 40%) 
Total manufacturing cost 
Gross margin (20%) 
OEM price per unit 

285 
120 
190 

400-475 
80-95 

480-570 

THE DC-BRUSHLESS PERMANENT MAGNET MOTOR 

The DC-brushless permanent magnet (PM) motor is quite different from both the AC-induction and the DC 
conventional motors. It is basically a DC motor where the poles have been replaced by PMs and the stator and 
rotor have traded places; i.e., the PM-energized "stator" becomes the rotor, with the stationary armature 
surrounding it. This configuration allows the elimination of the commutator and brushes (since the armature 
is stationary), thus giving rise to the term DC-brushless. One popular type of DC-brushless motor is shown 
in Figure 4. The main individual components of such a motor include 

Rotor, 
Magnets, 
Attachment band, 
Shaft, 
Stator core, 
Stator winding, 
Housing, and 
Miscellaneous parts. 

The DC-Brushless PM Motor Components 

The DC-brushless PM motor optimizes with a large number of poles (usually 16 or 18); therefore, it tends to 
be larger in diameter but shorter than conventional motors of equivalent power. The rotor is just a steel drum 
with a shaft, and the PMs (usually made from neodymium-iron-boron) are mounted on its periphery and held 
securely by a thin titanium attachment band The stator has a conventional but rather large diameter core made 



Figure 4. Some DC-Brushless Motors (Courtesy of Unique Mobility, Inc.) 
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from laminations or from a sintered powder metal. Its winding is conventional and made from magnet wire. 
The housing is usually made from aluminum and includes the bearings, seals, connectors, etc. The housing 
also includes fins, when air-cooled, or internal fluid passages, when liquid-cooled 

Analysis of the DC-Brushless Motor 

The specific DC-brushless motor analyzed is rated at 32 kW (continuous), which is also its peak power 
(Unique Mobility, Inc. [4]). It operates with a recommended battery voltage of 180 V (maximum is 215 V), 
and its maximum speed is 8,000 rpm. Its power-speed relation is even flatter than that of the AC-induction 
motor, with low-speed peak power (where it is actually rated) being about 140% of full-speed power (in the 
AC motor, it is 200%). The peak power of this motor is also relatively low (and so is its voltage rating), but 
it is close enough to the desired level that the results of the analysis will be valid, given the proper correction 
factors. The motor is relatively light and shows good efficiency, especially at medium speeds. 

Analyzing the individual elements of the motor for mass and material content, we obtain the results shown in 
Table 7. Analyzing the individual elements for cost, based on typical high volume raw materials and/or 
outsourced parts cost, we obtain the results shown in Table 8. 

The Complete DC-Brushless Motor 

The assembly of the DC-brushless motor is different from that of the AC or the conventional DC motors. 
The stator is somewhat similar, but the rotor is totally different, with the magnet attachment being a unique 
feature. Since the DC-brushless motor uses more expensive material and has far fewer parts to assemble, this 
phase of the manufacturing operation should be less expensive; therefore, assembly and testing are assumed to 
represent only from 20 to 30% of the total production cost. A 20% gross margin is also added to obtain the 
final OEM price. The final estimated OEM cost for this motor is shown in Table 9. 

SUMMARY AND CONCLUSIONS 

The results of the cost analysis for the three traction motors can now be summarized as shown in Table 10. 
Some of the other physical characteristics of these three motors are shown in Table 11. 

Table 7. Material Content in 
DC-Brushless Motor Components 

Component Mass (lb) Percent of Mass 

Stator core 
Stator winding 
Housing 
Rotor 
Magnets 
Attachment band 
Shaft 
Miscellaneous 
Total 

24 
11 
21 
16 
2.4 
0.5 
5.5 
6 

86.4 

21.8 
12.7 
24.3 
18.5 
2.8 
0.6 
6.4 
6.9 

100 



Table 8. 
Motor 

Cost of Individual Components of the DC-Brushless 

Cost per Cost per Percent of 
Component Component Unit Mass ($Ab) Total Cost 

Stator core 
Stator winding 
Housing 
Rotor 
Magnets 
Attachment baud 
Shaft 
Miscellaneous 
Total (material and parts) 

68a 
22 
50 
26 

120 
6 
3 

30 
325 

2.8 
2.0 
2.4 
1.6 

50.0 
12.0 
0.6 
5.0 
3.76 

20.9 
6.8 

15.4 
8.0 

36.9 
1.8 
0.9 
9.2 

100 

a Based on initial sheet material cost, not net cost after stamping. 

Table 9. Estimated Cost of the 
DC-Brushless Motor 

Material cost 325 
Assembly/testing (at 20%) 80 
Or assembly/testing (at 30%) 140 
Total manufacturing cost 405-465 
Gross margin (20%) 80-93 
OEM price per unit 485-558 

Table 10. Traction Motor Cost Comparison 

Motor Materials Assembly Manufacturing 
cost ($1 cost ($1 cost ($1 cost ($1 Margin($) OEM($) 

AC 256 115-175 370-430 75-85 445-515 
DC 285 120-190 400475 80-95 480-570 
D C-brushless 325 80-140 405-465 80-93 485-558 



Table 11. Physical Characteristics of Motors Analyzed 

Motor Mass (lb) Volume (in?) Length (in.) Diameter (in.) 

AC 115 703 14 8 
DC 142 992 15.6 9 
DC-brushless 86 855 9 11 

Table 12. Specific Parameters for Motors Analyzed 

Parametex AC DC DC-brushless 

Average cost ($) 480 525 520 
Maximum power (kW) 67 52 32 
Specific cost ($kw) 7.2 10.1 16.3 

With the unit cost analyses completed, we can normalize the results and compare the characteristics. Cost per 
unit power, or specific cost, has been obtained by dividing the unit cost previously calculated by the 
corresponding peak power (power curves are shown on Figure 5). Results of these calculations are shown in 
Table 12. 

USING THE MODEL 

The cost model makes use of the specific parameters given in Table 12 to obtain the initial calculation of 
cost, mass, and bulk of a traction motor of a given type and power. Then, the calculation can be relined with 
the fractional (percent) distribution of the cost and mass of the elements of each type of engine. While it is 
not generally true that the power of a motor is a direct function of its mass, the relation between power and 
mass is a very weak function of power (Levi and Panzer [5]). Therefore, over a small range of power, the error 
introduced by our implicit assumption of linearity is very small, and the use of the model for prediction of 
cost and mass parameters for EV traction motors (in the range of 30-80 kw) should be quite adequate 

USING THE MODEL - AN EXAMPLE 

Let us assume it is desired to make a cost estimate for a DC-brushless motor of 67 kW peak power with a 
180-V system (same as before): 

The specific cost for such a motor is $16.3kW, 
Therefore, for 67 kW, the cost would be $16.3 x 67 = $1,092. 

We can also estimate the cost of this motor if the price of PMs drops fkom $50/lb to $30/lb: 

Permanent magnets constitute 36.9% of the cost of the motor; 
A reduction from $50/lb to $30Ab represents a 40% drop, which translates into 
0.4 x 0.369 = 0.148, or 14.8% cost reduction in the motor; 
Therefore, the new OEM cost of the motor would be $930. 



Figure 5. Power Curves for the Three Motors 
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