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EXECUTIVE SUMMARY 

The automotive industry is experiencing a major transition with regards to powertrain where 

the traditional internal combustion engine is being replaced by hybrid or all-electric solutions. 

As a result of this transition, many powertrain engineering firms, such as Integral Powertrain, 

are required to adapt or develop tools to improve the quality and time to respond to the rapid 

increase in new electric motor enquiries.  

This paper details the development of the foundations of a software tool (AIEED) used to 

improve the time and quality of response to new motor enquiries. The foundations of the 

AIEED tool are built into a Microsoft Excel document which contains the necessary logic 

required to convert customer requirements data into geometrical design data. A series of 

macros are included in the tool which allow for the automated generation of a first-level 

computer-aided design (CAD) model of the motor, including the following components; stator, 

windings, rotor, magnets, housing and cover. The CAD models, which serve to improve the 

quality of response to new motor enquiries and provide a basis for further detailed 

development, are generated on the CATIA V5 design platform. In addition, the tool makes use 

of the CAD model to determine the estimate cost of the unit based on average material costs 

per unit mass defined in the materials database stored in the tool. It is estimated that the AIEED 

tool reduces the response time to new motor enquires by 75%. 

Certain assumptions and limitations have been applied such that the foundations of the tool 

only include support for the following motor specifications: 

• Surface Permanent Magnet Alternating Current cylindrical radial flux motors (external 

stator and internal rotor).  

• The units are designed for 3-phase supply. 

• The winding configuration is limited to concentrated double layer option. 

• Parallel tooth, arc-bottom, semi-closed stator slot profiles. 

• Arc-shaped radially magnetised surface magnet rotor configuration option. 

A simple data verification filter is applied to minimise the potential for invalid inputs. 

However, a full validation and verification process is recommended for future work. In 
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addition, it is recommended that the tool be expanded to support additional motor types and 

specifications as well as package the foundations into a single, easy-to-use utility.  
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1 INTRODUCTION 

Integral Powertrain (IP), founded in 1999, is a powertrain engineering consultancy. IP have capability and 

expertise in powertrain development for use in multiple industries including the automotive, motorsport, 

aerospace, defence and marine markets. Aligned with a notable trend in the overall industry, the primary 

focus of IP’s business activity has progressed from internal combustion engines (ICE) to electric machines 

and associated controls. The current and expected future activity encompasses primarily the development 

and application of hybrid drive systems (See Figure 1), electric motor/generator design & development and 

engine downsizing and emissions reductions through novel pressure-charging systems which incorporate 

e-motors. [1] 

 

Figure 1: Hybrid drive vehicle electric motor developed by Integral Powertrain [2] 

During the design and development of traditional ICE components, IP implemented numerous software 

tools to improve time-to-market, cost efficiency and product performance. Amongst these tools, included 

several design template tools that allowed for efficient and simple generation of initial design data. This 

data was typically used to reduce the time-to-market and increase the competitiveness of the company. Now 

that IP is transitioning its focus from ICE design to e-motor design, template design tools are required to 

be developed. [3]  

1.1 Purpose of the Study 

The recent strategic shift to focus on delivering high-performance electric motors has resulted in the need 

to develop a series of software tools to assist in the design and development of new units. A key area of 

focus in this regard is with respect to the initial costing and primary computer-aided design (CAD) 

development phase of new projects. The current process is inefficient and labour intensive as most of the 
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functions are performed manually and much of the engineering knowledge is not easily accessible to all 

designers. This often leads to time wasted on tedious design tasks and searching for engineering 

information. Since majority of the tasks involved in the initial design and costing phase involve repetitive 

design and analysis functions, a large portion of this phase of development can be automated.   

The purpose of this study is to investigate and develop the foundations of a tool that can assist in automating 

many of the repetitive tasks encountered in the initial design and costing phase of development for new 

electric motors.  

1.2 Objective of the Study 

The objective of this study is to develop the foundations of a software tool that can be used to create a first 

level design model and indicate a bill of material (BOM) cost for an electric motor based on the parameters 

defined by a potential customer. The customer would be able to input several parameters (e.g. performance 

output figures and packaging constraints) into the software tool which will generate a first level CAD model 

and provide an indication of the material costs for the electric motor. For the purposes of this document, 

the software tool will be referred to as the AIEED (Automated Intelligent Electric Engine Design) 

application. 

The AIEED tool will help to bridge the gap between the design and analysis functions involved in the initial 

design and costing phase of a new motor project and helps to speed up the cycle time for the generation of 

viable concepts for new customer proposals. This will provide a great advantage as there is generally little 

time and resource available during the decision phase that a prospective customer endures when selecting 

a technology partner for its e-motor development. 

The tool will consist of a series of parametric models that, in conjunction with design rules, would allow 

for a significant number of parameters to be linked such that the user is only required to define ‘high-level’ 

feature inputs. The first-level CAD models that are developed by the tool can be used to present viable 

solutions to the prospective customer and be used as the basis for further detailed design should the 

customer wish to proceed. In addition to the CAD model output, the tool will also be able to deliver a rough 

estimate of the material costs for the unit.  

1.3 Research Motivation 

The motivation behind the study is related to the cycle time associated with the proposal generation and 

delivery processes for interested potential customers who have submitted formal requests for quotation. 
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The current processes require significant amounts of labour and time. Since majority of the tasks that need 

to be undertaken to provide a response to these requests involve repetitive design functions, an electric 

motor design template and cost estimation tool has been recommended. This research study intends to 

investigate and develop a tool that can assist in reducing the cycle time and enable a quicker and more 

valuable response to potential customer enquiries.  

1.4 Problem Statement 

The cost of delivering a response to new electric motor enquiries is significantly large. This cost is as a 

result of the time and effort required to determine the characteristic geometrical specifications of the motor 

and estimate the material cost of the unit. The geometrical specifications and estimate material cost of a 

motor form part of the fundamental details required in response to new motor enquiries. It is estimated that 

IP spend 3-4 weeks preparing a response to new motor enquiries [3]. Improving this step in the business 

process can lead to improved market competitiveness and assist in maintaining IP’s market position.  

A potential solution to this problem is to develop a software tool (AIEED) to aid in the first-level design 

development and costing phase of a new electric motor project. The aim of the tool is to reduce the response 

time and provide an estimate materials cost for new electric motor enquiries. The tool will develop a CAD 

model of the electric motor which will provide a basis for further detailed development of the final 

‘delivered’ unit. 

1.5 Assumptions and Restrictions 

The foundations of the AIEED tool will be developed based on the following assumptions and restrictions: 

• Integral Powertrain’s first business priority is to deliver high performance permanent magnet 

alternating current (PMAC), more specifically, Surface Permanent Magnet (SPM) motors for 

electric and hybrid automotive vehicle application. For this reason, the electric motor type will be 

limited to SPM PMAC units.  

• The shape of the electric motor units will be limited to the common radial flux cylindrical type. 

• The electric motor units will be limited to 3-phase supply. 

• The motor configuration will be limited to external stator and internal rotor type. 

• Design options for the windings of the motor will be limited to concentrated double layer windings 

only. 
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• The material cost output will be a rough estimate based on general material costs and CAD 

volume/mass. 

• The application will be developed to produce CAD models based on the CATIA V5 or 

3DExperience platform (Dassault Systèmes computer aided engineering products). This is the 

company standard and is recognised as one of the industry standards.   

• Certain assumptions and restrictions will be applied to the electromagnetic (EM) and mechanical 

design specifications that will be included in the application. This is to comply with the necessary 

intellectual property protection that Integral Powertrain and Intrinsys possess whilst maintaining 

sound scientific principles.   
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2 LITERATURE REVIEW 

A general literature review was undertaken. The focus of this research was performed on the following 

aspects; Electric motor theory with specific focus on Permanent Magnet Alternating Current (PMAC) units; 

PMAC components and their respective design principles and scripting and automated design methods 

using the CATIA V5 and 3DExperience computer-aided design (CAD) platforms. 

2.1 Electric Motor Theory 

An electric motor is an electro-mechanical device that converts electrical energy into rotational mechanical 

energy using the principles of electromagnetism to do so [4]. Electric motors can be classified into several 

different categories based on the design supply conditions (Alternating Current (AC) or Direct Current 

(DC)) and physical configuration [5]. A breakdown of the motor classification can be seen in Figure 2. 

 

Figure 2: Electric motor classification [5] 

Permanent magnet alternating current (PMAC) motors, which form part of the synchronous AC subset, 

take advantage of the principles of magnetic inductance to convert electrical energy into rotational 

mechanical energy by making use of permanent magnets to generate the fundamental interaction field [4]. 

The permanent magnets (PM) that produce the magnetic fields have a significant impact on the performance 
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of PM motors. Replacing the field windings found in asynchronous induction motors with permanent 

magnets results in the following benefits: Increased power density, increased efficiency and a more compact 

design [6]. 

The permanent magnets provide a low-loss magnetic field without the need for external excitation [7]. This 

leads to improved efficiency, since no additional power is required to develop the PM magnetic field [8]. 

In addition, increased efficiency is gained through the increased magnetic field density associated with 

permanent magnets versus externally excited windings found in induction motors [6]. The improved 

efficiency and absence of an excitation voltage leads to improved thermal conditions enabling a lightweight 

and compact motor design [7].  

In addition to the low losses associated with PMAC motors, the following characteristics make them 

suitable to hybrid vehicle application [8] [9]: 

• Overall large torque and high-power density. 

• High torque at low operating speeds which is suitable for vehicle initial launch and for climbing 

gradients. 

• High power at high operating speed. 

• Maximum efficiency over both a wide speed and wide torque range. 

• Short-term overload capacity1. This is typically around two times the rated torque over a short 

duration. 

• Relatively low cogging torque2 and low torque ripple3. 

• High reliability for all operating conditions. 

• Minimal weight and space occupation and low acoustic noise. 

• Low maintenance requirement, high reliability and high efficiency 

                                                 

1 Overload capability: There are certain instances in a motors operation, typically at start-up, where the current draw is very high 

for a short duration. The extent and duration to which the motor can operate beyond the rated performance is defined as the 

overload capacity. [81] 

2 Cogging torque is defined as the parasitic torque produced due to a variation in self-inductance typically as a result of slots on 

stator or rotor of a motor. [4] 

3 Torque ripple is defined as the torque variations about a constant value present at stable supply conditions. [4] 
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However, despite these benefits, PMAC motors have inherent difficulties related to the use of permanent 

magnets. Permanent magnets tend to be relatively high cost and difficult to manufacture [7]. In addition, 

permanent magnets are susceptible to demagnetisation and sensitive to thermal and chemical factors which 

may influence their behaviour and magnetic strength [10]. The factors that need to be considered when 

selecting permanent magnets for PMAC motor design are discussed further in sections 2.2.1 Fundamental 

Electromagnetic Theory and 2.2.4 Permanent Magnets 

As illustrated in Figure 3 a typical PMAC motor is made up of the following key components: Rotor and 

permanent magnets, stator and windings, busbars and termination rings, resolver or encoder and the housing 

elements [11]. The design details of the primary components are discussed further in section 2.2

 Surface Permanent Magnet Alternating Current Motor Design Principles. 

 

Figure 3: Typical Permanent Magnet Alternating Current (PMAC) Motor [11] 

The stator assembly of a PMAC motor is the stationary component that contains the windings or coils that 

receive electrical charge. The flow of electrical charge through the windings induces a magnetic field [12]. 

The stator is typically made up of a series of stator ‘teeth’ which consist of an iron core wrapped by a coil 

of conducting wire (generally copper). The stator windings are terminated at one end to the busbar 
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assembly. The busbar assembly is responsible for carrying the electrical charge from each phase of the 3-

phase input AC current and distributing the charge amongst the stator windings. The other ends of the 

windings are terminated to a common conductive ring. Figure 4 illustrates a stator ring assembly terminated 

to a busbar assembly. [4] 

 

Figure 4: Stator and busbar assembly of an Integral Powertrain electric motor [13]. 

The full stator, complete with fully wound coils, is inserted into a housing. It is critical that the housing is 

fully isolated from the windings, and other charged elements, such that no high-voltage charge flows 

through it [4]. The housing design must take into account stator cooling, include features for mounting to 

the rest of the powertrain and be robust enough to cope with the stresses it experiences. [5] 

The rotor assembly of a PMAC motor is the driven component that exhibits rotational mechanical energy. 

The rotor assembly is made up of a rotor hub, a rotor stack and the permanent magnets. The rotor assembly 

is inserted into the stator and housing assembly with bearings such that it can rotate freely. As can be seen 

in Figure 5 the air gap between the rotor and stator is generally very tight and geometrically controlled. [4] 

This is an important factor that contributes to the performance of the PMAC motor and is discussed further 

in 2.2 Surface Permanent Magnet Alternating Current Motor Design Principles.  
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Figure 5: Example of rotor assembly inserted into stator and housing assembly [14]. 

The permanent magnets in the rotor assembly are orientated in a manner which allows the interaction 

between their respective magnetic fields and the induced magnetic fields present in the stator windings to 

develop a torque on the rotor assembly [4]. PMAC motors are externally commutated by means of an 

inverter which controls the electrical charge distribution amongst the groups of windings of the stator in a 

manner which allows for the speed and torque outputs of the motor to be controlled. [4] 

There are 2 primary configurations of PMAC motors, namely: Surface Mounted Permanent Magnet (SPM) 

and Interior Permanent Magnet (IPM) units [4]. 

2.1.1 Surface Permanent Magnet versus Interior Permanent Magnet Motors  

The principal difference between SPM and IPM motors is with regards to the location of the permanent 

magnets [15]. As can be seen in Figure 6, magnets in SPM motors are mounted to the exterior surface of 

the rotor stack, whereas in IPM motors the magnets are mounted within cut-outs in the rotor stack. 



 

10 

 

 

Figure 6: Surface Permanent Magnet motors versus Interior Permanent Magnet motors [15] 

These architectural differences do have an impact on the electromagnetic performance characteristics of 

the motor. The orientation, alignment and location of the magnets in IPM motors results in saliency4 

characteristics which provides certain performance and control advantages. As illustrated in Figure 7, the 

inductance path, described in further detail in 2.2.1 SPM Motor Operating Principles and Analytical 

Investigation (Performance), between the rotor and stator is inconsistent. This is as a result of the 

discontinuities introduced by inserting the magnets within the rotor core. Typically, the permanent magnet 

will exhibit lower inductance characteristics in comparison with the rotor core material, hence the 

inductance measured in the flow path passing through the magnets (𝐿𝑑) is lower than the inductance 

measured across the path passing through the rotor core material (𝐿𝑞) only [16].  

 

Figure 7: Inductance path comparison - Surface Permanent Magnet versus Interior Permanent Magnet 

[17] 

                                                 

4 Saliency is a measure of a motors inconsistency with regards to magnetic properties. This inconsistency, or non-symmetry, is 

as a result of differences in reluctance path between the rotor and stator. This difference is either as a result of geometry or 

material properties. [15] 
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SPM motors, however, tend to exhibit fairly constant magnetic flux between the rotor and stator. As can be 

seen in Figure 7, since the magnets do not interfere with the rotor core material, SPM motors exhibit 

constant inductance regardless of the path (𝐿𝑑 = 𝐿𝑞) [17].  

As a result of the saliency characteristics, IPM motors produce two components of torque, namely: magnetic 

(alignment) torque and reluctance torque [18]. The reluctance torque component provides an advantage 

with regards to motor control and high-speed operation. By employing flux-weakening methods IPM 

motors can be designed and controlled to have a greater constant power speed range (CPSR)5 [14] [19]. In 

addition, flux concentration methods can be applied in the design of IPM motors to reduce the quantity of 

permanent magnet material required, potentially leading to a more cost-effective solution [20]. Since SPM 

motors are non-salient, the torque produced is purely in the form of magnetic (alignment) torque [17]. 

SPM motors typically have lower peak operating speed capacity because of the limited mechanical strength 

between the bonds securing the magnets to the rotor hub. In IPM motors, however, the mechanical strength 

tends to be higher since the magnets are embedded in the rotor hub. The rotor hub iron core tends to provide 

greater mechanical strength to overcome the centripetal loads experienced during operation. [5]  

IPM motors are more suited to applications where greater operating speed range is required. This is because 

of their excellent field weakening capability [21]. SPM motors typically have the advantage of a simpler 

design but tend to offer very little overload protection. On the other hand, IPM motors provide good 

overload capacity but tend to be more complex to manufacture [8]. Although both SPM and IPM motors 

exhibit good efficiency and high-performance, SPM motors tend to suffer from extra losses at high 

operating speeds and IPM units suffer at low speeds. These characteristics are as a result of the 

configuration and associated manufacturing limitations plus harmonics loss issues [8].  

Although IPM motors do have certain performance advantages over SPM motors, the simplicity in design 

and manufacture means that majority of Integral Powertrain’s customers select this motor type for their 

application. For this reason, the project scope has been limited to SPM motors only, however, it will be 

beneficial to extend the application scope in future to incorporate IPM motors. 

                                                 

5 The constant power speed range or ratio (CPSR) is defined as the operating speed range of a motor where constant maximum 

power can be achieved. [31] 
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2.2 Surface Permanent Magnet Alternating Current Motor Design Principles 

An investigation of the design principles specific to SPM AC motors was completed, this includes an 

analytical investigation of performance and detailed investigation into each of the fundamental components 

that make up an SPM motor, namely: stator assembly, rotor assembly, permanent magnets and housing 

elements. 

2.2.1 SPM Motor Operating Principles and Analytical Investigation (Performance) 

The electromagnetic principles that govern the performance of SPM motors involves microscopic 

interactions which can be described at a macroscopic level [12]. For this reason, the analytical investigation 

will be limited to the macroscopic elements of electromagnetism. Although some concepts have already 

been introduced, a more detailed investigation, with emphasis on the analytical aspects related to SPM 

motor design, is presented. 

PMAC motor operation relies on the conversion of electrical energy to mechanical energy by leveraging 

the principles of magnetism. The conversion from electrical energy to mechanical energy is completed by 

using magnetic energy [5]. The function of a PMAC motor is to produce rotational power and torque [5]. 

To determine the torque production capability of a motor, it is necessary to understand and formulate 

analytical methods to describe the impact of magnetic energy on the torque output. It is therefore necessary 

to present the relevant fundamental theory. 

Fundamental Electromagnetic Theory 

Magnetism is a natural phenomenon including a force field, or magnetic field, which is developed as a 

consequence of an electromagnetic force [12]. A magnetic field can be developed as a result of a permanent 

magnet, which has a particular microscopic structure, electrical charge or moving particle [12]. All magnets 

have 2 poles (North and South) between which the magnetic field can be drawn. Conventionally the 

magnetic field produced by a magnet is visualised with 3-dimensional field lines drawn perpendicular to 

the surface of each pole with the flow defined as positive from the north-pole to the south-pole. An example 

of a magnetic field can be seen in Figure 8 [22].  
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Figure 8: Permanent magnet with magnetic field line representation [22] 

It is important to understand that an attractive force is experienced between opposite magnetic poles (N-S 

and S-N) and a repulsive force experienced between like magnetic poles (N-N and S-S) [12]. Ferrous 

materials are magnetic and as such, iron filings often used to visualise the magnetic field generated by a 

permanent magnet or electromagnet [12].  

A magnetic field can be described by the two vector quantities of magnetic flux density6 and magnetic field 

intensity/strength7. This relationship can be approximated to follow a linear relationship over typical 

operating conditions for many materials and can be described as follows [5]: 

𝐵 = 𝜇𝐻  (1) 

𝐵 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑇 𝑂𝑅 𝑊𝑏
𝑚2⁄ ] 

𝐻 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 [𝐴 𝑚⁄ ] 

𝜇 − 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝐻 𝑚⁄  𝑂𝑅 𝑇 ∙ 𝑚 𝐴⁄ ] 8 

                                                 

6 Magnetic flux density can be described as the density of a magnetic field flowing through a given area of the medium. [19] 

7 Magnetic field intensity/strength can be described as the resulting change in intensity of the magnetic field due to the interaction 

of the magnetic flux with the material interacting in the magnetic field. [19] 

8 The permeability of a material is the measure of how well it promotes magnetic flux flow, with a greater value indicating greater 

flux flow capacity. 
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The electromagnetic interactions between ferrous materials, typically electrical steels, and permanent 

magnets, is important in motor design [5]. Therefore, it is necessary to understand how a material is affected 

by magnetisation. These ferrous materials are commonly used in motor construction [5]. However, their 

permeability and other electromagnetic properties are non-linear and often have multiple values [5]. The 

properties are a function of the historical field intensities to which the material has been exposed. For this 

reason, it is common to describe the behaviour and properties of a ferromagnetic material using its 

hysteresis loop (B-H Curve) [5]. An example of a typical hysteresis loop can be seen in Figure 9.  

 

Figure 9: Sample magnetic hysteresis loop [23] 

It is important to note that ‘B’ represents the measured or induced field and ‘H’ represents the applied field. 

The curve can be described as follows. Assume that an unmagnetised piece of ferromagnetic material 

(sample) is exposed to zero magnetic field. In this instance, the magnetic domains within the material 

counteract each other and are in equilibrium [24]. This state results in zero magnetic field and the materials 

magnetic state is at the origin on the B-H curve (See Figure 9). Let’s assume that an external magnetic field 

is applied (positive H is introduced). This energy causes some of the magnetic domains within the sample 

material to re-orientate, by induction, in the direction of the external field [24]. As the external field is 

increased, the sample begins to produce a magnetic field (B is the combination of the applied field, H, and 

the induced field). The magnetic field strength produced by the sample increases with increasing external 
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field until a saturation point is reached. This is illustrated in Figure 9 as the curve moves from the origin to 

point a. At the saturation point a, any additional external magnetic field strength will not increase the 

magnetisation of the sample [24]. The saturation point of the material is dependent on its molecular 

structure. An indication of the saturation points of certain common material groups can be seen in Figure 

10. 

 

Figure 10: B-H Curves for common material groups indicating magnetic saturation points [23] 

As the applied external magnetic field strength is reduced (reducing H), the sample’s magnetic field 

reduces. However, when the external field reaches zero, the sample’s field settles at point b due to residual 

magnetism in the material [24]. In a permanent magnet, the point b in Figure 9 is known as the residual 

induction or remanence of the magnet (𝐵𝑟) and is defined as the magnetic induction remaining in the 

material after it has been magnetised [25]. This is effectively a measure of the 'magnetisation' of a magnet. 

The magnetic field of the sample can be reduced to zero again, however, it is necessary to reverse the 

direction or polarity of the external field to do so [24]. Increasing this reverse magnetic field will take the 

curve from point b to c which is known as the coercive force (𝐻𝑐) [24]. The coercive force is defined as 

the external magnetic field strength which will result in null overall magnetic field [24]. A material property 

often used when selecting a permanent magnet is its intrinsic coercivity (𝐻𝑐𝑖 𝑂𝑅 𝐻𝑐𝐽). This is a measure of 

the magnets resistance to de-magnetisation [24]. Should the external field drop below the intrinsic 

coercivity the sample will exhibit zero magnetic field strength [24]. The onset of demagnetisation does 
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occur at a stage prior to the intrinsic coercivity value and this 𝐻𝑘 value is important when selecting a 

permanent magnet. 

Increasing the reverse field further will induce a magnetic field in the sample in the reverse direction. 

Increasing this field further will eventually lead to a reverse saturation point at d [24]. The point d is 

symmetrical to b in that the magnitude of the field strength is the same [24]. Reducing the reverse field will 

move the operating point along the curve to a negative residual induction point at e [24]. Increasing the 

external field strength in the positive direction again will move the operating point from e to f at which zero 

magnetic field strength is produced [24]. The external field strength at this point is equal to the coercive 

force. A further increase in the external field strength will move the operating point to saturation at a. [24] 

The full curve is known as the magnetic hysteresis loop and is applicable to the ferromagnetic materials 

often used in stator and rotor cores and for permanent magnets. [24] 

The magnetic fields described thus far are theoretically infinitely big; however, the flux density and field 

strength diminishes significantly as one travels away from the flux source [26]. The field strength 

effectively becomes insignificant beyond a certain distance from the magnet. This distance is dependent on 

the magnets inherent magnetic field strength defined by the residual induction or remanence of the magnet 

[24]. The relationship between the magnetic flux density and the distance from the source is a complex 

relationship, however an example of this can be seen in the following simplified expression for a 

symmetrical rectangular magnet of defined dimension. This expression can be used to determine the 

magnetic flux density observed at a specific distance along the symmetry axis (See Figure 11) [27]: 

𝐵 =
𝐵𝑟

𝜋
[tan−1 (

𝐿𝑊

2𝑧√4𝑧2 + 𝐿2 + 𝑊2
) − tan−1 (

𝐿𝑊

2(𝐷 + 𝑧)√4(𝐷 + 𝑧)2 + 𝐿2 + 𝑊2
)] 

(2) 

𝐵 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 𝑤ℎ𝑒𝑟𝑒 𝑓𝑖𝑒𝑙𝑑 𝑖𝑠 𝑏𝑒𝑖𝑛𝑔 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 [𝑇 𝑂𝑅 𝑊𝑏
𝑚2⁄ ] 

𝐵𝑟 − 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑟 𝑅𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑖𝑒𝑙𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡 (𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦) [𝑇 𝑂𝑅 𝑊𝑏
𝑚2⁄ ] 

𝐿 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑒𝑑 𝑏𝑙𝑜𝑐𝑘  [𝑚]  

𝑊 − 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑒𝑑 𝑏𝑙𝑜𝑐𝑘  [𝑚] 

𝐷 − 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑟 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑒𝑑 𝑏𝑙𝑜𝑐𝑘  [𝑚] 

𝑧 − 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑝𝑜𝑙𝑒 𝑓𝑎𝑐𝑒 𝑡𝑜 𝑝𝑜𝑖𝑛𝑡 𝑤ℎ𝑒𝑟𝑒 𝑓𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑠 𝑏𝑒𝑖𝑛𝑔 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑙𝑜𝑛𝑔 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑎𝑥𝑖𝑠  [𝑚] 
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Figure 11: Magnetic field flux density at distance z along symmetrical axis of block magnet [27] 

If a very thin rectangular magnetic block (or magnetic material), which produces a magnetic field, is 

considered and it is assumed that the flux density experienced across the block remains constant, the 

magnetic flux can be determined as follows [5] (See Figure 12): 

∅ = 𝐵𝐴 (3) 

∅ − 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 [𝑇.𝑚2 𝑂𝑅 𝑊𝑏] 

𝐴 − 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑏𝑙𝑜𝑐𝑘 [𝑚2] 

If the block is extended such that is has a significant length in the direction of the flux flow, it is possible 

to determine the total change in field intensity as follows (See Figure 12) [5]:  

𝑀𝑀𝐹 = 𝐻𝑙 (4) 

𝑀𝑀𝐹 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑜𝑚𝑜𝑡𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 [𝐴] 

𝑙 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑙𝑜𝑐𝑘 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 [𝑚] 

 

Figure 12: Infinitely thin magnetic block and magnetic block of defined thickness 
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The magnetomotive force (MMF) can be defined as the driving force for magnetic flux and is analogous to 

electromotive force (EMF) in electrical circuits [28]. Therefore using (1) (2) and (4): 

∅ = 𝜇𝐻𝐴  (5) 

∅ =
𝜇𝐴

𝑙
𝑀𝑀𝐹 

 

Where the permeance of the material can be defined as [5]: 

𝑃 =
𝜇𝐴

𝑙
  (6) 

𝑃 − 𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑊𝑏
𝐴⁄  𝑂𝑅 𝐻] 

∴ ∅ = 𝑃 × 𝑀𝑀𝐹  (7) 

It is evident therefore that materials with greater permeability have greater permeance which indicates a 

greater flux flow capacity [5].  

The inverse of permeance is known as reluctance. Reluctance is a measure of the material’s ability to resist 

flux flow and is defined as [5]: 

𝑅 ≡
1

𝑃
=

𝑙

𝜇𝐴
  (8) 

∴ 𝑀𝑀𝐹 = ∅𝑅 (9) 

SPM motors generate torque as a result of the interaction between the magnetic fields of the permanent 

magnets on the rotor and those induced within the stator windings [5]. The stator windings consist of copper 

wire wound in a coil. These windings carry electrical current which induces a magnetic field based on the 

principles of electromagnetism [5]. Amperes law indicates that current flowing through a conductor 

generates a magnetic field. The magnetic field magnitude at a point within the medium induced by current 

flowing through a very long and straight conductor can be described as follows (See Figure 13) [12]: 

|𝐵⃗ | =
𝜇0𝑖

2𝜋𝑟
 

(10) 

𝑖 − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [𝐴] 

𝑟 − 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑡𝑜 𝑝𝑜𝑖𝑛𝑡 𝑖𝑛 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑤ℎ𝑒𝑟𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑠 𝑏𝑒𝑖𝑛𝑔 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 [𝑚] 
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𝜇0 − 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒, 𝜇0 =  4𝜋 × 10−7[𝐻 𝑚⁄  𝑂𝑅 𝑇 ∙ 𝑚 𝐴⁄ ] 

 

Figure 13: Example of magnetic field induced by current flow through conductor 

The magnitude of the magnetic field can be determined using equation (10) however, to fully define the 

vector quantity, it is necessary to determine the direction of the magnetic field. As illustrated in Figure 13, 

Amperes law indicates that the right-hand rule be used to determine the vector direction [26]. It is possible 

to see that by closing the right hand with the thumb pointing outwards and orientating the thumb such that 

it is aligned with the direction of current flow, the other curved fingers will determine the direction of the 

magnetic field, which is made up of many concentric circles [26]. From (10) it is evident that the field 

strength magnitude reduces as the distance from the conductor increases. 

An application of this principle is very important in SPM motors which make use of conductors formed 

into a coil (windings).  When doing so, the magnetic field induced in the conductor is generated in a manner 

illustrated in Figure 14, which is approximately uniform in the volume contained by the coils [26]. The 

magnetic field generated can be derived in terms of the number of turns in the coil and if assumed ideal can 

be expressed as [26]: 

𝐵 = 𝜇0

𝑁

𝑙
𝑖  

(11) 

𝑁 − 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 𝑖𝑛 𝑐𝑜𝑖𝑙 [−] 

𝑙 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑖𝑙 [𝑚] 
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Figure 14: Magnetic field lines induced by current travelling through coil [26] 

Should the coil be wrapped around a highly permeable core material (See Figure 15), it is acceptable to 

assume that the field is confined to travel through the material exclusively [5]. 

 

Figure 15: Coil wrapped around magnetic core material 

If it is assumed that the core material be infinitely permeable, the field intensity can be determined using 

the following [5]: 

L 

I 
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𝐻 =
𝑁𝑖

𝐿
 

(12) 

𝐿 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑖𝑙 𝑤𝑟𝑎𝑝𝑝𝑒𝑑 𝑎𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑟𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑚] 

Faradays law of induction indicates that the inverse of the above principles is true in that an electromotive 

force (or voltage) is induced by a change in magnetic field. The law is described as follows [26]: 

𝜀 = −
𝑑

𝑑𝑡
(𝐵𝐴 cos 𝜃) 

(13) 

𝜀 − 𝐼𝑛𝑑𝑢𝑐𝑒𝑑 𝐸𝑀𝐹 [𝑉] 

𝐴 − 𝐴𝑟𝑒𝑎 𝑒𝑛𝑐𝑙𝑜𝑠𝑒𝑑 𝑏𝑦 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔 𝑙𝑜𝑜𝑝 [𝑚2] 

𝜃 − 𝐴𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑛𝑜𝑟𝑚𝑎𝑙 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔 𝑙𝑜𝑜𝑝 𝑎𝑟𝑒𝑎 [°] 

An important factor linked to Faradays law is formalised in Lenz’s law [29] which states that "the induced 

current in a loop is in the direction that creates a magnetic field that opposes the change in magnetic flux 

through the area enclosed by the loop" [12]. This phenomenon contributes to a performance inhibiting 

factor known as back EMF. As current (or EMF) is supplied to a motors coils, the induced magnetic field 

interacts with the magnetic field from the permanent magnets and generates torque. Dependent on load, the 

torque will generate rotational motion. This motion will result in an additional EMF which opposes the 

supplied voltage and reduces the overall current flow in the desired direction, hence limiting the available 

power [30]. 

Another interesting phenomenon that results from these principles is the formation of eddy currents. Eddy 

currents are circulating currents induced in pieces of conducting material as they pass through a magnetic 

field [12]. The changing magnetic flux experienced by the material travelling through the magnetic field 

causes free electrons in the material to move in a swirling motion which results in the eddy currents [12]. 

Lenz’s law dictates that these eddy currents travel in a way such that they create magnetic fields to oppose 

the original change in magnetic flux inducing the current [29]. For example, if a plate of conducting material 

is passed through a magnetic field with significant speed, eddy currents will form. The eddy currents will 

be generated such that they create their own magnetic field which seeks to oppose the motion of the plate. 

This electromagnetic phenomenon has a significant role to play in efficient electric motor design [12].  

The fundamental electromagnetic principle which links electromagnetism to a physical field is described 

by Lorentz force which explains that a particle experiences a physical force due to electric and magnetic 
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fields [31]. This can be extended to analyse current flow through a conductor, which experiences a force 

described as follows (See Figure 16) [31]: 

𝐹 = 𝐵𝑖𝑙 sin 𝜃 (14) 

𝐹 − 𝐹𝑜𝑟𝑐𝑒 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑑 𝑏𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑎𝑟𝑟𝑦𝑖𝑛𝑔 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [𝑁] 

𝑙 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 [𝑚] 

𝜃 − 𝐴𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑖𝑛 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [°] 

 

Figure 16: Force experienced by current carrying conductor in magnetic field 

The magnetic field induced in the conductor interacts with the external magnetic field resulting in a region 

of greater magnetic flux. The conductor experiences a force which tends to 'push' the conductor into the 

region of less magnetic flux [31]. The direction of the force experienced by the conductor is determined 

using Fleming’s left-hand rule [12]. The rule explains that one must align their left index finger with the 

direction of the magnetic field and their left middle finger in line with the current flow. The resulting thumb 

orientation which is perpendicular to both the index and middle finger indicates the direction of the force 

[12].  
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Electric Motor Operating Principles  

The primary function of electric motors is to generate torque9. This torque is generated by taking advantage 

of the electromagnetic principles introduced in Fundamental Electromagnetic Theory. In SPM motors, 

torque is developed as a result of the interactions between the magnetic fields developed by the permanent 

magnets and windings in the stator. To understand how this interaction develops torque consider two 

scenarios where a permanent magnet (PM) is contained within a stationary ring of ferrous material. [5] 

One scenario consists of a simple ring whereas the other contains a ring with two tabs (See Figure 17). The 

PM is free to rotate about its centre and is positioned such that its rotational axis is coincident with the 

centre of the ring. The PM and the ring are separated by an airgap. Since the force experienced due to 

magnetic attraction is greater when the airgap is smaller, it is evident that in the case of a simple ring, a 

consistent attraction force is experienced irrespective of the angular position of the magnet. In this case, the 

magnet experiences zero net force and thus zero torque. This relationship means that the PM has no 

preferred rest position. [5] 

 

Figure 17: Magnet free to spin in simple ring and ring with two poles 

However, when two equally sized tabs, or poles, are introduced in the ring, the force is no longer constant 

and becomes a function of the angular position of the PM (See Figure 18). When rotated, the magnet would 

tend to align itself in the direction with the strongest magnetic field where the airgap is smallest. Therefore, 

if the magnet is externally rotated it will experience a stronger force of attraction when aligned with the 

                                                 

9 Torque is defined as a twisting force experienced when a tangential load (𝐹[𝑁]) is applied to a point at a distance (𝑟[𝑚]) from 

the torque axis. 𝑇 = 𝐹𝑟 [𝑁.𝑚] [12] 
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poles in the ring. This force has a tangential component, with the magnitude a function of the angular 

position, which results in a net torque experienced by the magnet. The torque experienced by the magnet 

can be described as a function of the angular position and, as illustrated in Figure 18, can be approximated 

as sinusoidal. [5] 

 

Figure 18: Torque variation with angular position experienced by magnet in two-pole ring [5] 

The aforementioned torque is experienced because of the saliency in the stator and is defined as reluctance 

torque, if desired, and cogging torque if it serves to hinder the motors performance [5].  

By leveraging the principles of electromagnetics, it is possible to improve and control the torque production 

by making use of electromagnets. Windings can be formed by wrapping current carrying conductors around 

the tabs (See Figure 19). The current flow will induce a magnetic field in the iron ring which will interact 

with the PM to enhance the torque production. This component of the torque is defined as mutual or 
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𝜋

2
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alignment torque [5]. The current flow direction can be controlled to manipulate the magnetic field direction 

to optimise the torque production based on the position of the magnet by making use of both the attractive 

and repulsive force phases to generate torque [5]. This concept can be extended to generate multi-pole 

stators which allow the PM to rotate completely with torque control available. [5] 

 

Figure 19: Current carrying conductor introduced to generate mutual/alignment torque component and 

extended multi-pole stator 

The multi-pole stator illustrated in Figure 19 is an example of a 3-phase 3-pole pair stator. Two and three 

phase motors are common place as they minimise the requirement for additional power electronics 

necessary for control [5]. The sample motor has a 2-pole magnet (1-pole pair10); however, it is possible to 

construct the rotor with two to over fifty magnet poles [5]. Increasing the number of magnets tends to 

increase the torque production with constant electrical current, however the optimal number of magnet 

poles is based on geometrical and material factors. [5] 

                                                 

10 A magnet pole pair can be defined as one north magnetic pole and one south magnetic pole facing the air gap. [4] 
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SPM Motor Performance 

The design of an SPM motor begins with an understanding of its application and output requirements. The 

performance and characteristic parameters included in Table 1 are typically considered as the high-level 

driving parameters which are used as a basis for SPM motor design [3]. 

Table 1: High-level design parameters in electric motor design 

Parameter SI Units 

Maximum Power Output W 

Maximum Speed rpm 

Constant Power Speed Range rpm/rpm 

Motor sizing consideration (e.g. Torque Per Unit Rotor Volume) Nm/m3 

Number of Magnet Pole Pairs  - 

Airgap Length m 

Voltage Input (DC) V 

Rotor Magnet Outer Diameter m 

When designing a motor, the first parameters that must be defined are the maximum power output and 

maximum rotational speed. To appreciate the relationship between power, torque and rotational speed it is 

necessary to understand the torque and power output characteristics of an SPM motor. Figure 20 illustrates 

the typical ideal torque and power curves of an SPM motor [32]. 

 

Figure 20: Typical SPM motor power and torque versus speed characteristics [32] 

It is evident that the power and torque curves can be separated into two regions, namely; the constant-torque 

and constant-power regions. These regions are separated at the base speed (𝜔𝑏) of the motor which 
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represents the speed at which maximum torque and power are produced [33]. The relationship between the 

power and torque curves can be approximately described by the following [34]:  

𝑃 = 𝜔𝑇 (15) 

𝑃 − 𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 [𝑊] 

𝜔 − 𝑅𝑜𝑡𝑜𝑟 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 [𝑟𝑎𝑑
𝑠⁄ ] 

𝑇 − 𝑇𝑜𝑟𝑞𝑢𝑒 𝑎𝑡 𝜔 [𝑁𝑚] 

Initially, in the constant-torque region, the power increases as the rotational speed is increased until the 

base rotational speed is achieved (See Figure 20). After this point the constant-power region is entered and 

for the expression to hold true, torque must decrease as the rotational speed increases. [32] 

The CPSR (constant power speed range/ratio) is used to relate the maximum rated output speed with the 

base speed of the motor and is expressed as follows [19]: 

𝐶𝑃𝑆𝑅 =
𝜔𝑚𝑎𝑥

𝜔𝑏
 (16) 

𝐶𝑃𝑆𝑅 − 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑝𝑜𝑤𝑒𝑟 𝑠𝑝𝑒𝑒𝑑 𝑟𝑎𝑛𝑔𝑒/𝑟𝑎𝑡𝑖𝑜 [−] 

𝜔𝑚𝑎𝑥 − 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑡𝑜𝑟 (ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑠𝑝𝑒𝑒𝑑 𝑤ℎ𝑒𝑟𝑒 𝑃𝑜𝑤𝑒𝑟 𝑖𝑠 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚) [𝑟𝑝𝑚 𝑂𝑅 𝑟𝑎𝑑
𝑠⁄ ] 

𝜔𝑏 − 𝐵𝑎𝑠𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑚𝑜𝑡𝑜𝑟 (𝑃𝑜𝑤𝑒𝑟 𝑎𝑛𝑑 𝑇𝑜𝑟𝑞𝑢𝑒 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚) [𝑟𝑝𝑚 𝑂𝑅 𝑟𝑎𝑑
𝑠⁄ ] 

A fundamental aspect of motor design is related to motor sizing. Since the mechanical torque developed by 

a shaft is directly related to its physical size (𝑇𝑚 = 𝐹𝑟) [5], the relationship between a motor’s torque output 

and its size is important. The following expression provides an understanding of the relationship between 

torque and an SPM motor’s size [35]: 

𝑇 = 𝑘𝐷𝑅
2𝐿𝑅  (17) 

𝑇 − 𝑇𝑜𝑟𝑞𝑢𝑒 [𝑁𝑚] 

𝑘 − 𝑀𝑜𝑡𝑜𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝑁 𝑚2⁄ ] 

𝐷𝑅 − 𝑅𝑜𝑡𝑜𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 [𝑚] 
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𝐿𝑅 − 𝐴𝑥𝑖𝑎𝑙 𝑟𝑜𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ [𝑚] 

As a motor is extended in terms of length, the torque output increases linearly. For example, if the torque 

output of a motor of length 𝐿𝑅 is 𝑇𝐿, the torque produced by the same motor extended to 2𝐿𝑅 will produce a 

torque of 2𝑇𝐿. [35]  

The relationship between the torque and the rotor diameter is influenced by multiple factors. From a purely 

mechanical point of view the torque developed by a shaft is 𝑇𝑚 = 𝐹𝑟 [5]. Therefore, the torque produced 

has a linear relationship with the rotor diameter. However, the force experienced by the shaft is a function 

of the rotor diameter as well. This notion is made clear when considering the outer surface area of the rotor 

which supports the PMs. This is driven by the rotor circumference (𝑅𝑐𝑖𝑟𝑐𝑢𝑚 = 𝜋𝐷) where an increase in 

diameter allows for additional magnets to be introduced. It can be approximated that the ability to produce 

magnetic force increases linearly with an increase in diameter [5]. The combination of these two factors 

leads to the approximated diameter squared factor in the torque expression. [35] 

A consequence of the direct relationship between the torque output and motor size is the use of a rating 

parameter based on a motors torque per unit rotor volume. From (17) the torque output can be related to 

rotor volume [35]: 

 
𝑉𝑅 =

𝜋𝐷𝑅
2

4
𝐿𝑅 

(18) 

𝑉𝑅 − 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑜𝑡𝑜𝑟 𝑤𝑖𝑡ℎ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐷 𝑎𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ 𝐿 [𝑚3]  

  

Therefore, 4

𝜋
𝑉𝑅 = 𝐷𝑅

2𝐿𝑅 and 𝑇 = 𝑘𝐷𝑅
2𝐿𝑅  

 
∴ 𝑇 = 𝑘

4

𝜋
𝑉𝑅 

 

And since k is a constant      

 𝑇 = 𝑘𝑉𝑅  

Therefore, 𝑇 ∝ 𝑘𝑉𝑅  

The energy required to generate this torque is dependent on the magnetic energy available and generated in 

the electrical machine. To better understand the magnetic energy in an electrical machine it is necessary to 

investigate how the magnetic field is distributed within it and how the spatial relationship between the 

different components influences the distribution. [5]  
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There are two common analytical methods used to approximate the magnetic field distribution within an 

electric motor, namely: Magnetic circuit analysis (MCA) and finite element analysis (FEA). [5] 

MCA can be used to resolve an electromagnetic problem into a magnetic circuit which is analogous with 

electrical circuit problems [5]. The analytical methods used when solving magnetic circuit problems are 

similar to the methods used when analysing electrical circuits [5]. This can be considered as a macroscopic 

analysis option. 

Electromagnetic FEA makes use of a finite element model (FEM) containing a discretised geometrical 

mesh and loading information representative of the physical case. The magnetic field, and other properties, 

are determined at discrete nodes along the mesh [5]. Effectively, FEA breaks up a complex magnetic field 

distribution problem into a small number of pieces and determines the properties at each node to solve the 

problem. The development of electromagnetic FEA software and the increase in available computational 

resource has increased the usage of FEA for electric motor design and validation. However, for first phase 

design and approximation, FEA is still considered too complex, resource intensive and other analytical 

approximation methods are preferred [5]. This can be considered as the microscopic approach. 

For this reason, additional emphasis is placed on the investigation into MCA techniques which can provide 

a macro perspective of the problem. MCA is based on two fundamental equations, one for magnetic flux 

density (See (3)) and the other for magnetic field intensity (See (4)) [5]. These expressions are used to 

develop an analogy with electrical circuit analysis. The expression for MMF detailed in (9) is analogous 

with Ohm’s law in electrical circuit analysis, with the comparison presented in Table 2: 

Table 2: Magnetic circuit analysis analogy with electrical circuit analysis [5] 

𝐸𝑀𝐹 = 𝐼𝑅 𝑀𝑀𝐹 = ∅𝑅 

𝐸𝑀𝐹 − 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑜𝑡𝑖𝑣𝑒 𝐹𝑜𝑟𝑐𝑒 [𝑉] 𝑀𝑀𝐹 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑜𝑚𝑜𝑡𝑖𝑣𝑒 𝐹𝑜𝑟𝑐𝑒 [𝐴] 

𝐼 − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 [𝐴] ∅ − 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝐹𝑙𝑢𝑥 [𝑇. 𝑚2 𝑂𝑅 𝑊𝑏] 

𝑅 − 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [Ω] 𝑅 − 𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 [𝐴 𝑊𝑏⁄  𝑂𝑅 𝐻−1] 

This fundamental expression for the analogy defines MCA which can be completed with the aid of 

schematics similar to those used in electrical circuit analysis. Figure 21 illustrates an example of how MCA 

is applied to an MMF source generated by a current carrying conductor wrapped around magnetic core 

material (Detailed in Figure 15) in comparison with an electrical circuit representing a battery, or EMF 
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source, within an electrical circuit. The tools used to solve and analyse electrical circuits apply in a similar 

manner to MCA problems (e.g., Kirchhoff’s current and voltage laws) [5]. 

Modelling an MMF source from a permanent magnet is slightly more complicated. Since a magnetic 

material exhibits different magnetic properties dependent on its inherent molecular makeup plus elements 

influenced by exposure to an external field, the magnets field density is made up of two components [5]. 

During operation, the permanent magnet is exposed to the magnetic field induced in the windings which 

influences its operating properties [5]. The magnetic field density produced by the permanent magnet can 

be approximately expressed as follows [5]: 

𝐵𝑚 = 𝐵𝑟 + 𝜇𝑅𝜇0𝐻𝑚 (19) 

 

𝜇𝑅 − 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑐𝑜𝑖𝑙 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 [−] 

𝐻𝑚 − 𝐹𝑖𝑒𝑙𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 (𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦) [𝑁 𝑚2⁄ ] 

This refined field density provides the basis for the permanent magnet circuit model of which an example 

for a rectangular block magnet is illustrated in Figure 22. The example model can be expressed as follows 

[5]: 

∅ = ∅𝑟 + 𝑃𝑚𝑀𝑀𝐹𝑚 (20) 

Where, ∅𝑟 = 𝐵𝑟𝐴𝑚 & 𝑃𝑚 =
1

𝑅𝑚
=

𝜇𝑅𝜇0𝐴𝑚

𝐿𝑚
  

𝐴𝑚 − 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡 𝑓𝑎𝑐𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑒𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 [𝑚2] 

𝑀𝑀𝐹𝑚 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑜𝑚𝑜𝑡𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡 [𝐴] 

𝑃𝑚 − 𝑀𝑎𝑔𝑛𝑒𝑡 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 [𝐻] 

𝐿𝑚 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡 𝑖𝑛 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑒𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 [𝑚] 

In most SPM motors, the PM’s used are often in the shape of an arc and radially magnetised (See Figure 

23) [5]. In this instance, a similar methodology can be followed to provide the following changes to the 

magnet circuit model [5]: 
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∅ = ∅𝑟 + 𝑃𝑚𝑀𝑀𝐹𝑚 (21) 

Where, ∅𝑟 = 𝐵𝑟𝐴 = 𝐵𝑟𝐿𝜃𝑚 & 𝑃𝑚 =
1

𝑅𝑚
=

𝜇𝑅𝜇0𝐿𝜃𝑚𝑟𝑖

𝐿𝑚
 & 𝐿𝑚 ≪ 𝑟𝑖 

 

𝐿 − 𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑟 𝑎𝑟𝑐 𝑐𝑒𝑛𝑡𝑟𝑒𝑙𝑖𝑛𝑒 [𝑚] 

𝑟𝑖 − 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡 [𝑚] 

𝜃𝑚 − 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑠𝑝𝑎𝑛 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡 𝑎𝑟𝑐 [𝐻] 

 

Figure 21: Comparison of magnetic circuit and electrical circuit schematics  
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Figure 22: Magnetic circuit schematic for permanent magnet 

 

Figure 23: Radially magnetised arc-shaped permanent magnet 

To apply the MCA method to SPM motor design it is necessary to investigate techniques to deal with the 

flux flow through the airgap present between the rotor and stator. The flux flow through the airgap can be 

determined by evaluating the reluctance of the airgap and to include this in an MCA of the motor to evaluate 

the magnetic flux distribution through the machine [5]. To determine the airgap reluctance, it is necessary 

to investigate the flux flow lines within the airgap region (See Figure 24) [5]. This is typically difficult to 

determine analytically and FEA methods are preferred, however, to perform initial design calculations 

certain approximations can be made to simplify the analysis.  
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Figure 24: Airgap modelling schematics for magnetic circuit analysis 

The difficulty in modelling the airgap flux lines is due to fringe effects experienced near the edges of the 

airgap [5]. Figure 24 A illustrates the magnetic flux flow between two magnetic materials between an 

airgap. Since the permeability of the air within the gap is the same as the permeability of air surrounding 

the magnetic blocks and airgap, the flux flows through fringe area. The flux lines illustrated in Figure 24 A 

are idealised and do not represent real conditions. [5] 

The simplest model (Figure 24 B) ignores the fringe flux completely and assumes that the flux travels 

through the airgap only. Therefore, by using (6) and (8) the airgap permeance (𝑃𝑔𝐴) and reluctance (𝑅𝑔𝐴) 

can be determined as follows [5]: 

𝑃𝑔𝐴 =
𝜇𝑜𝐴𝐶𝑆

𝐿𝐴𝑖𝑟𝑔𝑎𝑝
 & 𝑅𝑔𝐴 =

𝐿𝐴𝑖𝑟𝑔𝑎𝑝

𝜇𝑜𝐴𝐶𝑆
 (22) 

𝐿𝐴𝑖𝑟𝑔𝑎𝑝 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟𝑔𝑎𝑝 [𝑚] 

𝜇𝑜 − 𝑇ℎ𝑒 𝑝𝑒𝑟𝑚𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟 𝑖𝑠 𝑎𝑠𝑠𝑢𝑚𝑒𝑑 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 𝑡ℎ𝑎𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 (𝜇0 =  4𝜋 × 10−7) [𝐻 𝑚⁄  𝑂𝑅 𝑇 ∙ 𝑚 𝐴⁄ ] 

𝐴𝐶𝑆 − 𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑏𝑙𝑜𝑐𝑘𝑠 𝑓𝑎𝑐𝑖𝑛𝑔 𝑎𝑖𝑟𝑔𝑎𝑝 [𝑚2] 

Figure 24 C represents a more accurate model since it takes into consideration an approximation of the 

fringe flux. This is done by extending the airgap flux model by a distance equivalent to the airgap itself, 

thereby increasing the flux flow area [5]. This approximation is generally accurate when the ratio of airgap 
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length to cross sectional area of magnetic blocks is small [5]. Using this model, the airgap permeance (𝑃𝑔𝐵) 

and reluctance (𝑅𝑔𝐵) can be determined as follows [5]: 

𝑃𝑔𝐵 =
𝜇𝑜𝐴𝐶𝑆

∗

𝐿𝐴𝑖𝑟𝑔𝑎𝑝
 & 𝑅𝑔𝐵 =

𝐿𝐴𝑖𝑟𝑔𝑎𝑝

𝜇𝑜𝐴𝐶𝑆
∗  (23) 

𝐴𝐶𝑆
∗ − 𝐸𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑏𝑙𝑜𝑐𝑘𝑠 + 𝐿𝐴𝑖𝑟𝑔𝑎𝑝𝑖𝑛 𝑏𝑜𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠 [𝑚2] 

Figure 24 D improves the approximation by modelling the fringe flux in a more accurate manner. In this 

model, the uniform flux density is modelled as per the first approximation with the permeance/reluctance 

of the fringe flux added in parallel [5]. If it is assumed that the fringe flux follows a circular arc from the 

one block up to a straight section which is parallel with the airgap flux and joins a second circular arc 

completing the flux line up to the second block, the total permeance (𝑃𝑔𝐶) and reluctance (𝑅𝑔𝐶) can be 

determined as follows [5]: 

𝑃𝑔𝐶 = 𝑃𝑔 + 4𝑃𝑓 & 𝑅𝑔𝐶 = 𝑅𝑔 + 4𝑅𝑓  

∴ 𝑃𝑔𝐶 =
𝜇𝑜𝐴𝐶𝑆

∗

𝐿𝐴𝑖𝑟𝑔𝑎𝑝
+ 4 ∗ [(

𝜇𝑜𝐿𝐷𝑒𝑝𝑡ℎ

𝜋
) ∗ ln (1 +

𝜋𝑋

𝐿𝐴𝑖𝑟𝑔𝑎𝑝
)] & 𝑅𝑔𝐶 =

1

𝑃𝑔𝐶
 

(24) 

𝑋 − 𝐸𝑥𝑡𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑛𝑔𝑒 𝑓𝑙𝑢𝑥 𝑎𝑙𝑜𝑛𝑔 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑏𝑙𝑜𝑐𝑘 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑙𝑦 𝑎𝑠𝑠𝑢𝑚𝑒𝑑 = 10𝐿𝐴𝑖𝑟𝑔𝑎𝑝 [𝑚] 

Due to the large relative permeability11 of the rotor and stator core materials compared to the airgap between 

them, when performing MCA, it is evident that the air gap dominates the analysis [5]. This provides the 

basis for a useful simplification in assuming that the reluctance of the core materials is negligible and can 

be ignored. This simplifies the analysis significantly since majority of core materials have non-linear 

magnetic properties [5].  

The MCA techniques can be applied as a tool for SPM motor design. In order to do so it is necessary to 

formulate a model representing a generic SPM motor. This model will be used as the basis for determining 

the flux flow through the unit. Consider the simplified SPM motor example illustrated in Figure 25. The 

MCA model in this case can be built by investigating the flux flow between a pair of magnets and the rotor 

and stator [5]. As illustrated in Figure 25 the flux flow will travel from the north pole of one of the magnets 

                                                 

11 Relative permeability (𝜇𝑟) is defined as the permeability of a material relative to the permeability of free space. (𝜇𝑟 =
𝜇

𝜇𝑜
). 

[5] 
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through the airgap, into the stator and form a loop to return by travelling back through the airgap, into the 

south pole of the adjacent magnet, and returns to the south pole of the original magnet after travelling 

through the rotor core [5].  

 

Figure 25: Simplified SPM motor for MCA analysis  

Not all the flux flows as previously discussed. Some flux leaks through the airgap and travels directly into 

the South-pole of the adjacent magnet [5]. This magnet leakage flux is represented with the loop in Figure 

25. This simplified representation of an SPM motor can be modelled using MCA techniques as shown in 

Figure 26 [5]. This model, which is represented in a linear frame of reference as opposed to the actual radial 

configuration, only considers two adjacent halves of the magnet defined by the appropriate angular spacing. 

[5]  
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Figure 26: Magnetic circuit model for simplified SPM motor 

This circuit can be simplified further to aid in dealing with the complexities associated in determining the 

leakage reluctance and the reluctance of the rotor and stator core materials which typically exhibit non-

linear characteristics. [5] 

The first simplification applied is to estimate the percentage of total flux that travels through the airgap 

which is reduced because of the leakage flux [5]. By introducing a leakage factor and applying this to the 

primary flux, it is possible to account for the leakage. This simplification allows one to avoid the complexity 

associated with modelling the leakage flux and the reluctance (𝑅𝑙) more accurately [5]. The simplification 

is expressed as follows [5]: 

∅𝑔 = 𝐾𝑙∅𝑡𝑜𝑡  (25) 

𝐾𝑙 − 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑡𝑦𝑝𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 𝑎𝑟𝑒 1.0 < 𝐾𝑙 < 1.2 [−] 

∅𝑔 − 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑎𝑖𝑟𝑔𝑎𝑝 [𝑇.𝑚2 𝑂𝑅 𝑊𝑏] 
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∅𝑡𝑜𝑡 − 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 [𝑇.𝑚2 𝑂𝑅 𝑊𝑏] 

The second simplification that can be applied is to eliminate the stator and rotor core reluctances from the 

model [5]. It can be assumed that the stator core and rotor core material will have a much larger permeability 

than that of the airgap [5]. With this assumption, it is possible to remove the stator (𝑅𝑠) and rotor (𝑅𝑟) 

reluctance terms from the model and replace them with a reluctance factor that will increase the reluctance 

of the airgap to compensate for the simplification [5]. The simplification can be expressed as follows [5]: 

𝑅𝑔 → 𝐾𝑟𝑅𝑔 (26) 

𝐾𝑟 − 𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑡𝑦𝑝𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 𝑎𝑟𝑒 0.9 < 𝐾𝑟 < 1.0 [−] 

𝑅𝑔 − 𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟𝑔𝑎𝑝 [𝐴 𝑊𝑏⁄  𝑂𝑅 𝐻−1] 

The final simplification that can be applied is to replace the two magnet half models by a single magnet 

with twice the length [5]. This results in the reluctance increasing by a factor of two as well. By applying 

all the simplifications, it is possible to refine the magnetic circuit to the result presented in Figure 27. [5] 

Based on the circuit model expressed in Figure 27, and using (22), (25) and (26)  it is possible to determine 

the airgap magnetic properties. The total magnetic flux can be determined as follows [5]: 

  

Figure 27: Simplified magnetic circuit for SPM motor analysis 
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∅ =
2𝑅𝑚

2𝑅𝑚 + 2𝐾𝑟𝑅𝑔
∅𝑟 =

1

1 + 𝐾𝑟
𝑅𝑔

𝑅𝑚

∅𝑟 
 

Where, 𝑅𝑚 =
𝐿𝑚

𝜇𝑅𝜇0𝐴𝑚
 and 𝑅𝑔 =

𝐿𝐴𝑖𝑟𝑔𝑎𝑝

𝜇0𝐴𝑔
  

∴ ∅𝑔 = 𝐾𝑙∅ =
𝐾𝑙

1 + 𝐾𝑟
𝜇𝑅𝐿𝐴𝑖𝑟𝑔𝑎𝑝𝐴𝑚

𝐿𝑚𝐴𝑔

∅𝑟 
(27) 

𝐴𝑔 − 𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑏𝑙𝑜𝑐𝑘𝑠 𝑓𝑎𝑐𝑖𝑛𝑔 𝑎𝑖𝑟𝑔𝑎𝑝 [𝑚2] 

Introducing the flux concentration factor, flux density [(3)] and permeance coefficient it is possible to 

resolve the air gap flux density as follows [5]: 

∴ 𝐵𝑔 =
𝐾𝑙𝐶∅

1 + 𝐾𝑟
𝜇𝑅

𝑃𝑐

𝐵𝑟 
(28) 

Where, 𝐶∅ =
𝐴𝑚

𝐴𝑔
 and 𝑃𝑐 =

−𝐵𝑚

𝜇0𝐻𝑚
=

𝐿𝑚

𝐿𝐴𝑖𝑟𝑔𝑎𝑝𝐶∅
 (29) 

𝐶∅ − 𝐹𝑙𝑢𝑥 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑖𝑑𝑒𝑎𝑙𝑙𝑦 = 1.0 [−]12 

𝑃𝑐 − 𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑢𝑠𝑢𝑎𝑙𝑙𝑦 > 4.0 [−] 

The permeance coefficient introduced in (29) and (28) is a property that indicates the magnets operating 

point along its B-H curve [5]. This is described in further detail in 2.2.4 Permanent Magnets. 

Evaluating the air gap flux density [(28)] is an important step in SPM motor design since many geometrical 

features are dependent on its value. Since the leakage (𝐾𝑙), flux concentration (𝐶∅) and reluctance factors 

(𝐾𝑟) are considered constant, the key parameters that dictate the air gap flux density are the remanence 

(𝐵𝑟), relative recoil permeability13 (𝜇𝑅) and the permeance coefficient (𝑃𝑐). The remanence and relative 

recoil permeability are based on the material selection for the magnet and, once defined, are considered 

constant [24]. Thus, it can be concluded that the permeance coefficient plays a significant role regarding 

                                                 

12 The flux concentration factor is expressed as the ratio of magnet area exposed to the airgap versus the airgap surface area itself. 

This can be used to indicate the ratio of airgap flux density to the flux density at the magnet surface. [40] 

13 The relative recoil permeability is equal to the gradient of the linear portion of the B-H curve found in the second quadrant. 

This provides a basis for determining the expected permeability after removal of the applied magnetic field (‘H’). [24] 
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the airgap flux density. By increasing the permeance coefficient, achieved by increasing the ratio of magnet 

length to airgap length, the airgap flux density tends to its maximum. The maximum flux density is typically 

slightly less than the remanence because of the ideal flux concentration factor which is equal to 1. It is 

important to note that the relationship between the permeance coefficient and the air gap flux density is 

non-linear with the magnet remanence representing an asymptote. This means that diminishing air gap flux 

density gains are experienced when increasing the permanence coefficient, which typically requires larger 

and thus more costly magnets. [5] 

If the investigation is applied to a full motor as illustrated in Figure 28 the total flux travelling through the 

airgap is: 

∅𝑡𝑜𝑡𝑎𝑙 = 𝐵𝑔𝐴𝑔 = 𝐵𝑔2𝜋𝑅𝑟𝑜𝐿𝑠𝑡 (30) 

𝑅𝑟𝑜 − 𝑂𝑢𝑡𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑟𝑜𝑡𝑜𝑟 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑚𝑎𝑔𝑛𝑒𝑡𝑠 [𝑚] 

𝐿𝑠𝑡 − 𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑎𝑐𝑘 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑡𝑜𝑟 [𝑚] 

 

Figure 28: Full motor MCA analysis diagram 
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2.2.2 Stator Assembly 

The stator assembly is defined as the stationary component of the PMAC motor. The stator is responsible 

for supporting the windings and provides the core material through which magnetic flux can travel. In 

cylindrical radial flux type motors, such as SPM units, the stator is cylindrical. Figure 29 is a great example 

of a PMAC motor stator assembly used in hybrid vehicle application [36]. As illustrated in the example, it 

is common to manufacture a stator with many individual teeth which interlock with each other. These teeth 

are designed to provide sufficient core material while at the same time providing a sufficiently large cut-

out, or slot, to allow support for the windings. An insulator, which is often a formed plastic part, is placed 

in between the windings and the stator core material to avoid any potential electrical shorts between the 

windings and the stator tooth. [18] 

The important factors to consider when designing the stator assembly are the stator configuration and tooth 

profile geometry, windings and core material selection. [18] [5] 

 

Figure 29: Honda Accord hybrid motor stator assembly [36] 

Stator Configurations and tooth profile geometry: 

There are a number of configuration options available for stator assembly design. Dependent on the type 

of radial flux unit being developed, there is an option to make use of an external stator and internal rotor 

configuration or an internal stator and external rotor configuration [18]. A comparison between the resulting 

stator for the two configurations is illustrated in Figure 30. 
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Figure 30: Internal and external stator configuration examples [37] [38] 

Since the airgap length of an internal stator configuration motor is typically larger than that of an external 

stator configuration equivalent, the associated airgap flux density is lower [18]. For this reason, majority of 

high performance electric motors for hybrid and all electric vehicle application follow an external stator 

configuration. [5] 

Considering the external stator configuration, there are a number of different options available for the 

design of the stator tooth profile. Table 3 illustrates a few common options for stator slot shapes which 

determine the stator tooth profile geometry [39]. 

Table 3: Common stator slot geometries [39] 

  

Parallel tooth, Round bottom, Semi-closed slot Parallel tooth, Arc-bottom, Semi-closed slot 

 
 

Parallel slot, Square bottom, Open slot Parallel slot, Round bottom, Semi-closed slot 

  

Parallel slot, Square bottom, Semi-closed slot Parallel tooth, Square bottom, Open slot 
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The different configurations have an influence on the magnetic flux distribution through the motor and ease 

of manufacture [39]. For simplicity, the investigation into the stator tooth profile geometry is completed on 

the parallel tooth arc-bottom semi-closed slot design.  

The stator tooth geometry plays an important role in motor performance since it has a direct effect on the 

magnetic field distribution through the unit. Since the stator tooth is typically manufactured from 

ferromagnetic electrical steels, the geometrical design is important in order to ensure that saturation does 

not occur, thus avoiding a reduction in the air gap flux flow. The total flux flow through the overall airgap, 

as expressed in (30), divides equally amongst the stator teeth [5]. The flux flow through each tooth can be 

expressed as follows (See Figure 31) [5]:  

∅𝑡 =
∅𝑡𝑜𝑡𝑎𝑙

𝑁𝑠
=

𝐵𝑔2𝜋𝑅𝑟𝑜𝐿𝑠𝑡

𝑁𝑠
  (31) 

𝑁𝑠 − 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑠𝑙𝑜𝑡𝑠 [−] 

Therefore, the flux density that travels through the tooth body can be expressed as [5]: 

𝐵𝑡 =
∅𝑡

(𝑇𝑊𝑆)𝐾𝑠𝑡𝐿𝑠𝑡
 

(32) 

𝐾𝑠𝑡 − 𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑐𝑘𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 [−] (Explained in more detail in Stator Core Material and Laminations)  

𝑇𝑊𝑆 − 𝑆𝑡𝑎𝑡𝑜𝑟 𝑡𝑜𝑜𝑡ℎ 𝑏𝑜𝑑𝑦 𝑤𝑖𝑑𝑡ℎ [𝑚] (See Figure 31) 

By using (31) and (32) the tooth body width can be expressed as [5]: 

𝑇𝑊𝑆 =
2𝜋𝑅𝑟𝑜𝐵𝑔

𝑁𝑠𝐾𝑠𝑡𝐵𝑡
 

(33) 

Typically, the tooth body width is determined as a factor of the tooth flux density. The tooth flux density is 

generally defined as a constant set by the designer. [5]  

Similarly, half of the flux from each magnet travels through the stator yoke (See Figure 31). Thus, it is 

possible to express the flux density through the stator yoke as follows [5]: 
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𝐵𝑠𝑦 =

∅𝑡𝑜𝑡𝑎𝑙
2⁄

(𝑊𝑆𝑌)𝐾𝑠𝑡𝐿𝑠𝑡
 

(34) 

𝑊𝑆𝑌 − 𝑆𝑡𝑎𝑡𝑜𝑟 𝑦𝑜𝑘𝑒 𝑑𝑒𝑝𝑡ℎ [𝑚] 

Therefore, by using expressions (30) and (34) it’s possible to express stator yoke depth as follows [5]: 

𝑊𝑆𝑌 =
𝜋𝑅𝑟𝑜𝐵𝑔

2𝑁𝑝𝑝𝐾𝑠𝑡𝐵𝑠𝑦
 

(35) 

𝑁𝑝𝑝 − 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑡 𝑝𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠 [−] 

 

Figure 31: Stator tooth profile dimensions 

Stator Core Material and Laminations 

An important observation must be made when inspecting Figure 29 and that is with regards to the make-up 

of the stator tooth. The tooth is not a single piece of material but rather a stack of thin laminates that are 

pressed together to form a full tooth (See Figure 32 for a better illustration of stator tooth laminations). The 
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material used to produce the laminations is typically thin sheets of electrical steel which has high magnetic 

permeability and contains an insulating layer on either side of the sheet [5]. The reason for using a stack of 

laminations with insulation between each layer is to minimise the losses associated with eddy currents. [5]  

 

Figure 32: Small high-speed hobby motor stator assembly [40] 

Increasing the resistivity of the core material will reduce eddy current generation which results in less power 

loss. The resistivity of the core can be increased significantly by introducing insulated layers of material. 

In addition, the resistivity can be further increased by introducing silicon into the steel [41]. For this reason, 

it is common to find silicon-iron (Si-Fe) electrical steel used in electric motors [41]. The losses associated 

with eddy currents induced in the stator core can be estimated using the following approximation [5]: 

𝑃𝑒 = 𝑘𝑒ℎ
2𝑓2𝐵2 (36) 

 

𝑃𝑒 − 𝑃𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑒𝑑𝑑𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑠 [𝑊] 

𝑘𝑒 − 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [−] 

ℎ − 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑖𝑛 𝑝𝑙𝑎𝑛𝑒 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑜 𝑓𝑙𝑢𝑥 𝑓𝑙𝑜𝑤 [𝑚] 

𝑓 − 𝐼𝑛𝑝𝑢𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝐻𝑧] 

It is clear, therefore, that eddy current losses are proportional to the square of laminate thickness. Typical 

lamination thicknesses used in high performance motors vary between 0.05mm to 0.5mm [42]. However, 

the thickness depends on a balance between performance and cost. Thinner laminations tend to be more 

expensive to purchase and to manufacture [42].  

Introducing the laminations to build up a tooth stack does decrease the amount of magnetic material 

available to carry flux. To compensate for this reduction a lamination stacking factor is used. This is defined 
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as the ratio of metal cross-sectional area to the total cross-sectional area of the stack and can be described 

as follows [5]: 

𝐾𝑠𝑡 =
𝐴𝑠𝑡

𝐴𝑡𝑜𝑡𝑎𝑙
 

(37) 

𝐴𝑠𝑡 − 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 [𝑚2] 

𝐴𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑐𝑘 [𝑚2] 

The lamination stacking factor typically varies between 0.8 and 0.99. [5] 

The cost of the stator core is a factor of many elements including the material selection, lamination thickness 

and manufacturing methods. For this reason, it is difficult to provide an accurate cost estimate since many 

of these elements are dependent on factors such as tooling cost and number of units produced. General 

material costs provided by material suppliers are used as a basis. Appendix A: Materials Catalogue 

Database contains a supplier catalogue including data for suitable stator core materials. [43]   

Windings 

The windings that form part of the stator assembly are generally coils of insulated copper wire of a specified 

diameter. As described in 2.2.1 SPM Motor Operating Principles and Analytical Investigation 

(Performance) the number of turns in the winding has a direct influence on the power output of the motor. 

Beyond these factors there are several different winding schemes available to motor designers [5]. The 

winding configuration is a factor of the number of stator slots and magnet poles of the motor with the ratio 

of slots per pole per electrical phase an important consideration [44]. The number of slots and poles, 

dependent on the number of phases, determines whether the motor is balanced or unbalanced [44]. A 

balanced motor has a slot to pole ratio that produces a symmetrical system. If a 3-phase environment is 

considered, a balanced winding scheme would be one where the back EMF of each phase is offset by 120° 

relative to each other [44]. Only balanced configurations will be considered feasible. A balanced winding 

scheme can be determined by evaluating the number of slots per phase per machine periodicity [44]. When 

this value is an integer, the winding configuration is balanced [44]: 

𝑁𝑠

3 × 𝐺𝐶𝐷(𝑁𝑠, 𝑁𝑃𝑃)
 𝑖𝑠 𝑎𝑛 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 

(38) 

 

𝐺𝐶𝐷(𝑎, 𝑏) − 𝐺𝑟𝑒𝑎𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑚𝑜𝑛 𝑑𝑖𝑣𝑖𝑠𝑜𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎 𝑎𝑛𝑑 𝑏 [−] 
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Although possible to contradict, it is assumed that all slots will be filled. This means that the number of 

slots will always be a multiple of the number of phases. [5]  

In general, a winding scheme is described by: the number of turns per coil; the number of magnet pole pairs 

and slots; and the winding layout [5]. The winding layout indicates the number of winding layers and the 

span of the coils, which is typically described in number of slot pitches. [5] 

There are three primary classifications for the winding layout, namely: Integer-slot windings; Fractional-

slot windings and Concentrated windings [5]. These classifications can be described by the slot per pole 

per phase value as shown below [5]: 

𝑁𝑆𝑃𝑃 = 𝑁𝑠 2𝑁𝑃𝑃 𝑁𝑝ℎ⁄⁄  (39) 

𝑁𝑝ℎ − 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝ℎ𝑎𝑠𝑒𝑠, 𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑑 𝑡𝑜 3 − 𝑝ℎ𝑎𝑠𝑒 𝑓𝑜𝑟 𝑠𝑐𝑜𝑝𝑒 𝑜𝑓 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 [−] 

A comparison between the different winding layouts can be seen in Table 4. 
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Table 4: Comparison between common winding layout configurations [45] [46] [47] 

Classification 𝑁𝑆𝑃𝑃 Example 

Integer-slot 
Integer 

value [45] 

 

Single-layer 2-pole 12-slot integer slot winding with full pitch (6 slots) 

 

Double-layer 2-pole 12-slot integer slot winding with a reduced coil span 

compared to full pitch with one slot pitch 

 

Double-layer 2-pole 12-slot integer slot winding with a reduced coil span 

compared to full pitch with two slot pitches 

Fractional-

slot 

Fractional 

and 

greater 

than 1 [46] 

 

Double-layer 2-pole 9-slot fractional slot winding 

Concentrated 

Fractional 

and lower 

than or 

equal to 1 

[47] 

 

Single-layer 10-pole 12-slot concentrated winding 

 

Double-layer 10-pole 12-slot concentrated winding 

The number of winding layers can either be single or double [48]. A single layer winding indicates that the 

individual slots contain windings belonging to a single coil only. Whereas double layer windings contain 

two coil sides per slot. This is illustrated in Figure 33. [48] 
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Figure 33: Single versus double layered windings [48] 

Double layer windings are commonly found in SPM motors since the scheme is easily manufactured and 

maximises motor performance [5]. 

Another constraint that needs to be considered is the slot fill percentage. Due to manufacturing, wire profile 

shape and insulation constraints the stator slots cannot be completely filled by the windings (See Figure 34) 

[49].  The slot fill ratio, often referred to as the copper fill ratio, is calculated from the ratio of total conductor 

(copper) area to total slot area. [49] 

 

Figure 34: Stator slot winding fill factor [49] 

It is possible to improve the slot fill factor; however, this is typically associated with greater material and 

winding costs. It is generally possible to achieve winding factors between 50%-60% at a midrange cost [5].  

The cost of the windings is a factor of a number of elements including the winding material selection and 

manufacturing method. For this reason, it is difficult to provide an accurate cost estimate since many of the 

elements are dependent on factors such as tooling cost, complexity of winding scheme and number of units 

produced. General material costs provided by material suppliers are used as a basis. Appendix A: Materials 

Catalogue Database contains a supplier catalogue including data for suitable winding materials. [50]   

2.2.3 Rotor Assembly 

The rotor of a PMAC motor is the rotating component. The rotor assembly of an SPM motor consists of 

the rotor hub onto which the permanent magnets are mounted [18]. The magnets are typically bonded to 
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the rotor hub and a containment sleeve is placed over the magnets to ensure sufficient mechanical strength 

at high rotational speed [18]. 

The important factors to consider when designing the rotor assembly are the rotor configuration and magnet 

profile geometry and the rotor core material selection [18].  

Rotor Configurations and magnet profile geometry: 

Considering the internal rotor external stator configuration, there are a number of different options available 

for the design of the rotor assembly. Table 5 illustrates a few common options available for rotor hub and 

magnet shape definition [39]. 

Table 5: Common rotor magnet configuration geometries (SPM) [39] 

  

Radially magnetised surface magnets, Arc-shaped Parallel-magnetised surface magnets, Arc-shaped 

  

Breadloaf type magnets (Nonsalient-pole) Parallel-magnetised surface magnets, Rectangular 

The different configurations represent varying performance versus cost trade-offs. Ideally, the airgap length 

and magnet length should be consistent along the rotor circumference, however, a magnet conforming to 

this arc shape is more costly to produce than the rectangular volume equivalent [5].  Majority of these 

magnet shapes are machined from a rectangular stock. It is also common to magnetise the permanent 

magnet after assembly onto the rotor hub. [5] 

The permanent magnets are typically bonded to the rotor hub and reinforced with a containment sleeve 

[18]. To maintain the designed airgap length, it is imperative that the containment sleeve be as thin as 

possible whilst providing sufficient mechanical strength [51]. For this reason, it is common to find low 
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density high tensile metals and composite solutions being applied [51]. Figure 35 is an example of a carbon 

fibre composite sleeve used for high-speed application [51]. 

 

Figure 35: Carbon fibre composite rotor containment sleeve [51]  

Rotor Core Material and Laminations 

In a similar manner to that described in Stator Core Material and Laminations, the rotor core is made up 

as a series of laminates. This is to reduce the losses associated with eddy current formulation in the core 

iron. The materials used for the rotor core are similar to those used in the stator core and tend to be thin 

laminates of silicon-iron (Si-Fe) electrical steel. 

The cost of the rotor assembly is a factor of a number of elements including the rotor core material selection, 

magnet containment material selection and manufacturing methods used. For this reason, it is difficult to 

provide an accurate cost estimate since many of the elements are dependent on factors such as tooling cost, 

manufacturing cost and number of units produced. Typically, the cost is dominated by the rotor hub 

component. For this reason general material costs for the rotor hub provided by material suppliers are used 

as a basis [52] [53] [54] [55]. Appendix A: Materials Catalogue Database contains mechanical properties 

for suitable rotor core materials [56].  

2.2.4 Permanent Magnets 

The permanent magnets of the motor are a fundamental component whose properties have a direct influence 

on performance. The permanent magnets produce the fundamental interaction field based on the orientation 

of magnetic domains (As described in Section 2.2.1 Fundamental Electromagnetic Theory). The properties 

of a permanent magnet that must be considered when designing a PMAC motor are as follows: Residual 

induction or remanence; Coercive force and intrinsic coercivity; manufacturability and sensitivities to 

chemical and temperature changes. [7] 
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There are many different types of permanent magnet materials available, some common types are listed as 

follows [57]: Ferrite (Ceramic); Neodymium-Iron-Boron (NdFeB); Samarium Cobalt and Alnico. Most of 

these magnet types are available in both bonded and sintered form [57]. Bonded magnets are formed from 

powdered magnetic material bonded together using a non-magnetic resin. The introduction of the resin 

limits the performance of such units [57]. Therefore, it is more common to find sintered high-performance 

magnets [57]. 

Referring to the hysteresis loop introduced in 2.2.1 Fundamental Electromagnetic Theory, permanent 

magnet materials are those that exhibit large hysteresis loops. Therefore, these materials tend to exhibit 

large residual induction or remanence properties. This means that the magnitude of the magnetic field 

strength remains substantial after the magnetisation process. [57]  

An important property that can be extracted from the hysteresis loop is available when investigating the 

2nd quadrant of the curve (An example can be seen in Figure 36. Reference Figure 9 if required). The 

operating point of most permanent magnets in SPM motors will tend to lie in the 2nd quadrant where the 

permeance value is between zero and infinity [5].  This means that the operating point will lie between the 

remanence or residual induction and the coercive force. The permeance coefficient (𝑃𝐶) is defined as the 

magnitude of the slope of the line drawn from a point on the curve to the origin [5]. Several permeance 

coefficients and their respective representations can be seen in Figure 36. When the permeance coefficient 

is zero, the intersection with the curve will be at the coercive force and when the permeance coefficient is 

infinity, the intersection point will be at the remanence [5]. It is also clear from Figure 36 that the hysteresis 

loop changes with varying temperature. [24]  
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Figure 36: Sample demagnetisation curves at various temperatures for N40UH permanent magnet [24] 

A comparison between several common permanent magnet material groups with their respective 

advantages, disadvantages and suitable applications can be seen in Table 6. 
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Table 6: Comparison of typical permanent magnet materials [57] 

Magnet Material Advantages Disadvantages Typical applications 

Ferrite (Ceramic) 

• Economical - high output-to-

price ratio 

• High Hc and Hci compared 

to Alnico 

• Suitable for high temperature 

applications 

• Outstanding corrosion 

resistance 

• Simple shapes only 

• Fragile (prone to chipping, 

cracking) 

• Expensive tooling for 

manufacture 

• Temperature sensitive with 

regard to flux output 

(generally useful to less 

than 150 °C) 

• Generally limited to use 

above -40 ºC (coercivity 

decreases as temperature 

decreases) 

• DC PM motors (e.g. starter motors, 

blowers, window lifts and windshield 

wiper motors etc.) 

• Magnetos used on lawnmowers, garden 

tractors and outboard motors 

• DC brushless motors used in the 

electronics industry for remote controls, 

cooling fans, etc. 

Neodymium-Iron-

Boron (NdFeB) 

• Very high magnetic energy 

for size 

• Widely available 

• Suitable to ambient 

temperature situations; 

strongest magnet material at 

and near room temperature 

• High coercivity (Hci) grades 

are available 

• Subject to corrosion that 

can result in loss of energy 

or failure 

• Temperature sensitive 

(dependent on grade)  

• Requires heavy rare earth 

substitution for 

performance above 80 °C 

• High performance applications 

• Computer rigid disc drives 

• Hammer-bank (dot matrix-type) printers 

• Speakers and headphones including ear 

buds and cell phone speakers 

• Hearing aid transducers 

• Microphone assemblies 

• Brushless DC, variable speed and servo-

motors 

Samarium Cobalt 

• High Hc, Hci and BHmax 

• Temperature-stable (2 Kelvin 

to over 500ºC) 

• Powerful for their size 

• Good corrosion resistance 

• Moderately expensive 

because of the samarium 

and cobalt content 

• Require careful handling to 

prevent chipping and 

breaking 

 

• High performance 

• Traveling wave tubes 

• D.C. Motors, especially where 

temperature stability is vital, such as in 

satellite systems, aircraft generators, and 

small military-use motors 

• Sensors, especially for automotive 

applications 

• Linear actuators 

Alnico 

• Mechanically strong 

• Cast to a variety of shapes 

• Most temperature stable PMs 

• High Br and BHmax 

characteristics compared to 

ceramic magnets  

• Moderately corrosion 

resistant, often require no 

protective coating 

• Can be brittle 

• Exhibit low coercivities 

• Electron tubes, radar, traveling wave 

tubes 

• Separators, holding magnets, coin 

acceptors, clutches and bearings 

• Magnetos, motors, generators, gauges, 

controls, relays, watt-hour meters 

(bearings and dampeners) 

• Communications - receivers, telephones, 

microphones, bell ringers, musical 

instruments (guitar pickups) 

• Automotive sensors, loudspeakers, 

distributors 

The cost of the permanent magnets is a factor of a number of elements including the magnet material 

selected and manufacturing methods used. For this reason, it is difficult to provide an accurate cost estimate 

since many of the elements are dependent on factors such as tooling cost, manufacturing cost including 
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material yield from the magnetic block and number of units produced. In addition, the raw material cost 

has experienced dramatic fluctuation over recent years [58] [59]. For this reason, it is difficult to provide 

an accurate estimate, however, a general indication of the cost can be determined by making use of the 

current cost of processed magnets, formed in simple generic shapes, and using this to evaluate an 

approximate cost per unit mass. Appendix A: Materials Catalogue Database contains a supplier catalogue 

including data for suitable magnets. [60] 

2.2.5 Housing Components 

The housing components that form part of the fundamental elements of an SPM motor are the main housing 

and the cover. The main housing provides structural support for majority of the components, includes 

features to mount the unit and protects the components from exposure to environmental factors. The cover 

is used to seal the final unit and provides support for one of the rotor bearings. [5] 

Figure 37 is an example of an Integral Powertrain SPM motor which illustrates the housing components 

[61]. The motor in Figure 37 incorporates an axial mounting scheme as indicated by the orientation of the 

mounting lugs [61].  

 

Figure 37: Example of Integral Powertrain Motor Housing Components [61] 
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There are two possible housing configurations considered within Integral Powertrain, namely: 2-Piece and 

3-Piece configurations (See Figure 38) [3]. The 2-Piece configuration consists of a main housing 

component which is a cylindrical unit with an integrated cover, similar to a ‘tin-can’ shape plus a single 

cover piece to seal the unit [3]. The 3-Piece configuration consists of a simple cylindrical element plus two 

cover units used to seal the unit (See Figure 38) [3].   

 

Figure 38: 2-Piece and 3-Piece motor housing configurations. [62] [63] 

The structural integrity of the housing elements is important. This is because it houses the stator assembly, 

supports the rotor bearings and provides the features for mounting the unit. For this reason, it is common 

for the housing elements to be made from high tensile strength, low density materials such as aluminium. 

[3] 

Since the stator assembly is inserted into the housing it is important to consider the electrical relationship 

between the windings of the stator and the housing. Should the enamel insulation coating the windings 

conductor degrade and become exposed, it is possible for the current to short circuit with another winding 

or the housing [64]. In order to prevent this, it is important to introduce additional levels of insulation 

protection. The methods available to improve electrical insulation protection are to encapsulate the stator 

assembly in an insulating material and to maintain specific minimum distances between the elements [65] 

[64].  

Encapsulating a motor is a process of isolating the windings from the housing and other elements by means 

of either a pre-moulded insulator or by injecting insulating material into the stator and housing assembly 
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[3]. A set of pre-moulded insulators, which are often formed plastic components, will be placed into the 

housing before and after the stator assembly has been inserted, with the aim of isolating the windings from 

the walls and ends of the housing components [3]. The more effective option is to full encapsulate the stator 

assembly by means of injecting an epoxy-based resin into the housing after the stator assembly has been 

inserted (See Figure 39 for examples of fully encapsulated stator assemblies including section views of the 

full assembly and windings) [65]. This process is often referred to as potting. In addition to the 

comprehensive insulation protection, potting has the advantage of improving the thermal characteristics of 

the motor. The resins used in the potting process have thermal conductivity values far greater than that of 

air [65]. For this reason, high-performance motors are often potted in order to improve the electrical 

insulation and meet the thermal performance requirements [3].  

 

Figure 39: Examples of fully encapsulated stator assemblies including sectioned views [65] [66]   

Electrical isolation can be improved further by ensuring that the minimum creepage and clearance distances 

between high voltage elements and housing components are maintained [3]. Creepage is defined as the 

shortest distance along the surface of an insulator between a high-voltage source and another conductive 

element (See Figure 40) [67]. The minimum creepage distance indicates the minimum distance, measured 

along an insulator, between conductive elements required to avoid failure by tracking [67]. Tracking refers 

to a breakdown of the insulator surface which forms paths for current to flow [67]. Clearance is defined as 

the straight-line minimum distance between conductive elements required to prevent an electrical short 

circuit across the insulation barrier (See Figure 40) [64].  
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Figure 40: Creepage and clearance measurements across insulation barrier 

The minimum creepage and clearance distances are a factor of the voltage conditions, operating 

environmental conditions and insulator material selection [64]. The British Standards Institution BS EN 

60664-1:2007 defines a method for determining the minimum creepage and clearance values for phase-to-

phase (Between windings in different phases) and phase-to-ground scenarios (Between windings and other 

conductive components such as the housing elements) [64].  

The costs of the housing components is a factor of a number of elements including the material selection, 

treatment processes and manufacturing methods used. For this reason, it is difficult to provide an accurate 

cost estimate since many of the elements are dependent on factors such as tooling cost, manufacturing cost 

and number of units produced. For this reason general material costs for the typical housing materials from 

suppliers are used as a basis [52] [53] [54] [55]. Appendix A: Materials Catalogue Database contains 

mechanical properties for suitable housing component materials [56].   

2.3 CATIA V5 and 3DExperience Platform – Automation Techniques 

Integral Powertrain and Intrinsys make use of the CATIA V5 and 3DExperience engineering platforms. 

CATIA, which stands for Computer Aided Three-Dimensional Interactive Application, is a premium 2D 

and 3D CAD design and engineering software tool originally developed for use in the automotive and 

aerospace industries by Dassault Systèmes [68].  

The CATIA platform is used as the basis for all electric motor mechanical design elements including the 

full CAD including tolerance information, linear structural analysis, engineering drawings, bill of materials 

for manufacture and fully associative and linked tooling designs. 

The 3DExperience computer-aided engineering (CAE) tool is fully implemented into the 3DExperience 

product lifecycle management (PLM) system. The 3DExperience platform allows for full design lifecycle, 

manufacturing, BOM and change management [69]. The CATIA platform has various methods available 
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for generating intelligent and automated design models. The primary techniques available include the 

following:  

• VB Scripting (Microsoft visual basic) and macros [70].  

• CATIA CAA/RADE which is a CATIA add-on that provides users with the application 

programming interface (API) to develop C++ based code for custom applications [71].  

• CATIA Knowledgeware design templates [72]. 

Majority of these methods allow for all the geometrical and other engineering parameters of the CAD 

models to be controlled and utilised in the automation process. To automate the CAD design process, it is 

necessary to link the design input parameters to output parameters which can be used to generate the CAD 

model. The input parameters will be based on the electric motor design requirements. These parameters 

will be controlled by a series of design rules which will consider general electric motor design principles 

and, if necessary, Integral Powertrain specific constraints to provide a set of output parameters. These 

output parameters will be linked to the CATIA platform to generate the CAD models. The CAD models 

will be able to provide an additional data output, including elements such as assembly mass/volume, which 

can be used to generate the outstanding desired output parameters such as the estimate cost. 

Scripting for automation within the CATIA V5 and 3DExperience platforms can be achieved by using 

either IN-process or OUT-process applications [73].  IN-process applications are completed within the 

CAD design platform and can be written in Microsoft (MS) VB script or proprietary CATscript [73]. This 

limits the automation capability because of the single platform restriction. OUT-process applications allow 

for a foreign process, for example VB script generated in an external application, to call the CAD software, 

create or modify geometry and control most elements of the software [73]. This code can be written in VB, 

Windows scripting host, Windows explorer HTML or any Component Object Model (COM) application 

[73]. Figure 41 illustrates an example of different communication methods for automation available within 

the CAD platforms.  
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Figure 41: Examples of automation techniques within the Dassault Systemes software platforms [73] 

Appendix B: CATIA V5 Automation Objects contains an extract from the standard library of automation 

objects available within the CATIA V5 platform [74]. This library provides important reference material 

for the development of an automation macro. Information pertaining to pre-defined CATIA V5 Visual 

Basic objects such as defined variables, properties and procedures is available in the library.  
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3 RESEARCH OBJECTIVES 

The objectives of this research project are as follows: 

• Investigate and develop the foundations for a software tool (AIEED) to aid in the first-level design 

development and costing phase of a new electric motor project.  

• The objective of the tool is to reduce the response time, provide a product model and estimate cost 

for new electric motor enquiries. 

• The tool will convert customer requirements data into geometrical design data, based on general 

electric motor design principles and design rules, to develop a first-level CAD model of the electric 

motor which will provide a basis for further detailed development of the final ‘delivered’ unit. 

• The tool will output an estimate material cost of the electric motor based on the CAD model 

mass/volume and average material costs per unit mass/volume. 
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4 RESEARCH METHODS 

To successfully fulfil the objectives of the research project it is necessary to acquire and synthesise the 

relevant knowledge and intelligence available through detailed investigation of literature, internal company 

‘know-how’ and historical empirical data.  

The initial phase of the AIEED tool development involves an extensive data and knowledge gathering 

exercise to collate the necessary intelligence that will be incorporated into the application. The AIEED will 

be used as a basis for the development of actual physical motors and will not remain a theoretical construct. 

It must, however, be clear that the tool is developed to create a first-level design model and as such, although 

the accuracy of the tool is important, there is a margin for error. The quality of the AIEED tool is primarily 

dependent on the logic implemented in order to develop the output. For this reason the quality of research, 

primarily obtained from published literature, historical project data and first principles theory, is of great 

importance. 

After the appropriate intelligence has been gathered it is necessary to investigate methods of incorporating 

all the motor design knowledge and rules into a single utility or calculator. This tool will provide design 

parameter outputs as a result of input data based on the motor performance and specification as defined by 

the customer requirements. This phase of the AIEED tool development requires investigation into the logic 

necessary to build the tool such that the interface be simple enough for all users to run and be compatible 

with the formats required by the CAD design tool (CATIA V5 or 3DExperience).  

Once the calculator is complete, it is necessary to investigate and evaluate an interfacing method between 

the calculator output data and the CAD design package. This requires the development of a CAD template 

model that is driven by the output parameters from the calculator.  

Once the CAD has been integrated into the AIEED tool it is necessary to extract further data from the CAD 

model including the mass and volume. The AIEED tool is required to make use of the mass, volume and 

additional data to calculate a cost estimate for the e-motor. Once the AIEED tool can successfully generate 

a CAD model and estimate unit cost of an electric motor based on a customer’s performance requirements, 

it is necessary to perform an overall verification process.  

The original project schedule can be seen in Appendix C: Project Schedule. 
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5 CRITERIA FOR VALIDATION AND VERIFICATION 

The AIEED tool is verified at multiple stages during the development phase. This includes verifying the 

design calculator utility periodically during its development to ensure accurate data generation. Verification 

stages are also included during the CAD template build to ensure that the template be robust and avoid 

improper behaviour as a result of invalid data entry. Similar verification processes will take place during 

the development of the estimate material cost calculator. The verification checks ensure that progress is 

monitored throughout the duration of the project to ensure the development of an accurate and stable 

software tool.  

The scope of the project does not include the full validation of the tool. The tool can be validated in future 

by evaluating the accuracy of the output data. The accuracy of the application can be evaluated by executing 

a series of tests based on input data from past projects and comparing the output geometry and cost estimate 

data with the respective actual physical data. The criteria for validation would include a number of factors 

such as geometrical accuracy, performance characteristics, unit mass and cost. A list of criteria that could 

be included in a future validation activity can be seen below: 

• Motor maximum output speed. 

• Motor maximum torque output. 

• Magnet stack length. 

• Stator outer diameter and inner diameter. 

• Stator tooth profile and dimensions such as yoke depth, tooth width. 

• The motor mass or power density. 

• The motor materials cost. 

• Total time of response to new motor enquiries. 
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6 AIEED DEVELOPMENT PROCESS 

The foundations of the AIEED tool are developed based on the principles presented in 2 Literature 

Review. The tool was developed in different stages with iterative processes between each stage. The 

foundations of the tool were built using the following methodology: 

1. Calculator build: The first phase of the tool build is the development of a calculator to convert input 

data (performance and specific dimensional parameters) to output design data. The calculator 

incorporates all the relevant fundamental SPM motor design theory required to fully define the 

geometrical aspects of an SPM motor.   

2. Design model template build: The second phase of the tool is to develop a series of generic 3D CAD 

model templates for each major component of the motor. The model templates are developed in a 

generic manner to enable a robust tool. 

3. Interface calculator and design model: The third phase of the tool development is to link the design 

calculator with the 3D model templates. The data (input and output) from the calculator is interfaced 

with the design template to automate the CAD build process. This phase involves macro 

development required to automate the CAD build process. 

4. Determine material cost and build final assembly: The fourth phase of the tool development is to 

introduce a reverse link between the calculator and the models to extract volume data required to 

estimate the overall mass and material cost of the unit.  

5. Final compilation: The final phase of the tool build is to incorporate all the elements together into a 

single utility. This utility allows for the development of a first-level CAD model of an SPM motor 

based on high-level parameters and provides an estimate material cost.  

The development of the foundations of the tool were not performed in a strictly sequential approach and 

many of the phases were involved in an iterative development process. However, investigation into the 

methodology followed at each phase is provided in the following sections.  

The development process is explained using sample data representative of a previous hybrid vehicle motor 

project. This dataset provides a basis for validation and verification. 

6.1 Development Platform Decisions 

To begin building the AIEED tool it is necessary to establish the development environment with which 

each phase will be built. It is important to ensure that the development environment selected for each phase 
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be compatible with each other. Since the design software is dictated by Integral Powertrain’s requirements 

it is compulsory for the tool to be compatible with either the CATIA V5 or 3DExperience CAD packages.  

Despite the additional features and more modern technology, the 3DExperience modelling tool requires 

access to a full PLM platform. For this reason, it is inconvenient to develop on the 3DExperience platform 

as a separate development workspace is required to be setup on the commercial 3DExperience platform. 

CATIA V5, which can operate as a standalone CAD package, has very similar modelling functionality 

compared to the 3Dexperience platform. For this reason, CATIA V5 is used as the modelling platform for 

the AIEED tool. 

In terms of ensuring compatibility between the calculator and the design application it is beneficial to use 

a more generic solution as opposed to a proprietary option which may be exclusive to its particular 

environment. For this reason, CATIA specific tools such as Knowledgeware are avoided and options such 

as CAA RADE (C++) and VB scripting environments are preferred.  

The calculator can be developed on several platforms. However, in order to maintain compatibility, it is 

required that the platform support C++ or VB scripting. Since all users at IP have Microsoft (MS) Office, 

MS Excel has been selected as the platform for the calculator. MS Excel is a suitable development platform 

as it supports VB script and provides sufficient capability to perform the necessary computation. Macros 

can be developed in MS Excel and CATIA V5 using common VB script. A number of these scripts can be 

developed to satisfy majority of the automation requirements. This could include pushing commands from 

the MS Excel spreadsheet to CATIA V5 for the CAD build and pushing data from CATIA V5 to MS Excel 

for the material cost estimates. 

The AIEED tool is developed in CATIA V5-6R2016 SP3 and MS Excel 2013. Figure 42 illustrates the 

high-level data flow and interaction between the components of the AIEED tool. 



 

65 

 

 

Figure 42: AIEED Tool: High-level data flow and interaction diagram 

6.2 Design Calculator Build 

The design calculator, developed on MS Excel, is a tool that converts the input performance and geometrical 

requirements of the motor into design output data. The calculator is the fundamental aspect of the AIEED 

tool as it contains the necessary electric motor design theory. The development of the calculator begins 

with identifying the input variables. 

The calculator is structured in a number of different worksheets. The first sheet contains a page for all the 

inputs (customer requirements), the second sheet contains all the output data (performance plus geometrical 

parameters). There are also several additional sheets containing material information, constants and other 

sub-component information. A general user will only have to interact with sheets one and two for general 

operation.  

By investigating permanent magnet motor design by Hanselman [5] and Soong [35] and considering the 

typical requirements data requested by customers, a number of inputs have been defined for the calculator. 

These inputs have been split up into different categories. The primary set of inputs are classified as 

performance and characteristics parameters. Table 7 contains an extract from the calculator and indicates 

the list of the performance inputs and their respective the following performance and characteristic 

parameters are used when designing a new motor. 
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Table 7: Calculator inputs: Performance and characteristics (Sample values) 

Customer Requirements - INPUTS 

Section Parameter Symbol Units Value 
P

e
rf

o
rm

an
ce

 Maximum Power Output Pmax kW 135 

Maximum Speed nMax rpm 19,000 

Constant Power Speed Range CPSR rpm/rpm 2.950 

Torque Per Unit Rotor Volume rMPerRotorVolume Nm/l 153.000 

Number of Magnet Pole Pairs NPP  - 6 

Airgap Length LAirgap  mm 2.500 

The first performance parameters required are the expected maximum power output (𝑃𝑚𝑎𝑥) and maximum 

rotational speed (𝑛𝑚𝑎𝑥) of the unit. In addition to this, in order to describe the operating characteristics of 

the motor it is necessary to define constant power speed range (𝐶𝑃𝑆𝑅) of the motor. With these parameters, 

it is possible to determine the maximum torque output. 

To begin sizing the unit, it is useful to consider making use of a sizing parameter. By investigating (17) and 

(18), it is possible to relate the torque output of the motor to the rotor volume. For this reason, the torque 

per unit rotor volume is defined as an input parameter (𝑟𝑀𝑃𝑒𝑟𝑅𝑜𝑡𝑜𝑟𝑉𝑜𝑙𝑢𝑚𝑒). 

An important input variable that is included is the number of magnet pole pairs (𝑁𝑃𝑃) to be used in the 

motor and the airgap length (𝐿𝐴𝑖𝑟𝑔𝑎𝑝) between the rotor outer diameter (Including the magnets) and the 

stator internal diameter. 

From the performance input information received it is possible to determine the maximum torque output. 

Using (15), (16) and investigating the typical CPSR curve illustrated in Figure 20 it is possible to show that 

the maximum torque be determined as follows: 

𝑃 = 𝜔𝑇 and 𝐶𝑃𝑆𝑅 =
𝜔𝑚𝑎𝑥

𝜔𝑏
 

∴ 𝑇𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥

𝜔𝑏
 , Since the operating speed at maximum torque is 𝜔𝑏 (Limit of constant torque region) and 

𝜔𝑏 =
𝜔𝑚𝑎𝑥

𝐶𝑃𝑆𝑅
 

∴ 𝑇𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥𝐶𝑃𝑆𝑅

𝜔𝑚𝑎𝑥
 

 

As indicated in Table 8 the maximum torque output of the motor is presented in the Performance section 

of the calculator output. Included in the output list for reference is the maximum rotational speed 

represented in radians per second. 
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Table 8: Calculator outputs: Performance 

OUTPUTS 

Section Parameter Symbol Units Value 
P

e
rf

o
rm

an
ce

 

Maximum Speed nMax_rads rad/s =nMax*(2*PI()/60) 

Max Torque Output MMax Nm =(Pmax*1000*CPSR)/(nMax_rads) 

        

The second phase of the calculator build introduces material properties and specific dimensional parameters 

related to each sub component of the motor. Table 9 represents an extract from the calculator indicating the 

input parameters required for material selection, permanent magnet definition, stator and winding properties 

and rotor specification. 
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Table 9: Calculator inputs: Materials, Magnets, Stator & Windings and Rotor (Sample values) 

Section Parameter Symbol Units Value 

M
at

e
ri

al
s 

Magnet Material Selection MagMat  - Generic PM 

Winding Material Selection WinMat  - Generic Cu 

Stator Material Selection StaMat  - Iron (Stator) 

Housing Components Material Selection HouMat  - Aluminium (Housing) 

Rotor Material Selection RotMat  - Aluminium (Rotor Hub) 

M
ag

n
e

ts
 

Magnet Length LM mm 10.000 

Lamination Stacking Factor Kst  - 0.990 

Leakage Factor Kl  - 0.980 

Reluctance Factor Kr  - 1.100 

Residual Induction Br20degC  T 1.350 

Relative Permeability Mu_r  - 0.980 

St
at

o
r 

&
 W

in
d

in
gs

 

Stator tooth slot depth SD mm 20.000 

Tooth Tang Depth TGD mm 2.000 

Stator tooth slot opening SO mm 3.500 

Peak flux density through Stator Yoke By_pk T 1.470 

Peak flux density through Stator Tooth Bt_pk T 1.690 

Number of Winding Turns nTurns  - 40 

Number of slots per pole per phase Nspp  - 0.5 

Slot Fill, Gross SFg  - 0.550 

Cu Winding Resistivity  Rho_Cu_20C Ω⋅m 1.720E-08 

R
o

to
r 

Rotor Magnet Outer Diameter DR mm 174.000 

Number of Rotor Spokes nRotorSpokes  - 3 

Rotor Hub Web Thickness WebThk mm 5.000 

Rotor Hub Web Draft Angle WebAng deg 2.0 

Resolver Rotor Mount Bolt Thrd Length ResBoltLen mm 16.000 

Resolver Rotor Mount Bolt Thread ResThrd  - M8 

Resolver Rotor Mount C-Bore Length ResCboreLen mm 12.300 

Resolver Rotor Mount C-Bore Diameter ResCboreDia mm 15.700 

Rotor Spline Length RSLength mm 27.500 

Rotor Spline Lead-in Angle RLAng deg 30.000 

Material selection is completed by means of a drop-down list containing options for each component 

material (See Figure 43). This includes a list for: permanent magnet material, winding material, stator 

material, rotor material and housing components material. The list is generated based on a materials 

database stored in a separate worksheet in the document.  
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Figure 43: Calculator inputs: Permanent magnet material selection drop-down list 

The materials database contains a number of properties important for the evaluation of geometrical 

parameters of the motor and to estimate the material cost. Table 10 indicates the material properties included 

in the materials database. The database is easy to manipulate, and additional materials can be added by 

including additional lines of data. Ideally the materials database definition should be controlled by a 

materials administrator. Restriction controls can be implemented using the standard MS Excel protection 

options. 

Table 10: Calculator inputs: Material properties 

Material Category Permanent Magnet Winding Stator Core Rotor Core Housing Elements 

Properties 

Density [kg/m3] 

Cost [£/kg] 

Resistivity [Ωm] 

Relative Permeability [-] 

Residual 

Inductance/Remenance 

[T] 

Coercive Field [A/m] 

Density [kg/m3] 

Cost [£/kg] 

Resistivity [Ωm] 

Density [kg/m3] 

Cost [£/kg] 

Resistivity [Ωm] 

Density [kg/m3] 

Cost [£/kg] 

Resistivity [Ωm] 

Density [kg/m3] 

Cost [£/kg] 

Once the material selection has been completed, certain parameters such as those highlighted blue in Table 

9, will be automatically populated. This activity is completed by using a LOOKUP function in MS Excel 

which allows for automatic field population based on the material selection defined. This reduces potential 

error as the calculator will always use the material information from the materials database and does not 

allow for manual entry by the user. An important example of this is with regards to the residual induction 

input value which is dependent on the magnet material selected and cannot be entered independently of the 

material selection. 

In addition to the magnetic material properties such as residual induction (𝐵𝑟20𝑑𝑒𝑔𝐶) and relative 

permeability (𝜇𝑟), it is also necessary to define the magnet length (in the magnetised direction) (𝐿𝑚). The 
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magnet length is defined as a user input variable in order to provide designers with a level of control over 

the magnet size and subsequently cost. By using the magnetic circuit analysis techniques presented in 2.2

 Surface Permanent Magnet Alternating Current Motor Design Principles it is possible to approximate 

the airgap flux density which is required to determine certain geometrical features. To evaluate the airgap 

flux density, it is necessary to include factors such as the leakage factor (𝐾𝑙), reluctance factor (𝐾𝑟) and 

lamination stacking factor (𝐾𝑠𝑡). These inputs are grouped in the Magnets section.  Another important 

factor that is required for the motor sizing and performance design is the rotor magnet outer diameter (𝐷𝑅) 

(See Figure 28). This is included as an input under the Rotor category. 

With the input data presented and using (18), (28) and (29) it is possible to determine the airgap flux 

density (𝐵𝑔), rotor volume (𝑉𝑅) and rotor length (𝐿𝑅𝑜𝑡𝑜𝑟) as follows: 

 𝐵𝑔 =
𝐾𝑙𝐶∅

1+𝐾𝑟
𝜇𝑅
𝑃𝑐

𝐵𝑟 and 𝑃𝑐 =
𝐿𝑚

𝐿𝐴𝑖𝑟𝑔𝑎𝑝𝐶∅
  

Assuming that the flux concentration factor is ideal (𝐶∅ = 1):   

 
𝑃𝑐 =

𝐿𝑚

𝐿𝐴𝑖𝑟𝑔𝑎𝑝
 

 

 
∴ 𝐵𝑔 =

𝐾𝑙

1 + 𝐾𝑟
𝜇𝑅𝐿𝐴𝑖𝑟𝑔𝑎𝑝

𝐿𝑚

𝐵𝑟20𝑑𝑒𝑔𝐶 
 

And, 𝑉𝑅 =
𝜋𝐷𝑅

2

4
𝐿𝑅 =

𝑇𝑚𝑎𝑥

𝑟𝑀𝑃𝑒𝑟𝑅𝑜𝑡𝑜𝑟𝑉𝑜𝑙𝑢𝑚𝑒
   

 
∴ 𝐿𝑅 =

4𝑉𝑅

𝜋𝐷𝑅
2 

 

As indicated in Table 11 the airgap flux density and rotor length are presented in the Rotor & Magnets 

section of the outputs list of the calculator. Included in the output list for reference is the permeance 

coefficient (𝑃𝑐) and rotor volume. 

Table 11: Calculator outputs: Rotor and Magnets 

Section Parameter Symbol Units Value 

R
o

to
r 

&
 

M
ag

n
e

ts
 Airgap Flux Density Bg T =Br20degC*((Kl*1)/(1+Kr*(Mu_r/Pc))) 

Permeance Coefficient Pc  - =(LM/(1*LAirgapMagnetic)) 

Rotor Volume VR l =MMax/rMRatedPerRotorVolume 

Rotor Length (Stack Length) LR mm =VolRotor*4/PI()/dRotorMagnetOD^2*1000000 
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With all necessary high-level performance parameters defined and the motor size established it is possible 

to begin defining the stator and winding elements. As indicated in Table 9, additional input information is 

required to complete the stator and windings design. The stator tooth and slot profile is determined using 

several input parameters, namely; stator tooth slot depth (𝑆𝐷); stator tooth tang depth (𝑇𝐺𝐷) and the stator 

tooth slot opening (𝑆𝑂) (Refer to Figure 31). To complete the stator tooth profile, the theory presented in 

2.2.2 Stator Assembly is used. Due to magnetic saturation, the stator tooth body width (𝑇𝑊𝑆) and stator 

yoke depth (𝑊𝑆𝑌) can be determined. The designer can insert suitable values for peak flux density through 

the stator yoke (𝐵𝑆𝑌_𝑝𝑘) and tooth(𝐵𝑇_𝑝𝑘). With these constants and using (33) and (35), the stator tooth 

profile can be completed by using the following: 

 𝑇𝑊𝑆 =
2𝜋𝑅𝑟𝑜𝐵𝑔

𝑁𝑠𝐾𝑠𝑡𝐵𝑡
    

And 
𝑊𝑆𝑌 =

𝜋𝑅𝑟𝑜𝐵𝑔

2𝑁𝑝𝑝𝐾𝑠𝑡𝐵𝑠𝑦
 

 

 ∴ 𝑇𝑊𝑆 =
𝜋𝐷𝑅𝐵𝑔

2𝑁𝑠𝐾𝑠𝑡𝐵𝑇_𝑝𝑘
 and 𝑊𝑆𝑌 =

𝜋𝐷𝑅𝐵𝑔

4𝑁𝑝𝑝𝐾𝑠𝑡𝐵𝑆𝑌_𝑝𝑘
  

In addition, the full stator outer diameter (𝑂𝐷)and inner diameter (𝐼𝐷) can be determined as follows (See 

Figure 28): 

 𝑂𝐷 = 2(𝐿𝐴𝑖𝑟𝑔𝑎𝑝 + 𝑆𝐷 + 𝑊𝑆𝑌) + 𝐷𝑅 and 𝐼𝐷 = 2𝐿𝐴𝑖𝑟𝑔𝑎𝑝 + 𝐷𝑅  

The stator assembly definition is completed with user defined inputs for the number of turns in the 

windings (𝑛𝑡𝑢𝑟𝑛𝑠) and the gross slot fill percentage (𝑆𝐹𝑔) (This is used for mass determination only). The 

copper winding resistivity is indicated as well and can be used for estimating power losses through the unit 

(See Table 9). This figure is pulled from the materials database. 

The outputs for the stator definition can be seen in Table 12. This includes the stator outer and inner 

diameter, the yoke depth, tooth width and the number of slots. The number of slots (𝑁𝑠) is determined using 

the number of slots per pole per phase (𝑁𝑠𝑝𝑝), the number of magnet pole pairs (𝑁𝑃𝑃) and (39) as follows: 

𝑁𝑆𝑃𝑃 = 𝑁𝑠 2𝑁𝑃𝑃 𝑁𝑝ℎ⁄⁄  

Therefore, applying the restriction that the motor is in a 3-phase environment (𝑁𝑝ℎ = 3) and contains 

concentrated double layer windings (𝑁𝑆𝑃𝑃 ≤ 1) 
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𝑁𝑠 = 3 × 𝑁𝑆𝑃𝑃 × 2𝑁𝑃𝑃 

As represented in Table 12 the stator and winding output parameters are found in the Stator section of the 

calculator outputs. 

Table 12: Calculator outputs: Stator 

Section Parameter Symbol Units Value 

St
at

o
r 

Stator OD OD mm =(LAirgapMagnetic+yoke_depth+Slot_depth)*2+dRotorMagnetOD 

Stator ID ID mm =2*LAirgapMagnetic+dRotorMagnetOD 

Yoke Depth WSY mm =(PI()*dRotorMagnetOD*Bg)/(2*2*NPP*Kst*By_pk) 

Tooth Width TWS mm =(2*PI()*dRotorMagnetOD*Bg)/(2*Ns*Kst*Bt_pk) 

Number of stator slots Ns  -  =3*Nspp*2*NPP 

The primary rotor dimensions are defined, but in order to develop a more complete first-level model 

additional input information is required. These are listed in the Rotor section of the calculator inputs (See 

Table 9). Additional packaging input parameters are included in the Packaging Consideration category 

(See Table 13) which are required to build up the structural aspects of the motor. These parameters are 

explained in context with the model in 6.3 Design Model Template Build. 
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Table 13: Calculator inputs: Packaging considerations and Mass (Sample values) 

Section Parameter Symbol Units Value 

P
ac

ka
gi

n
g 

C
o

n
si

d
e

ra
ti

o
n

s 

Number of Mounting Lugs nMountingLugs  - 4 

Mounting Lug Bolt Spec BoltSize  - M10 

Mounting Bolt PCD Offset MBoltPCDOffset mm 10.000 

Mounting Lug Fillet Radius MLugFilR mm 10.000 

Housing Minimum Thickness MinThk mm 3.000 

Bearing Race OD bRaceOD mm 55.000 

Bearing Race ID bRaceID mm 35.000 

Bearing Length bLength mm 13.000 

Resolver OD ResOD mm 62.000 

Resolver Length ResLength mm 4.500 

Min Insulator Thickness InsMinThk mm 1.500 

M
as

s 

Magnet Density Rho_Magnet kg/m3 7,800.000 

Windings Density  Rho_copper kg/m3 8,920.000 

Stator Density  Rho_stator kg/m3 7,650.000 

Housing Density  Rho_Housing kg/m3 2,700.000 

Rotor Hub Density  Rho_RotorHub kg/m3 6,500.000 

The material mass information (density) for each component material is listed in the Mass inputs section 

(See Table 13). This information is extracted from the materials database and is used when determining the 

estimate mass and subsequently estimate cost of the unit. The mass output and cost estimates are indicated 

in the outputs sheet in the Mass & Cost section (See Table 14). This will be described in greater detail in 

6.4 Automating the Modelling Process. 

Table 14: Calculator outputs: Mass and Cost 

Section Parameter Symbol Units Value 

M
as

s 
&

 C
o

st
 

Power Density Power_density kW/kg =Pmax/TotalMass 

Stator CAD Mass StatorMass kg FROM CAD 

Rotor CAD Mass RotorHubMass kg FROM CAD 

Housing CAD Mass HousingMass kg FROM CAD 

Magnets CAD Mass MagnetsMass kg FROM CAD 

Windings CAD Mass WindingsMass kg FROM CAD 

Total Estimate CAD Mass CAD_Mass kg FROM CAD 

Total Estimate Material Cost CAD_Cost £ FROM CAD AND MATERIAL COSTS 
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6.3 Design Model Template Build 

The input and output data from the calculator provides sufficient information to fully define a first-level 

design model of the motor. The motor model includes an assembly with the following primary components: 

stator; rotor; magnets representation; windings representation and the housing elements (housing and 

cover). The model is developed in a manner that is feasible for representation whilst applying certain 

simplifications. For example, the laminations contained within the rotor and stator stacks have not been 

modelled individually but rather represented as a single body. 

A CATIA V5 template model of each component is defined. Each of these template models is defined with 

a global axis system in mind and contain a skeleton structure including a series of planes used to define the 

axial position of key features. This skeleton structure contains a common set of elements that are used as a 

basis for positioning particular features of the motor. For example, features such as the rear and front of the 

magnet, rotor and stator stack are included. By designing the model with a global axis system, it is simpler 

to manage the positioning of the components within the final motor assembly. With the generic positioning 

and skeleton model approach it is possible to begin developing the template models for each individual 

component. 

6.3.1 Stator Template Model 

The first model to be developed is the stator core. The stator assembly contains several components 

including the stator core stack, the individual windings, individual tooth insulators and additional insulating 

elements. The stator model, however, is representative of the stator stack only. As mentioned previously, 

the model is a simplified representation of the laminated stack and is modelled as a single solid. Figure 44 

illustrates the stator template model.  

The stator model can be generated by defining the appropriate stator tooth geometry and extruding this 

profile in the axial direction until the required stack length has been achieved. To control the stack length, 

the reference planes from the skeleton geometry are used as constraints. Once complete, the single tooth 

solid can be copied in a rotational direction about the motor axis to complete the stator model with the 

correct number of slots defined. 
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Figure 44: Stator template model 

The most important aspect of the stator model is the stator tooth profile. For simplicity, the stator tooth 

profile is restricted to the Parallel tooth, Arc-bottom, Semi-closed slot option as described in Table 3. A 

representation of the stator tooth sketch which drives the stator tooth model can be seen in Figure 45. The 

dimensions driving the geometrical features of the profile are controlled by the parameters from the 

calculator. This interaction is described in 6.4 Automating the Modelling Process. 

 

Figure 45: Stator template model: Tooth profile sketch (Sample dimensions) 
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6.3.2 Windings Representation Template Model 

The windings representation is a simplified model which illustrates the volume occupied by the windings. 

In reality, the windings are typically coils of wire wrapped around individual stator tooth stacks with a rigid 

insulator between them. However, for simplicity, the windings and stator have been modelled separately. 

In addition, the windings consist of coils of insulated wire with a circular profile. Instead of attempting to 

model the windings in detail including each turned wire, a volume representation has been developed 

instead. This simplification improves computational performance since the system is not required to render 

the detail associated with each coil of the windings. Figure 46 is an illustration of the winding representation 

template model. 

 

Figure 46: Windings representation template model 

This model is developed as follows. Initially a duplicate of the stator tooth profile sketch is included as 

reference. This is used to determine the maximum volume available in the slots to accommodate the 

windings. An offset is placed on the slot portion of the tooth profile (See Table 13 for 𝐼𝑛𝑠𝑀𝑖𝑛𝑇ℎ𝑘 parameter 

in calculator). This offset is applied to take into account the material that forms part of the stator tooth 

insulator, which is not modelled (See Figure 47). This profile is extruded along the motor axial direction to 

the extent of the stack. This is controlled by the reference planes defined in the skeleton geometry.  

Additional operations are included to represent the end windings. The profile for the end windings no longer 

must conform to the stator slot geometry and as such is represented in a more natural rectangular form. 

These portions are joined together with a swept volume to represent the bends at the corners of the windings. 
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A minimum bend radius of 2mm is maintained. Once a quarter model of the winding volume is complete, 

a series of mirror and rotational pattern operations are performed to complete the full winding template 

model. 

 

Figure 47: Windings representation template model: Windings volume profile sketch 

All significant dimensions used to define the winding model are driven from the calculator and is explained 

in more detail in 6.4 Automating the Modelling Process. 

6.3.3 Rotor Template Model 

The rotor template model contains sufficient detail to be used as a first-level design iteration which is 

suitable for customer presentation. The rotor model contains detail to include the following: permanent 

magnets support, spokes for mechanical support, resolver mounting support features, interfacing spline 

support features and bearing support features. The parameters that drive these features are included as input 

variables in the calculator. 

Figure 48 contains an illustration of the rotor template model. The model is developed in a robust manner 

by making use of as few sketch profiles as possible. The primary sketch determines the major dimensions 

of the rotor (See Figure 49). The additional dimensions illustrated in Figure 50 are defined by input 

parameters from the calculator (See Table 9). The profile illustrated in Figure 49 is revolved around the 

motor axis to produce the base model. Once revolved, additional dress-up operations are applied to 

introduce the rotor spokes and resolver mounting support features. As indicated by the yellow lines in 
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Figure 49, certain elements of the rotor profile sketch are constrained to elements of the skeleton geometry. 

This controls the axial offset of certain features (e.g. bearing planes etc.). 

 

Figure 48: Rotor template model 

 

 

Figure 49: Rotor template model: Rotor profile sketch 
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Figure 50: Rotor template model: Additional rotor detail dimensions 

All the dimensions used to define the rotor template model are driven from the calculator. The interface 

between the geometry and the parameters is discussed in 6.4 Automating the Modelling Process. 

6.3.4 Permanent Magnets Representation Template Model 

The permanent magnets representation template model is a simple representation of all magnet poles used 

in the motor. The magnet configuration is limited to the radially magnetised surface magnets, arc-shaped-

type as described in Table 5. Figure 51 illustrates the template model. The model is developed with a profile 

sketch which defines the shape of a single magnet stack. This sketch is extruded in the axial direction of 

the motor to the length of the stack. The stack length is again controlled by planes in the skeleton geometry 

which is defined by the calculator data. A rotational pattern operation is performed to complete the full 

magnet model. 
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Figure 51: Permanent magnets representation template model 

The profile of the magnet stack can be seen in Figure 52. This is representative of an arc-shaped magnet 

which is magnetised in the radial direction. The profile dimensions are controlled by parameters in the 

calculator for the number of pole pairs, magnet length and the rotor magnet outer diameter (See Table 9). 

The interface between the geometry and the parameters is discussed in 6.4 Automating the Modelling 

Process. 

 

Figure 52: Permanent magnets representation template model: Magnet profile sketch 
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6.3.5 Housing Template Model 

The housing model is required to house the stator assembly (stator and windings representation), support 

the rotor via bearings, support the resolver and provide mounting lugs to interface with the rest of the 

drivetrain. The foundations of the AIEED tool support 2-piece housing configuration only and for this 

reason, the housing model is created with a ‘tin-can’ shape as described in 2.2.5 Housing Components. 

As illustrated in Figure 53, the housing template model contains sufficient detail to include the following: 

support for stator assembly, bearing support features, resolver mounting support features and mounting lugs 

to suit the customer application. The parameters that drive these features are available from the calculator 

(See 6.2 Design Calculator Build). 

 

Figure 53: Housing template model 

The housing model template is built from a primary revolved profile. Figure 54 illustrates the primary 

profile sketch that defines the main body of the housing. This profile contains the details for features 

required to house the stator, provide sufficient clearance for the end windings, support the rotor bearings 

and provide a platform to mount the resolver. The parameters that define the dimensions of the sketch are 

driven from the calculator. The Packaging Considerations section (See Table 13) of the calculator inputs 

provides sufficient data to fully define the housing (See Figure 55 for an illustration used to identify the 

additional parameters).  

Parameters to control the bearing race outer diameter, the bearing length, the resolver outer diameter and 

the resolver length and are defined in the primary profile sketch and are identified in Figure 55. The profile 

sketch is controlled in the motor axial direction by applying constraints between certain sketch elements 

and planes in the skeleton geometry set.  
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Figure 54: Housing template model: Housing profile sketch 

 

Figure 55: Housing template model: Additional housing detail dimensions 

The mounting lugs are added with additional operations. The lugs are orientated such that mounting is 

limited to the axial direction only. The option to support radial mounting is not supported in the model. To 

develop the mounting lugs, a single lug is defined using a sketch. This sketch is dimensioned according to 

the parameters available in the calculator which can be described using Figure 55. To support the mounting 
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bolt, an operation is applied to the single mounting lug which creates a clearance hole. Once complete, the 

single mounting lug, with the clearance hole, is copied using a rotational pattern feature. This allows for 

several mounting lugs to be created in an equi-spaced arrangement. Additional dress-up features are applied 

to complete the model.  

All the parameters that drive the template dimensions are defined in the calculator with the interface 

between the two elements described in 6.4 Automating the Modelling Process. 

6.3.6 Cover Template Model 

The cover model, developed in a similar manner to the housing model, provides support for the second 

rotor bearing, as well as sealing the motor whilst providing clearance for the front-end windings. The model 

contains mounting lugs in the same arrangement as the housing model. As illustrated in Figure 56, the cover 

template model contains the features required to support the front bearing, seal the motor and support the 

mounting arrangement.  

 

Figure 56: Cover template model 

The primary solid is modelled based on a revolved profile as illustrated in Figure 57. As with the other 

template models, the primary profile illustrated in Figure 57 contains majority of the features required and 

makes use of the skeleton model methodology to constrain certain sketch elements along the axial direction. 

The mounting lug detail is replicated as defined in the housing model (See Figure 55). 

All the parameters that drive the dimensions are extracted from the calculator with the interface between 

the calculator and the model template described in 6.4 Automating the Modelling Process. 
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Figure 57: Cover template model: Cover profile sketch 

With all the individual component models completed, it is possible to build up the overall assembly. The 

sample assembly model can be seen in Figure 58. 

 

Figure 58: Full motor assembly template model (Sample parameters) 
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6.4 Automating the Modelling Process 

The model templates of each component have been created and the parameters that define the dimensions 

have been determined in the calculator. With the objective of automating the CAD model build, it is 

necessary to link the appropriate parameters from the calculator to the geometry defined in the templates. 

Since both MS Excel (the calculator development environment) and CATIA V5 (the CAD model 

development environment) support MS visual basic, the interface between the two elements is facilitated 

through a series of macros written in VB script. 

After providing MS Excel with the necessary CATIA V5 object libraries and references it is possible to 

control CATIA V5 using commands initiated from MS Excel. Since the calculator is developed in MS 

Excel and contains the bulk of the processed data, it was decided that the scripts be developed in the VBA 

editor based in MS Excel.  

A very useful macro recording feature available in CATIA V5 facilitates the development process. It was 

decided that instead of attempting to build a script to replace the parameters in the template models with 

those defined in the calculator it would be simpler and more robust to issue the CAD model build operation 

commands directly from the calculator using the appropriate parameters upfront. The fundamental 

methodology adopted to interface the calculator with the design models and to automate the CAD build is 

as follows: 

1. Enable macro recording in CATIA V5. 

2. Replicate the template model build process, using the same methodology described in 6.3 Design 

Model Template Build in CATIA V5. 

3. Record each step of the model build process for each component of the motor. 

4. Copy the recorded VB script from the CATIA environment into the MS Excel VBA editor.  

5. Introduce design variables in the VB script that extract parameter data from the calculator. 

6. Edit the recorded VB script (from CATIA V5) with the objective of replacing the generic variables 

that define the model geometry with the appropriate design variables introduced in step 5. 

7. Test the code stability and functionality at each phase of the script development. 

8. Introduce code with the intention of improving robustness. 

9. Improve robustness by making use of data validation techniques available in MS Excel. This will 

reduce the range of possible input variables, thereby limiting the possibility of inserting invalid 

parameters (e.g. a negative number of mounting lugs). 
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10. Compile the full CAD build scripts for each component. 

11. Compile an assembly script to create a product including all the sub-components of the motor. 

12. Create a single script that calls each individual component script and the assembly script to complete 

the full motor build with a single macro. 

Following the above methodology provides the basis upon which the AIEED tool is built.  

In addition to the core component build and assembly build scripts, additional pieces macros have been 

included in the tool with the aim of improving the user experience. For example, code is built into each 

component build script to automate the model save operation. 

All the macros can be executed from within the MS Excel based calculator by means of labelled push 

buttons as illustrated in Figure 59. The macros available in the AIEED tool, with a brief description of each, 

are listed in Table 15.  

Table 15: AIEED Macros and their description 

Macro Name Description 

Build Housing Creates a model of the housing to the specifications defined in the calculator 

Build Cover Creates a model of the cover to the specifications defined in the calculator 

Build Stator Creates a model of the stator to the specifications defined in the calculator 

Build Windings 
Creates a model of the windings representation to the specifications defined in 

the calculator 

Build Rotor Creates a model of the rotor to the specifications defined in the calculator 

Build Magnets 
Creates a model of the magnets representation to the specifications defined in 

the calculator 

FULL MOTOR 

BUILD 

Initiates the full motor build which includes the build of each component and 

the final assembly operation 

Build Assembly 
Assembles the components. Only works if the components have been created 

and saved in their working directory 

Reset Mass Clears the Mass fields in the outputs sheet of the calculator 

Reset Directory Clears the Working Directory field in the calculator 

Change Directory 
Allows user to redefine the working directory with the aid of a pop-up 

navigation window 
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Figure 59: Macro buttons available in AIEED tool 

To manage the design data, a working directory selection tool is included to assist the designer in selecting 

an appropriate working directory to which all developed models will be saved. This is executed by selecting 

the Change Directory button. 

Each component build VB script contains generic code that ensures CATIA V5 is open. If not, the script 

will issue a command to open the program. The macros also contain code to define the appropriate CATIA 

V5 settings for the modelling session. This is included to ensure consistent and robust operation.  

In addition, a basic part numbering utility is included in the script as well. This extracts data from part 

numbering cells in the calculator workbook and renames the components accordingly (See Figure 60).  

 

Figure 60: AIEED Tool: Part numbering fields 

The mass and material cost estimates are completed by initiating the FULL MOTOR BUILD macro. Once 

the full motor assembly has been created, the script initiates code which extract the CAD volume of each 

component. The volumes are used in conjunction with the density information available in the calculator 

(dependent on the material selection from the library) to determine the mass of each component. The cost 

is determined based on an average cost per unit mass which is also included in the materials database. The 

overall unit mass and cost are included in the Mass & Cost section of the outputs sheet of the calculator and 

are determined as follows: 

𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑆𝑡𝑎𝑡𝑜𝑟 + 𝑀𝑅𝑜𝑡𝑜𝑟 + 𝑀𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑀𝑀𝑎𝑔𝑛𝑒𝑡𝑠 + 𝑀𝑊𝑖𝑛𝑑𝑖𝑛𝑔𝑠 
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The mass of each component can be determined by finding the product of the component volume, 

extracted from the CAD model, and the density of the component material, available from the 

materials database. However, since the windings CAD model represents the volume available for the 

windings, multiplication by the slot fill factor (𝑆𝐹𝑔) provides a more accurate estimate of the windings 

mass. 

∴ 𝑀𝑡𝑜𝑡𝑎𝑙 = (𝜌𝑉)𝑆𝑡𝑎𝑡𝑜𝑟 + (𝜌𝑉)𝑅𝑜𝑡𝑜𝑟 + (𝜌𝑉)𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + (𝜌𝑉)𝑀𝑎𝑔𝑛𝑒𝑡𝑠 + 𝑆𝐹𝑔(𝜌𝑉)𝑊𝑖𝑛𝑑𝑖𝑛𝑔𝑠 

&  
𝐶𝑜𝑠𝑡𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑆𝑡𝑎𝑡𝑜𝑟𝑀𝑆𝑡𝑎𝑡𝑜𝑟 + 𝐶𝑅𝑜𝑡𝑜𝑟𝑀𝑅𝑜𝑡𝑜𝑟 + 𝐶𝐻𝑜𝑢𝑠𝑖𝑛𝑔𝑀𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + 𝐶𝑀𝑎𝑔𝑛𝑒𝑡𝑠𝑀𝑀𝑎𝑔𝑛𝑒𝑡𝑠 + 𝐶𝑊𝑖𝑛𝑑𝑖𝑛𝑔𝑠𝑀𝑊𝑖𝑛𝑑𝑖𝑛𝑔𝑠 

𝑀𝑥 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑥 [𝑘𝑔] 

𝑉𝑥 − 𝐶𝐴𝐷 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑥 [𝑚3] 

𝜌𝑥 − 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 [𝑘𝑔/𝑚3] 

𝐶𝑥 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 [£/𝑘𝑔] 

In addition to the mass and cost estimates being inserted into the spreadsheet, a message box opens on 

screen to indicate the values. An example of the message box can be seen in Figure 61. 

 

Figure 61: AIEED tool: Sample estimate mass and material cost message box 

The foundations of the full AIEED tool containing the calculator and all CAD build macros can be seen in 

Appendix D: AIEED Tool. The appendix contains the MS Excel document and a video to demonstrate the 

functionality of the tool. Appendix E: AIEED Tool – VBA Code contains a document with the full VBA 

code used in the foundations of the AIEED tool. 
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6.5 AIEED Tool Verification and Validation 

The scope of the project does not provide for a full verification and validation activity. However, to improve 

robustness, it is necessary to implement some level of data checking to avoid failed computation. The 

method that has been followed to provide this level of data verification is to limit the range of the individual 

data fields such that invalid entries are avoided. For example, entering a negative value for a dimension is 

not possible. 

The data inputs are restricted by making use of the Data Validation options available in MS Excel. The tool 

allows for the definition of validation criteria on specific cells in the worksheet based on a number of 

criteria. The data validation criteria applied to the input cells of the foundations of the AIEED tool, 

including a description of the criteria, can be seen in Table 16.  
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Table 16: Data validation criteria applied to input data 

Section Parameter 
Data Validation Criteria Description 

Type Range Units  

P
e

rf
o

rm
an

ce
 

Maximum Power Output Whole number 0-1500 kW Typical IP range [3] 

Maximum Speed Whole number 0-300,000 Rpm Typical IP range [3] 

Constant Power Speed Range Decimal 0.500-4.000 - Typical range [19] 

Torque Per Unit Rotor Vol. Whole number > 10 Nm/l Positive integer open to designer  

Number of Magnet Pole Pairs List 2,3,4,5,6,7,8,9,10 
Integer values within recommended range 
(1-25) [5] 

Airgap Length Decimal 0.05-10.00 mm Typical IP range [3] 

M
at

e
ri

al
s 

Magnet Material Selection List Materials catalogue 

Winding Material Selection List Materials catalogue 

Stator Material Selection List Materials catalogue 

Housing Components Material 
Selection 

List Materials catalogue 

Rotor Material Selection List Materials catalogue 

M
ag

n
e

ts
 

Magnet Length Decimal 1.0-100.0 mm Typical IP range [3] 

Lamination Stacking Factor Decimal 0.8-1.0 - Typical range [5] 

Leakage Factor Decimal 0.9-1.0 - Typical range [5] 

Reluctance Factor Decimal 1.0-1.2 - Typical range [5] 

Residual Induction RESULT Materials catalogue 

Relative Permeability RESULT Materials catalogue 

St
at

o
r 

&
 W

in
d

in
gs

 

Stator tooth slot depth Decimal > 2 mm Positive value open to designer 

Tooth Tang Depth Decimal 0.2-5.0 mm Typical IP range [3] 

Stator tooth slot opening Decimal 2.0-50.0 mm Typical IP range [3] 

Peak flux density through 
Stator Yoke 

Decimal 1.000-2.300 T Typical range [5] 

Peak flux density through 
Stator Tooth 

Decimal 1.000-2.300 T Typical range [5] 

Number of Winding Turns Whole Number 1-100 - Typical IP range [3] 

Number of slots per pole per 
phase 

Decimal 0.2-1.0 - Limited to Concentrated Windings 

Slot Fill, Gross Decimal 0.2-1.0 - Positive value within acceptable range 

Cu Winding Resistivity  RESULT Materials catalogue 

R
o

to
r 

Rotor Magnet Outer Diameter Decimal 75.0-300.0 mm  Typical IP range [3] 

Number of Rotor Spokes List 2, 3, 4, 5, 6, 7, 8 -  Positive integer value range  

Rotor Hub Web Thickness Decimal 1.0-10.0 mm  Simplified range 

Rotor Hub Web Draft Angle List 0, 0.5, 1, 1.5, 2, 2.5, 3 deg  Simplified range 

Resolver Rotor Mount Bolt 
Thread Length 

Decimal 5.0-50.0 mm  Acceptable range based on bolt spec range 

Resolver Rotor Mount Bolt 
Thread 

List 
M4, M5, M6, M7, M8, 
M10, M12, M14, M16 

Range of ISO metric thick pitch bolts 

Resolver Rotor Mount C-Bore 
Length 

Decimal 5.0-20.0 mm 
Clearance depth range related to bolt size 
range  [75] 
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Resolver Rotor Mount C-Bore 
Diameter 

Decimal 8.0-26.0 mm 
Clearance hole range related to bolt size 
range [75] 

Rotor Spline Length Decimal 5.0-50.0 mm Reasonable design range [75] 

Rotor Spline Lead-in Angle Decimal 10.0-45.0 deg Reasonable design range [75] 

P
ac

ka
gi

n
g 

C
o

n
si

d
e

ra
ti

o
n

s 

Number of Mounting Lugs List 2, 3, 4, 5, 6, 7, 8, 9, 10 Positive integer value range  

Mounting Lug Bolt Spec List 
M4, M5, M6, M7, M8, 
M10, M12, M14, M16 

Range of ISO metric thick pitch bolts 

Mounting Bolt PCD Offset Decimal 5.0-20.0 mm Limited range to avoid unwanted result 

Mounting Lug Fillet Radius Decimal 2.0-10.0 mm Limited range to avoid large value 

Housing Minimum Thickness Decimal 1.0-6.0 mm Reasonable design range [75] 

Bearing Race OD Decimal 20.0-300.0 mm Typical range from supplier catalogue [76] 

Bearing Race ID Decimal 10.0-200.0 mm Typical range from supplier catalogue [76] 

Bearing Length Decimal 4.0-30.0 mm Typical range from supplier catalogue [76] 

Resolver OD Decimal 25.0-132.0 mm Typical range from supplier catalogue [77] 

Resolver Length Decimal 2.0-10.0 mm Typical range from supplier catalogue [77] 

Min Insulator Thickness Decimal 0.2-3.0 mm Typical IP range [3] 

M
as

s 

Magnet Density RESULT Materials catalogue 

Windings Density  RESULT Materials catalogue 

Stator Density  RESULT Materials catalogue 

Housing Density  RESULT Materials catalogue 

Rotor Hub Density  RESULT Materials catalogue 

P
ar

t 
N

u
m

b
e

ri
n

g 

Housing Section Code N/A 

Cover Section Code N/A 

Stator Section Code N/A 

Winding Section Code N/A 

Rotor Section Code N/A 

Magnets Section Code N/A 

Should a parameter be inserted that does not conform to the validation restrictions applied, an error message 

appears indicating that the value is invalid and provides the range of valid inputs. An example of the error 

message can be seen in Figure 62. 

 

Figure 62: Data validation: Example of invalid input data entry error message 
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In addition to the data validation criteria, helpful images are included as comments in necessary cells. This 

includes diagrams to assist in when defining the parameters. An example of how these images are displayed 

is illustrated in Figure 63. 

 

Figure 63: Example of parameter description diagram included in AIEED tool 

The limited data verification provides a single layer of robustness and does not consider the relationships 

between the various input parameters. The verification technique is specific to the individual parameters 

and only considers the value in isolation. For this reason, if two related dimensions are defined in a manner 

that would lead to an impossible result, the system is not able to identify this and executing the motor build 

macro would lead to a failed computation. To improve the robustness of the AIEED tool a more 

comprehensive verification process is required. 

A possible validation technique that can be used to evaluate the accuracy of the AIEED tool is to compare 

the results with data from past projects. However, due to intellectual property protection it is not possible 

to perform this validation for the purposes of the project. To validate the foundations of the tool it is 

necessary to complete a comparison activity with historical project data.   
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7 CONCLUSIONS  

The foundations of a software tool (AIEED) used to improve the time and quality of response to new motor 

enquiries has been developed. The foundations of the AIEED tool are built into a Microsoft Excel document 

which contains the necessary logic required to convert customer requirements data into geometrical design 

data. A series of macros are included in the tool which allow for the automated generation of a first-level 

CAD model of the motor, including the following components; stator, windings, rotor, magnets, housing 

and cover. The CAD models are developed on the CATIA V5 design platform. In addition, the tool makes 

use of the CAD model to determine the estimate material cost of the unit based on average materials cost 

per unit mass defined in the materials database stored in the tool. 

The foundations of the tool include support for the following motor specifications: 

• SPM PMAC cylindrical radial flux motors only (external stator and internal rotor).  

• The units are designed for 3-phase supply only. 

• The winding configuration is limited to concentrated double layer option only. 

• There is no option to include rotor skew. 

• Parallel tooth, arc-bottom, semi-closed stator slot profiles only. 

• Arc-shaped radially magnetised surface magnet rotor configuration option only. 

• The mounting scheme is axial only. The option to mount radially is not supported. 

• The housing is limited to a 2-Piece configuration option only.   

Individual macros are available to build each sub-component independently of each other, however, the 

mass and material cost estimate is only performed when generating the full motor assembly. Although full 

validation and verification has not been completed for the foundations of the AIEED tool, certain 

restrictions have been placed on the range of input data. This basic level of data verification aims to 

minimise the potential for invalid inputs. 

The foundations of the AIEED tool enables IP to respond to new motor enquiries in a far more effective 

and efficient manner. After customer requirements have been gathered, the AIEED tool can be used to 

develop a first-level CAD design model and estimate material costs in a matter of minutes. This is 

significantly faster than the current manual processes which take around 3-4 weeks. Since the foundations 

of the tool only supports a limited range of motor specifications and a full validation phase has not been 

completed, it is currently estimated that the tool is capable of reducing new project enquiries’ response time 
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by around 75%. In addition, the CAD model that is generated can be shared with customers in order to 

improve the quality and value of the response. 

The foundations of the AIEED tool can be used to improve the costing and initial design phase of a motor 

enquiry. However, to fully realise these benefits, it is necessary to expand the tool to support additional 

motor types and specifications as well as package the foundations into a single, easy-to-use utility. 
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8 RECOMMENDATIONS FOR FUTURE WORK 

The scope of the project does not include a final AIEED development phase to package the project into a 

single standalone software tool. In addition to this, the full verification and validation of the AIEED tool 

foundations is out-of-scope. Recommendations for future work include compiling the functionality into a 

single tool, final code verification and validation and extending the functionality of the AIEED tool to 

include support for multiple PMAC motor types and a greater variety of options regarding motor 

configuration and specification. The following future work is recommended: 

• Incorporate all the foundational elements of the AIEED tool into a package that can run within a 

single environment (Figure 64 illustrate an example of the potential layout of the final AIEED tool). 

An option is to build the tool directly into CATIA V5 so that the working environment remain 

consistent from the requirements input phase through to the model build and material cost estimate 

phase. 

• Further testing and verification of the existing AIEED code. The project brief limited the extent to 

which the code was verified, it is therefore necessary to test and debug the code to improve its 

robustness. This includes extending the verification to consider the relationships between different 

parameters and not only the individual parameters in isolation. 

• A full validation activity is to be performed. This could include comparing the results of the AIEED 

tool to historical project data to evaluate its accuracy. 

• Test and adapt code to work on different releases of MS Excel and CATIA V5. The foundations of 

the tool have been built to work on MS Excel 2013 and CATIA V5-6R2016 SP3 and no additional 

testing has been performed on older and newer releases of either package.  

• Extend the application scope to include support for the following: 

o Internal Permanent Magnet (IPM) AC motors. 

o Alternative stator winding configurations (Distributed, Integer-slot, fractional-slot, single 

layer etc.). 

o Allow for rotor skew. 

o Additional stator slot profile options. 

o Additional rotor and magnet configuration options. 

o Multi-phase arrangements (Not just 3-phase).  

o Radial mounting arrangements. 
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o Electrical insulation considerations in the housing design. This includes incorporating a 

model and material costs for the stator encapsulation (potting) and provision for minimum 

clearance and creepage factors. 

• Extend the application functionality to include the following: 

o Definition and generation of the electrical termination components such as the busbars and 

star termination ring.  

o High-voltage and low-voltage connectors. Include options for connectors such that 

representations are built into the final CAD model and their respective mass and cost factors 

are included in the final approximation. 

o Motor cooling considerations. The tool can include a thermal characteristics calculator that 

can be used to approximate thermal conditions in the motor and develop coolant jacket 

representations in the models. This can be developed for stator and rotor cooling options.  

o 2D-Inductance computation to allow for more accurate electromagnetic specification 

calculation. 

o Introduce winding wire diameter considerations and support for multi-strand windings plus 

precision wound options. 

o Additional analytical work regarding estimate losses (Hysteresis, eddy, power, core and 

harmonic) to provide a more accurate performance estimate of the motor. This will also 

allow for computation of the motor efficiency. 

o Influence of temperature on magnetic properties of permanent magnets. This is currently 

ignored and would provide for more accurate performance and sizing estimates if included. 

o Introduce expected motor load-cycle information. This can allow for more accurate 

estimates based on specific operating requirements.  

o Include full detail and definition of rotor spline specification. 

o Introduce elements of structural analysis in the calculator. A first level stress calculation on 

certain components can be incorporated into the tool. For example, a stress calculation on 

the rotor hub in order to evaluate the safety factor of its design. This would allow for a first 

phase evaluation before a more detailed stress analysis is performed. 

o Incorporate aspects of finite element analysis for more accurate magnetic distribution 

evaluation. This could include a basic FEA computation or preparation and integration with 

an established electric motor simulation package. 
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Figure 64: Possible layout of the final AIEED tool 
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APPENDIX A: MATERIALS CATALOGUE DATABASE 

The materials defined in the materials database are based on the following supplier information 

Stator Core: 

The properties of the electrical steel used to manufacture the stator core can be seen below. The data is 

extracted from the Cogent non-oriented electrical steel catalogue [43]. Additional data can be seen in the 

catalogue. [43] 
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Windings: 

The properties of the magnetic wire used to make up the stator windings can be seen below. The data is 

extracted from the Essex round enameled copper wire product catalogue [50]. Additional data can be seen 

in the catalogue. [50]  
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Rotor Hub: 

The properties of suitable materials used to manufacture the rotor hub component can be seen in the table 

below. The data is extracted from the MatWeb materials library and various product catalogues [50].  

Material Density [kg/m3] Cost [£/kg]14 

Aluminium (Generic) 2,700.00 [56] 1.80 [52] 

Iron (Cast) 7,150.00 [56] 2.72 [53] 

Aluminium 2014 T651 (MC) 2,800.00 [56] 3.60 [54]  

Aluminium 2024 T6 (MC) 2,780.00 [56] 3.75 [54] 

Aluminium LM25-TF (Cast) 2,680.00 [56] 1.87 [55] 

Aluminium 6082 (MC) 2,700.00 [56] 2.40 [54] 

  

                                                 

14 Currency conversion completed using the following rates: £1.00 = € 1.136; £1.00 = $1.33; £1.00 = ₹90.19. 
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Permanent Magnets: 

The permanent magnet data below is extracted from the Arnold Magnetic Technologies Neodymium-Iron-

Boron (NdFeB) catalogue [60]. Additional data specific to the different magnet grades can be seen in the 

catalogue. [60]  
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Housing Components: 

The properties of suitable materials used to manufacture the housing component can be seen in the table 

below. The data is extracted from the MatWeb materials library and various product catalogues [50].  

Material Density [kg/m3] Cost [£/kg]15 

Aluminium (Generic) 2,700.00 [56] 1.80 [52] 

Iron (Cast) 7,150.00 [56] 2.72 [53] 

Aluminium 2014 T651 (MC) 2,800.00 [56] 3.60 [54]  

Aluminium 2024 T6 (MC) 2,780.00 [56] 3.75 [54] 

Aluminium LM25-TF (Cast) 2,680.00 [56] 1.87 [55] 

Aluminium 6082 (MC) 2,700.00 [56] 2.40 [54] 

  

                                                 

15 Currency conversion completed using the following rates: £1.00 = € 1.136; £1.00 = $1.33; £1.00 = ₹90.19. 
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APPENDIX B: CATIA V5 AUTOMATION OBJECTS 

The CATIA V5-6R2016 Automation object library and VB script help documentation, which is included 

by default in the CATIA V5-6R2016 install, can be seen in the utility titled: V5-6R2016Automation.chm. 

The documentation provides resource required for the development of automation VB scripts. The library 

includes all the objects and classes that can be accessed through scripting. The figure below is an extract 

from the utility and illustrates the infrastructure objects. [74] 
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APPENDIX C: PROJECT SCHEDULE 

The primary objective of the project is to deliver the foundation for an automated intelligent design tool 

that will help to improve Integral Powertrain’s response time to new electric motor design enquiries. The 

automated intelligent electric engine design (AIEED) tool project has been broken down into the following 

milestones: 

• Develop an electric motor design calculator able to convert customer requirements data into output 

geometrical data based on general electric motor design principles and specific Integral Powertrain 

design rules. 

• Create a parametric CAD template for the development of a first-level design model. 

• Interface the design calculator with the CAD template to automate the first-level design model 

generation. 

• Estimate the material cost of the electric motor based on the CAD model. 

The figure below provides an illustration of the proposed project schedule indicating all key events. 
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Proposed Project Schedule

2017 2018 

Today 

Feb Apr Jun Aug Oct Dec Feb 

Calculator Review 

8/28/2017 

CAD Template Review 

10/2/2017 

Interim Report 

11/6/2017 

First Draft 

1/5/2018 

Final Draft 

2/2/2018 

2/6/2017 - 6/30/2017 
Literature 
Review 

6/17/2017 - 9/1/2017 Calculator Build 

8/5/2017 - 10/20/2017 CAD Template Build 

9/8/2017 - 11/24/2017 
Interface Calculator 
with CAD 

11/1/2017 - 12/8/2017 AIEED Checking and Validation 

6/16/2017 - 2/2/2018 Report Generation 
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APPENDIX D: AIEED TOOL 

See Minucci-Cipolat-MSc5050-AIEED.xlsx 

Automated Intelligent Electric Engine Design (AIEED) Tool pre-requisites: 

• Dassault Systemes CATIA V5-6R2016 SP3 

• Microsoft Excel 2013 

A demonstration video is included for those without access to MS Excel or CATIA V5. Please see Minucci-

Cipolat-MSc5050-AIEED_Walkthrough.mp4. This contains a walkthrough of the tool to demonstrate its 

functionality. 

Some images illustrating the layout of the tool can be seen below. 
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APPENDIX E: AIEED TOOL – VBA CODE 

See Minucci-Cipolat-MSc5050-VBScript.pdf. This includes the full VBA code contained in the AIEED 

tool. (Digital only) 


