
INTRODUCTION
Major cities around the world are either implementing or 
considering the stringent environmental pollution regulations. 
This, along with the increasing price of fossil fuels and the 
growth of renewable energy has brought electric propulsion 
back to the market. The electric propulsion uses an electrical 
energy storage such as batteries or fuel cells, along with 
electric drives instead of an IC engine powertrain. Electric 
motor in an electric drivetrain can be incorporated in number of 
ways and hub motor, especially in direct drive configuration, 
offers a number of benefits such as improved efficiency, 
increased cabin space in four wheelers and weight reduction in 
two wheelers without affecting the ride and handling [1].

Figure 1. Exploded view of the motor (1. Endplate, 2. Rim, 3.Rotor 
core, 4. Magnet, 5. Winding, 6. Stator core, 7. Spider and 8. Non 
rotating shaft).
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ABSTRACT
This paper investigates the heat dissipation in the hub motor of an electric two-wheeler using lumped parameter (LP), finite 
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The hub motor investigated in this paper is taken from an 
electric two wheeler currently available in the market. The 
continuous rating of the motor is 750 W at 550 rpm and it has 
an external rotor radial flux permanent magnet brushless DC 
(PMBLDC) topology. The exploded view of the motor is shown 
in Fig. 1. The stator comprising of the stator core and the 
winding is attached to a non-rotating shaft via spider. The shaft 
is then connected to the two wheeler chassis. The wheel 
houses the rotor core and magnets and they are connected to 
the shaft via a set of endplates with bearing. An air gap of 0.5 
mm separates the stator core and magnets.

A good thermal design of an electric motor not only helps to 
limit the temperature of its components within the thermal limit 
of their materials, but also allows the overall size reduction of 
motor [2]. A detailed thermal study is essential in case of the 
PMBLDC hub motor as nearly all of its losses are generated in 
the stator and their construction restricts available conductive 
paths for the heat dissipation to ambient only through the shaft. 
In contrast to an internal rotor structure, where the stator 
winding losses are diffused via conduction, here convection 
plays a major role in dissipating the losses.

In this work, a lumped parameter (LP) thermal model of 
PMBLDC hub motor is developed based on already available 
models [3, 4, 5, 6, 7]. The LP thermal model can be solved in 
minimum time and hence, it could be part of an electrical 
design program. This will helps the designer to evaluate the 
effects of change in ambient temperature and increased 
internal temperatures due to loading, on the motor 
performance. This is especially important in case of electric 
vehicle powertrain, as the motors are exposed to considerable 
temperature variation compared to the motors used in other 
applications. In addition, due to significant simplification, LP 
thermal model is computationally less demanding and could be 
used as a part of control algorithms to assess critical 
temperature rise in a real time and adjust control accordingly.

The developed LP model is validated with the finite element 
(FE) thermal model and the test data. The FE method can 
model more complex shapes and therefore predict more 
accurately than the LP thermal model. A sensitivity analysis of 
the LP thermal model has revealed that, the temperature of the 
components are highly influenced by the thermal resistance 
linked to the internal air and the motor casing. Subsequently, a 
computational fluid dynamic (CFD) model based study has 
been carried out to assess the internal and the external flow 
and the convective heat transfer. Further, an optimization study 
of the hub motor has been carried out using the CFD model to 
improve heat transfer from the stator.

LUMPED PARAMETER THERMAL MODEL

Losses in PMBLDC Motor
The resistive losses are generally the major component of 
power losses in PMBLDC motors and they are calculated as

(1)

where m is the number of phases, Iph is the RMS phase current 
and Rph is the phase resistance of winding. The resistance 
varies with temperature and can be calculated from a known 
resistance at another temperature as [8]

(2)

where RT1 and RT2 are resistances at temperatures T1 and T2 
°C respectively. The hub motor considered here has coils with 
a turn diameter of 0.5 mm. Therefore, the ac effects such as 
skin, proximity and circulating current are not considered.

The stator core is made of insulated silicon steel laminations. 
Therefore, the magnetic flux variation due to the rotation of 
magnets generates eddy and hysteresis losses in laminations. 
These losses are estimated individually for stator teeth and 
yoke as the field variations in them are different [9]. The loss 
per unit mass due to hysteresis (Ph), eddy current in stator 
yoke (Pey) and eddy current in stator tooth (Pet) are calculated 
as [9]

(3)

(4)

(5)

where f is the frequency of flux variation, Bm is the peak flux 
density, αtt and βm are the tooth arc and the pole width 
respectively in electrical radians, Kh, Ke, α and β are the curve 
fit constants calculated from the loss data of the laminations.

Besides the resistive losses and core losses, a PMBLDC motor 
will have electromagnetic losses in rotor core and in magnets. 
These are neglected in this study as they are found to be of 
very low value. The frictional loss in bearing and air friction loss 
are calculated using the standard formulas available in 
literature [4].
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Thermal Network of Radial Flux PMBLDC Hub 
Motor

Figure 2. (a) Thermal network of PMBLDC hub motor and (b) position 
of nodes in motor.

The seven node thermal network of the PMBLDC hub motor is 
shown in fig. 2a; where θ0 is the ambient temperature, θn is the 
nodal temperature rise from the ambient temperature, Rn is the 
thermal resistances between two nodes and Cn is the thermal 
capacities of the components near node n. Additionally, the 
thermal resistances that are function of temperature is 
highlighted in red color. The position of each node inside the 
motor is shown in fig. 2b. The nodes and the thermal 
resistance of the motor components are selected based on the 
specific characteristics such as temperature distribution, 
mechanical complexity and the material properties.

In general, the winding is the hottest part of the machine. A 
section of winding rests inside the slot (the node 4 in fig.2b) 
and remaining, known as overhang (the node 5 in fig.2b), is 
surrounded by the internal air. The heat from the winding is 
dissipated via slot walls to the stator core and also, via 
overhang to the internal air. This results in different thermal 
characteristics for the winding inside the slot and in the 
overhang; therefore modelled with two nodes. The temperature 
gradient inside the stator core for small machines are not very 
significant and hence, modelled with a single node. The motor 
uses a sintered Neodymium-Iron-Boron (NdFeB) magnets. The 
performance of the magnet is strongly influenced by the 
temperature and they could even get demagnetized if exposed 
to high temperature. Therefore, one node is assigned to the 
magnet. The rotor core, core housing and end plates are made 
of solid metals and they have good contact area. In order to 
simplify the modelling; only one node is assigned to these 
three components. Thermal and mass flow properties of air 
changes with the temperature. Therefore, accurate estimation 
of thermal resistance to the heat transfer via internal air 
requires its temperature and thus a node is assigned. The 
bearing temperature is a critical parameter that determines the 
life of electrical machines and hence a node is assigned to 
monitor the temperature of the bearing.

Thermal capacity of different components of motor are 
assigned to nearest nodes and represented in thermal network 
as capacitor connected to the nodes. Thermal capacity of an 
element consists of n components can be expressed as

(6)

where mi and c are respectively the mass and the specific heat 
capacity of component i. Thermal resistance of components 
such as shaft, spider, magnet, rotor core and motor housing 
can be estimated using the expression for thermal resistance 
to conductive heat transfer as [8]

(7)

where t is the effective length of heat flow path, k is the thermal 
conductivity of the material and A is the cross sectional area of 
the component. Thermal resistance of stator teeth, thermal 
resistance between slot and winding and thermal resistance 
between winding in the slot and in the overhang are calculated 
based on the approach described in [5]. The thermal resistance 
of bearing is calculated using the equivalent airgap assumption 
as described in [10].
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Air Gap Heat Transfer
The air gap heat transfer in radial flux motors represents heat 
transfer between concentric cylinders. There are a number of 
literature discussing the stationary outer cylinder and rotating 
inner cylinder [2,7,11]. However in hub motors, the outer 
cylinder is rotating while the inner cylinder is stationary. In [12], 
authors addressed a smooth outer cylinder rotation with a 
stationary smooth inner cylinder for an air gap to diameter ratio 
of 0.05 and concluded that Nusselt number (Nu) is nearly one. 
Therefore, the flow is laminar and heat transfer via air gap is 
conductive. However, in this study when using Nusselt number 
equal to one, resulted in higher temperature of components. 
Authors in [13], studied the effect of slot on flow between 
concentric cylinders. They concluded that the flow is influenced 
by a geometrical parameter, hydraulic diameter (Dh) and can 
be calculated as

(8)

where Qs is the number of slot, ho is depth of slot opening, wo 
is the width of slot opening and R1,R2 are radius of inner and 
outer cylinder respectively. Further, Taylor number (Ta) which 
characterizes flow in annular region can be calculated using 
hydraulic diameter as [13]

(9)

where ω is the angular speed of rotation and υ is the kinematic 
viscosity of air. Subsequently, the Nusselt number for air gap 
region can calculated as [13]

(10)

The Nusselt number calculated for air gap region of hub motor 
at 350 rpm is found to be 5.75, much larger than the value 
discussed in [12]. The heat transfer coefficient (h) can be 
calculated using Nusselt number as

(11)

Therefore, the equivalent thermal resistance of the air gap is

(12)

where A is the inner surface area of the outer cylinder.

End Space Heat Transfer
The end space heat transfer includes heat flow from overhang 
winding to internal air, from stator core and spider to internal air 
and internal air to end plate. In [14], authors summarised 
number of studies and concluded that heat transfer coefficient 
follows a relation

(13)

where k1, k2, k3 are curve fit coefficients and V is the peripheral 
velocity.

Heat Transfer from Wheel to Ambient
When wheel with spokes rotate, it could create turbulence. 
Therefore, this study models the wheel as a disc in a turbulent 
flow. In [15], author has discussed the heat transfer from a disc 
under various flow condition and for this study the lowest value 
of Nusselt number corresponding to a turbulent flow has been 
used. The average heat transfer coefficient of wheel is given by

(14)

where kair is thermal conductivity of air at ambient temperature 
and rwl is the wheel radius. Thermal resistance of equivalent 
disc to ambient can be calculated using the eq.12.

Solving the Thermal Network
The thermal network in fig.2a can be solved to find the steady 
state temperature rise with respect to ambient as well as the 
temperature rise versus time. For a thermal network of n 
nodes, with each of them connected to the other via thermal 
resistances, the steady state relationship between heat 
generated at node i and nodal temperature rises can be 
expressed as [5]

(15)

where Pi is the heat generated in node i, θi is the temperature 
rise at node i, Ri,i is the thermal resistance between the node i 
and the ambient and Ri,j is the thermal resistance between the 
node i and j. The eq.15 can be expanded to include heat 
generated in all node as

(16)
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The above expression can be represented in vector form as

(17)

where P is the loss vector containing the heat generated at 
each node, G is the thermal conductance matrix and θ is the 
temperature rise vector. Therefore, the steady state 
temperature rise can be calculated as

(18)

Time dependent or transient analysis of the thermal model 
helps to estimate the overload capacity of electrical machines. 
Transient study will help in optimizing the motor design in 
application such as electric vehicle; where load varies 
continuously. In transient analysis, system of equation for 
steady state analysis is modified to include the thermal 
capacity. When the thermal capacities are added, the eq.17 
can modified as

(19)

where C is the thermal capacity matrix, which is defined as

(20)

where Cn is the thermal capacity of node n. The eq.19 can be 
solved numerically by considering the temperature 
dependence of thermal resistance, thermal capacities and 
power losses.

FINITE ELEMENT THERMAL MODEL
In FE method, partial differential equations are solved 
numerically for the thermal network. The meshed FE model of 
PMBLDC hub motor is shown in fig.3. The model uses half 
sectional and geometrical symmetries to reduce the simulation 
time. Modelling and analysis is done via commercially available 
software. Losses are modelled by applying resistive and core 
loss densities to coil and stator core respectively. Internal 
convections in air gap and end space are modelled via 
experimentally derived empirical equations with geometrical 
dimension and thermal properties of cooling media as 
parameters [16]. Vertical plate and horizontal cylinder 
analogies are used to model the heat dissipation due to forced 
convection from motor casing. The bearing is modelled using 
an equivalent thermal gap as described in [10].

Figure 3. The half sectional model of PMBLDC hub motor using 
geometrical and its FE mesh.

THERMAL TESTING OF HUB MOTOR

Figure 4. Thermal test set up of hub motor.

The experimental setup for thermal testing of the hub motor is 
shown in fig.4. Thermo couples are mounted inside the slot, on 
the winding overhang and on the stator core surface of hub 
motor to monitor the winding and core temperature. External 
casing temperature was monitored using a thermal camera. 
The motor is loaded to different load levels and the 
temperature rise from the ambient is captured. The 
temperatures are recorded for every one second and 
experiment is stopped when the temperature variation of 
winding over 10 minutes was less than 0.5 °C.

Lumped Parameter Model Validation with Finite 
Element and Test Data
Test has been conducted for three load step only due to a 
limitation on the test set up. The comparison of test, LP and FE 
steady state temperature of winding and core is shown in fig.5. 
The experimental and the simulated temperatures differ more 
under light load condition compared to higher load. This could 
be due to under estimation of constant losses such as core, 
windage and friction losses. As load increases, the ratio of 
winding losses to constant losses increases and the LP and 
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the FE predicted values are much closer to the test data. 
Overall the prediction by steady state LP model is within 10 °C 
of test data.

Figure 5. The steady state temperature variation of winding and stator 
core with load.

Figure 6. The temperature variation of winding and stator core with 
time for winding current of 13 A.

Time variation of winding and stator core temperature, when 
winding carries 13 A is plotted in fig.6. The mass of wheel rim 
and spoke is not considered in either LP or FE model, resulting 
in lower thermal capacities for both the models. This is 
reflected in lower settling time for both LP and FE model 
results. Under higher load condition LP models shows 
pessimistic results and therefore, magnets in a PMBLDC motor 
designed based on the model presented will operate at a lower 
temperature.

SENSITIVITY ANALYSIS OF LP THERMAL 
MODEL

Figure 7. Sensitivity analysis of thermal resistances in a lumped 
parameter model of PMBLDC hub motor.

A sensitivity analysis has been carried out to evaluate, how an 
error in estimating the thermal resistance will influence the 
predicted temperature. The steady state nodal temperature has 
been evaluated by scaling each thermal resistance by factors 
0.8 and 1.2, corresponding to lower and higher error 
respectively. The sensitivity analysis of LP model is carried out 
for a winding current of 13 A is shown in fig.7. The results 
shows that the changes in thermal resistances R2, R7, R8 and 
R10 have greater effects on temperature of components. 
Thermal resistances R2, R7 and R8 are related to internal air 
and any variations of them affects the temperature of the 
winding and the stator core. The accurate estimation of thermal 
resistance of motor casing is critical as the temperature of all 
motor components vary considerably with any error. Therefore, 
a CFD study has been carried out to model the heat transfer 
via internal air as well as the heat transfer from the outer 
casing.
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COMPUTATIONAL FLUID DYNAMIC MODEL 
OF HUB MOTOR
The CFD analysis of hub motor has been carried out to study 

• convective heat transfer via internal air 
• heat dissipation from motor casing 
• improvement of heat transfer via optimization

External Flow
The external flow simulation is primarily done to determine the 
local heat transfer coefficient over the exterior surface. This 
serves as a boundary condition for the internal analysis. 
Splitting the CFD study into two simulations will significantly 
lower the computational time when analyzing the internal heat 
transfer. The motor is placed inside a cavity to model the 
external flow. The outer boundaries are set to walls so that the 
system is closed. The walls have a constant temperature 
corresponds to ambient to remove the heat added. 
Furthermore, the walls are given a slip condition so that fluid 
momentum will not be dissipated at the walls. The heat is 
added to the model by applying a uniform temperature to the 
internal walls of motor. The rotational reference frame is used 
to model the rotation and implemented by splitting the fluid into 
a rotating and a stationary region. The generated mesh for 
external flow simulation is shown in fig.8. The effect of 
buoyancy is added by adding a body force to the momentum 
equations as

(21)

where g is acceleration due to gravity, ρ is the local density and 
ρref is a reference density. The choice of turbulence model can 
be very important when studying fluid flow with CFD. Since 
each turbulence model has been verified for different flow 
cases, the difference between them can be significant. After a 
comparative study of different turbulence models the K-ε 
turbulence model has been selected.

Figure 8. The mesh for external flow simulation.

The heat transfer coefficient of the external surfaces of the 
motor with a rotational speed of 350 rpm and motor internal 
wall temperature of 50 °C is shown in fig.9. The ambient 
temperature considered in CFD modelling is 25 °C. The heat 
transfer coefficient is seen to be in the range of 0 to 200 W/
m2K, where the rim spokes and the outer rim presents the 
largest values, due to the higher local velocity.

Figure 9. External heat transfer coefficient, with a rotational speed of 
350 rpm at 50 °C internal motor wall temperature.

As the internal study is wished to be performed at various 
rotational speeds, the heat transfer coefficient is calculated for 
these speeds. The external components of hub motor are 
named as end plate1 (endplate with brake drum), end plate2 
(endplate without brake drum) and rotor (the remaining 
components including rim and spokes). The rotational speed of 
the motor is varied from 100 to 1100 rpm in intervals of 150 
rpm and the result is shown in fig.10 as the average heat 
transfer coefficients for the different parts.

Figure 10. Average heat transfer coefficient for the different motor parts 
as a function of rotational speed at 50 °C motor internal wall 
temperature.
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The variation of Nusselt number with rotational Reynolds 
number is shown in fig.11. The exponent for the end plates and 
the rotor are between 0.7 and 0.8. This implies that the heat 
transfer scales roughly equal to a flat plate as the Nusselt 
number for a turbulent flat plate follows the empirical 
correlation

(22)

where Re is Reynolds number Pr is Prandtl number.

Figure 11. Average Nusselt number for the different motor parts as a 
function of Reynolds number at 50 °C motor internal wall temperature.

Figure 12. Average heat transfer coefficient for the different parts as a 
function of motor internal wall temperature. Speed of rotation = 350 
rpm.

The influence of the motor internal wall temperature on the 
heat transfer is studied by varying the motor internal wall 
temperature in the range of 30 °C to 60 °C and the results are 
plotted in fig.12. The results of the varied internal wall 
temperature shows no correlation between the temperature 
and heat transfer coefficient. As seen in fig.10 the heat transfer 
coefficient was highly correlated by the rotational speed, which 
already indicates that the flow is dominated by viscous forces 
rather than buoyant forces from the density gradient. The 
varying temperature will also influence the local density, 
conductivity and viscosity, but these variations is seen to have 
no influence on the result.

Figure 13. Exterior surface temperature (a) from CFD and (b) thermal 
image of motor, at 61 W winding loss and a rotational speed of 350 
rpm

A comparison of CFD and experimental surface temperature 
variation of hub motor corresponding to a winding loss of 61 W 
is shown in fig.13. The temperature distribution is varying 
radially on the surface. Maximum temperatures occur close to 
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the center, mainly in the bearing. The accuracy of a thermal 
camera is typically within ±2 °C[17]. As many values for the 
CFD lie within this limit of the experimental, this proves good 
correlation between CFD and experiments for the external 
temperatures.

Internal Flow
The external flow model calculates the exterior boundary 
conditions of hub motor casing and these are applied to the 
internal flow modelling. A table containing the heat transfer 
coefficient from the external flow model is imported into the 
internal model where the values are mapped onto the new 
internal mesh. Based on the mesh convergence study a final 
base mesh size of 3.5 mm was selected and mesh size of 
different sections were specified with respect to base size. The 
meshed model used for convergence study is shown in fig.10. 
The model contains one third of the entire motor and the rim 
has not been considered as the internal flow is periodic by the 
six holes on the spider and the 51 windings, but the presence 
of the rim spokes makes the flow non periodic. K-ε turbulence 
model has been selected for modelling the internal flow also.

Figure 14. Meshed model for internal flow with polyhedral mesh of 3.5 
mm base size.

The geometry created for the analysis is greatly simplified in 
different areas such as winding and bearing. The copper 
windings are replaced by a solid bulk as small strands of 
winding and the air gap between these would be nearly 
impossible to resolve in a mesh. A thermal resistance has been 
added in the interfaces to model these components and values 
are based on previous studies [10].

Internal flow has been simulated for different winding losses 
and fig. 15 shows the temperature distribution corresponding to 
a 30 W winding loss at a rotational speed of 350 rpm. The 
temperature varies in the domain with a minimum temperature 
of 27.32 °C and maximum of 55.25 °C. The highest 
temperature is found within the winding, as the heat is 

generated in this region. The presence of the thermal 
resistance between winding and stator slot is clearly visible as 
the discontinuity at the interface. The magnets temperature is 
29.7 °C and they are being cooled by the rotating rim, which 
has the lowest average temperature of 27.8 °C. An overview of 
heat flow inside the motor is shown in the form of heat transfer 
network in fig.16. The heat has been transported by two paths. 
The heat generated in the stationary parts is dissipated by 
convection or transport it through the solids by conduction. 
Since the shaft cannot dissipate the amount of heat, it will have 
to go through the bearing by conduction or to the rotating parts 
by convection via air. This highlights the limitation of hub motor 
or external rotor configuration as the motor relies heavily on 
convection. From winding, 17 W gets dissipated by convection 
to the air inside the motor and 13 W dissipates by conduction 
to the stator core. The path of heat conduction continues to the 
stator core, where 10.1 W dissipates to the air and 2.58 W gets 
conducted to the spider. The only place stationary and rotating 
parts are in direct contact is through the bearings, and here the 
heat transfer is only 2.35 W, approximately 8% of the heat 
generated. The network show that heat dissipated to the 
ambient air goes mainly through the rim, with a heat transfer of 
21.7 W. The end plates dissipate 3.25 W and 4.41 W for End 
Plate 1 and 2 respectively, while also conducting some heat to 
the rotor. The remaining heat of 0.67 W dissipated though the 
shafts.

Figure 15. Temperature distribution corresponding to 30 W loss in 
winding at 350 rpm.

Figure 16. Heat flow corresponding 30 W loss in winding at 350 rpm
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The tangential velocity distribution is shown in fig.17. The 
rotating walls creates an angular movement of the air inside 
the motor. The velocities vary from −0.19 to 3.76 m/s, and 
increases in the radial direction because of the increased wall 
velocity. The flow in the region close to the windings show that 
the fluid velocity outside its boundary layer is approximately 1.5 
m/s. The local velocity is a critical value for the heat transfer 
coefficient as it increases shear friction and reduces the 
boundary layer. The rotational speed influences the convective 
heat transfer coefficients and the variation of ratio between 
conduction and convection with the speed is shown in fig.18. 
The conduction to convection ratio decreases with the 
increased speed, due to the increased role of convection. For 
100 rpm the ratio is 0.95 and 0.85 for 30 W and 100 W 
respectively and decreases to 0.5 at 1100 rpm. The variation is 
also influenced by the loss, primarily at lower speeds.

Figure 17. Tangential velocity distribution at 350 rpm.

Figure 18. Conduction to convection ratio of the winding with varying 
rotational speed for different winding loss.

THERMAL OPTIMIZATION
Optimizing the heat transfer will consist of primarily optimizing 
the internal flow, which can be done in many ways, such as 
placing fins, adding a fan, reshape the geometry etc. As 
discussed in earlier sections, the convection is the dominating 
heat transfer mechanism in hub motors. Therefore, the focus 
should be on increasing the convective heat transfer coefficient 
of the windings and it can be done by increasing the local 
velocity or generate more turbulence, which increases the 
mixing. Several different shapes have been modelled to assess 
whether these have a potential of improving the heat transfer. 
To determine the thermal performance of these new designs a 
performance scalar is defined. This is defined as

(23)

Figure 19. Proposed designs for heat improvement.

According to the first law of thermodynamics the lowest 
possible temperature in the motor would be the ambient 
temperature. This means that the performance scalar is 
independent of the load, where a reduction percentage would 
be dependent on the load and unit of temperature. The 
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proposed designs are shown in fig.19 and their thermal 
performance is shown in the bubble diagram in fig.20. The area 
of the bubbles represent their thermal performance, where a 
larger area means better performance. All design have same 
winding loss of 100 W at a rotational speed of 350 rpm. The 
baseline is also shown as the grey bubble, where the area is 
for visualization only as its performance is 0 by definition.

The first design consists of 15 concentric fins of depth 9 mm 
placed on the both end plates. The depth of the fins is 
increased to get much closer to the stator parts in design 2. 
The design 3 fills out the holes in the spider to improve 
conduction and increase surface area for convection. The 
design 4 adds fins to the stator core to increase the surface 
area. The final design proposed is adding curved fins to the 
end plates. This is done to increase mixing of the flow to 
enhance the heat transfer in the winding. Determining which 
design performs the best, is a choice between added mass or 
increased friction. Design 2 and 5 had a similar high thermal 
performance, but one did this by increasing mass and other 
increasing friction. The added friction is very small compare to 
other mechanical losses, such as bearing friction. The other 
proposals do not significantly improve heat transfer. The 
decreased temperature found for these are so minor that they 
are most likely within the uncertainties of the model. The 
design 5 has been selected to for optimization study as it has 
least mass penalty.

Figure 20. Bubble diagram of the performance of proposed designs, 
and their added mass and friction moment. The area of the bubbles 
relate to the thermal performance.

The four variables of the fin profile in design 5 are span (a), 
angle (b), thickness (t) and radius (r) from the center to the 
start of the fin and they are shown in fig.21. The distance to the 
winding (d) and the number of fins (N) are, the additional 
design parameters used for optimization study. The limits of 
each design parameters are shown in table 1. Increasing or 
decreasing some parameters past these limits could make the 
CAD generation fail, so conservative limits has been used to 
limit the amount of ill geometries created. Due to limitations of 
the CAD system in CFD program used in this study, fins are 
only added to one of the end plates. The resolution of each 
variable leads to a total of 6,782,490 combinations.

Figure 21. A sketch of the fin profile showing optimization variables

Optimizing the flow with the fins comes with a cost of increased 
air friction and mass. These three parameters will compete 
against each other as they are coupled; e.g. by having many 
fins will decrease temperatures, but increases both mass and 
friction. Therefore the optimization will be performed as a 
Pareto optimization. A Pareto optimization is a method where 
two or more objectives are optimized, and are competing 
against each other. Here the temperature is wished to be 
minimized, while the friction and mass are also wished to be 
decreased. The Pareto optimization will return a so called 
Pareto front, which consists of optimum solutions for each 
objective. The front can then be used to pick a design based 
on the weight of each objective. The results of optimization is 
shown in fig.22, with winding temperature and friction moment 
plotted for each design iteration. Optimum solutions are plotted 
as blue diamonds and non-optimum as red squares. The 
baseline model showed as green triangle. The mass 
optimization is not considered currently because having three 
objective will require significantly more runs and computational 
time. A solution is Pareto optimum if there is no solution which 
for e.g. the same moment can deliver lower temperature, and 
the other way around. The results shows that the cost of 
lowering the temperature rises rapidly past 119.5 °C.

Table 1. Design values and the optimization constraints
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Figure 22. Results of the Pareto optimization study, with winding 
temperature and friction moment plotted for each design iteration.

CONCLUSION
The external rotor PMBLDC motor offers a unique solution for 
electric vehicles, in terms of space and weight requirement of 
the powertrain. This study investigates the heat dissipation in 
hub motors with the help of different methods, starting from 
using a lumped parameter model which can be incorporated in 
to a motor design program. Subsequently the finite element 
model has been presented; which offers more accuracy when 
complex geometries are involved. The steady state and 
transient results of the LP model has been compared to the FE 
results and the experimental data. The results are found to be 
within 10 °C. A sensitivity analysis of lumped parameter model 
revealed that any error in estimating the resistance associated 
with internal air or casing influences the results considerably. 
As the mechanism of heat transfer via internal air and from 
motor casing is convection; accurate study of it requires a 
computational fluid dynamic model.

The CFD model uses steady state approach using the K-ε 
turbulence model and the rotation is modelled using the 
rotating reference frame method. Before the modelling of 
internal heat transfer, boundary condition was determined for 
the external surfaces in contact with the ambient air. This was 
done by performing an external flow study to determine the 
heat transfer coefficients. The heat transfer coefficients 
showed to be only dependent on the rotational rate of the 
motor, meaning that buoyant forces was not important for the 
heat transfer. Subsequently, the internal flow analysis has been 
carried to out and identified the heat flow path from the 
windings. The tangential velocity distributions inside the motor 
has been discussed. It is found that the conduction to 
convection ratio decreases with the increased speed, due to 
the increased role of convection. Also, the ratio is influenced by 
the loss, especially at lower speeds.

Lastly an optimization study of the internal heat transfer was 
made to decrease temperatures. Five different designs were 
tested in the CFD model, where one showed the greatest 
potential without increasing considerable mass. This design 
was then picked up for further optimization by a multi objective 
Pareto optimization and the results shown that the cost of 
lowering the temperature rises rapidly past 119.5 °C.
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