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Abstract-- While electrical machine designers typically go to 

great lengths to choose the optimal number of stator slots based on 

the electromagnetic performance, often the thermal aspects of this 

selection are overlooked. This paper investigates the multi-domain 

impacts related to the slot number selection, combining both the 

electromagnetic and thermal aspects. Taking an existing 42-kW 4-

pole, 12-slot electrical machine with Halbach-array surface-PM 

rotor, used within a more-electric marine engine as a case study, 

performance aspects of the machine with different slot numbers 

are investigated. The impact of slot number is compared 

considering the losses, output torque and its quality, as well as the 

peak temperature. Experimental tests are performed, verifying 

significant temperature reductions and performance entitlements 

when the optimal stator slot number from thermal point of view is 

selected. Finally general guidelines on slot number selection for 

temperature reduction are provided. 

Index Terms--Thermal effects, slot number, multi-domain 

analysis, power density. 

I.  INTRODUCTION 

ITH the globally stringent emissions policies, 

increased electrification at an unprecedented rate is 

underway for various transportation application areas, be it for 

marine, aerospace, rail, or road vehicles. Different application 

areas have different performance metrics for electrical 

machines. For example for the more-electric/hybrid/electric 

aircraft, the power to mass ratio [kW/kg] is the key figure of 

merit, with outstanding values, in excess of 6kW/kg reported 

recently [1]. In the automotive domain, packaging [kW/L] is 

very important, as is cost reduction, while for marine 

applications where space and mass are less of an issue, high 

efficiencies with good cost-performance [$/kW] are sought [2]. 

For all the aforementioned important key performance metrics, 

the thermal management and its enhancement are key in 

improving the performance metrics beyond the current state of 

the art, and help increase the market proliferation of electrified 

technologies [1, 3-5]. 

Thermal management in electrical machines combines two 

important main aspects: heat dissipation and heat generation. 

As for heat dissipation, conventional cooling methods applied 

in electrical machines include water channel design, housing 

fins, and shaft-mounted fans [6]. Water-jacket cooling [7], 

compared to the forced cooling methodologies [8], is a more 

effective way to remove heat generated inside the motor and is 

presently the mainstream way to cool automotive traction 

machines, as well as being reported for other applications where 

robustness is required such as in marine generators [3].  

For water-jacket cooled electrical machines, improvement of 

the heat transfer path inside the stator slot holds the largest 

potential to reduce peak temperatures due to the low equivalent 

thermal conductivity inside the slot [9]. Using an impregnation 

resin with a higher thermal conductivity is a direct way to 

increase the slot heat transfer ability. Three impregnation resin 

candidates, including varnish, Epoxylite and a silicone-based 

thermally conductive material SbTCM, are discussed and 

experimentally tested on identical induction machines [10]. 

Significant temperature reduction is observed in electrical 

machines using impregnation material with higher thermal 

conductivities. However, from the authors’ experience, the 

higher the impregnation material’s thermal conductivity, the 

higher its cost. Furthermore, higher thermal conductivity resins 

tend to have lower dielectric strengths [6]. Back-iron extension, 

whereby part of the back-iron is extended into the slot, proposed 

in [11], can achieve around 25% temperature reduction and 

does not have any associated cost-premium. However it is 

mainly applicable for concentrated-wound machines. Slot water 

jacket cooling provides another efficient way of winding 

cooling [12]. A heat exchanger inside the slot is presented in 

[13], shortening the heat transfer path between the heat sources 

and the fluid with a reported sustained current density of over 

24A/mm2. As with the case of the water pipes, reliable sealing 

is needed, and it is more suitable for electrical machines with 

concentrated windings.  

In [4], a novel ‘T’-shaped copper heat path is inserted from 

the centre of the slot to the bottom of the slot for a low 

frequency machine, where the large base provides a large 

contact area to the stator lamination. Having high thermal 

conductivity, the copper largely shortens the heat transfer path 

between the slot and the coolant, resulting in a 40% temperature 

reduction for the same current loading. However, eddy losses 

caused within the copper plate would nullify the thermal 

benefits in higher frequency electrical machines.  

Parallel and trapezoidal stator slot shapes are compared with 

respect to loss distribution and thermal benefits in [14]. It is 

concluded that with a parallel sided slot design, a 37 °C winding 
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temperature reduction is achieved, or alternatively an 11% 

increase in the torque production at the intended machine 

operation point is achieved. It is worth noting that this 

methodology is only applied to open modular stator windings 

[14]. Two factors regarding slot shape and slot size are 

researched in [15] to investigate the slot geometry thermal 

effects on the hardware exemplars, with equivalent thermal 

resistance between the winding and the coolant derived from 

DC power tests. The equivalent thermal resistance between the 

hot spot in the slot and the coolant is made up of several 

separate resistive components, which include resistances 

passing through different materials, such as the wire enamel, 

slot impregnation resin, air-pockets, slot liner, stator 

lamination, contact resistance, water jacket and fluids. It is 

concluded in [9] that the radial slot thermal conductivity 

contributes most to the total series resistances. Therefore, for 

electrical machines having the same size, the slot radial 

resistance is quite sensitive to the slot number. Higher slot 

number provides increased dissipation contact area from the 

slot to the coolant, while it also means reduced volume 

available for the armature windings.  

The number of slots per pole per phase ‘q’ is a key electrical 

machine designer’s design variable, typically optimising its 

value for specific electromagnetic aspects such as torque 

quality and inductance tailoring, while its effects on the thermal 

behavior of the electrical machine are often overlooked. This 

paper adopts a multi-domain approach to investigate the 

thermal aspects related to the slot number selection, in 

conjunction with the electromagnetic aspects such as the output 

torque and its quality, with the analysis conducted validated by 

experimental tests.  

Segments (motorettes) are a time and cost-effective way to 

validate the conducted analysis, allowing for adequate variants 

to be manufactured and compared [16, 17]. Winding losses are 

typically the main source of power losses and a power-density 

bottleneck within high performance PM machines, which result 

into high operating winding temperatures. Careful 

thermocouple placement within the segments is thus very 

important [18]. In this paper, segments corresponding to 

machines with different slot number are used to validate the 

thermal effects’ analysis. This paper is organized as follows: 

section II investigates the multi-domain impacts for four 

electrical machines with different stator slot number from both 

the electromagnetic and thermal perspectives. In section III, 

experimental tests are performed on prototyped sections, in 

order to validate the analysis results. Finally, conclusions and 

design recommendations based on this research are summarized 

in section IV. 

II.  MACHINES WITH DIFFERENT SLOT NUMBER 

In water-jacket-cooled machines, most of the heat generated 

in the slot is dissipated to the coolant through the stator slot, slot 

wall and back-iron. The slot consists of multiple materials, 

including the copper wire itself, where the heat is generated. 

The wire is often coated with insulating enamel, resin which 

fills the gaps between strands and helps stiffen the windings, 

and the slot-liner which provides the phase electrical insulation. 

Given the low slot effective circumferential thermal 

conductivity, therefore, the radial slot thermal resistance is 

significant in determining the hot spot temperature in the slot. 

The hot spot is usually located in the centre of the slot, furthest 

away from the iron. For the same stator inner diameter and outer 

diameter, increasing the slot number reduces the slot width and 

hence reduces the distance between the centre of the slot and 

the tooth. On the other hand from a thermal perspective, with 

increased slot number, the amount of slot liner also increases, 

hence reducing the available space for copper. Meanwhile, 

from the electromagnetic side, different slot numbers have 

sensitive effects on machine performances.  

Taking an existing 42 kW, 4-pole, 12-slot (i.e. slot per pole 

per phase 'q'=1) constant speed electrical machine used within 

a marine engine waste heat recovery system as a case study, 

shown in Fig. 1, the thermal effects of the original motor and 

the proposed motors with different slot numbers (24-slot, 36-

slot and 84-slot) are studied in this section, alongside the 

electromagnetic aspects.  

 

 
 

Fig. 1. Original 42kW 4-pole electrical machine 

 

In all the motors considered within the study, the Halbach-

array surface-PM rotor is kept the same. The total slot area is 

also kept constant, which includes the winding area, the slot 

liner area, and the wedge area. The ratio of total copper area to 

total slot area is named as the ‘copper fill factor’ in this paper. 

To generate the copper fill factor, the ratio of copper area to the 

available winding area (slot area minus slot-liner area) is kept 

constant. As the slot number increases, the amount of slot liner  

increases, which results in less available winding area and 

hence copper fill factor reduction, as shown in Fig. 2. The 

copper fill factor decreases almost linearly from 0.4535 in the 

original 12-slot motor, down to 0.3712 for the 84-slot motor. In 

this section, firstly, the electromagnetic aspects of all the 

considered motors are investigated. Thermal modelling is then 

presented in the second part, with machine performances 

compared for the same output torque. Thermal results are 

presented in the last part of this section, as an output of this 

study, in order to understand better the trade-offs in hand.  
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Fig. 2. Copper fill factor variation with slot number 

 

A.  Electromagnetic aspects 

The winding factor 'kw' is an important parameter in the 

motor design process, and high values are sought to maximise 

the efficiency of the winding design. It is calculated from (1),  

                           𝑘𝑤 = 𝑘𝑝 × 𝑘𝑑                                    (1) 

where 'kp' is the pitch factor, which depends on the slot pitch 

and pole pitch [15]. A single layer fully-pitched winding is 

adopted in this study, and hence 'kp' is always equal to 1. The 

winding of AC machines is distributed in several slots per pole 

pitch. A phase consists of a number of coils connected in series 

and/or parallel. There is phase displacement among the 

electromotive forces (emfs) generated in various coils. As a 

result, the resultant emf per phase is the phasor sum of various 

emfs generated in the coils of that phase. Hence the resultant 

electromotive force (emf) is always less than the arithmetic sum 

of the separate emfs. The ratio of resultant phase emf to the 

arithmetic sum of separate emfs of coils of a phase is called the 

distribution factor, 'kd', which is expressed as: 

                                  𝑘𝑑 =
sin(𝑞𝛼/2)

𝑞 sin(𝛼/2)
                             (2) 

where 'q' is the number of stator slots per pole per phase and 'α' 

is the slot pitch angle. 

The reduction of the winding factor with slot number is 

plotted in Fig. 3, according to which, the winding factor 

decreases by down to 4.42% from the original motor to the 84-

slot motor.  

The winding factor is not the only parameter which needs 

careful consideration. The inductance also changes with the slot 

number, with the slot leakage inductance being approximately 

inversely proportional to the slot number [18]. Finite Element 

Analysis (FEA) is used to analyse the nonlinear 

electromagnetic effects of the motors with the proposed slot 

numbers, outputs of which, including flux density, output 

torque, and torque ripple are assessed. Fig. 4. shows the slot 

configurations and FEA-computed flux-density plots for the 

machine variations of this study. 
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Fig. 3. Winding factor variation with slot number 

 

 

 
Fig. 4. Flux density plot for each machine (a) original 12-slot motor;  

(b) 24-slot motor; (c) 36-slot motor; (d) 84-slot motor 
 

Due to the combined effects of reduced winding factor on 

one hand and reduced slot leakage on the other hand, from Fig. 

5, it can be observed that the overall output torque reduces with 

the increasing slot number, when the motors are fed with the 

same current. A significant torque reduction by down to 

2.07N‧m (2.4%) is shown when the slot number is increased 

from 12 to 24. This percentage reduction roughly corresponds 

to the reduction in the winding factor, indicating that for this 

case the reduction in winding factor effect is predominant over 

any gains in reduced slot leakage when doubling the slot 

number. When the slot number increases from 36 to 84, no 

significant further torque reduction is observed from Fig. 5, 

again following the trend of the winding factor of Fig. 3.  

  

(a) (b) 

  

(c) (d) 
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Based on the foregoing analysis, input current is then 

increased with the slot number in order to maintain the same 

output torque as in the original 12-slot motor. The current 

required is indicated in Fig. 6. The current increase shows 

similar tendency to the torque reduction in Fig. 5, since the 

machine is not highly saturated. For the 24-slot motor, a current 

increase of 1.8A (2.46%) is demanded to obtain the same output 

torque of 89.6 N‧m as with the original motor, as shown in Fig. 

6, while it is 2A (2.74%), 2.11A (2.89%), respectively for the 

36-slot and 84-slot motors. The increased current contributes to 

higher copper and iron losses, influencing the thermal 

conditions of the electrical machines. 
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Fig. 6. Current requirement for the same output torque 

 

Torque ripple is another factor that needs consideration 

when different slot numbers are used. With the same rotor 

design (Halbach SPM, as shown in Fig. 4), the torque ripple 

variation with slot number is shown in Fig. 7. The torque ripple 

generated with the 24-slot motor remains almost constant as 

with the original motor, while for the 36-slot and 84-slot 

motors, torque ripple gets markedly improved from 15% down 

to below 3%.  
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Losses generated in the motor play a vitally important role 

from both electromagnetic and thermal perspectives, and 

together with the thermal management are the main factors 

determining the limits of performance metrics.  

Losses for each machine variant considered within this paper 

are composed primarily of stator copper losses and stator iron 

losses. Only DC copper losses are considered in this section as 

the machine is operating at a low frequency and AC losses are 

negligible compared to DC losses. The copper losses are 

calculated with formulae (2) and (3). 

 

𝑃𝑐𝑢 = 3𝐼𝑝ℎ
2𝑅𝑝ℎ                               (2) 

 

where ‘𝐼𝑝ℎ’ and ‘𝑅𝑝ℎ’ are the phase current and phase electrical 

resistance of the winding respectively. It is worth noting that 

the electrical resistance ‘ 𝑅𝑝ℎ ’ is coupled with the output 

winding temperature ‘𝑇𝑎𝑣𝑒’ from the thermal modelling results 

in section IIC, as shown in formula (3). 

 

𝑅𝑝ℎ = 𝑅𝑝ℎ0(1 + 𝛼(𝑇𝑎𝑣𝑒 − 𝑇0))                (3)                                                      

 

In (3), 𝑅𝑝ℎ0  is the electrical resistance at a known 

temperature 𝑇0  (normally 20 °C), while 𝛼 is the copper wire 

temperature coefficient, which is 0.00404. 

The copper losses are allocated between the in-slot and end-

winding region based on the proportion of winding length 

within the core and outside respectively. Meanwhile, it is worth 

noting that in practice the length of mean turn might change 

slightly for different slot numbers due to the practical winding 

implementation, however this is considered constant for the 

purpose of this study since both the pole number and stator 

diameters are constant. 

Iron losses ‘𝑃𝐹𝑒’ are  computed directly from 2D FEA, which 

uses Bertotti’s formulation method, and are composed of three 

components: hysteresis, classical and excess loss, as described 

by formula (4) [19, 20] 

 

𝑃𝐹𝑒 = 𝑘ℎ𝑓𝐵𝛼 + 𝑘𝑒𝑑𝑑𝑦𝑓2𝐵2 + 𝑘𝑒𝑥𝑐𝑓1.5𝐵1.5             (4) 

 

where ‘𝑘ℎ’, ‘𝑘𝑒𝑑𝑑𝑦’, and ‘𝑘𝑒𝑥𝑐’ are the hysteresis, eddy current 
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and excess loss coefficients, respectively. Furthermore, ‘𝑓’ and 

‘𝐵’ denote the frequency and magnetization, respectively. In 

this paper for the electrical steel grade considered, 

‘ 𝑘ℎ ’=0.02307, ‘ 𝑘𝑒𝑑𝑑𝑦 ’=1.141×10-6, and ‘ 𝑘𝑒𝑥𝑐 ’=0.0008532, 

while ‘𝛼’ =1.975.  

The variation of the aforesaid losses with slot number is 

shown in Fig. 8. Over the range of investigated slots, the 

magnitude of the copper losses in Fig. 8(a) increases with slot 

number by 30% from 1018W to 1321W for the same output 

torque. The increase in the winding losses are mainly due to two 

factors: (i) copper fill factor reduction, as shown in Fig. 2, 

which results in higher winding electrical resistance; and (ii) 

current increase required to compensate for the reduced 

winding factor caused by the higher slot number, as shown in 

Fig. 6. As the current is increased, the working flux level in the 

machine increases due to the stronger armature reaction field, 

which in turn increases the stator iron losses by up to 10.7%, 

from 382.5W to 422.8W across the minimum and maximum 

slot numbers considered in this study, as shown in Fig. 8 (b). 
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Fig. 8. Losses for motors with different slot number and same output 

torque (a) Copper losses; (b) iron losses  

B.  Thermal modelling 

Lumped Parameter Thermal Network (LPTN) classifies the 

temperature distribution of a physical system into a topology of 

entities, which are linked with thermal resistances. A LPTN 

model is created based on the original machine topology and 

applied to investigate the slot number effects on machine 

thermal performances in this research. The process of 

developing such thermal network is as follows. 

Half slot of the stator and corresponding part of the rotor are 

simulated given the motor radial geometry symmetry and 

periodicity. There are three corresponding repeated radial 

planes arranged and created longitudinally in the core to obtain 

the 3D detailed temperature distribution of the machine 

(hereafter referred to as ‘axial section in core machine I-III’). 

Furthermore two corresponding axial end-winding sections are 

built to record the end-winding temperature profile for each side 

(‘end-winding section’ and ‘NDE_end-winding section’). To 

avoid showing multiple repeating identical sections, only three 

axial sections are included in Fig. 9, while the ‘axial section III’ 

and ‘NDE_end-winding section’ thermal network are omitted 

in the figure.  

In the radial plane, the stator back-iron, stator tooth, air-gap, 

rotor iron, magnet, and shaft are each represented by a single 

node, respectively. A 5×5 node arrangement in the half slot is 

generated to capture the temperature profile to a good 

resolution, as shown in Fig. 9. The node is located at the centre 

of each cell. It should be noted that five nodes between each 

two adjacent axial sections are plotted with ‘-▬-’ to represent 

the slot axial thermal resistances. The resistances between other 

nodes in the slot are not shown in the same figure for the sake 

of clarity. Losses are considered to be distributed uniformly 

within one corresponding node. 

The calculation of temperature is based on the heat balance 

equation (5) at each node ‘i’ which is illustrated in Fig. 9 under 

steady state. In (5), ‘𝑇𝑖’ and ‘𝑞𝑖’ are the node ‘i’ temperature 

and the associated node loss, ‘𝑇𝑗’ is the node ‘𝑗’ temperature, 

while ‘𝑅𝑖𝑗’ is the thermal resistance between node ‘𝑖’ and node 

‘j’. The parameter ‘𝑛’ is the total node number in Fig. 9. 

 

∑
𝑇𝑗−𝑇𝑖

𝑅𝑖𝑗

𝑛
𝑗≠𝑖 + 𝑞𝑖 = 0                                 (5) 

 

Only conduction and convection heat transfer are considered 

in this paper. Thermal conduction is the transfer of internal 

energy by microscopic diffusion and collisions of particles or 

quasi-particles within a body or between contiguous bodies [21], 

while convection takes places between a solid surface and a 

fluid when there is a temperature gradient. Convective heat 

transfer occurs in the modelling mainly (i) in the end-region of 

the motor, where the end-winding is in contact with the air; (ii) 

across the air-gap between the stator and rotor; (iii) in the water-

jacket coolant channel within the machine aluminium housing. 

The nodes displayed in Fig. 9 are linked with thermal 

resistances. Formulae (6) and (7) are applied in calculating the 

conduction and convection thermal resistance between 

neighbouring nodes (both radially and axially), respectively. In 

these formulae, 'L' in [m], is the distance between two 

neighbouring nodes, and ' 𝐴𝑐𝑟𝑜𝑠𝑠 ' in [m2] is the cross-sectional 

area that is perpendicular to the direction of heat flow between 



 6 

the two nodes, while 𝜆  in [W/mK] is the effective thermal 

conductivity between the two nodes and is determined by the 

conducting material between them. Table 1 lists the main 

machine materials and their corresponding thermal 

conductivities as used within the thermal modelling. It is worth 

noting that the insulation system is rated to thermal class H, i.e. 

180°C. Inside the slot, where multiple materials are employed, 

the slot effective thermal  conductivity '𝜆𝑠𝑙𝑜𝑡 ' is used [22].  

 

𝑅𝑐𝑜𝑛𝑑 =
L

𝜆𝐴𝑐𝑟𝑜𝑠𝑠
                               (6) 

 

𝑅𝑐𝑜𝑛𝑣 =
1

ℎ𝐴𝑠𝑢𝑟
                                 (7) 

 

For the convection thermal resistance, '𝐴𝑠𝑢𝑟 ' in [m2] is the 

surface area of the solid in contact with the fluid around it, 

while 'h' in [W/m2K] is the heat transfer coefficient which 

depends on the fluid flow near the surface. The heat transfer 

coefficients 'h' for the aforementioned three regions where 

convective heat transfer occurs are calculated using formulae 

(8) to (14) [23, 24]. 

 
TABLE 1 

CONSTITUENT MATERIAL THERMAL CONDUCTIVITY 
 

Item Material  
Thermal conductivity 

(W/mK) 

Insulation (class H) polyesterimide 0.21 

Slot liner Nomex 410 0.14 
Impregnation resin Epoxylite  0.21 

Magnet NdFeB 8.5 

Stator lamination M235-35A 
29.1 (radial) 
0.87 (axial) 

Sleeve Carbon fiber 0.59 

Housing Aluminum 180 
Shaft Steel 304 14.9 

 

The heat transfer coefficient 'h' at the end-winding surface 

in the end-region of the motor can be estimated by an empirical 

formula (8) based on experimental studies [23]. The heat 

transfer coefficient is calculated taking into account the 

machine shaft speed which drives the fluid flowing around the 

end-winding region. Formula (8) suggests 'h' is in positive 

correlation with the reference velocity '𝑈'. With the thermal 

modelling in this paper, k1=15, k2=0.15, k3=1. The convection 

heat transfer coefficient derived is around 62.5 W/(m2·K).   

 

   ℎ = 𝑘1 × (1 + 𝑘2(𝑈)𝑘3)                       (8) 
 

Heat transfer coefficient in the air-gap mainly depends on 

the rotor speed and the physical air-gap length between the 

stator bore and the rotor outer surface. It is proposed in [23] that 

the heat transfer coefficient can be calculated with formulae (9) 

and (10), 

  𝑇𝑎=𝑅𝑒√𝑎 𝑅𝑟⁄ ; Re = 𝜌𝜈𝑎 𝜇⁄ ; 𝐷𝑒 = 2𝑎               (9) 

                            ℎ  = 0.386 𝜆 𝑇𝑎0.5𝑃𝑟0.27/𝐷𝑒                       (10) 

where 'Ta' is the Taylor number, 'Re' is the Reynolds number, 

'a' is the air-gap length, 'Rr' is the rotor radius,'𝜌 ' is the air 

density, '𝜈' is the air velocity, '𝜇' is the dynamic viscosity of air, 

'De' is the hydraulic diameter,′𝜆′ is the thermal conductivity of 

the air, and 'Pr' is air Prandtl number. An alternative 

methodology of analyzing the air flow in the airgap is presented 

in [25, 26], where an equivalent effective conductivity is 

applied, considering both laminar flow and turbulent flow. With 

the above conditions, the derived heat transfer coefficient is 

around 274.9 W/(m2·K).  

Heat transfer coefficient in the water jacket depends on the 

cooling channel design and the water flow velocity (10L/min in 

this case) in the channel. It can be calculated with formulae (11) 

to (14) when the flow is turbulent [24], where 'f' is the friction 

factor, 'Re' is the Reynolds number, 'Pr' is the coolant Prandtl 

number, 'Dh' is the hydraulic diameter, '𝜈' is the water velocity, 

'𝜇' is the dynamic viscosity of water, while 'S' and 'P' are the 

cross sectional area and peripheral length of the water channel 

respectively. With water thermal conductivity '𝜆', formula (14) 

Coolant

Stator_fluid

Rotor_fluid

Endwinding section
Axial section I in core 

machine

Axial section II in core 

machine

Stator_fluid
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Tooth

Air-gap

Magnet

Rotor iron

Shaft
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Housing
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Fig. 9. 3D thermal network for the traction motor 
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is used to calculate the heat transfer coefficient between the 

coolant and housing, which is about 986 W/(m2·K). 
 

𝑁𝑢 = 
(𝑓 8⁄ )×(𝑅𝑒−1000)×𝑃𝑟

[1+12.7×(𝑓 8⁄ )1/2×(𝑃𝑟2/3−1)]
                      (11) 

  𝑓 = (0.79 × 𝑙𝑛(𝑅𝑒) − 1.64) -2                       (12) 

𝐷ℎ = 4𝑆 𝑃⁄ ;  Re = 𝜌𝜈𝐷ℎ 𝜇⁄                         (13) 

            ℎ = 𝜆Nu 𝐷ℎ⁄ ;                                     (14) 

C.  Thermal results 

From the foregoing discussion, the selection of slot number 

is a sensitive multidomain problem as on one side, by increasing 

the slot number, the thermal path for heat dissipation is 

shortened, while on the other side, the copper and iron losses 

can increase markedly, due to the discussed effects of fill factor, 

winding factor and armature reaction field. The thermal benefit, 

if any, is therefore determined by the optimal balance between 

the aforesaid parameters. 

The currents and associated losses corresponding to the same 

output torque for each machine variant, as shown in Fig. 6, and 

Fig. 8 are applied to the thermal model described in the previous 

section II.B. The thermal network solves when a defined 

convergence is achieved, where thermal conductivities (and 

losses) are adjusted with the winding temperature. Fig. 10 

shows the calculated temperatures for the same output torque.  

The reduced thermal resistance is in a largely dominant role 

over the increased losses for all the investigated motors (24-

slot, 36-slot and 84-slot), with peak winding temperature 

monitored decreasing in comparison to the original motor. For 

the cases with the slot number 24 and 36, peak winding 

temperature reductions of up to -25.6 °C (-14.18%) and -32.5°C 

(-17.97%) are observed. For higher slot numbers (84 slots), the 

increase in losses starts to be in a dominant role, with the peak 

winding temperature being +7.7 °C (+4.23%) higher compared 

to the 36 slot motor, while it still provides a -24.8°C (-13.73%) 

peak winding temperature reduction with respect to the original 

12-slot motor.  
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Fig. 10. Peak temperatures of motors with different slot number for 

the same output torque 

D.  Electromagnetic performance with different slot number 

Considering the thermo-electromagnetic multi-disciplinary 

design aspects and factors in play as the slot number is 

optimized, Fig. 11 shows the calculated extra continuous torque 

entitlement for the same peak winding temperature (i.e. 180 

°C). For the aforesaid thermal limit of the original 12-slot 

motor, significant torque improvements are observed in the 

cases with slot number being 24 and 36, corresponding to 

4.24Nm(+4.74%) and 5.73Nm(+6.45%), respectively. The 84-

slot motor also translates to 3.99Nm (+4.45%) increase in 

torque with respect to the original motor, while it is 1.74Nm(-

1.86%) less compared to the 36-slot motor. 

Apart from the discussed thermo-electromagnetic aspects of 

this paper related to slot number selection, in the final design of 

a stator, mechanical aspects should be checked, particularly on 

the stator teeth strength and their vibration as the slot number is 

increased. These should be carefully considered taking into 

account the forces exerted on the teeth, including those exerted 

in operation as well as during coil-insertion. 
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Fig. 11. Additional torque entitlement for the same winding 

temperature rise 
 

E.  Guidelines on optimized slot number for the investigated 

marine electrical machine  

The thermal benefits for stators having a slot number of 12, 

24, 36 and 84 were investigated in the preceding sections, 

suggesting that increasing the slot number can bring significant 

thermal benefits with respect to the original motor, while the 

temperature reduction is not always guaranteed by simply 

increasing further the slot number. This section gives a more 

comprehensive view of the peak temperature tendency with slot 

number, together with the copper fill factor and copper losses, 

considering all the integral slot per pole per phase 'q' numbers, 

from q=1 to q=7 (i.e. 12,24,36,48,60,72,84 slots), as shown in 

Fig. 12. 

Peak temperature tendency with slot number depends on the 

balance between the extra losses incurred and the shortened 

thermal path, as shown in Fig. 12 (a). It decreases, reaching a 

minimum when the slot number is 48 (q=4), and then increases 

with higher slot numbers. It is worth noting that peak 

temperature reduction is especially sensitive for low slot 
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numbers (i.e. when increasing the slot number from 12 to 24).  

From Fig. 12 (b), it can be seen that the copper fill factor 

decreases linearly with the slot number due to the extra slot liner 

area added, while copper losses are increasing at a varying rate. 

Copper losses increase with the slot number because of: (i) 

current increase due to the reduced winding factor, with the 

losses increasing with the square of the current, and (ii) 

increased resistance from the reduced copper fill and in some 

cases (when the slot number is over 60) from the increasing 

winding temperature. In increasing the slot number from 12 to 

24, there is a big increase in current to maintain the same output 

torque, and thus copper losses increase significantly. On the 

other hand, copper losses are increasing rapidly due to the 

combined effects of increasing winding temperature and 

reduced copper fill for slot numbers over 60. For slot numbers 

between 36 and 60, copper losses increase linearly with slot 

number. In this slot number range, both the winding 

temperature variation, as well as the current variation are less 

pronounced. 
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Fig. 12.  a) Peak temperature versus slot number b) Copper fill factor 

and copper losses variation with slot number 

F.  Guidelines on optimized slot number for temperature 

reduction 

The previous sections have described the considerations and 

methodology to arrive at the optimized slot number from a 

thermal perspective for the investigated 42kW 4-pole marine 

generator. Using a similar analysis methodology, this study is 

extended to generate guidelines on optimized slot number 

selection considering a series of scaled machines. It is assumed 

that both the ratio of slot width to tooth width and the ratio of 

rotor outer diameter to stator outer diameter remain the same, 

giving reliable guideline values for machines of a similar pole 

number to the case study investigated. In this case, 0.4 to 4 

times the dimensions of the original 42kW machine are 

considered, with the stator outer diameter varying from 98mm 

to 1000 mm. Based on the aforesaid analysis, the optimized slot 

number for temperature minimization is plotted versus the 

stator outer diameter in Fig. 13. From this figure, it can be seen 

that optimized slot number increases linearly with the stator 

dimension when the stator outer diameter is from 98mm to 

400mm and starts to flatten out with further increase of stator 

diameter. It is worth mentioning that it is expected that the 

thermally optimized slot number indicated in Fig. 13 may not 

always be practical from an electromagnetic design point of 

view, in which case an appropriately close slot number value 

following the trend line in the figure can be chosen.  
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Fig. 13. Optimized slot number from thermal perspective 
 

Following the same methodology and procedure carried out 

for determining the optimum slot number for the 42kW 

machine, a detailed design of a 4-pole 1MW surface-PM 

machine is performed, and the machine built as shown in Fig. 

14. The key electrical and geometrical parameters are listed in 

Table 2, with the stator OD of 600mm being an order of 

magnitude larger than that of the earlier case study. 
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Fig. 14. 1MW 4-pole, 60-slot SPM machine stator 
 

TABLE 2 
 

PARAMETERS FOR A 4-POLE 1MW SURFACE-PM GENERATOR 
 

 Parameters Values  

Machine rating 
Rated power 1MW 

Rated speed 3000rpm 

Geometry 
Stator outer diameter 600mm 

Active length 650mm 

Materials Insulation C class  

 

The same phenomenon of Fig. 12(a) recurs in Fig. 15(a) for 

the 1MW machine, where for lower slot numbers (in this case 

<48 slots), as the slot number is increased the peak temperature 

reduces sharply, with the temperature increasing again for the 

higher slot numbers. Considering the larger stator diameter of 

600mm, the optimum slot number for reducing the winding 

temperature in this case is 60 slots (i.e. 5 slots per pole per 

phase), which also concurs to the value indicated from the 

earlier study corresponding to Fig. 13. 

Fig. 15 (b) shows the trend of the copper fill factor and 

copper losses for the 1MW machine case study. The copper fill 

factor, as in the previous case, has a linearly decreasing 

relationship with slot number, albeit the rate of decrease 

(gradient) is less due to the larger total slot area of the 1MW 

machine.  
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Fig. 15. 1MW machine (a) Peak temperature versus slot number  
(b) Copper fill factor and copper losses variation with slot number 

III.  EXPERIMENTAL VALIDATION 

A.  Test segments and experimental rig 

Three segments based on the original 12-slot stator, as well 

as the presented 24-slot and 36-slot stators are described and 

tested in this section to validate the analysis on optimized slot 

number of section II. For the sake of keeping the experimental 

setup simple, quarter-sectors of the whole stator and a specially 

designed water jacket are manufactured . The axial length of the 

segments is the same as with the original motor. Since the main 

losses investigated in this research are the copper losses in the 

slot and their thermal path, the segments are made of solid steel 

to simplify the manufacturing process, and tests performed 

using DC currents. In this section the segments are referred to 

as: original segment A (q=1), double-slot segment B (q=2) and 

triple-slot segment C (q=3), shown in Fig. 16.  

 

  

(a) (b) 

 

(c) 

 
Fig. 16. Segments for experimental validation, (a)Segment A;  

(b) Segment B; (c) Segment C. 
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The number of wires per turn are adjusted based on the slot 

number and copper fill factor for each segment, corresponding 

to that shown in Fig. 2. Multiple thermocouples (K-type) are 

placed in the slots to give a clear indication of the hot spot 

within the segments, as shown in Fig. 17 (each ● representing 

a thermocouple), including one in the middle of each slot where 

the hotspot within the segment is expected based on thermal 

modelling. Also thermocouples are inserted in the middle of the 

end-winding to measure the hot spot of the end-winding. 

Thermocouples are also fixed to the segments’ back-iron with 

thermal paste as can be easily spotted from Fig. 16. These are 

used to detect and ensure good contact between the segments 

and the cooling water jacket. Segments are then varnished using 

vacuum pressure impregnation (VPI), which ensures 

consistency and a good fill quality by the impregnation resin 

inside the slot.  
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Fig. 17. Thermocouple locations, (a)Segment A; (b) Segment B;  

(c) Segment C. 

 

The segments are fed by a DC current and completely 

insulated from air, so that all the losses generated are removed 

to the water-jacket. The experimental assembly is shown in Fig. 

18, detailing the various constituent parts. 
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Fig. 18. Experimental rig 

B.  Test segments’ thermal model 

The LPTN thermal model developed for the full machine in 

section II has been validated with short circuit tests and is 

adjusted to simulate the segment tests with practical 

modifications made, mainly removing the rotor. The thermal 

condition that no heat loss is dissipated to the ambient from the 

end-windings and the inner surface of the stator core is 

assumed, since the segments are covered by a thermal 

insulation layer during the experiments, as detailed in Fig. 18. 

Also, since only DC current is applied to the coil, no heat is 

generated in the stator core (i.e. no iron losses within the test 

segment). All the heat generated inside the copper is conducted 

through the stator core, water jacket and then removed by water 

flowing through the water jacket. Therefore, in the thermal 

network simulations for the segment, the convective heat 

transfer in the air-gap and at the end-winding are neglected. The 

winding loss distribution in the segment is equivalent to that in 

the design process of the full machine, calculated based on the 

input currents and the electrical resistance of the winding. 

Meanwhile, the scaling losses of winding temperature are 

considered. The thermal model was calibrated with the highest 

temperature the winding can tolerate, which is 180 °C in this 

case. Other input currents are also used to gauge the overall 

effectiveness of the thermal model. 

C.  Experimental results 

To ease the comparison, only peak winding temperatures are 

used herewith, the experimental data of which is summarized 

and shown in Fig. 19 for all three test segments. As seen from 

Fig. 19, the peak winding temperature of segment A is much 

higher than that of segment B and C when the same current is 

applied. For example an input current of 30.4A corresponds to 

a temperature of 180°C for the hotspot in segment A, while for 

segment B and segment C, the peak temperatures with the same 

input current are 136.5°C(24.2% lower) and 130.5°C(27.5% 
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lower), respectively.  

Alternatively, for the same winding thermal limit of 180°C 

the current density of 8.87 A/mm2 (corresponding to 30.4A) for 

the original segment, can be increased to 11.71 A/mm2 (+32%) 

for segment B, and further to 13.33 A/mm2, (+50.3%) for the 

segment C. 

Also from Fig. 19, for all three test segments the peak 

winding temperature increases with the current as more heat is 

generated. However, the rate of increase varies for different 

segments. The peak winding temperature of segment A 

increases faster than that in segment B and segment C. 
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Fig. 19. Improved segments thermal benefits 

D.  Effects of slot number with water jacket cooling 

Fig. 12 (a) presented the slot number thermal effects on the 

peak winding temperature for the actual machine, with the 

currents increased with slot number in order to maintain the 

same nominal machine output torque. This characteristic is 

presented again in Fig. 20, in red (-Δ-). Fig. 20 also plots, in 

blue (-○-), the thermal effects of slot number when the same 

current is applied to the full machine model, while excluding 

the iron losses, analogous to the situation with experimental 

testing. On the same plot, in black (■), the experimentally 

measured peak winding temperature of the three test segments 

for the same injected current is shown. Similar to the LPTN 

thermal network predictions, in the experiments when the slot 

number increases from 12 to 24, there is a sharp reduction of 

the peak winding temperature. A further increasing of slot 

number from 24 to 36 reduces the peak temperature further 

albeit at a decreasing rate. This tendency also agrees well with 

the simulation results. 

The simplified LPTN thermal model predicts well the 

thermal performances of the segments for all the tested 

experimental cases. Due to the limitation of manufacturing and 

winding technologies available to the authors, test segments 

with higher slot numbers (>48 slots) were not practical to be 

prototyped for the motor size investigated. Therefore, the 

validated LPTN model is used to predict the cooling 

performance with the further increasing of slot number. From 

Fig. 20, it is shown the benefit of any further slot number 

increasing will be quite limited for 48-slots (q=4), and 

detrimental for 60 slots or higher (q≥5). It should be pointed out 

that similar analysis methodology and further experiments on 

electrical machines with, for example, larger geometries, are 

suggested to the readers in order to identify and validate the 

optimal slot number for each case in hand. 
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Fig. 20. Peak temperature versus slot number for different scenarios 

IV.  CONCLUSION 

To increase the market uptake of electrical machines for 

more-electric transportation, a step change in performance 

metrics is required. The winding copper losses are often the 

bottleneck in improving the performance metrics, being it the 

power density or cost performance, due to the low effective 

thermal conductivity in the slot. Often improvements to tackle 

this come at the cost of using more expensive materials or more 

intensive cooling arrangements. While these are of course 

effective, in this paper it has been shown that prior to resorting 

to such techniques, it is important to pay careful attention to the 

more basic design choices from the thermal perspective, such 

as the slot number which is shown to be a particularly sensitive 

thermo-electrical optimisation parameter. Taking an existing 

42kW, 4-pole 12-slot electrical machine, and using a 

methodological multi-domain approach which takes into 

account the various factors that need consideration, this paper 

has shown experimentally that the current density can be 

increased by over 50% by optimizing the slot number. Such 

increase is quite significant, particularly in light of the 

performance entitlement it can translate to. Furthermore, 

adopting the analysis methodology presented in this paper, 

guidelines are given on slot number selection for temperature 

reduction for a range of stator diameters, which should be a 

useful reference for the initial motor design stages. 
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