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Abstract 
 
Early concept generation is the base for the final products appearance. Since most of the 
products character and cost is set at an early stage increased knowledge at an early stage is 
vital. This master thesis aims at creating a method called RAPTOR. The purpose of RAPTOR 
is to reduce the cost and increase the knowledge by combining CAD and optimization with an 
easy excel interface.  
 
For illustrative purpose an electric motor example has been used. The master thesis has been 
demonstrated at GM power train, Trollhättan Sweden, and a considerable interest was shown. 
 
The inspiration comes from the GlobaLiTH project, a project at the machine design 
department at Linköping University, Sweden, where a sustainable light utility vehicle was 
designed. 
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1 Introduction 

1.1 Background 
Electric motors can be found everywhere in modern society, looking at everything from 
watches to trains. This has led to an increasing demand on versatility and flexibility when 
producing motors.  
 
When engineers design new products they need to be able to rapidly come up with several 
solutions and then narrow them down to one. Hence it is important to enable fast creation of 
design proposals and product evaluation. 
 
Using an optimized motor and CAD model will likely enable fast product development at 
several different levels. It is therefore an interesting area of research. Recycling old models in 
new contexts gives new opportunities in product development. 
 
One of the biggest industries in the world, the automotive industry, is taking increasing 
interest in electric motors. Since demands on lower emissions force companies to think in 
new ways, electrical solutions will likely be of interest. Another benefit when using electric 
motors instead of normal combustion engines is the higher level of efficiency. 
 
There are approximately 850 million cars in the world today and General motors estimate that 
by the year 2020 this number will be almost 50% higher - 1.2 billion. 1.2 billion cars parked 
end to end would go around the world 125 times [2]. These cars make up a large percentage 
of the carbon dioxide emissions produced, and combined with other parts of the transportation 
sector it adds up to be the largest contribution to the greenhouse emissions [3]. Emission cuts 
in the transportation sector would hence make a difference.  
 
Using electricity coming from nuclear power or renewable energy sources like wind, solar, 
instead of using fossil fuels, would decrease emissions to zero when using fully electric 
vehicles and almost to zero when using electric plug in hybrids. Wind, solar and nuclear 
power create no CO2 [20].  
 
To develop and produce a sustainable light utility vehicle (SLUV) is a way to ease the 
environmental burden from transportation. This has been done in several mechanical 
engineering courses at Linköping University over the past few years. 
 
One of the main issues of a low cost construction is to keep the number of parts to a 
minimum. This might seem to result in a very simple, unsophisticated product, but that does 
not have to be the case. How can this be achieved? By giving components double or 
even multifunctions the number of parts can be reduced without having to step back on the 
performance and appearance. Benefits with this solution are that it requires a lower amount of 
parts to be produced and that it reduces the number of assembly steps, which in turn decreases 
the cost by far. 
 
Last year’s SLUV, the GlobaLiTH project, will serve as a reference for motors engineered 
within this project. The GlobaLiTH project inspired this master thesis. The intended 
production preparation of the GlobaLiTH is a project too large for two persons. 
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The development and production of hybrid and electric vehicles are at the moment of great 
importance. Concerning the weak economic climate, less development time is interesting for 
the industry[4].  
 
The aim of this thesis is to create a quick and reliable method for early development support 
in designing electric motors and applications where electric motors are used. The method 
deals with a number of input parameters such as torque, power and the available volume. The 
electric motor could be seen as an example on how the method could be used. The method 
could be used with any product that can be parameterized.  
 
Something that should be emphasized with the method is the fact that it should be seen as a 
complement and general tool in the early stages of concept generation and product 
development. Hence it is not meant to generate a product ready for production. It is meant to 
give a good estimation of performance and a CAD model which visualizes the product and 
can be used in assemblies. 
 

1.1.1 Problem statement 
The initial purpose of this master thesis project was to create a credible and production ready 
electric vehicle for the population in the developing countries. The problem formulation was:  
 
Is it possible to create an affordable electric vehicle for the third world? If so, would it be 
possible to produce/engineer an electric vehicle cheap enough to compete with e.g. Tata Nano 
and similar?  
 
As work began and time passed, it became gradually more obvious that the production 
preparation of the GlobaLiTH would be a work far too comprehensive. Limitations and 
refocusing became necessary. After some consideration it was obvious that the electric motor 
was the most interesting part of an electric vehicle, and that a general optimization of electric 
motors for any application could be useful in other contexts as well. 
 
Furthermore, the problem of low knowledge in the early stages of product development (PD) 
was obvious when designing the GlobaLiTH. The project would definitely have benefited 
from increased knowledge in the earliest stages when changes to the design are relatively 
cheap.   
This resulted in a new purpose and problem statement: 
 
The purpose is to explore general and responsive methods for early concept development and 
corresponding tools that can be used as support in a development process, in this thesis an 
electric motor. 
 
The new problem formulation is: 
 
Is it possible to replace the calculative work and modelling with a general method/tool, based 
on optimization algorithms and a parameterized model, in the earlier phases of product 
development?  
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1.2 Scope 
This thesis will focus primarily on a general method for early concept development. The 
example given is an electric motor. 
 
The optimization and parameterization of Permanent Magnet motors (PM). It will not concern 
eddie currents, other leak losses or friction losses, if not specifically stated so.  
 
The method will not be evaluated in this master thesis. 
 
The method is a general method, albeight all examples will concern electrical motors and the 
sustainable light utility vehicle(SLUV) from the GlobaLiTH project. 
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2 Theoretical frame of reference 

2.1 Systematic engineering design 
In all construction and design work the most important thing to consider is the costumer 
needs. That might seem easy but on the contrary few costumers knows what they really need. 
What the costumer needs also have to be transformed into technical terms [5]. 
 
All the different ideas have to be taken care of differently. Some ideas can be discarded just 
by a discussion and others claim a more thorough investigation before being neglected for a 
better one. Note that ideas can be neglected on this basis alone but for acceptance a more 
detailed investigation is demanded. It is of great importance that everything in the product has 
been considered carefully. All solutions are then compared to other solutions in as many 
aspects as possible to generate a product as good as possible. Therefore the project starts off 
with gathering ideas to be investigated later on. These ideas vary widely but it is important 
to achieve many ideas to make it possible to investigate and compare them. The investigation 
is closely linked to the requirement specification and all concepts are judged thereafter. 
Eventually just a few alternative solutions remains and the product can be refined. 

 
Figure 2.1-1 Product development and concept generation 
 
The process of systematical construction is normally divided into five different steps: product 
specification, concept generation, evaluation and choice of concept, detail construction and 
product layout and manufacturing adaption [5]. The process could be illustrated as in Figure 
2.1-1. 
 
 

2.2 Product specification 
A product specification describes what is to be achieved based on the task description. The 
first thing stated is the main function of the product e.g. generates propulsion. There after sub 
criteria are stated, such as for instance minimal power output, max current. These sub criteria 
are divided in demands (D) and Wishes (W). All the criteria are put in a weight matrix where 
they are sorted according to importance for the costumer. Finally a QFD is constructed were 
the relation between design criteria and customer criteria are investigated [6]. 
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2.3 Concept generating 
This phase of the product development process should result in a number of solutions that all 
satisfies the product specification. The number of concepts generated should be as many as 
possible. One method of finding solutions is brainstorming [5]. 
 
The main function is divided in sub functions that can be solved in several different manners. 
This can easily be visualised with a function mean tree (FM/tree). All these ideas will later be 
combined using morphological matrices resulting in a big variation of different concepts. The 
results from the morphological concept generating will be used in the preceding concept 
selection process [7]. 

2.3.1 Function mean tree 
The top level of the tree is the main function, to transport people. The function is then divided 
into means of doing so e.g. car, boat and bicycle. These means are themselves divided into 
functions e.g. car into weather protection, provide comfort. These are then divided into sub 
means such as roof, aerodynamic flow for weather protection and seats, couch, ventilation, 
radio for the comfort. This is an endless process and it is common to divide FM/tree into 
smaller trees [6]. 

2.3.2 Morphological analysis 
The morphological matrix presents the different means in columns and the functions in rows. 
This gives a good and accessible overview. The overview allows for easy combination and 
generates lots of concepts by the combination of different means. Looking at a morphological 
matrix it could be said to represent the present design space. The total number of 

combinations represented in the matrix could be described generally as: ∏
=

=
nf

i
ims nn

1
,  where ns 

is the number of possibilities and nf is the number of functions and nm  is the number of 
means. This implies that a product with four functions and four means per function would 
have 256 solutions[6]. 
 
Hence the number of combinations can be vast and evaluation of all the concepts becomes 
expensive. Therefore it is suitable to use rapid methods and common sense to discard clearly 
unsuitable solutions early at a low cost and end up with only a few concepts. One important 
thing to have in mind is that the different means might be interconnected and hence the 
elimination of one mean leads to the elimination of several concepts. All concepts must meet 
the product specification and some might need further development to do so while others are 
obviously infeasible. It might get expensive to investigate whether the specification is met or 
not. Sometimes no concept will meet the specification requirement and hence the 
specification might have to be changed or the project might have to be terminated. 
Combination or expansion of the resulting concepts might in turn result in even better 
solutions. 
 
The few concepts left should then be evaluated with regard to the entire system they make up.  
 
The process of making and evaluating the matrix could be said to comprise out of four parts: 

1. Add all the stated means and functions into a morphological matrix. 
2. Create solutions by combining the different means 
3. Sort out all solutions that fulfils the product specification and at the same time are 

physically and geometrically compatible. 
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4. Sort out and dispose of any infeasible solutions that are left. 
 
The morphological matrix could be applied at different levels. High levels to display products 
and lower levels to display FM tree branches [5],[6],[7].  
 
For example see Appendix1 
 

2.4 Evaluation and selection of concepts 
To find a final solution, all concepts has to be analysed and evaluated. Based on the results 
from this the final concept can be chosen. There are several ways of doing this and different 
solutions might require different methods. For instance not all concepts can be analysed by 
using maths. A good way of decreasing the number of concepts is using a relative decision 
matrix like Pughs relative decision matrix [5].  

2.5 Detail construction and product layout 
During this stage the final concept is refined and developed into a final product. Solutions and 
calculations on the smaller details are made and the final design and characteristics of the 
product are set [5]. 
 

2.6 Manufacturing adaption 
Manufacturing issues are vital for a successful realization of a product. Under this final step 
fine tuning in order for easy assembly and manufacturing is made. This can be things like 
snaps and redesign to fit existing machine shop[5].  
 

2.7 Costs related to the product development process 
The concept phase of product development is interesting because a large part of the total cost 
is generated during this phase of the process and because of the way it influences the final 
result. If the process starts off with a bad concept the end result will probably not be that good 
either. Looking at the cost aspect of the process it is possible to see that the concept phase 
causes the largest costs. Figure 2.7-1 is an example taken from the American car industry. 

 
Figure 2.7-1 Accumulated cost versus development phase 
 
In a classical developing process costs for changes will increase at the end of the development 
process when the freedom of design changes is restricted. If a product needs changes it will 
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affect other parts as well. For instance the battery pack and the motor are two different parts 
though they are closely connected to each other. A change in battery voltage will require a 
change of motor or affect the motor performance thus increasing expenses. Therefore as the 
degree of freedom decreases the cost increases with respect to time (Figure 2.7-2Error! 
Reference source not found.). Due to this, as much knowledge as possible is beneficial in 
the beginning of the development process. 

 
Figure 2.7-2 Degrees of freedom versus costs and time 
 

2.8 General parameterization of electric motor versus combustion 
engine 

A conventional combustion engine is a highly complex system with lots of moving parts such 
as piston heads, crankshafts, valves etc. This complexity makes parameterization much more 
time consuming and the result is most often useless, since model changes and variance is 
impossible in production due to high changeover times and tooling costs. An electric motor 
has only one moving part and a few other components which make it more suitable for 
parametric design than a combustion engine.  
 
Further the complexity with which a normal combustion engine works there’s no distinct 
relations between parts. If the camshaft changes shape the valves might not have to change as 
well and so on. In the end it is close to impossible to create relations between the different 
parts.  
 
In an electric motor relations are quite fixed. There are relatively few design parameters that 
can vary and if they change they have a certain relation to the other parts of the motor. The 
functions are also continuous which is a requirement for parameterization. 
   

2.9 Automatically generated drawings 
In modern cad programs like CATIA V.5, ProE or Solid Works, there are possibilities to 
create drawings and then change the drawings as the motor changes. This is hence an 
automatic drawing creation process. If the drawings have been made once they will be 
redrawn as the motor is changed and updated. Further this allows for a rapid and effective 
production and documentation. Drawings and documentation is normally a time consuming 
and expensive work. Since this can be made by updating already existing documents, it is also 
unnecessary.  
 
Removing all the bureaucracy involved with creating and distributing drawings and then 
make sure that all the different drawings are of the latest version will save the company both a 
lot of time and money. 
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Looking at what happens in other industries like aircraft manufacturing it is possible to see 
this trend, since less drawings likely will result in less faults and hence fewer failures. This is 
vital in a high tech industry with relatively narrow margins and sharp tolerances like the 
aircraft industry [10].   

2.9.1 Production-Cad interaction 
The production of an electric motor in industrial scale does however demand more than just a 
drawing and a cad file. It also demands that the machines used in production receive the right 
CNC-programs. These programs can also be created using modern cad and cam systems. 
  
CATIA has a special workbench for creating machine code. This will allow the designer to 
create suitable code and send it straight down to the workshop floor where the motor is built.  
 

2.10 Software 
There are a few ways to connect the software used. 
 
Visual basic (VB) uses a script in basic which can transfer data between different programs. 
This script is written by the user and allows for great control. It simply dedicates cells in 
Excel to a variable or vice versa and the difficulty is to not mix them up.  
 
Inference is an add-in to office which is doing just about the same as VB. It is a lot simpler to 
use then VB though and eliminates the risk of mixing up variables [10]. 
 

2.11 Electric motor 
As stated earlier the idea of this master thesis is to create a fast and easy method to be used in 
the early stages of the development process. The example used to demonstrate the power of 
RAPTOR is to develop an appropriate permanent magnet (PM) motor for a specific 
application. This is useful for all development but it also makes one-off-production possible 
which is the type of orders that were growing in 1999[11]. That is though only possible if the 
complete production line has a short retooling time. Of course the method can be used for all 
PM-motor development and production6).  
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2.11.1 Components 
As seen in the figures 2.11.1a-d an electric motor consists of several different 
components. 

  
Figure 2.11-1 Rotor with magnets(poles) 

 
Figure 2.11-2 Stator, hall sensors and windings 
 

 
Figure 2.11-3 Detail of stator, teeth 
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Figure 2.11-4 Drum assembly(without stator) 

2.11.2 Manufacturing theory 
The main motor components are stator and rotor.  
   
The stator is made up of sheets of steel and welded or riveted together. The teeth on the 
circumference are then wounded with cupper wire. Some kind of fastening components like 
an axle or other fastening device is also necessary for transmitting the torque.  
   
The rotor is far simpler in design but might be harder to produce in an economical manner. 
The rotor is a hollow cylinder made of steel or another magnetic material. On the stator side 
magnets are attached with epoxy or similar. On the sides gables are attached, at least one of 
them has to be attached to the stator with a bearing.  
   
Concerning the steel sheets in the stator the production can be made by laser, milling e.g. This 
type of production will of course gain a higher price than the more common punching but it is 
suitable for small series production [11]. 
   
The manufacturing of the rotor might be expensive. Since the production is in rather small 
casting the hollow cylinder might not be the method of choice anymore. Other methods could 
be used such as turning pipes in to proper dimensions. Magnets are today available in sintered 
production. This allows for unlimited shaping possibilities and it should not gain a higher 
price since the tool is as advanced as a normal inkjet printer. Although slightly more 
expensive, the adaptability of this process will make it competitive. 
   
Thus the mechanical production problem could be solved quite easily and enables great 
variation possibilities. All the possibilities in changing the values such as radius, height, 
winding numbers, groove depth, teeth and pole pairs increases the demands on the winding 
machines. It needs to be able to operate in large intervals and be reset rather quickly. Two of 
the most modern machines at ABB Västerås, used for their largest motors in production, had 
that feature already in 1999 [12]. 

2.11.3 COTS 
A really popular expression today is COTS. But what does it stand for? And what does it 
imply? 
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COTS stands for commercial off the shelf. This implies more or less what it sounds like, the 
usage of existing mass produced parts in a final product. 
 
Other engineering issues are the possibility of recycling the product when it is been worn out, 
and the possibility of making it last over a period of 30 years. One of the ways to ensure that 
there will be future spares and compatibility with future enhancements is to make a 
standardised modular concept largely made from mass produced parts. This will not only 
ensure a long and reliable sustentation of spares, but also give local partners a chance to 
modify/replace parts of the vehicle, in order to fit local customer needs. 

2.11.4 Conclusion 
The conclusion is thus that one off production could be made with the techniques of today. 
Production in larger series is of course possible as well. COTS is a way of reducing prices by 
using existing volumes, allowing for an easy access of spare parts which in the end is 
beneficial for the environment due to less resource use. Even though the use of COTS reduces 
the degree of freedom in all development steps, it can be a good source of inspiration. 
 

2.12 Design optimization 
Describe an arbitrary engineering problem as an optimization problem. First give a textual 
definition using the words, design variables, design characteristics, state variables, operating 
variables and environmental variables. Also give a formal mathematical formulation of the 
optimization problem [13]. 

2.12.1 Design variables  
Variables that the designer can vary and assign values to and by that change the design are 
called design variables. This will be used to decide the designs final qualities. The variables 
can be logical or continuous. (Design parameters on the other hand are fix values)  
 

2.12.2 Design characteristics  
Design characteristics are depending variables that cannot directly be assigned values but will 
be affected by the change of design variables. 
 

2.12.3 State variables  
These variables are most of the time constraints. That is they limit the function in different 
ways. They don’t add anything to its value. These variable’s values can most of the time not 
be stated but will follow of the different choices that are made. 
 

2.12.4  Operating variables   
Operating Variables are the variables that future operators of the design can vary. 
 

2.12.5 Environmental variables:   
These variables are the result of the environment where the construction will operate in. Wear 
and environmental factors are two examples. 
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2.12.6 Variable demonstration example 
 

 
Figure 2.12-1 Hydraulic cylinder 
 
A hydraulic cylinder (Figure 2.12-1 Hydraulic cylinder) is a good example of a system where 
the different variables easily can be understood. In the following example the simplification 
of no counter pressure, when operating the cylinder, is made. 
 
The different variables are: 
 
Design parameter: A (Bottom area of the piston) 
 
Design characteristics: v (velocity) 
 
State variables: p (Cylinder pressure) 
 
Operating variables: q1 (flow into the cylinder) 
 
Environmental variables: qL(leak flow) and F(the applied force) 
 
The designer can change the piston bottom area and thereby change the system 
characteristics. If the designer is interested in a fast system, given a set q1, a smaller area can 
be used and if a slow system is more suitable a larger bottom area can be used. The area is set 
only once by the designer and is thereby a design variable.  
 
The bottom area of the cylinder will not only affect the speed, but also the pressure required 
to operate the cylinder. In this example the maximum cylinder pressure is 61025 ⋅ Pa and the 
observed pressure is regulated by the by the applied force. The pressure is hence a constraint 
to the system and can thereby be called a state variable.  
 
The pump can supply the flow q1 regardless of pressure. The flow q1 is regulated by an 
operator and will determine the speed of the cylinder; hence it is an operating variable. 
 
Finally there is other more uncontrollable aspects of the system. One of these is the leak flow 
qL. The leak flow is due to the operating environment of the cylinder, the purity of the oil and 
the mechanical wear of the gaskets in the cylinder. Large wear in an aggressive environment 
will result in a larger leak flow; hence it is an environmental variable. The applied load might 
vary from time to time and is therefore also an environmental condition. 
 
If the subject is to maximize the speed with which the cylinder piston moves outwards the 
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expression would look like: 
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2.12.7 Genetic Algorithms - GA 
The genetic algorithm is a way to imitate nature’s way to optimize. In other words: “survival 
of the fittest”. 
A GA serves as a population in nature; it is built on a number of different optimization 
parameters that will be decomposed into genes. These genes will consist of a real number or a 
binary string of data. The genes that will make up the optimization parameters will together 
form a chromosome. The binary information that builds up the individual is called the 
genotype. The chromosomes that are built up by the genes create an individual.  
 
The algorithm consists of many individuals, together they form a population. The real (data 
type) representation of the individual is called the phenotype. In this population every 
individual is given a fitness score.  The value variates with how well the chromosome full fills 
the problem. It is common to use the function value for fitness score. Next step is to rank the 
individuals based on their fitness to decide which individuals should mate.  
  
The selection can be made based on the roulette-wheel selection, where the individuals are 
given a probability to be chosen for mating. Then the mating is performed randomly with 
respect taken to the individuals’ probability for mating. The probability is in favour for strong 
individuals raising their chances for mating. 
 
The mating in a GA is based on the change of segments in the chromosomes. The individuals 
are changing places with each others and thereby creating a new generation. The positions 
were the genes are changed are decided by chance with some restrictions. These individuals 
can hopefully get the stronger genes from their parents and thereby become stronger then 
them, but there is also a risk that they get weaker. On the contrary this implies that weak 
parents can have strong children. The new individuals are ranked and fitness scored. From 
this ranking a number of individuals are selected. This could for instance be the top 18 of a 
population of 20. These individuals will then replace the best in the former generation. This is 
a way to maintain the information between generations. Next the process restarts with the 
ranking and mating. 
 
The algorithm over represents the genes from the strong individuals and marginalizes the 
weaker individuals genes. There is a risk with this approach however, if there are genes 
missing that can only be found in the weaker individuals, the GA can find a local optimum. 
 
There is also a risk for inbreeding. The result is that the children are too similar to the parents 
and thereby cause problems such as lost information and GA ends up in a local optima. 
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The cure for these shortcomings are just as in nature; mutations. A mutation is a random 
change in some gene in every new individual. The probability for a mutation is low, 0,001%. 
This means that a stronger individual can be created. If a weaker individual is created it will 
simply die in the ranking process. This means that if the algorithm is about to get stuck in a 
local optima it can suddenly find another way by mutations, new genes will conquer in the 
ranking.  
 
The method is convergent if it has gone through the predefined number of generations. A 
gene has converged when 95% of the population have the same value and a population has 
converged when all genes has converged. This means that the Algorithm has converged when 
all values in the population has the same value. 
 
The Advantage with this method is that it handles tough problems, that is target functions 
with many local optima and it also handles large design spaces. The disadvantage is that it 
requires a lot of calculations and is thereby ineffective for really big problems [14][13]. 

2.13 Mathematical representation of electric motor 
The mathematical formulation is based on the LRK [15] papers found in Appendix 3. This 
representation is partially based on the work of Duane Hanselman[16]. Further the 
assumptions made seem reasonable and comply with the theory in university physics [17]. 
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3 Method 
 
Placing a product in a suitable context is of vital interest. What do the user environments look 
like? What does the competition look like? What can customers afford? All these things are to 
be considered when engineering a new product. To support and simplify answering these 
questions a suitable method is required. 
 

3.1 Analysis of existing vehicles 
As stated earlier several machine design projects at LiTH have developed electrical vehicles. 
Hence excellent test drive opportunities existed. During test driving focus was put on the 
GlobaLiTH 4x4, which is the most realistic vehicle. The GlobaLiTH is equipped with four 
two and a half kilowatts hub motors. These gives the vehicle a theoretical max speed of 70 
km/h, but test drives proved the theory wrong with a maximum speed of 50 km/h. 
 
This was due to insufficient torque. The motors can not produce enough torque at high revs 
due to P=τ·ω. This can be visualized in a permanent magnet motor graph where torque and 
power is plotted against ω[10]. Figure3.1-1 

 
Figure 3.1-1 Power and torque versus RPM 
The high currents achieved was higher than calculated and that is higher then the 
recommended max continuous output from the batteries, 270Amps. This high current can be 
reached not only during short accelerations but also in hill climbing. This can cause the 
batteries to brake down if it is exceeded for too long times. 
 
There is clearly a connection between current and torque, which is confirmed by the 
mathematical formulas. 
Further, high currents showed embarrassing problems inhibited in the motor design. The 
problems encountered were melting cable isolation. Due to the poor dimensioning of the 
wires, high inner resistance was obtained and excessive heat was produced. This led to a short 
circuit and total brake down of that motor. 
 
The other motor was lost to mechanical breakdown of the stator, likely due to imbalanced 
wheels and bad tolerances. Over all tolerances were so bad that parts from one motor would 
not fit on another. 
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3.2 Software 
Developing software of this kind must allow the user to quick and easily change the input 
parameters. It is not important that the user understands all steps in the optimization algorithm 
or CAD model. By using Excel, inputs can be made rather easily, both for performance and 
space demands as well as for taking care of the morphological matrix. There are though 
limitations in Excel. Such are for instance the inability to create and compile programs, and 
create a CAD model. This can however be solved by using visual basic (VB) and connect 
Matlab respective CATIA. The major advantage of Excel is the possibility to make interfaces, 
Add-ins, against the user and change those interfaces for different applications e.g. SLUV 
application or electric motor designs (see Appendix 2).  

3.2.1 Example SLUV 
While developing the GlobaLiTH in spring 2008 an Excel document, the Vehicle Specifier 
(VS), was created which calculated torque and power demands from given and guesstimated 
parameters. The vehicle model is quite simple but suitable for the type of project. By adding 
this document to the Excel file and connecting the interesting values, a quick investigation of 
possible solutions can be made and in the end a CAD model of a suitable motor that will fit 
the battery pack of choice can be created. To use the VS without the motor will leave the user 
to search the market for a suitable motor that will be accommodated by the space available in 
the vehicle and also full fill all other criteria’s.  

3.3 Problem solving 
When developing a new application or product it is very important to have a diversity of 
alternatives. One way, as stated earlier in the chapter 2.3, of achieving this diversity of 
solutions is using a morphological matrix.  

3.3.1 Applied morph matrix 
What the morphological matrix adds to the total concept is the possibility to change between 
different motor concepts. It also gives the operator/designer an unique overview of what can 
be done and how the different solutions will perform. 
 
The idea is to make the matrix easy to use and access via an intuitive interface allowing rapid 
development and concept generation. 
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Figure 3.3.1-1 LDA 
 
The different concepts could be gathered in an array. This could be called a lean decision 
array, LDA, by suggestion from supervisor Peter Hallberg. From the LDA the designers 
decide upon a solution, based on engineering intuition. The LDA is a way to control and 
overview a number of concepts. It is flexible and allows for a more dynamic concept 
generation. This allows for fast and easy comparison of feasible concepts.  

3.3.2 Optimizational anaylsis support for morph matrices 
When the different concepts from the morph matrices are possible to quantify and calculate 
the optimization is a powerful tool for decision making. For instance the algorithm could 
choose whether to use a gearbox or not i.e. providing more or less torque by itself. There are 
though dimensions that optimization should not be used for. These are dimensions were true 
engineering intuition can make the decision, e.g. whether to use a straight or planetary 
gearbox depending on their different enclosed characteristics. This could maybe be calculated 
but it is seldom worth the effort concerning time and money. 
 
 
3.4 Mathematical model of motor 
The mathematical model is roughly based on the document “LRK motor analysis worksheet” 
found in appendix 3. The LRK document is used with an existing motor were all length 
dimensions are known. Therefore the equations had to be complemented with some 
geometrical calculations and approximations e.g. to make sure that all cupper wire fits inside 
the stator. Further there were some electrical issues that had to be resolved, according to a 
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general rule of thumb the max continuous current in a cupper wire is about 3A/mm2 [11]. In 
the LRK worksheet a current of about 10A/mm^2 has been used, which is ok for shorter duty 
cycles. Further consideration had to be taken to the number of wounded teeth and the way the 
winding is connected as explained earlier in the electric motor chapter 2.11. The motor is 
modelled with a delta setup allowing for more torque and lower speeds (see figure 3.4-1). Due 
to space limitations in the stator the winding of choice is every second tooth. 

 
Figure 3.4-1 Delta and star connection 
 
3.5 Mathematical optimization model 
The objective function that is minimized includes the sum of the price, negative efficiency, 
RPM and negative current. The negative efficiency becomes the maximum efficiency, due to 
the fact that a negative value is minimized. The price is derived from the different 
components weights and raw material prices. Since the prize is connected to the weight 
minimizing the cost will also minimize the weight. 
 
Constraints are set on different variables to limit their sizes according to values from Excel, 
torque, current etc.  the constraints are weighted and added to the objective function using 
penalty functions. In order to achieve better optimization results steps are used in the penalty 
functions. A violation of a constraint will result in a higher penalty even for small values 
making the algorithm more convergent. 
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4 Results 
 
The result is a method and tool for early PD optimization – RAPTOR. RAPTOR uses an 
Excel document that gathers input parameters and then sends parameters to Matlab for 
optimization and then transfers the optimal values to CATIA were a model is automatically 
generated. The models appearance is depending on the morphological matrix in Excel and the 
optimization in Matlab. In other words the model is a combination of measureable and 
unmeasurable demands. The RAPTOR is not a complete method for PD but a base for use 
along with or without Add-ins. 

4.1 Results generated by RAPTOR 
The results of the method can be presented in a LDA as a number of visualizations and 
performance data from different concepts generated in the morphological matrix. 
The RAPTOR could for instance be used to plot the efficiency curve (not in the current 
version) of a selected motor concept, a CAD-model, FEM analysis, drawings/NC-code and 
finally provide a set of performance data in the Excel spreadsheet see figure 4.3-1 for details. 
 
The method is a general way of connecting software, enabling sequential work to be done in 
an easy manner. The example is limited to just two modules, optimization of performance and 
CAD modelling; however dependent modules could be added. For instance a heat module 
based on the dimensions and values calculated in the optimization.  
 
 
4.2 Parameterized cad model 
The morphological matrix requires pre-defined cad models. These models are parameterized 
e.g. in order to change gear ratio of the gearboxes and size and type of motor. The values of 
the different parameters are imported to CATIA from Excel using VB.  
 
 
4.3 User interface 

 
Figure 4.3-1 Interface 
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The user interface is of vital interest for the method and allows for easy customization. For 
instance if the company/costumer has other programs to decide the torque, power etc, then the 
interface could be just a few cells to input those values. However the simplicity of Excel 
allows the user to create custom Add-ins to decide those demands. As mentioned earlier the 
VS is one example of an Add-in that can easily be connected in separate Excel sheets. This 
modification would allow the user to modify a whole vehicle drive train setup in just a few 
minutes. 
 
Mathematical Excel models like the VS might not give the most accurate answers but will 
serve as a good reference for future development work. 
 
 
4.4 Ways of connecting software 
The software Excel, Matlab and CATIA had to be connected somehow. There are different 
ways to do this, inference, Visual basic (VB) etc. The most reliable method was VB (see 
appendix 4) and hence it is the method of choice. 
  
To make the method quicker there are two scripts that the user can run, optimization and 
model scripts. The optimization script can be run separately until a suitable motor is obtained. 
The model script is more time demanding and it also requires correct motor values to work 
properly.   

 
Figure 4.4-1 Visualization of how the programs are connected. 
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4.5 Tutorial Guide to the RAPTOR 

 
 
In order to operate the RAPTOR software there are a few things that have to be explained.  
 
The Excel sheet normally operates with a customer specific Add-in, such as the VS in our 
example. The VS can be replaced with any other application suitable Add-in. This gives the 
operator a freedom of operation, since he/she can individually modify the RAPTOR concept 
for each new task. 
 
When using the RAPTOR always make sure to set your computer for decimal point and not 
comma. 
 
Operation of the RAPTOR could be divided into a few simple steps. 

1. Start the Excel RAPTOR document and the CATIA motor assembly model.  
2. Make sure to have the right Add-in. If an Add-in is necessary for the task. 
3. Connect the Add-in to the cells under input in the motorparam worksheet. If not all 

entities are known from the Add-in=> specify the rest by hand. 
4. Push the Optimize button to start the optimization. A graph and Matlab-window pops 

up. Wait until they close and check the convergence in the penalty function field. If 
any penalty shows non-zero value increase the number of generations. If still no 
convergence => the product is infeasible. 
The results of the optimization are to be found under Results in the motorparam 
worksheet. 
If reconnecting result cells to Add-in make sure not to create loops. 

5. If a CATIA visualization and model is desirable press the Update button. This will 
Update the CATIA model. This will take some time and the updating process is done 
when the button pops back out. Check the CATIA window for an updated version of 
the motor.  

 

4.6 Compatibility and adaptability 
In a way the RAPTOR could be said to be extremely adaptable and compatible with almost 
any development process.  
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The adaptability comes from all the possible Add-ins that can be used alongside the RAPTOR 
in the Excel workbook. Suppose that a company is making an electric vehicle or SLUV a VS 
could be used. If the company instead is working with linear actuators a customized Add-in 
can be used. The most significant benefit from this is the fact that the company can specify 
their own product in the Add-in, hence the combination of RAPTOR and engineering skills 
makes for a supreme combination. Not only can the RAPTOR be used for electric motors. By 
modifying the optimization code to describe another product, e.g. a planetary gearbox, it will 
work just as effectively in describing the new product, providing that the product has been 
parameterized in an acceptable manner. 
 
The Compatibility comes from the fact that it is based on generally accepted and applied ways 
of concept generation.  
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5 Discussion 
 
For the electric motors example the RAPTOR is fast enough to serve as a support during a 
design meeting where different concepts are discussed. Suppose a drive train is about to be 
designed. The dimensions of the motor are limited and a certain power output is required. The 
method will answer if it is a realistic design or not, e.g. is a gear box necessary or should the 
space for the motor be enlarged? What would a realistic motor, based on the allocated space, 
required torque and power etc., look like? 
 

5.1 Experience from the GlobaLiTH project 
Due to component failure, chances to disassemble motors have been given in abundance. This 
has clearly shown that the majority of the products from China had a rather poor quality 
regarding tolerances, material and sometimes also the dimensioning. The result was of course 
a product of poor quality. However, these are problems that should be solved when ordering 
larger quantities and the specification possibilities of the motors is enlarged. Albeight such a 
solution might not be the cheapest since it will require an endless control of every batch 
received, which is an expense to consider carefully.  
 

5.2 Benefits from an optimization approach 
Using the design optimization approach in connection with a parametric cad model reduces 
development time and thereby cuts some of the costs formerly associated with product 
development. This approach will make one-off-design and production possible in an entirely 
new way where money and development time is saved at a number of levels. Further, rapid 
optimization codes could be used as an effective decision and concept generation support in 
the early stages of product development. Since knowledge, design freedom and cost are 
interconnected (see Figure 2.7-2 Degrees of freedom versus costs and time) it is critical to 
make the correct decisions at early stages. The strength of RAPTOR is its short investigation 
time when searching for a realistic concept. RAPTOR hence enables a larger number of 
concepts compared to when calculating “by hand”.   
 
With the optimization the answer is almost instant and the cad model is created without big 
effort using the familiar interface of Excel, where design limits and boundary conditions are 
implemented.  
 
More exact mathematical models will make one-off-production possible. This makes one man 
able to do several men’s work and provides the sales and field engineers with a powerful offer 
tool. Imagine that CATIA was connected to the machines in the workshop and that they were 
flexible enough to change their production dimensions within a certain range, this would 
make for an effortless and effective one-off-production. 
 
Furthermore, the optimization enables the manufacturer to create individual motors adjusted 
to the customer’s specific requirement. It would also enable the customer to adjust 
their products to the demands and requirements of every individual market. This will cut costs 
and deliver products which better meet the customer’s hopes and expectations.   
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5.3 Limitations and problems encountered when using 
optimization in product development 

Even though the benefits of RAPTOR and optimized product development, in general, are 
obvious it has limitations as well. For instance the mathematical preparations, CAD models 
etc., limit the design space before RAPTOR can be used. There are clearly problems that no 
computer can ever solve, therefore it is important to also rely on the engineers’ skills and 
imagination. There are dimensions in product development where inspiration and solutions 
are found outside the box. For these cases a conventional PD process will be more suitable, 
however, an optimization might be used as a partial support. The production aspect is easily 
forgotten; just because the design is optimal it does not imply that it is optimal for production. 
 
A conversation with Mats Nåbo (Junior Lecture at the Division of Machine Design, 
Linköping University) emphasized the narrowness of the optimization approach. The major 
drawback was the unidirectional character of optimization mentioned earlier. Nåbo’s main 
argument was the ease of just repeating previously made products and not to create new 
innovative and possibly better concepts.  
 
If the RAPTOR is used as intended, as a support tool, it can also encourage innovative 
thinking due to the quick evaluations. For instance the hub motor concepts (see appendix 5) 
could be evaluated in a short time. The purpose is not to restrict but to encourage innovative 
thinking by evaluating the feasibility of an idea. Hence the RAPTOR is not supposed to do 
the work of engineers, but to support them. 
 

5.4 Model limitations related to Parameterization of CAD model 
There are problems related to parameterization of a product. First of all it requires 
mathematical knowledge of all relationships. The product cannot be too complex with regards 
to shapes and number of components. A combustion engine is a perfect example of a product 
which as a whole is too complex to parameterize. The work/cost related to parameterization 
has to be weighted against the benefits and likeliness for future changes, where the model can 
be reused. Thus a product that essentially uses the same parts in different sizes, where the 
sizes affect performance, is suitable for the method.  
A keyboard is not suitable for parameterization, since a new keyboard requires a new design 
in order to be attractive. Thus the parameterization only changes the relations between 
existing geometrical constraints. A complete redesign has to be established every time. This 
can be concluded in a statement: 
 
If a product is highly complex, not consistent in shape or if a redesign of every component is 
necessary when making a new product, then it is not suitable for parameterization 
 

5.5 Applications  
The method is not only restricted to electric motors. There are several other applications 
where the method would be beneficial. By designing a suitable Matlab file and Add-in, 
RAPTOR is easily adjusted to different applications. Windmills, filters and digger arms are 
just a few of many examples. There are an infinite number of applications and as long as they 
fulfil the requirements stated in chapter 5.3 and 5.4 the method can be applied. The 
conclusion should be that the RAPTOR is an easily accessible base for future development. 
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Customized one off parts in a product are not of interest for a RAPTOR approach, but all 
standardized elements included in the product are. For instance in the front driven suspension 
of the GlobaLiTH the hub motors would be evaluated by RAPTOR but the frame and 
wishbones would not.  
 
At a visit at GM power train, where RAPTOR for the electric motor example was 
demonstrated, a considerable interest was shown. The method was found to be interesting and 
useful in the early stages of product development. The engineers at GM power train were 
interested in the LDA concept. The possibility of an easy and quick concept generation that 
still allowed for engineering intuition was appreciated. For the more specific calculus there 
are more exact methods for stating the performance but they are also more time and money 
consuming. Car manufacturing is an expensive business and hence adequate comprehensible 
information received at an early stage would lower developing costs. This is even more 
interesting today when a global economic crisis is threatening the industry. 
 
During LARM at Linköpings Universitet 3/2 -09 RAPTOR was of great interest to a number 
of companies. Alfa Laval could with a few minor modification use the RAPTOR for the 
development of their separators. Also Getrag showed a considerable interest and asked for a 
demonstration of RAPTOR in Köping. 

5.5.1 Global economic crisis 
The Swedish government has offered 5 billion SEK in direct loans and a credit of 20 billion 
SEK to save the automotive industry and also provided 3 billion SEK for development of 
environmental friendly cars. Therefore the demand for the method is greater than ever, since 
environmentally friendly cars will be using hybrid technology to a large extent. 

5.5.2 Quick evaluation 
As mentioned several times in the report the current RAPTOR is a tool for quick evaluation, 
not for final designs of products. A combination of several RAPTORs for base mechanical 
components, electric motors, gears etc can together give a fairly accurate evaluation of a 
larger concept. 
 

5.6 Approximations 
One of the bigger approximations concerns the magnetic prices. The magnets used are 
normally neodym magnets and hence a suitable price per kilo is invoked. However the price is 
in reality depending on size, shape, tolerances and class of magnet. This type of 
approximations will most probably be necessary for all types of applications and is the reason 
why more elaborate and accurate models are needed for a final product. 
 

5.7 Software 
As mentioned earlier there is a need to make the user interface as simple as possible which 
made Excel the program of choice. Excel is quite simple to handle but it is also simple in 
computational power and not strong enough for the optimization algorithm and it does not 
support CAD. Due to restrictions in Linköping university computer security this was a major 
obstacle to overcome.  
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Inference is a licensed program that will be released in the first quarter of 2009 but the free 
trial version obtained in October did not work as it should. 
 
An example on modern Excel-CAD software is MITcalc, which is a program for creating 
2D/3D cad models of mechanical standard components, which can be inserted straight into an 
existing assembly. But it can also be used to check calculations made by hand [22]. There are 
in a sense similarities between RAPTOR and MITcalc. But RAPTOR will benefit from an 
optimized solution and MITcalc will fully rely on a “hand optimized” model made by the 
engineer.    

5.7.1 Integrated software 
An interesting aspect of the thesis is that it tries to integrate existing software with each other. 
This is a general trend in software today. But we are just in the beginning of this process. The 
software integrated with todays CAD are mostly cad/cam and solid mechanics programs.  
 
The idea of integrating a high level programming language like Matlab gives new 
possibilities, in product development. Further using an interface, e.g. Excel, that everyone can 
understand and operate will create new and exciting possibilities and applications. 
 
 
5.8 Ideas for future work 
Unfortunately a lot of good ideas had to remain just ideas due to time limitations. Suggests for 
future work are therefore stated below. Even though lots of companies has showed major 
interest for RAPTOR the method need to be verified and validated in its accuracy and 
functionality before being used in a company.   
 

5.8.1 Electric motor specific improvements 
Generators/regenerative abilities 
This would allow for a wider range of applications such as electric vehicles and windmills 
 
Crete parameterized mechanic construction Attachment points, gears etc 
   
Web page 
If a more intricate model is implemented in the method in combination with a flexible 
machine shop then a web page where the costumers can input requierments can realize 
effective one off production. This will then allow for lean production of motors that fulfils the 
customers demands and directly sets the price.  
 
Create data base of hub bearings and normal bearings for electric motor example 
This is only interesting for the COTS approach and for small series of custom manufactured 
motors. This might for instance be of great interest for companies whose products are 
modularised. 
 
Distributed calculation in Matlab 
If a more complex mathematical model would be used the speed of the optimization would be 
compromised. This could be overcome by using a function that distributed the calculations 
among in a network of computers. A possible way would be to generate a set of chromosomes 
and then assign them to different computers that calculates the function values and send them 
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back to the main computer that does all the rest of the algorithm. This would speed up a larger 
process. The assigned computers could be seen as individuals in a populaton. 
 
General refinement and improvement of formulas and cad model 
Use more exact estimations and formulas for optimization. Cad models can be improved with 
more detailed and multi bezeled models. 
 
Efficiency curve 
Add another subscript or a better mathematical mode to support a plot of the efficiency curve. 
 
Multi use of parts 
Would it be possible to combine the flywheel with the rotor to reduce the weight and number 
of parts in a hybrid vehicle? This could in that case also be used as a start motor. 
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6 Conclusion 
 
The method can be applied in several different contexts, but as a standalone development tool 
some further refinement is necessary. As a tool integrated in a larger context it has potential to 
be an efficient and money saving feature, providing vital info at early stages of development.  
 
Further it is important to remember that the method itself is general and can be applied to 
other products than electric motors as well, as long as it fulfils application criteria. 
 
There is a huge variety in solutions for electric drive trains (see appendix 5) and just as many 
applications. Therefore a quick method that can deal with both morphological matrixes and 
performance demands, as well as space requirements, is a very powerful and useful method in 
the art of developing vehicles. Of course the method is useful for developing all PM-motors 
because the essential properties will be quite similar.  
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Appendix 1 

Morphological matrix 
 
This example comes from the electric motor. 
 
The matrix could in the case of the electric motor look like:  
Combining these different means will result in a number of concepts. 
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Appendix 2 
Vehicle Specifier 
 
Introduction 
 
The purpose of the Vehicle Specifier(VS) is to calculate the required power, torque etc to 
fulfil certain requirements. VS is a very simple analytical tool for this and will require some 
engineering intuition to work properly. The underlying mathematics is based on different 
areas of physics and some approximations are made which will be described later on.  
 
How to operate VS 
 
Step 1 
In step 1 the criteria of the vehicle is of interest. The values will result in the torque and power 
demand and also to estimate the range. This part will only give the vehicles demands and 
serve as the base for the following steps. Note that the mass given in step one is an estimation 
made by the engineer and a few number of iterations might be needed if the total mass 
exceeds the estimated. Normally one or perhaps two iterations are needed. The voltage is 
inputted in this part as well, the reason is mentioned in step 3.  
 
There are some simplifications in this part; all values are analytical and the engineer needs 
some intuition to use it properly. No lift forces are implied, this would change the rolling 
resistance with a few percent. This could easily be added to VS if it is needed. The 
acceleration is given a fixed value to simplify calculations; this is for most cases not realistic 
since aerodynamic forces are dependent of the square of the speed and there are torque and 
power curves depending on the RPM making this fairly complicated in reality.   
 
Step 2 
This is the description of the drive train, i.e. gear box, final drive and a pre gear. This step is 
necessary to adjust the speed of the motor and torque. However, sometimes a gearbox is not 
of interest and the way to disable this feature is to make all ratios equal to one. The highest 
gear has to be in the cell for gear six, make some of the gears in between equal if there are 
fewer gears. The gearbox does not consider moments of inertia. 
 
Step 3 
Here data for the battery pack is needed. The VS calculates the suitable connection of the 
batteries to fulfil the range for marsh speed at a flat road. This is due to the amount of energy 
in the battery (E=U*c*3600*discharge depth)’ but this will also give the maximum torque 
since it is depending of current(discharge factor*c=I). The range calculated here is an 
approximation when driving at constant speed on flat road. The profile on next sheet will 
provide a more accurate value based on a 10-15-mode curve suitable for speeds up to 70km/h. 
 
It is important to observe that the there is a fine line between the steps 3 and 4. The steps are 
both dependent of voltage which is the reason it is set in step 1. This configuration is due to a 
likely distribution of work in a project, to set voltage as an interface between motor and 
battery group.  
 

‘ c is the capacity of the battery pack in Ah 
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Step 4 
Step 4 requires all motor values. The blue cells to the right give the maximum demands 
calculated from the values in step 1. If the optimization code is used, the values will be 
inserted automatically, other wise a suitable motor will have to be found and its data inputted 
to the VS. The battery configuration could also be a part of the optimization making the 
voltage a variable as well, but that is not the case in this version.  
 
For a permanent magnet motor the torque is dependent of the current and power is related to 
voltage this can be used to set up a battery pack suitable for the purpose. 
 
Step 5 
This step is mostly for summing up masses and prices to provide a final result. It dose not 
change any other values than total weight and total price. 
 
Output 
In the big box, in the sheet specare, all output data is gathered. From the top down the results 
are connected to the different steps. The colours are a visual connection between the main 
result and the related input step. Make sure that the estimated weight and the total weight are 
similar unless do another iteration. 
 
The sheet mode cycle is based on the previous calculations. This is for a vehicle travelling 
with a top speed of 70km/h. Mode cycle curves have the same characteristics therefore a 
change of values to a suitable profile should be quiet easy. 
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Appendix 4 
Subroutine for updating CATIA 
 
Sub Update_CATIA() 
 
Set CATIA = GetObject(, "CATIA.Application") 
Set documents1 = CATIA.Documents 
Set partDocument1 = documents1.Item("Motor.CATProduct") 
Set part1 = partDocument1.Product 
Set Parameters1 = part1.Parameters 
 
Parameters1.Item("Motor\h").Value = Worksheets("motorparam").Range("P26").Value * 
0.35 
Parameters1.Item("Motor\h_leg").Value = Worksheets("motorparam").Range("P27").Value * 
1000 
Parameters1.Item("Motor\w_leg").Value = Worksheets("motorparam").Range("P29").Value * 
1000 
Parameters1.Item("Motor\t_m").Value = Worksheets("motorparam").Range("P31").Value * 
1000 
Parameters1.Item("Motor\w_m").Value = Worksheets("motorparam").Range("P30").Value * 
1000 
Parameters1.Item("Motor\w_slot").Value = Worksheets("motorparam").Range("B22").Value 
* 1000 
Parameters1.Item("Motor\r_outer_stator").Value = 
Worksheets("motorparam").Range("P24").Value * 1000 
 
Parameters1.Item("Motor\r_inner_stator").Value = 
Worksheets("motorparam").Range("P24").Value * 1000 
Parameters1.Item("Motor\Number_of_teeth").Value = 
Worksheets("motorparam").Range("B21").Value 
Parameters1.Item("Motor\p").Value = Worksheets("motorparam").Range("B20").Value 
Parameters1.Item("Motor\Type_of_stator").Value = 
Worksheets("morph").Range("Q20").Value 
Parameters1.Item("Motor\slot").Value = Worksheets("motorparam").Range("B25").Value * 
1000 
Parameters1.Item("Motor\r_lager").Value = Worksheets("motorparam").Range("B33").Value 
* 1000 
Parameters1.Item("Motor\Thickness_lid").Value = 
Worksheets("motorparam").Range("P42").Value * 1000 
 
Parameters1.Item("Motor\Height_outer_hub_connection").Value = 
Worksheets("motorparam").Range("P43").Value * 1000 
Parameters1.Item("Motor\Inner_height_lid").Value = 
Worksheets("motorparam").Range("P44").Value * 1000 
Parameters1.Item("Motor\Outer_hub_connector_radius_lid").Value = 
Worksheets("motorparam").Range("P45").Value * 1000 
Parameters1.Item("Motor\Output_axis_radius_when_outer_stator_lid").Value = 
Worksheets("motorparam").Range("P46").Value * 1000 
Parameters1.Item("Motor\Type_of_casing").Value = 
Worksheets("morph").Range("Q14").Value 
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Parameters1.Item("Motor\Stator_rotor_leg_magnet_incline").Value = 
Worksheets("motorparam").Range("P47").Value 
Parameters1.Item("Motor\Type_of_gearbox").Value = 
Worksheets("morph").Range("Q16").Value 
 
 
part1.Update 
 
'Worksheets("motorparam").Range("F11").Value = 
Parameters1.Item("Product1\InertiaVolume.3\Mass").Value 
 
End Sub 
 
 
Subroutine for running optimization in Matlab from Excel 
 
Sub Exc_to_Mat() 
 
Dim Matlab As Object 
Dim result As String 
Dim MReal(1 To 22) As Double 
Dim MImag() As Double 
 
Set Matlab = CreateObject("Matlab.Application") 
 
Call Matlab.Execute("clear all") 
Call Matlab.Execute("cd C:\x-jobb271108\Matlabopt") 
'constants 
Call Matlab.Execute("connection([" & 
ThisWorkbook.Worksheets("motorparam").Range("B16").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B17").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B18").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("J22").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B20").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B21").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B22").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B24").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B25").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B26").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B27").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B28").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B29").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B30").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B31").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B32").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B33").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B34").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B35").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B36").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B37").Value _ 
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& " " & ThisWorkbook.Worksheets("motorparam").Range("B38").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B39").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B40").Value _ 
& " " & ThisWorkbook.Worksheets("motorparam").Range("B41").Value & "])") 
 
Call Matlab.Execute("ans") 
 
Call Matlab.GetFullMatrix("ans", "base", MReal, MImag) 
 
'BestInd 
ThisWorkbook.Worksheets("motorparam").Range("J15").Value = MReal(1) 'p for torque 
ThisWorkbook.Worksheets("motorparam").Range("J16").Value = MReal(2) 'p for power 
ThisWorkbook.Worksheets("motorparam").Range("J17").Value = MReal(3) 'p for h_leg fits 
ThisWorkbook.Worksheets("motorparam").Range("J18").Value = MReal(4) 'p for cable fits 
ThisWorkbook.Worksheets("motorparam").Range("J19").Value = MReal(5) 'p for voltage 
ThisWorkbook.Worksheets("motorparam").Range("J20").Value = MReal(6) 'p for bearing fits 
ThisWorkbook.Worksheets("motorparam").Range("P30").Value = MReal(7) 'w_m 
ThisWorkbook.Worksheets("motorparam").Range("P29").Value = MReal(8) 'w_leg 
ThisWorkbook.Worksheets("motorparam").Range("P15").Value = MReal(9) 'T 
ThisWorkbook.Worksheets("motorparam").Range("P16").Value = MReal(10) 'P_mech 
ThisWorkbook.Worksheets("motorparam").Range("P27").Value = MReal(11) 'h_leg 
ThisWorkbook.Worksheets("motorparam").Range("P22").Value = MReal(12) 'm_tot 
ThisWorkbook.Worksheets("motorparam").Range("P24").Value = MReal(15) 'r_stator 
ThisWorkbook.Worksheets("motorparam").Range("P21").Value = MReal(14) 'etha 
ThisWorkbook.Worksheets("motorparam").Range("P25").Value = MReal(15) 'BestInd 
r_rotor 
ThisWorkbook.Worksheets("motorparam").Range("P31").Value = MReal(16) 'BestInd t_m 
ThisWorkbook.Worksheets("motorparam").Range("P32").Value = Round(MReal(17)) 
'BestInd n 
ThisWorkbook.Worksheets("motorparam").Range("P26").Value = MReal(18) 'BestInd 
number of sheets 
ThisWorkbook.Worksheets("motorparam").Range("P17").Value = MReal(19) * 1.73 'BestInd 
i_phase 
ThisWorkbook.Worksheets("motorparam").Range("P28").Value = MReal(20) 'BestInd 
w_bottom 
ThisWorkbook.Worksheets("motorparam").Range("P19").Value = MReal(21) 'Base RPM 
ThisWorkbook.Worksheets("motorparam").Range("P18").Value = MReal(22) 'voltage 
'ThisWorkbook.Worksheets("motorparam").Range("C22").Value = MReal(22) 'r_rotor 
'ThisWorkbook.Worksheets("motorparam").Range("C23").Value = MReal(23) 't_m 
'ThisWorkbook.Worksheets("motorparam").Range("C24").Value = MReal(24) 'n 
'ThisWorkbook.Worksheets("motorparam").Range("C25").Value = MReal(25) 'n 
'ThisWorkbook.Worksheets("motorparam").Range("C26").Value = MReal(26) 'n 
 
 
End Sub 
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Appendix 5 

Introduction/Historical overview 
Although hub mounted electric motors and electric cars might seem as something new, it is 
not. In fact some of the first cars made were electric and some of them utilized hub motors.  
 

Looking at the early work of 
Ferdinand Porsche it is possible to find a good example of this. The car was called the 
Lohner-Porsche and debuted at the Paris world expo in 1900. This was the car that gave the 
young Porsche the world’s attention 
https://di.se/Nyheter/?page=/Avdelningar/Artikel.aspx%3Fsectionid%3Ddinapengar%26
menusection%3Ddinapengardinapengarnyheter%26articleid%3D2008%255C04%255C23
%255C280916). 
But not only did he build some of the first electric vehicles he also built the worlds first 
hybrid vehicle. These are facts that we tend to forget. In fact, electric cars had a fairly large 
market share and were probably just as reliable as any gasoline car present at the time.  
 
The difference, between today and the past, is that people can actually use electric powered 
vehicles in a totally different way. This since the energy density in today’s batteries are higher 
and hence appropriate to power vehicles.   
 
The large advantages given by the electric drive train in terms of energy efficiency and 
compact measures are things today’s manufacturers are beginning to rediscover. This also 
makes the use of electric hub motors just as up-to-date as ever before.   

Existing solutions 
Existing solutions are largely based on vehicles made for combustion engines that have been 
modified to house an electrical motor and batteries. This means that these vehicles have a 
traditional drive train and layout.  
 
Hub motors contribute to higher unsprung weight and thus worse handling. Cutting weight 
and make use of modern engineering and design principles are essential. There are 
several pros with the hub motors as well like the compact packaging and the use of space 
earlier occupied by the brakes alone. This will make the space where the engine normally is 
placed available for batteries and similar and also improve the ease with which passenger 
protection can be designed.   
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An investigation of the market of the existing electric vehicles showed some interesting 
tendencies; there are a number of vehicles with either a high climbing rate (high torque) or a 
high speed (higher rpm) but the combination of the two is rather rare. This is due to the need 
of a gearbox, which inevitably will complicate and likely increase the price of the finished 
vehicle. However all the all-terrain-vehicles that were found very few of them have a higher 
speed than 25km/h but they could climb slopes up to 40%. Loading capacity is often low 
compared to the self-weight of the vehicles, normally around 50% at the best. the typical 
payload is between 100-200kg but there are significantly higher loads.  
 
The most common and commercially available type of civil hub motors are the ones looking 
like spinning drums. Those motors come in several different performance levels. There are 
several Chinese manufacturers which make smaller motors in the range 245W up to 10 kW 
with unrated torque. Those smaller motors are all Permanent Magnet motors.   
   
During the last few years several well established car manufacturers have shown concepts 
based on hub motor technology. Examples of this are the Volvo Re-charge concept and the 
Mitsubishi Concept-EZ MIEV, where MIEV stands for Mitsubishi In-wheel motor Electric 
Vehicle.  

 Mitsubishi has developed this technology 
and in the Concept-EZ MIEV, first showed at the 2006 Geneva motor show, each wheel is 
equipped with a motor developing 20 kW.  
http://www.motortrend.com/auto_shows/coverage/geneva/112_2006_geneva_motor_sh
ow/photo_45.html  
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Volvo on the other hand has with the recharge concept shown the Hi-Pa drives and it is 
possibilities  
 
Looking at the pure civil motors and the most powerful and compact concepts, there is 
almost only the Hi-Pa Drive that exists. This motor is based on an ac principle. The Hi-Pa 
drive system is developed by an English company called flightlink and is equipped with an 
advanced neuro network solution allowing the motor to analyze, recognize and learn 
driving patterns and behaviors and hence accommodate its performance to each 
individual driver. It delivers about 150 lb.-ft and 150 hp per motor 
http://www.spectrum.ieee.org/mar04/3980. 
 

 
(Siemens VDO eCorner system)  
 
The motors are made directly to fit the civil market and all its needs. These motors tend 
to be based on new ways of integration with the vehicles entire drive and handling 
system. This means that the motors are integrated with the suspension, brakes and 
steering using different types of computerized system.  
Further the hub motors are often integrated with the production system of the vehicle 
resulting in a highly simplified and rational production process, where the motor, 
rim, suspension, braking and steering systems are integrated and mounted as one single 
unit.  

  
The Michelin system is not and outer rotor motor though. It is a normal motor, with integrated 
transmission, steering and suspension, placed within the rim. But still it is to be considered as 
a hub motor derivate. http://www.automotorsport.se/news/15806/paris-michelin-uppfinner-
hjulet-igen/ 



RAPTOR 

51 

 
Looking at the Siemens VDO eCorner system and the Michelin system it is possible to 
see that both manufacturers intend to make benefit of the advantages given by this total 
integration. 
 
Sadly performance details on both the Michelin and Siemens motors are scarce and hence 
there are problems benchmarking against these motors.  
 
The manufacturers that make both military and civil equipment usually tends to make their 
civil motors a lot like the military motors, using the same basic design with some 
customization to meet the civil market standards.  
 
Further there is a large interest among the worlds military to use and develop these motors, 
since there are several armour, terrain and availability benefits incorporated in the technology. 
Using hub motors removes the need of mechanical components passing through the armour 
and hence personal protection will be increased, since electric wiring passing through the 
armour will be easier to protect and place at safe and suitable places. The maintenance will 
also be simplified due to less mechanical components and finally this will also improve 
terrain capabilities since ground clearance improves when the drive shafts are removed. Plus 
the vehicle will enjoy improved stealth capabilities due to its lower acoustic signature.  
 
 

 
http://www.spectrum.ieee.org/mar04/3980/nusf1 
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http://www.baesystems.com/Newsroom/NewsReleases
/2003/press_08102003.html 
http://www.rolls-
royce.com/energy/products/powergen/dgs/vehicle.jsp
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Magnet Motor GMBH www.magnet-motor.de 
 

  
UGM www.uqm.com
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The market supply of electric hub motors is rather limited 
and most motors are made in limited series, if it is not just 
a prototype. Many motors are developed with military 
purposes in mind. This means that they develop large 
amounts of torque, which really isn't needed in normal 
transportation applications. These motors are often water 
cooled and are therefore operating on high currents 
without having any heat related problems.  
 
Looking at the UGM motor it seems as if the motor is 
intended to be connected straight to a normal wheel hub 
or vehicle transmission shaft, utilizing the spline at the 
end of the transmission axis or the spline inside the 
shaft/wheel hub unit.  
 
The Magnet Motor GMBH motor is a normal pm outer 
rotor motor which is placed straight in the center of the 
hub.  
 
Both the UQM and The Magnet Motor GMBH motors 
gives typically about 50-70 kW and a torque of about 
1000 Nm.  


