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EXECUTIVE SUMMARY 

The direct drive AC RIM Image Motor as presented in this report is ready for prototyping. There 

are several things that still need to be done in order to further verify this machine. The first 

prototype needs to be built and lab tested, then three more need to be built and tested on a car. 

Along with prototyping, more research needs to be done in order to improve the motor design 

presented in this Thesis. From there, further research needs to be done in order to apply this 

machine to an electric vehicle, and finally a full statistical study needs to be done in order to 

determine what exactly needs to be done in order to make electric vehicles viable. The next step 

with this motor involves building and testing a prototype. This prototype will be built by one of 

various motor manufacturers around the area. The prototype will then be installed in the test-

stand built by the senior design students and tested using IEEE STD 112. Load testing will be 

done by building a bracket to connect to the dynamometer, and the dynamometer will be used for 

the load test. 

 

The current motor only has an 88% efficiency. This is partially due to the lack of an elaborate 

stator design. The stator involves simple straight teeth, thus some of the research involving stator 

design can be applied. As well, the machine used series windings. Parallel windings may provide 

a lower resistance and better behavior. A future design could involve installation of parallel 

windings into the stator. Some papers have discussed the lack of necessity of a back iron in a 

thick rotor linear induction machine, this could be easily investigated by replacing the 

laminations and thin plate rotor with a solid aluminum rotor and testing the machine. Further 

work could be done to determine if it is possible to use magnetic bearings on this machine and 

whether or not magnetic bearings would be desirable.  

 

Along with the advances that could be made in this particular machine, this machine is easily 

adapted to other uses. For example a new application of this machine to marine devices such as 

boats or jetskis may be in order. As well, this machine could be used for space vehicles or 

flywheels. Another application may involve determining whether or not one of these machines 

could be used to develop lift such as that in a helicopter. The uses of a lightweight machine are 

endless and more applications exist than presented in this report. 
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The design created by the senior design team is optimum for a test stand, however further 

research needs to be done in applying these motors to electric vehicles. Wheels can be made 

lighter by creating large bearings that would encompass the motors, in other words building a 

sort of "bearing housing" for the motor which could then be bolted into wheels. This would lead 

to the necessity of building a new type of suspension to connect these motors to a vehicle. As 

well no controller has yet been built for this motor, both the motor controller and the overall 

control scheme for a vehicle need to be designed. The overall control scheme will require an 

interdisciplinary team to develop it, as it requires both mechanical and electrical engineering 

expertise. In addition to the overall control, the entire undercarriage of the vehicle needs to be re-

designed around these motors.  
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1.0 DESCRIPTION OF PROBLEM 

Electric vehicles (EV) have long been seen as the future of the automotive industry. With no 

direct emissions and no gasoline, many people have taken EVs to be the solution for those 

looking to live their lives in a more environmentally friendly manner, as well as people looking 

to end their dependence on foreign oil. For this reason, as soon as electric vehicles seemed 

viable, governments around the world instituted subsidies to encourage their development and 

sale. For example the United States created a subsidy in 2009 for a tax rebate of up to $7,500 for 

any purchase of an electric vehicle that met a basic set of criteria [1].  

 

Despite such generous subsidies, however, electric vehicles have failed to gain a significant 

portion of the automotive market, as electric vehicles make up only 0.62% of all automotive 

sales as of 2012 [2]. This lack of performance baffles many automakers and policy makers as 

they believe that the vehicles on the market meet the needs of the average consumer. They 

believe the average consumer's primary use of their vehicle is for their commute. In the United 

States many Americans commute around 50 miles in a day [3], so the automakers created 

vehicles to meet this demand which is evident by the vehicles in the $20-$40,000 price range 

having a distance per charge between 78 and 115 miles, an average round trip commute. So why 

are these vehicles not selling? 

 

One possible explanation for lack of electric vehicle sales is travel. According to the American 

Travel Association 79% of all American leisure travel is done by automobile [4]. Some electric 

vehicle proponents would argue that in the average American two car household this is not an 

issue as they can have an electric vehicle for in-town driving and another gasoline vehicle for 

long distance travel. While in the past this would have been true, a recent New York Times 

article discussed a growing trend of Americans selling their second car to help make ends meet 

in these difficult economic times [5].  

 

Still some may argue that with the gas savings that a family might see, they can afford to rent a 

car for their long-distance travel, but is that really viable?  

As a thought experiment, consider a typical American family who travels three times a year; 

Christmas, Thanksgiving, and a one week vacation over the summer, and on average travels 250 
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miles each way on their vacations. This family has currently come onto the market for a new car 

and are considering purchasing an electric vehicle or a small sedan. They do some research and 

settle on the Ford Focus EVTM and the Mazda 3TM which are both within their price range. While 

the Focus will work fine for their daily driving, and will save them some money annually over 

the course of the year with an estimated operating cost of $618.00 a year [6], the Mazda 3TM can 

take them on their vacations although it has an operating cost of roughly $960.00 a year. The 

family considers both cars, and realizes that driving the Focus on their vacations is not an option 

as they would have to stop overnight at least 3 days due to the 78 mile range.  

 

They look into other electric cars and find that even the $68,000.00 Tesla with its 240 mile range 

falls short of their average distance. It is then decided that if they purchase the electric car they 

will rent a vehicle for their travel. The family then assumes one week per vacation and consults 

Enterprise-Rent-A-Car where they find that they can rent a car for $179.00 a week and as long as 

they stay within three states of their home state, they don't have to pay miles, although they do 

have to cover gas [7]. Assuming that gas will be the same for the Mazda or the rental, they do an 

analysis and find that when rental costs are factored in, the electric vehicle, with operating costs, 

will cost around $1555.00 a year to operate, so they purchase the Mazda. 

 

Scenarios like the above happen all the time in the U.S. where Americans weigh their options, 

and as evidence by USA Today's top 20 cars list, most Americans choose the gasoline vehicle 

[8]. Travel range, however, is not the only Achilles heel of electric vehicles. The average 

American family does not simply drive to and from work on a daily basis, a typical day for an 

American family can involve driving the kids to and from school, going grocery shopping, 

driving kids to after school activities, or any number of after work errands. With the range on an 

electric vehicle a family cannot feasibly run all their errands on a single charge and thus may not 

even consider the vehicle. As well, a recent top gear article referenced another problem with 

electric vehicles; the range is drastically impacted by electronics being turned on within the car. 

For example, air conditioning can take as much as 15 miles off of the range of the vehicle [9]. 

Given this, and that the interior of most cars can exceed 115 degrees in the summer without A/C, 

these cars are not safe to drive in areas where air conditioning in the car is a necessity.  
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Given that electric vehicles cannot make the range necessary for a long trip, cannot feasibly run 

an air conditioner without drastically effecting their range, and cannot realistically be used for 

long errands, it is clear that the number one problem facing electric vehicles is their range. The 

electric vehicle will not replace or compete with a gasoline vehicle which can make the range 

necessary for both daily driving and long trips. So how can the range problem be fixed?  

 

1.1 Past Solutions 

There are several ways that people have attempted to fix the problems with range. Research is 

currently being done in developing efficient regenerators, increasing the battery capacity, 

decreasing the weight, increasing the motor and transmission efficiency, and getting rid of the 

transmission entirely in favor of a direct drive solution. This section acts to help review a 

sampling of some of the existing technologies and ideas. 

 

The first idea examined in this report is regenerative braking. During standard braking in a car, 

the brake calipers press down on the rotors causing the rotors and the attached wheel to come to 

a stop. This mechanical system converts the forward kinetic energy into considerable heat which 

is dissipated into the atmosphere. This heat becomes visible on a hot day, when the temperature 

of the surrounding air is too high to rapidly cool the brakes. On such a day, if the car is operating 

at over 100 mph or driving for a prolonged period on an incline where the brakes are applied to 

maintain speed, this heat becomes visible in the form of a considerable amount of smoke. Given 

the considerable energy lost in braking, a system which converts this energy back into a useful 

form could potentially extend the range of a vehicle.  

 

A regenerative braking system does just that. By utilizing a motor to stop the vehicle in lieu of or 

addition to standard mechanical brakes, the energy from braking can be converted back to useful 

electrical energy, much like the heat recovery systems in a cogeneration or power plant. The 

effectiveness of this system depends on several things such as the placement of the motors, the 

type of motor used, and the method of regeneration. 

An excellent regenerator will do as much of the overall braking with the motors as possible, and 

in an ideal regenerator the mechanical brakes will not be used at all. A typical regenerative 

braking system, such as that found on the world famous Toyota Prius, places the regenerative 
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braking system on the rear wheels while using mechanical brakes to make up for any braking not 

done by the regenerator [10]. The efficiency of such a system, however, is lacking. Studies have 

shown that between 75 and 90% of all braking is done by the front wheels [11]. This means that 

in an ideal regenerator at most 25% of all braking energy can be recovered in a rear-wheel 

system. In actuality a regenerator is incapable of recovering all of this energy. The amount of 

energy that can be recaptured is highly dependent on the type of motor chosen.  

 

The two most commonly used motors in electric vehicles are the permanent magnet synchronous 

and permanent magnet Direct Current (DC) machines. In the past DC machines were 

unparalleled in their ease of use and control. With a fairly simple control, uniform torque could 

be obtained with a wide-range of speeds up to rated speed, and speed could be easily controlled 

with armature voltage alone with predictable and realizable dynamics that made them simple to 

analyze for design purposes. In the past when computation was difficult and mobile computation 

was rare it was difficult to generate with AC machines, thus DC machines were preferred for 

generation.  

 

In contrast to the DC machines, as small motors Synchronous Machines are unparalleled in their 

torque per gram and torque per amp. Without the cumbersome field winding, and no need for 

mechanical sensors, the permanent magnet synchronous depends solely on frequency for 

accuracy of speed. As a generator, the permanent magnet synchronous machine provides 

relatively good generation, relying only on speed for generation and if properly designed for a 

niche application they can be relatively "unbeatable". But here is where the automotive industry 

is stuck in the past. A properly controlled induction machine can provide much better torque 

characteristics than a DC machine, and is much more rugged. As well, while the small permanent 

magnet synchronous machines provided amazing torque and needed only speed in order to 

produce voltage, with control an induction machine can be considerably lighter as the rotor need 

not be heavy permanent magnets, so what is it about an induction machine that makes it more 

ideal? What is the behavior of an induction machine, and why is it, potentially, a better 

regenerator? 
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Unlike the synchronous and DC machines, the induction machine has a much better 

characteristic for regeneration. As can be seen in Figure 1-1, which depicts the general shape of 

an induction motor torque speed curve, the induction machine can produce more torque during 

regeneration than a DC or synchronous is capable of. This torque is ideal for braking, as the 

increased torque allows for shorter braking times and the less time to brake means that more of 

the braking can be done in the regenerator as opposed to via mechanical brakes. This means that 

more of the overall braking energy can be recovered in the regenerator. More recovered energy 

then directly translates to an increased range. 

 

Figure 1-1 Induction Motor Torque Speed curve 

Using an induction machine to regenerate can be done in one of two ways. Either the 

regeneration can be done in the braking region of the torque curve, in which case the machine 

will stop more abruptly and less energy will be recovered. Or, a control scheme known as volts 

per hertz can be used, so that the optimal negative torque position can be maintained as the 

vehicle decreases in speed. This process is generally slower than operating in the braking region, 

however a greater amount of energy can be recovered. 
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A common solution for the range issue is to add more batteries to the pack. In theory if the 

battery capacity, or the power density of the batteries, can be increased then the range can be 

increased proportional to the available energy. Or in other words if the capacity of the battery 

pack is doubled the distance per charge can be doubled. While in theory this is true, the battery 

pack would have to maintain the same weight while doubling capacity. This doubled capacity for 

the same weight involves creating a battery with a better power density, and although currently 

research is being done to this end, in practice to double the capacity of the batteries the weight 

must also be doubled.  

 

Take for example a Ford Focus EV, according to their website the car is roughly 3640 lbs. The 

battery pack is roughly 650 lbf of this weight. As an example assume that the friction coefficient 

between the tires and the road is 0.015, there are no losses, and the motor size does not have to 

be increased to compensate for weight. In addition estimate that the car sees roughly 360 N of 

drag force while traveling at 60 mph. This example will give the graph shown in Figure 1-2 

which shows the increase in distance per increase in weight in per unit.  

 

Figure 1-2: Per Unit increase in distance for percent increase in battery capacity 

It is evident from the graph this is not a linear relationship. For example doubling the size of the 

battery pack will only yield a 0.86 per unit increase in range, and only a 1.5 per unit increase in 

range for a pack that is triple the size. This happens because an increase in battery capacity yields 
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a proportional increase in weight, and the increased weight leads to increased friction resistance. 

In addition the size of the battery packs may necessitate a re-design of the car chassis in order to 

accommodate the new batteries. This re-design could lead to more wind-resistance which will 

also lead to decreased distance, although this is not shown in the figure above.  This wind 

resistance problem becomes more of an issue if the range solution adopted by many EV 

companies is used.  

 

This solution involves installing enough batteries inside the vehicle for a usual daily commute, 

and then installing a hitch to facilitate connection of a trailer to the vehicle for long distance 

travel. The idea being that if more distance is required, a higher capacity trailer or multiple 

trailers could be used. In other words, assuming that the vehicle has a 78 mile range, one trailer 

has "enough" energy for a 100 mile range, and a family needs to travel 240 miles, then the family 

can hitch two trailers to the car and drive the distance. This solution still poses two additional 

problems; the first being that there is a limit to how many trailers a non-commercial vehicle can 

tow, and the second being that in addition to the weight issue discussed above there is now an 

even worse drag issue faced by the car. This means that what would appear to be 278 miles of 

travel distance would in fact be 185 miles when only weight is considered, and even less if the 

drag on the trailers is factored in. What this means is that there is an optimum number of useful 

batteries and past that point the added expense is not worth the small increase in distance 

achieved. 

 

One of the biggest problems with modern electric vehicles is their weight. As was discussed 

above weight directly affects distance traveled. This can sometimes be compensated for by using 

more powerful motors, but still the added weight will drastically effect the distance that can be 

traveled. Take the difference between the gas mileage on a Mazda 3 and an SUV. An SUV will 

get considerably lower gas mileage despite its more powerful engine because of its weight. This 

leads into the idea of the power to weight ratio which is a metric that allows for direct 

comparison of the capabilities of two vehicles. A higher power to weight ratio means that more 

energy is available to propel the car. This is similar to a horse and cart, a single horse pulling an 

empty lightweight cart will be able to pull the cart faster and farther than the same horse pulling 

a heavy cart loaded down with bricks. This same comparison can be made between an electric 
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vehicle and its gasoline counterpart. For example, the ford focus standard hatchback has an 

estimated starting weight of 2960 lbs with a 160 hp motor, where its electric counterpart has a 

weight of 3640 lbs and makes use of a 107 kW, approximately 143 hp, electric motor []. This 

means that the power to weight ratios for these two vehicles are 0.054 hp/lbf, and 0.039 hp/lbf 

respectively. This shows that the gasoline vehicle's performance is an improvement of 38.462 

percent over the electric vehicle. So what does this say about how to improve electric vehicles?   

 

This shows that weight is a large factor in the overall performance of an electric vehicle, and 

leads to a desire to decrease weight and/or increase power. There are several main sources of 

weight in a vehicle; the transmission, the motor, and the batteries. In order to decrease weight, 

these sources must be addressed. One method, discussed above, is to create batteries with a better 

power density. Another involves making a lighter weight electric motor. Perhaps the most 

promising way to decrease the weight is to eliminate the transmission by directly connecting the 

motors to the wheels. Weight by itself will not, however, fix every problem with the range, many 

of the problems with the range come from the lack of efficiency in the drive system. 

 

The most common solution to fix the drive system efficiency is to create a more efficient motor. 

By losing less energy in the motor, more of the energy provided by the batteries is being used for 

propulsion and less energy is then needed overall. The higher speed a motor is designed for, the 

easier it is to produce a better efficiency for a lower weight. It is fairly common knowledge that 

as speed is decreased weight of the machine must increase, or in order to obtain a lighter weight 

machine,  efficiency must be sacrificed. For this reason many manufacturers opt to use a higher 

speed motor so that they can obtain a higher efficiency. This poses another problem, though, as 

in order to utilize the higher speed motor a transmission must be used in order to bring down the 

speed for practical use.  

 

The most efficient transmission on the market is roughly 87% efficient [], which, with a highly 

efficient motor would lead to a roughly 86% efficiency. This means that 86% of the energy from 

the batteries makes it to the ground. In most cases, however, the transmission efficiency will 

range from roughly 60-75% efficient, and can be as low as 40%. This innate inefficiency means 

that without considering both the motor and the transmission in the design, no matter how 
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efficient the motor is, losses in the mechanical system will always cause the system to be 

inefficient. In addition the larger the ratio required to gear the motor down to road speed will 

require a larger transmission and therefore reducing the improvements caused by decreasing the 

machine weight. 

 

Due to the innate inefficiencies in the transmission and their weight, it has been suggested that 

the transmission be removed and the motors be direct connected to the wheels, either through 

placing the motors in the center of the vehicle and connecting them via a shaft to the wheels, or 

placing the motor on or in the wheel hub. Many of these solutions face either the problem of high 

inefficiencies or high weights. The most promising of these motors is the protean electric hub 

motor. This motor weighs roughly 68 lbs and has an efficiency of roughly 90%. The problem 

with motors such as the protean electric is that they must be attached to a standard wheel which 

is equivalent to adding a 68 lb weight to the wheel of a car. Other motor solutions involve hub 

motors that can exceed 350 lbs. Motor solutions such as this are problematic as it is well known 

that unsprung mass on the wheels can pose problems with handling, ride and fatigue on the 

suspension. This means that in order to utilize a hub motor, the motor must be low weight. Many 

of these motors are permanent magnet synchronous, permanent magnet DC, or reluctance 

machines which are innately heavy. But what about the induction machine? 

 

1.2 Optimal Solution 

The induction machine has long been considered the work horse of industry. With their 

aluminum squirrel cage rotor and wound stator these machines are typically far more robust than 

their synchronous or DC counterparts and also typically boast a lighter weight. One variation on 

the squirrel cage induction motor is the flat plate linear induction machine. This motor consists 

of an aluminum rail and a flat stator that typically looks like a standard stator has been unrolled 

into a linear form. These linear motors have been used for over one hundred years for trains, 

steel manufacturing, and monorails as well as other applications. There is a direct advantage to 

these machines as they do not require as thick of a back iron as a squirrel cage machine, and can 

have a much thinner aluminum rotor. This means that instead of heavy permanent magnets or 

copper windings the rotor can be replaced with lightweight aluminum. In addition the use of 

multiple poles and a higher frequency on the stator would allow for a smaller and lighter weight 
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stator while still maintaining the low speeds required for a direct drive. If one of  these machines 

was adapted to an inside-out radial topology, the machine could theoretically fit within the 

standard size of a wheel. This means that such a machine could become the vehicle's wheel, 

eliminating the need for a wheel or for specialty supports. Such a motor would eliminate the 

need for a transmission and could theoretically be designed to fall within the 25-40 lbs typical of 

a standard wheel. This would mean that motors could be added to the vehicle without adding any 

extra weight. In fact this would effectively act to increase power to weight ratio and overall 

efficiency of the system.  

  

1.3 Summary 

Although electric vehicle technology is advancing, consumer sales have not followed. The most 

likely reason for this is the low range of commercial electric vehicles. Research is being done in 

several areas to try to improve the range, unfortunately these solutions have fallen short. A new 

solution would be the application of a linear induction motor to a direct drive solution. This 

allows for the creation of extremely light weight and relatively efficient motors without the use 

of a gearbox and therefore helps to improve power to weight ratio, efficiency and overall range. 

The theory to explain the operation of these motors will be presented in the following chapter. 
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2.0 APPROACH AND METHODOLOGY 

2.1 Theory 

The theory behind how force is generated in the linear induction motor is not generally understood. 

To this end many theories have been postulated by various universities to explain motion in a 

linear motor. In addition it is generally considered impossible to design a linear motor using 

standard design techniques due to a lack of understanding. Often a mix of finite element analysis 

and what will be called the "build and toss" method are used to design these machines. In the 

following sections of this report, first existing analysis techniques and theories with regard to the 

operation and design of these motors will be discussed, then a theory based on image theory that 

is consistent with Melcher's analysis of tachometers will be presented Error! Reference source 

not found.. 

 

2.2 Existing Analysis Techniques and Theories 

A quick search of IEEE Xplore for linear induction motor design will produce a myriad of papers 

both claiming to have a functional lumped parameter model and that the only way to design one 

of these machines is through finite element analysis. There are two main papers that discuss a 

lumped parameter model, "The Analytical Calculation of the Thrust and Normal Force and Force 

Analyses for Linear Induction Motor" by Ghang, Quiang, Zhiming, Yi and Guo-guo [2], and 

"Research of the Performance characteristics of Linear Induction Motor" by Xu, Sun, and Li [3]. 

It is impossible to provide a thorough analysis of the theories presented in these papers as both 

papers are lacking either in proof or available references.  

 

Reference [2] presents an in-depth theory which involves determining winding factors for the 

purpose of calculating inductances, however the lack of theoretical proof for their theories as 

well as the lack of numbers for verification of their experimental evidence renders this reference 

unusable. Reference [3], which discusses the idea that the linear motor can be analyzed the same 

as a rotary induction motor presents a theory which appears to match the experimental evidence 

presented, however use of their theory is dependent on a specific reference, this reference cannot 

be obtained in the United States as it was published in China with limited availability and even if 

it was obtained it is written in an uncommon dialect of Chinese which would be difficult and 

costly to have translated. Therefore it is impossible to replicate their results in the United States.  



                                                                                                                        TranLIVE 

 Development, Theory, and Design of the Image Motor for Automative Applications  17 

 

Aside from these two papers, most other papers require a finite element analysis of the machine. 

From a discussion with Dr. Jeffry Young, an electromagnetics expert with the university of 

Idaho, while finite element analysis by itself is a useful simulation tool in order to verify an 

existing design, it cannot, by itself, be used as a design tool unless a concrete theory is known, in 

which case that should be used in lieu of finite element analysis. The methodology of finite 

element analysis is as follows: first a finite element model must be used in order to get a better 

understanding of the theory, then the theory must be used to create a new finite element model. 

This methodology must be followed until a model appears to give a desired result, at which point 

the device must be built and tested. Once the device is built it must then be compared to the finite 

element model and a new model must be created if there is significant difference.  

 

Finite element analysis gets into what will be called the "build and toss" method. This method 

involves using some theory to build a scale model of the desired machine. The scale model is 

then tested and analyzed for its behavior. If the model does not behave as desired it is thrown out 

and a new model is created. This is done for multiple rotors and stators until the desired 

performance is obtained. It is evident from the simple methodology that this method can become 

expensive fairly quickly as a single machine can be thousands of dollars to build. Finite element 

often gets into the build and toss method, bringing it down in cost some as some of the 

permutations are done on a computer. The problem with this is that there will still have to be 

several prototypes built before a desirable behavior is obtained. 

 

Another problem with finite element analysis is its general incompatibility with other models. 

The best automotive designs integrate both the mechanical and electrical models, this integration 

allows for an integrated analysis of all components, or in other words, the car can be "driven" 

without being built. This type of an analysis allows all changes to be made on the computer 

before hardware is built and thus expense can be saved on prototyping. A finite element model 

cannot be easily integrated with other electrical models and mechanical models, thus making 

them undesirable for systems in which more must be known about the motors.  
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In order to create a worthwhile design methodology for one of these motors, the theory behind 

why they work must be developed. There have been many discussions as to why these machines 

develop force. Some theorize that the end-effects produce the force [4]. Others theorize that the 

force is generated by the imbalance in charge on the rotor, or that it is the stator seeking a lower 

energy state in the rotor that induces force [5]. The problem with these theories is that they are 

either not supported by experiment, or they are difficult to align with a logical analysis. It is evident 

from the above that it is necessary to develop a worthwhile theory that can accurately describe the 

motion in a linear motor. 

 

2.3 Development of a Theoretical Model Of the Linear Motor 

When one looks in a mirror, one sees a reflection of oneself at the same distance from the mirror 

on the opposite side. The clarity of this image and the quality of replication of the original 

depends on the properties of the material which is used to create the mirror. This happens 

because when a light wave is incident on a reflective surface the wave will be both reflected and 

refracted. This behavior can be seen in Figure 2-1 below. 

 

Figure 2-1: Reflection and Refraction of a Light Wave 
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The theory of Optics tells us that an electromagnetic wave can be reflected and/or refracted by a 

medium depending on the material properties of that medium. Or in other words if a wave is 

incident to a medium, it will be reflected at the angle of incidence and refracted by a ratio of the 

material properties and the sine of the angle of incidence, or: 

sin⁡(𝜃𝑖)

sin⁡(𝜃𝑟)
=

𝑛2

𝑛1
  (eq. 1 ) 

 

Where n is the indice of refraction and the angles are given by equation 1. A good mirror will 

perfectly reflect the incident wave with no refraction. If instead of light, the light wave is replaced 

by the electromagnetic waves produced by a coil of wire, the mirror will be replaced by a 

conducting material. The electromagnetic wave will be reflected by the conducting material 

perfectly if the conducting material is a perfect conductor. Or in other words a reflection of the 

coil of wire will appear inside of the conducting material as shown in the figure below. 

 

Figure 2-2: reflection of a coil of wire 

This reflection will have the same resistance of the coil of wire, so long as the conductor is a perfect 

conductor. If the conductor is imperfect, the resistance of the coil of wire will be proportional to 

the difference in conductivity between the coil and conducting materials. Or in other words it will 
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be as shown in (eq. 2) where the subscript, r, refers to the reflection, c, refers to the coil, and cs 

refers to the conducting surface. 

𝑹𝒓 =
𝝁
𝒄𝒔

𝝁
𝒄

𝑹𝒄  (eq. 2) 

If an iron core is then placed within the coil and a magnetically permeable material is placed behind 

the conducting medium, then the inductance seen by the coil will be the same as the inductance 

seen by the reflection and the mutual inductance of the coil and its reflection will be the same as 

if the conducting surface and permeable material were replaced by an identical coil and core. In 

other words the magnetic field will have a return path through the magnetic material and the 

behavior of the fields will be such that there are two coils and cores although there is only one. So 

what happens when there are multiple coils? 

 

There is an experiment in high school physics in which the light is turned out in the room, a slit is 

cut in a sheet of paper and placed a distance from a wall. A flashlight is then shined on the sheet 

of paper and what is known as a diffraction or interference pattern appears on the wall. This 

experiment is shown in Figure 2-3 below. 

 

Figure 2-3: High School Light Diffraction Experiment 
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In this experiment the interference happens because of the phase shift of the light as it goes through 

the slots in the paper. The waves are at different phases relative to one another and thus interference 

happens. This can be visualized in the case of a wave: 

 

Figure 2-4: Interfering waves 

Figure 2-4 shows a sketch of two waves of differing frequencies. If these two waves are added 

the graph in Figure 2-5 is obtained. 

 

Figure 2-5: Addition of waves 

As is evident from 2-5 the waves will add in some places and subtract in others leading to larger 

peaks in some places and smaller peaks in others. This same interference pattern happens when 

multiple coils are placed over a conducting surface and will lead to a non-uniform 

magnetomotive force. The nonuniformity of this force will lead to motion as high energy fields 

seek a lower energy state thus inducing motion. Just as a more intense wave can be obtained by 

increasing the intensity of the light beam, either by using a more powerful bulb or increasing the 
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number of bulbs (see an LED flashlight), a stronger magnetic field and thus an increased force 

can be obtained by using multiple coils. 

 

This then gets into the driving theory behind how to design an inside out linear induction motor. 

Given that the conducting plate is reasonably thin, the stator which is nothing more than multiple 

wound coils, will be reflected by the conducting plate and thus produce interference and force on 

the rotor. As long as the rotor material is adhered such that the material will not be affected by 

the increased force, the interference in the magnetic fields of the stator and rotor will produce a 

force and thus motion on the rotor. In other words, the rotor will be a direct reflection of the 

stator provided that the difference in conducting materials is taken into account. 

 

This gets into Melcher's Continuum mechanics. In chapter 4 he discusses the development of the 

parameters for a smooth stator machine. In his discussion of the machine he assumes surface 

currents for the stator given as: 

𝑲𝒛
𝒔 = 𝑹𝒆[|𝑰𝒂|𝒆

𝒋𝝎𝒕𝑵𝒂 𝐜𝐨𝐬(𝒌𝒚) + |𝑰𝒃|𝒆
𝒋𝝎𝒕𝑵𝒃 𝐜𝐨𝐬(𝒌 (𝒚 −

𝓵

𝟒
))]  

(eq. 3) 

Where the parameters are given from the following figure: 

 

Figure 2-6: Figure 6.4.1 in Melcher's Continuum Mechanics 
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This defines ℓ as twice the axial length of one coil, Na and Nb are the number of turns in the a 

and b phases respectively, ω is the electrical frequency in the coil, and Ia and Ib are defined as 

the phasor representations of the a and b currents. And where k is defined as: 

𝒌 =
𝟐𝝅

𝓵
  (eq. 4) 

In which ℓ is defined as the same as above. By using Eueler's formula equation 3 can be written 

as: 

𝑲𝒛
𝒔 = 𝑹𝒆[𝑲+

𝒔
𝒆𝒋(𝝎𝒕−𝒌𝒚) + 𝑲−

𝒔
𝒆𝒋(𝝎𝒕+𝒌𝒚)]  (eq. 5) 

Where 

𝑲±

𝒔
=

𝟏

𝟐
(|𝑰𝒂|𝑵𝒂 + |𝑰𝒃|𝑵𝒃𝒆

±
𝒋𝒌𝓵

𝟒 )⁡  (eq. 6) 

This writes the excitation in terms of a complex amplitude fourier series. In this existing case 

there are only two main terms, which correspond to waves propagating in the + and - z 

directions. Because the equations satisfy linear bulk and boundary equations, the response to 

equation 5 is the superposition of the positive and negative terms. 

It is convenient to define the air gap fields in terms of vector potentials because the flux linkages 

need to be computed. This means that 𝐵̂𝑥 = −𝑗𝑘𝐴̂. If the rotor and stator materials are assumed 

to be "infinitely permeable", boundary conditions on the stator and rotor will follow from 

ampere's law and the boundary condition of the stator will be: 

𝑯̂𝒚

𝒔
= −𝑲𝒔  (eq. 7) 

The composite boundary condition for the thin sheet is give as: 

𝑯̂𝒚

𝒓
=

𝝈𝒔

𝒌
(𝝎 − 𝒌𝑼)(−𝒋𝒌𝑨̂𝒓

)  (eq. 8) 

The fields due to the stator and rotor are then related by: 

[𝑨̂
𝒔

𝑨̂
𝒓] =

𝝁𝟎

𝒌
[
−𝐜𝐨𝐭𝐡⁡(𝒌𝒅)

𝟏

𝐬𝐢𝐧𝐡⁡(𝒌𝒅)

−𝟏

𝐬𝐢𝐧𝐡⁡(𝒌𝒅)
𝐜𝐨𝐭𝐡⁡(𝒌𝒅)

] [
𝑯̂𝒚

𝒔

𝑯̂𝒚

𝒓]  (eq. 9) 

Combining the last three equations, then, to find the rotor surface current which is given by 𝐻̂𝑦
𝑟 

with ampere's law, the following is obtained: 
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𝑯̂𝒚±

𝒓
= −

𝑲̂±
𝒔
𝑺𝒎±[𝒋+𝑺𝒎±𝒄𝒐𝒕𝒉(𝒌𝒅)]

𝒔𝒊𝒏𝒉(𝒌𝒅)[𝟏+𝑺𝒎±
𝟐𝒄𝒐𝒕𝒉(𝒌𝒅)𝟐]

  (eq. 10) 

Where the dimensionless number Sm combines the ratio of a magnetic diffusion time, the 

characteristic time, and the magnetic Reynolds number so that: 

𝑺𝒎± =
𝝁
𝟎
𝝈𝒔

𝒌
(𝝎 ∓ 𝒌𝑼)  (eq. 11) 

In order to compute the voltages necessary to deliver the currents Ia and Ib, the flux linkages 

must be found. These flux linkages are found from: 

𝚽𝝀 = 𝒘 [𝑨̂𝒔(𝒚′) − 𝑨̂
𝒔 (𝒚′ +

𝓵

𝟐
)]  (eq. 12) 

If this is written as the superposition of the two field components, this becomes: 

𝚽𝝀 = 𝒘⁡𝑹𝒆[𝟐(𝑨̂+
𝒔 𝒆−𝒋𝒌𝒚

′
+ 𝑨̂−

𝒔 𝒆𝒋𝒌𝒚
′
)𝒆𝒋𝝎𝒕]  (eq. 13) 

In the interval of dy', where y=y', there are Na cos(ky') dy' turns, and thus the flux linked by the a 

phase is given by: 

𝝀𝒂 = ∫ 𝚽𝝀(𝒚
′)𝑵𝒂𝒄𝒐𝒔(𝒌𝒚

′)𝒅𝒚′
𝓵/𝟒

−𝓵/𝟒
= 𝒘𝑵𝒂𝑹𝒆 [∫ (𝑨̂+

𝒔
𝒆−𝒋𝒌𝒚

′

+ 𝑨̂−

𝒔
𝒆𝒋𝒌𝒚

′

)(𝒆𝒋𝒌𝒚′ + 𝒆𝒋𝒌𝒚′)𝒆𝒋𝝎𝒕𝒅𝒚′
𝓵/𝟒

−𝓵/𝟒
]  

(eq. 

14) 

Only the constant terms will contribute to the integration, therefore after integrating and 

substituting the flux becomes: 

𝝀𝒂 =
𝒘𝓵

𝟐

𝑵𝒂

𝒌
𝝁
𝟎
𝑹𝒆 [𝐜𝐨𝐭𝐡(𝒌𝒅) (𝑲+

𝒔
+ 𝑲−

𝒔 ) +

𝑯̂𝒚+
𝒓
+𝑯̂𝒚−

𝒓

𝐬𝐢𝐧𝐡⁡(𝒌𝒅)
] 𝒆𝒋𝝎𝒕  

(eq. 15) 

This same line of reasoning can be used to calculate the flux in b, and from the above 

calculations the equations for inductance and resistance can be calculated: 

𝑳𝟏 = 𝑳𝟐 =
𝒘𝑵𝒂

𝟐𝓵𝟐𝝁𝟎

𝟒𝝅
𝐭𝐚𝐧𝐡⁡(

𝝅𝒅

𝓵
)  (eq. 16) 

𝑴 =
𝒘𝑵𝒂

𝟐𝓵𝟐𝝁𝟎

𝟒𝝅 𝐬𝐢𝐧𝐡(
𝟐𝝅𝒅

𝓵
)
  (eq. 17) 

𝑹 =
𝓵𝒘𝑵𝒂

𝟐

𝟐𝝈𝒔
  (eq. 18) 

In these equations Na is given as turns per unit length, and σs is given by: 
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𝝈𝒔 = 𝒂𝝈  (eq. 19) 

Where a, as given in Figure 2-6, is the thickness of the conducting plate, and σ is the 

conductivity of the conducting material. In these equations R is simply the rotor resistance, as the 

stator resistance is considered negligible, and the leakage terms do not account for leakage due to 

having discrete slots, thus the leakage terms will be much smaller than the leakage in the true 

machine. Although Melcher's model does show that the leakage terms will be the reflected and 

the rotor resistance will be referenced from the stator windings which illustrates the 

abovementioned theory. 

 

In the following chapter the development of the lumped parameter model used for design will be 

discussed, and the final design parameters will be given showing how the calculations from the 

final design model align with Melcher's formulations.   

 

2.4 Summary of Design Methodology 

There have been many theories postulated as to how the linear induction motor operates, and 

from these theories different design methodologies have been developed. These design 

methodologies range from lumped parameter models to utilizing finite element analysis and 

prototyping to design a viable machine. These design methodologies each have their own 

problems, however, as many of the papers which present lumped parameter design methods are 

difficult to verify, and a finite element model, while being more expensive, cannot be easily used 

for further simulation of the whole system. It is clear that a new theory must be developed to 

further define how these machines function. From the method of images a theory is developed 

that is consistent with a continuum mechanics analysis as performed by Melcher. 

 

2.5 Lumped Parameter Model 

It is important to have an accurate lumped parameter model which accounts for a realistic, non-

ideal stator and its parameters as reflected to the rotor. As per the discussion in chapter 2, 

standard design methods should be viable as long as it is recognized that the rotor parameters 

will simply be an inexact mirror of the stator parameters. The lumped parameter model was 

developed from theories presented by both Lipo in his Introduction to Machine Design [1], and 
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Alger in "The Induction Machine" [2]. This section will begin with a discussion of resistance 

calculations, then it will discuss the magnetizing and leakage inductances and it will conclude 

with an analysis of calculated values and their comparison with the calculations derived by 

Melcher. The lumped parameter model used is shown in Figure 0-7: 

 

Figure 0-7: LIM lumped parameter model 

2.6 Resistance Calculations 

Previous to this chapter, this particular machine was called the inside out radial linear induction 

motor, however from this point forward this machine will be called the Image Induction Machine 

(IIM) due to the rotor being, essentially, the image of the stator. This is done, partially to shorten 

the name, and partially because once radial, this machine bears no further resemblance to the 

linear motor other than the flat plate rotor. The resistance calculations were derived after a 

discussion with Tim Lenberg, another graduate student in Electrical Engineering who has his 

Bachelors in th same. It is to be noted that the important calculation here is the stator resistance 

as the rotor resistance will simply be a reflection of the stator.  

The stator resistance will be determined from the following basic equation: 

𝑹𝒔 =
(𝑳𝒆𝒏𝒈𝒕𝒉⁡𝒐𝒇⁡𝑪𝒐𝒊𝒍)(𝑵𝒖𝒎𝒃𝒆𝒓⁡𝒐𝒇⁡𝑻𝒖𝒓𝒏𝒔)(𝑹𝒆𝒔𝒊𝒔𝒕𝒊𝒗𝒊𝒕𝒚⁡𝒐𝒇⁡𝑪𝒐𝒊𝒍⁡𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍)

(𝒄𝒓𝒐𝒔𝒔⁡𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍⁡𝑨𝒓𝒆𝒂⁡𝒐𝒇⁡𝒔𝒊𝒏𝒈𝒍𝒆⁡𝒘𝒊𝒓𝒆)
  (eq. 20) 

In terms of variables: 

𝑹𝒔 =
𝟒𝕷𝒄𝑵𝒔𝝆𝒔𝒕𝒂𝒕𝒐𝒓

𝝅𝒅𝒘
𝟐

  (eq. 21) 

Where Ns is the number of series turns and the length of a single coil can be calculated from the 

following equation: 
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𝕷𝒄 = 𝒘 + 𝒑𝝉𝒑 + 𝒅𝒘  (eq. 22) 

where the terms are defined as follows: 

𝔏𝑐= length of a coil  

w = effective length of machine 

p = pitch of a coil 

τp = width of a slot pitch 

dw = diameter of a single wire 

 

And where τp  is calculated from: 

 

𝝉𝒑 = 𝒏𝒔𝒒
𝝅(𝑫+𝒈

𝟏
)

𝑵𝒔𝒍𝒐𝒕𝒔

  

(eq. 23) 

with the terms defined as: 

ns = number of stator slots per phase belt 

q = phase belts per pole 

D = stator diameter 

g1 = air gap 

Nslots = number of slots 

And where the effective air gap and the stator diameter are calculated from: 

𝑫 = (𝒅 − 𝒕𝒓)
𝟐𝑷𝑷

𝟐𝑷𝑷+𝟎.𝟏𝝅
  (eq. 24) 

𝒈
𝟏
=

𝟎.𝟏𝝅𝑫

𝟐𝑷𝑷
  (eq. 25) 

where the terms are defined as: 

PP = pole pairs 

d = outer diameter of the machine 

tr = thickness of rotor 

The rotor resistance will be the reflection of the stator resistance accounting for the difference in 

conducting material between the rotor sheet and the stator windings. 

𝑹𝒓 = ⁡
𝝆
𝒓𝒐𝒕𝒐𝒓

𝝆
𝒔𝒕𝒂𝒕𝒐𝒓

𝑹𝒔  (eq. 26) 

It is important to note that a thicker rotor plate will decrease rotor resistance and this rotor 

resistance is assuming a thin plate, such that 𝑎𝑘 ≪ 1. 

 

2.7 Magnetizing Inductance 
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The magnetizing inductance refers to the mutual inductance between the rotor and the stator 

coils. Inductance of a coil refers to the number of flux linkages in weber turns per ampere of 

current flowing in a coil. This term, "weber turns per ampere" is defined as a henry. The 

magnetizing inductance is made up of several pieces, and is most easily explained by presenting 

the equation itself and discussing its subsequent parts as they appear. The magnetizing 

inductance of a coil is given by: 

𝑴 =⁡
𝟑

𝟐
(
𝑵𝒔𝒆

𝟐𝑷𝑷
)
𝟐
𝝁𝟎𝝅

𝒓𝒘

𝒈𝟐
  (eq. 27) 

Where this equation is taken from reference [1]. And where the terms are defined as follows: 

Nse = Number of equivalent series turns 

μ0 = permeability of free space (4π107) 

r = radius of stator 

g2 = effective air gap 

The two terms that need to be defined, here, are the equivalent series turns and the effective air 

gap. The effective air gap is given by the following: 

𝒈
𝟐
= 𝒌𝒄𝒈𝟏

  (eq. 28) 

Because the first part of this equation is given above, the term that must be defined is kc. This 

term is called the carter factor, and is defined such that.  

𝒌𝒄 = 𝒌𝒄𝒔𝒌𝒄𝒓  (eq. 29) 

However, because the rotor is a direct mirror of the stator, this term is simply the square of the 

stator factor such that: 

𝒌𝒄 = 𝒌𝒄𝒔
𝟐  (eq. 30) 

The carter factor is then calculated by: 

𝒌𝒄𝒔 =
𝝉𝒔

𝝉𝒔−
𝟐𝒃𝟎
𝝅
{𝐚𝐭𝐚𝐧

𝒃𝟎
𝟐𝒈𝟏

−
𝒈𝟏
𝒃𝟎

𝐥𝐧[𝟏+(
𝒃𝟎
𝟐𝒈𝟏

)
𝟐

]}

  
(eq. 31) 

There are two terms, then, that must be defined in order to calculate this factor, the slot opening 

b0, and the stator slot pitch, τs. The slot opening is calculated from: 

𝒃𝟎 = (
𝑫

𝟐
−

𝒈
𝟏

𝟐
) 𝐚𝐜𝐨𝐬 [𝟏 −

𝒏𝒄𝒘𝒓𝒆(𝒅𝒘+𝒕𝒊𝒏𝒔)

𝟐(
𝑫

𝟐
−
𝒈𝟏

𝟐
)
𝟐 ] + 𝒕𝒊𝒏𝒔  (eq. 32) 

where the terms are defined as: 
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𝑛𝑐𝑤𝑟𝑒 = number of conductors placed circumferentially in a slot 

tins = insulation thickness 

And where the stator slot pitch is calculated from: 

𝝉𝒔 =
𝝅(𝑫+⁡𝒈

𝟏
)

𝑵𝒔𝒍𝒐𝒕𝒔

  (eq. 33) 

The equivalent series turns is a much more involved computation and is computed by the 

following: 

𝑵𝒔𝒆 =
𝟒

𝝅
𝑲𝒔𝑵𝒔  (eq. 34) 

Where the term Ks is a factor defined as: 

𝑲𝒔 = ⁡ 𝒌𝒑𝒌𝒅𝒌𝝌𝒌𝒔  (eq. 35) 

This term now must be broken up into its consecutive terms. The term kp refers to the pitch 

factor and is defined as the factor introduced by short pitching the winding. This factor is given 

as: 

𝒌𝒑 = 𝐬𝐢𝐧 (
𝒑𝝅

𝟐
)  (eq. 36) 

The term kd refers to the harmonic distribution factor of the winding as presented in reference 

[1]. This factor is sometimes referred to by different names depending on the source. The 

harmonic distribution factor is given by: 

𝒌𝒅 = ⁡
𝐬𝐢𝐧(

𝝅

𝟐𝒒
)

𝒏𝒔 𝐬𝐢𝐧(
𝝅

𝟐𝒏𝒔𝒒
)

  (eq. 37) 

The factor kχ is called the slot opening factor and is common to all coils. It is defined as: 

𝒌𝝌 = 𝒔𝒊𝒏𝒄 (
𝝌

𝟐
)  (eq. 38) 

where χ is the slot opening and is defined as: 

𝝌 = ⁡
𝒃𝟎

(
𝑫

𝟐
−
𝒈𝟏
𝟐
)
𝑷𝑷  (eq. 39) 

The final term in the equation for Ks is ks which refers to the skew factor. This factor is only 

accounted for if there is skew in the slots. Skew is done in order to avoid harmonics due to the 

alignment of teeth on the rotor and stator. As the rotor is smooth, skew in this machine is 

unnecessary and thus ks will be 1 in this case. 
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2.8 Leakage Inductance 

For desirable behavior in a machine, it is necessary that the leakage terms are as small as 

possible while the magnetizing term is large. These leakages can be divided into the following: 

a. Primary slot 

b. secondary slot 

c. zigzag 

d. belt 

e. skew 

f. coil end  

g. incremental  

h. peripheral  

The primary slot leakage is the leakage due to the slots and is given by: 

𝑳𝒍𝒔𝟏 = 𝟏𝟐. 𝟓𝟕 ∙ 𝟏𝟎−𝟗
𝑯

𝒄𝒎

𝟒𝒒𝒘𝑷𝒔𝟏𝑵𝒔𝒆
𝟐

𝑵𝒔𝒍𝒐𝒕𝒔

  (eq. 40) 

Where the term Ps1 is the total slot permeance ratio determined from the geometry of the slot as 

shown in figure 1: 
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Figure 2-8: Figure 7.2 in Reference [2] for slot leakage 

The slot permeance ratio is given as: 

𝑷𝒔𝟏 = (
𝒅𝟓

𝒘𝟏

+
𝟐𝒅𝟒

𝒘𝟏+𝒘𝟐

+
𝒅𝟑

𝒘𝟐

) +
𝒅𝟏

𝟑𝒘𝟐

  (eq. 41) 

The secondary slot leakage is the same as the primary for this application. The zigzag and belt 

leakages comprise what is known as the differential reactance which is caused by harmonics 

revolving at submultiples of synchronous speed and providing no useful result. The zigzag 

leakage is due to the air-gap harmonics produced if the winding had one slot per pole per phase, 

and the belt leakage is the additional leakage from phase belts. The zigzag leakage is calculated 

by: 

𝑳𝒛 =
𝝅𝟐𝑴

𝟏𝟐

𝟒𝑷𝑷𝟐

𝑵𝒔𝒍𝒐𝒕𝒔
𝟐
  (eq. 42) 

Due to the flat-plate nature of the Image motor and the lack of coils, the belt leakage can be 

neglected as there are no opposing windings in which to induce circulating currents. As well, due 

to the lack of skew in the stator, as it is unnecessary, the skew leakage is also nonexistent. The 
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coil end, incremental, and peripheral leakages comprise the air gap leakage. The usual pattern of 

the end windings and the behavior of the rotor will lead to a complicated pattern of end-leakage 

flux that is difficult to determine, however the total end leakage reactance formula as given by 

Alger in reference [2] is: 

𝑳𝒆 = ⁡
𝟕

𝟐𝝅
𝟏𝟎−𝟔

𝑯

𝒎

𝒒𝑫𝑵𝒔𝒆
𝟐

(𝟐𝑷𝑷)𝟐
(𝒑 − 𝟎. 𝟑)  (eq. 43) 

This leakage comprises all of the air gap leakages including the incremental and peripheral 

leakages. From this point, it should be noted that the total leakage will be the sum of all of these 

leakages and that the rotor leakage will be exactly equal to the stator leakage. From this point the 

lumped parameter model is fully defined. 

 

2.9 Melcher Comparison 

Analyzing Melcher's lumped parameter model for the machine that will be discussed in 

subsequent chapters the magnetizing inductance is found to be 25.007 mH, from the above 

equations this same inductance is found to be 25.309 mH. The rotor resistance from Melcher is 

given to be 0.556 ohms where as the above calculations give 0.569 ohms. And the leakages for 

Melcher's calculations are small at 0.01 mH, as expected due to the ideal nature of the model. 

The parameters that matter, the magnetizing and resistance, match which shows that the model is 

viable. 

 

2.10 Summary 

An accurate lumped parameter model is necessary in order to do design as well as to do 

simulation of a machine for analysis purposes. The lumped parameter model requires a 

calculation of the overall resistance, magnetizing inductance and leakage inductance present in 

the machine. After an analysis on resistance, inductance calculations from both Lipo and Alger 

are presented. These calculations are used in subsequent chapters for the induction machine 

design. 

  



                                                                                                                        TranLIVE 

 Development, Theory, and Design of the Image Motor for Automative Applications  33 

References 

[1] T.A. Lipo,Introduction to AC Machine Design, 3rd ed. Madison, WI: Wisconsin Power 

Electronics Research Center: University of Wisconsin, 2011. 

[2] P.L. Alger,Induction Machines, 2nd ed. New York, NY: Gordon and Breach Science 

Publishers, 1970. 

[3] J. Law, "Multiple Circuit Winding Example Solution (xmcd)," class notes for ECE 520, 

Department of Electrical and Computer Engineering, University of Idaho, 2013. [Online]. 

Available:http://www.ee.uidaho.edu/ee/power/jlaw/COURSES/ECE520 

/F13/Midterm/P1Solution.xmcd. [Accessed: June 24, 2014].  

  

http://www.google.com/url?q=http%3A%2F%2Fwww.ee.uidaho.edu%2Fee%2Fpower%2Fjlaw%2FCOURSES%2FECE520&sa=D&sntz=1&usg=AFQjCNHouigF9auvAcUHJRXGbWVlqlXu4Q


                                                                                                                        TranLIVE 

 Development, Theory, and Design of the Image Motor for Automative Applications  34 

3.0 FINDINGS, CONCLUSIONS, RECOMMENDATIONS 

The Image Motor has the potential to meet or exceed the requirements for weight and torque for 

a machine. In fact, at roughly 35 lbs without the tire, the hub motor will be lighter weight than 

any hub motor on the market today. This motor will easily provide 18 kW at 35 mph, and can be 

controlled with Voltz per Herz to increase speed while maintaining torque. In the following 

sections the Motor Design, Torque-Speed characteristics, Simulation Model, Testing and 

Application will be reviewed. 

 

3.1 Motor Design 

The final design of the motor involves a wound stator and a flat plate rotor. This flat plate rotor 

will consist of a thin wall of steel laminations which will be held together by either bolts or 

pressure plates. On the inside of the rotor will be a thin aluminum sheeting. This sheeting will 

either be adhered or powder coated onto the interior of the silicon steel tube. The aluminum 

sheeting will act to reflect the fields created by the stator while the magnetically permeable 

material will act as a return path for the magnetic fields. The stator was designed using the 

equations presented in chapter 3, and is similar to that used with a squirrel cage although it is 

inside-out. It consists of straight teeth, wound by multiple turns of copper wire. An exploded 

view of the motor (stator unwound) is shown in Figure 3-1: 

 

Figure 3-1: Exploded view of the IORLIM with unwound stator 
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The rotor will have a 9 inch outer diameter, with a back-iron thickness of 0.23 inches, and a 

conductor thickness of 0.02 inches. The rotor itself will have a length, w, of 4 inches and will be 

built such that it is keyed outwards at points as shown in Figure 3-2. The conducting sheet on the 

rotor will be aluminum, and will be either powder coated or adhered to the rotor laminations. 

 

Figure 3-2: Rotor Sketch 

 

The stator, shown in 3D exploded view in Figure 3-1, shown by itself in Figure 3-3, and shown 

in its full assembly in Figure 3-4 (windings not shown), has 48 slots, 4 pole pairs, and 168 series 

turns per phase. The dimensions for the stator and the slots, given in Figure 3-3 and Figure 3-4, 

are in inches.  
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Figure 3-3: AutoCAD sketch of Stator 

 

Figure 3-4: Image Motor Full Assembly 
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The stator will be modified slightly to account for bolts which will be installed so as to affix a 

stator bracket to the machine, this bracket will allow for installation onto either a test stand or 

car. The rotor has keys which will fit into corresponding slots within the wheel hub. This is done 

so that forces on the rotor do not cause the rotor to twist free of its housing during normal 

operation.  

 

The advantage of this design is that there is no need for a heavy transmission or shaft which will 

introduce innate losses, the 200 Nm of torque appear directly on the road as the machine acts as 

the vehicle's wheel. Without the loss mechanisms present in the transmission or the shaft, all 

energy supplied to the motors minus the losses will reach the ground. As well, this particular 

machine only weighs 25 lbs, estimating that the entire volume of the machine is solid cast iron. 

When the wheel and brakes are attached, this machine will only weigh 35 lbs. This is 33 lbs less 

than just the machine developed by Protean Electric and this machine does not require a separate 

wheel housing. It should also be noted that this machine can be easily scaled up to any size 

wheel and horsepower without much difficulty. The machine, itself, was designed for an 

operating mechanical frequency of 15.083 Hz, which corresponds to 35 mph. The optimization 

software used to develop this machine is given in Appendix A 

. 

3.2 Torque Speed Characteristics 

The lumped parameter model for this particular machine, shown in Figure 0-7, and developed 

using the concepts presented in chapter 3 gives the following parameters: 

 

R1 = 0.569 Ω 

R2 = 0.369 Ω 

L1 = L2 = 1.608 mH 

M = 25.307 mH 

 

The operating voltage of the machine is 500V, the operating electrical frequency is 60.233 Hz, 

and the power output is roughly 18 kW at a slip of roughly 5.3%.  

Using the lumped parameter model above, it is possible to calculate torque curves for the 

machine. Figure 3-5 shows the torque behavior of the machine during normal operation: 
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Figure 3-5: Torque Versus Speed For 35 mph Design Frequency 

Appendix B provides a design sheet which shows the comparison of this lumped parameter 

model with the lumped parameter model provided by Melcher.  

The torque curve shows that this machine can easily provide the 200 Nm of torque. As well, the 

graph shows that the machine can easily provide up to 500 Nm of torque during motoring,, and 

beyond 1000 Nm of torque during regeneration. It should also be noted that as speed decreases in 

this machine, the machine can provide more generating torque, in essence slip will become less 

and less energy will be lost, meaning that efficiency will increase. This is seen in the Volts per 

Hertz graph in Figure 3-6. For the short time that the machine will be handling a higher current 

the machine should be able to handle it. This is due to the fact that it will need to decrease from 

35 mph in roughly 2 seconds.  

As well as having a fairly good behavior for regeneration, the machine also provides a decent 

behavior when increasing speed as is also shown in Figure 3-6.  
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Figure 3-6: Torque Curves for different operating frequencies 

The relatively flat nature of the curves shows that for increased speed, torque and power can be 

kept relatively constant. This also means that the machine can be easily scaled up to higher speed 

given the correct control while keeping a constant torque. The machine also provides a peak 

efficiency of roughly 88 %.  

 

3.3 Simulation Model 

The model used to simulate this machine is found in Lipo and Novotny's book, Vector Dynamics 

and Control of AC Drives [1], on page 60. Analysis was done in the dq reference frame, and 

torque, speed, and stator currents were displayed. Simulation was done using Simulink® and the 

model was set up so that blocks for a controller and a mechanical model. Figure 3-9 through 

Figure 3-17 show the different steps of the model. 
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Figure 3-7: Top level of Simulink Model 

 

Figure 3-8: Linear Induction Motor Block 

 

Figure 3-9: Lambda_qs block 

 

Figure 3-10: Lambda_ds block 
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Figure 3-11: Lambda_pqr block 

 

Figure 0-12: Lambda_pdr block 

 

Figure 3-13: iqs block 
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Figure 3-14: ids block 

 

Figure 3-15: ipqr block 
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Figure 3-16: ipdr block 

 

Figure 3-17: Torque and Speed Block 

The MATLAB code used to generate the parameters used is given in Appendix B. The motor 

was provided with a 500V input, and a 200 Nm load torque was applied at 1.1 seconds after 
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having been line started. The following plots show the motor's behavior when placed under these 

conditions. 

 

Figure 3-18: Q-axis stator current after startup 

 

Figure 3-19: D-axis stator current after startup 
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Figure 3-20: Mechanical rotor speed after startup 

 

Figure 3-21: Torque Response after Startup 
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Figure 3-22: Machine Efficiency 

As can be seen from the figures the machine provides the desired efficiency, the desired 

mechanical speed, and the torque required. Further modeling will include an in-depth controller 

and mechanical model which can simply be built and dropped into the motor model. 

 

3.4 Testing 

During standard machine testing a motor is directly coupled to another motor. This is shown in 

figure below: 

 

3-23: Standard Test Setup 

In such a test setup, the prototype motor is rotated one way while the drive motor is rotated in the 

other. This applies a load torque to the prototype motor and simulates normal operation in the 

lab.  

Due to the inside-out nature of the Image Motor and its direct-to-ground characteristics, there is 

no shaft to couple to a drive motor or dynamometer in order to simulate loaded operation. Thus 

in order to test the motor, a testing apparatus must be set up so that the motor can be loaded. To 

this end, a senior design team was created to design a test set up for the Image Motor.  



                                                                                                                        TranLIVE 

 Development, Theory, and Design of the Image Motor for Automative Applications  47 

There were several problems that the team faced when creating their stand. The unusual design 

of the machine did not easily lend itself to standard bearings, yet the machine needed bearings in 

order to maintain the air gap and keep the rotor and stator centered. The machine also needed a 

means by which it could be attached to a test stand or a car. In a standard machine, bolts would 

be placed on the outer housing in order to hold the motor to a stand. However in this machine 

there was no outer housing, so the team had to devise one.  

 

The optimal solution would have involved creating a new type of inside-out wide bearing that 

could be either bolted to or built around the motor. Unfortunately such a solution is costly and 

requires increased time for design. In order to avoid the extra cost and design time, the team 

chose to use standard design techniques so as to keep costs down and keep as much machining in 

house as possible. Their solution involved installing the machine on a shaft. This allowed them 

to use standard bearings and to design the housing in the time allotted. In order to use a shaft two 

separate wheel centers had to be created, a static and a dynamic wheel center. The static wheel 

center would be fixed to the shaft and bolted through the stator, while the dynamic wheel center 

would connect directly to the wheel housing and would be press-fit with bearings which would 

be pressed onto the shaft. This would allow the rotor to freely rotate while the stator remained 

stationary.  

 

In order to test the motor, a belt-drive solution was devised. This solution involved fixing a gear 

to the outside of the rotor which would then be connected via a chain drive to a smaller shaft 

with a gear which would be rotated by either another motor or a dynamometer. This allows the 

motor to be loaded for load testing. For a no load test, the chain can be removed and the motor 

can be allowed to freely rotate on the shaft. The test stand setup is shown in Figure 3-24. 
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Figure 3-24: Final Assembly with wood mock up of the motor 

The test stand was set up with a wooden mock up of the motor and a small motor in order to 

show operation and to test the brakes which will be discussed in the next section. For actual 

testing a different bracket will need to be built which will couple the test stand to a dynamometer 

which can be set to load the machine. The design of this setup can be found in the senior design 

team's final report which is listed as reference [2]. 

 

3.5 Practical Application 

In addition to development of the test stand, the senior design students were tasked with 

developing a wheel which could directly attach to the motors. Because of the direct drive nature 

of the machines, the motor must be built into the wheel. As well, a backup mechanical brake had 

to be created so that in case of machine failure the vehicle could still be brought to a stop.  

The senior design team created a wheel design that includes wheel barrels and a standard brake. 

This brake and wheel barrel assembly utilizes the same setup as the test stand. The wheel design 

is shown in Figure 3-25 and Figure 3-26. 
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Figure 3-25: Solidworks Mockup of Full Assembly 

 

Figure 3-26: Cutaway of full assembly 

In order to place this on a car, some modification will be required so that the wheels can operate 

independently. However, that is the topic of another thesis.  

It is important to note that the designs above were done in the short term and on a small budget, 

in order to decrease weight and increase efficiency it is necessary to re-think how these wheels 

are designed and to create a new form of bearing which would act as the motor housing. This 

would be the topic of a mechanical engineering project. 
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3.6 Summary 

This chapter covered the layout of the rotor and stator, the torque-speed characteristics, the 

simulation model, testing and practical application. There is still much research to be done on 

this topic, and some of the topics for further research will be discussed in chapter 5. 

 

3.7 Conclusions 

The Image Motor as presented in this report is ready for prototyping. There are several things 

that still need  to be done in order to further verify this machine. The first prototype needs to be 

built and lab tested, then three more need to be built and tested on a car. Along with prototyping, 

more research needs to be done in order to improve the motor design presented in this Thesis. 

From there, further research needs to be done in order to apply this machine to an electric 

vehicle, and finally a full statistical study needs to be done in order to determine what exactly 

needs to be done in order to make electric vehicles viable. 

 

3.8 Motor Prototyping and Testing 

The next step with this motor involves building and testing a prototype. This prototype will be 

built by one of various motor manufacturers around the area. The prototype will then be installed 

in the test-stand built by the senior design students and tested using IEEE STD 112 [2]. Load 

testing will be done by building a bracket to connect to the dynamometer, and the dynamometer 

will be used for the load test. 

 

3.9 Future Motor Work 

The current motor only has an 88% efficiency. This is partially due to the lack of an elaborate 

stator design. The stator involves simple straight teeth, thus some of the research involving stator 

design can be applied. As well, the machine used series windings. Parallel windings may provide 

a lower resistance and better behavior. A future design could involve installation of parallel 

windings into the stator. Some papers have discussed the lack of necessity of a back iron in a 

thick rotor linear induction machine, this could be easily investigated by replacing the 

laminations and thin plate rotor with a solid aluminum rotor and testing the machine. Further 

work could be done to determine if it is possible to use magnetic bearings on this machine and 

whether or not magnetic bearings would be desirable.  
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Along with the advances that could be made in this particular machine, this machine is easily 

adapted to other uses. For example a new application of this machine to marine devices such as 

boats or jetskis may be in order. As well, this machine could be used for space vehicles or 

flywheels. Another application may involve determining whether or not one of these machines 

could be used to develop lift such as that in a helicopter. The uses of a lightweight machine are 

endless and more applications exist than presented in this report. 

 

3.10 Electric Vehicle Application 

The design created by the senior design team is optimum for a test stand, however further 

research needs to be done in applying these motors to electric vehicles. Wheels can be made 

lighter by creating large bearings that would encompass the motors, in other words building a 

sort of "bearing housing" for the motor which could then be bolted into wheels. This would lead 

to the necessity of building a new type of suspension to connect these motors to a vehicle. As 

well no controller has yet been built for this motor, both the motor controller and the overall 

control scheme for a vehicle need to be designed. The overall control scheme will require an 

interdisciplinary team to develop it, as it requires both mechanical and electrical engineering 

expertise. In addition to the overall control, the entire undercarriage of the vehicle needs to be re-

designed around these motors.  

 

As well as the direct control and installation of these motors, the battery systems can now 

become larger as weight has been removed from the body of the vehicle. This means that a more 

elaborate and heavy battery system is possible. Research into these larger battery systems is 

required, and further research into their optimization needs to be done. In addition to battery 

storage, further research into developing a regenerator specifically for these motors needs to be 

done. 

 

3.11 Future Statistical Analysis 

In order to truly make a better electric vehicle, a comprehensive statistical analysis must be done 

in order to determine what all needs to be done to electric vehicles in order to make them viable. 

Such an analysis would determine exactly how far the range needs to be extended, how quickly 

the car should charge from a standard outlet, what kind of infrastructure would need to be 
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installed in order to make these plausible on a large scale, what exactly needs to be done to the 

electronics on the inside of a vehicle to increase range, etc. The infrastructure is a large issue, 

because while a few electric vehicles do not present a large draw on the grid, electric vehicles 

purchased on the scale of the number of U.S. cars will present a large load. Such an 

infrastructure study would determine exactly how much of an increase in load electric vehicles 

will be and how much generation needs to be added in order to compensate for the increase in 

load. An in-depth statistical analysis would identify the problem points with electric vehicle so 

that electric vehicle research can be completed with more precision, focusing on the main 

problems with electric vehicles. Such a study would be invaluable to research at Universities 

across the country and would involve the math department, as such a study is beyond the scope 

of engineers. 

 

More than simply building a prototype, further research needs to be done with this motor in order 

to increase its efficiency and decrease its weight. As well, research by both electrical and 

mechanical engineers needs to be done in order to better apply these motors to an electric 

vehicle. Besides electric vehicles, there are many applications that could use a lightweight motor, 

from marine to aeronautics to space. And in addition a full statistical analysis needs to be done in 

order to better pinpoint what research needs to be done on electric vehi 
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