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Abstract: This paper presents the principles of analytical lumped parameter (LP) model for a Synchronous reluctance motor
(SynRM) for traction application purposes. Particular focus is put on the calculation of the heat transfer from the machine’s
housing during the active and passive cooling. For this purpose, the area-based composite correlations method is proposed.
The approach is attractive due to its simplicity and the fact that it closely models the temperature of the machine’s housing.
Finally, the proposed thermal model is evaluated experimentally on a totally enclosed fan cooled (TEFC) SynRM, and good
correspondence between the analytical and experimental results is obtained.

1. Introduction
According to the European Union target to mandatory

minimizing the CO2 emissions, there is a massive interest in
the research and development of the electrical motors for
traction applications. The electrical motors using for electric
vehicles have high power density and compact structure [1],
[2]. Accordingly, the accurate thermal analysis of the
electrical machine is one of the most critical sections in the
design process of the electrical motors, which is playing a
vital role in the performance, power density, and energy
efficiency of the electrical motors. One of the types of
electrical motors attracting the attention for traction
application purposes is synchronous reluctance motor
(SynRM) with a transverse-laminated rotor [3]. Several
research papers considered this type of motor as an alternative
option for traction application purposes such as railway [4]-
[5]. These types of motors have a low expense, robustness,
simple structure, and manufacturing process [3], [6]-[7].

Analytical and numerical models are major
approaches in the thermal evaluation of an electrical machine
[8]-[9]. In the analytical approach, the lumped parameter (LP)
model is developed to capture the temperature of critical
parameters of the machine. This approach is a prompt
computation technique with reasonable precision [10].

The finite element (FE) model and computational fluid
dynamic (CFD) are the conventional numerical methods in
the temperature calculation [11]. FE model is a suitable
approach to model heat transfer in solid materials [12].
However, CFD is an accurate approach to assess the flow rate,
coolant distribution, and convection heat transfer [12]. The
drawbacks of numerical methods are high setup and
computation time [12]. Furthermore, for thermal modeling of
the entire electrical machine, these two methods should be
conjugated [13].

Consequently, LPTN is the main method for fast
thermal analysis. Many studies apply the analytical LPTN
method for thermal calculation[14]-[15]. Mellor in [16]
presented one of the earlier studies in this field, where he
developed an LPTN for TEFC induction machine. He
modeled heat transfer in the machine in radial and axial
orientations. Accordingly, his model consisted of several
convection paths, which enhanced the complexity of the
thermal network and the computing process.

Furthermore, he determined the heat transfer
coefficient from the housing to the ambient directly from the
experiment. In the following, Boglietti in [17] demonstrated
his LP thermal model for variable speed self-cooled industrial
induction motors. He implemented several hypotheses to
decrease the complexity of the thermal model as well as
calculation time by saving the calculation precision. However,
in his model, he neglected the heat transfer by radiation
mechanism.

Moreover, he assessed several critical components,
e.g., the thermal conductivity of slot, the interface gap
resistance, and heat transfer resistance from the housing to the
ambient by setting up a proper thermal test. In addition, he
did not segregate the active and end winding parts. Finally,
he applied the simplifying assumption to calculate the forced
convection coefficient from the machine surfaces by
neglecting fins structures of housing and assuming the
machine housing as a smooth cylinder.

One of the first studies on the thermal designs of
permanent magnet (PM) machines was presented by
Lindstrom in 1999 [18]. He developed the analytical thermal
model for the surface-mounted PM machine to estimate the
thermal behavior of the machine during the steady-state and
transient modes. His work was not contained the convection
and radiation phenomena from the machine housing to the
coolant and directly connected the thermal model of the
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machine to the coolant. Furthermore, he evaluated the
equivalent length of the interface gap according to the
material type of the machine housing and power rate of the
machine. In [19], El-Refaie developed a thermal model for
the interior permanent magnet (IPM) synchronous machine
based on the proposed thermal model of Lindstrom and only
altering the rotor LP circuit and suffer the same drawbacks of
Lindstrom model.

This paper presents a detailed analytical thermal
analysis of a SynRM. The research aims are to increase
knowledge in the thermal calculation of the electrical
machine and develop the analytical thermal calculation tool
for SynRMs. The paper concentrates on the mentioned
challenges in ongoing product development. The main
objective is to develop modified analytical LPTN that is used
in the thermal calculation of electrical machines, and then
implement them for a SynRM machine. The advantages of
the developed LPTN are reducing the complexity of the
analytical model of the machine, saving the accuracy to
estimate the temperature of the critical components of the
machine, and decreasing the calculation time. To clarify the
research topic, it mainly focuses on the thermal aspect,
including passive and active cooling. The passive cooling
refers to the effectiveness of heat distribution within a
machine, which is affected by material thermal properties,
geometrical design, and interfacial thermal resistances
between machine components. For example, the passive
thermal design of a stator slot strongly influences the
temperature gradient of the coil. Active cooling refers to the
effects of heat extraction from a machine to the coolant,
ultimately based on the convection phenomenon.

For the research purposes, the thermal models
described in this study are applied to SynRM with a four poles
10 kW, 400 V, 50 Hz, and ‘F’ insulation class.  Fig. 1
illustrates the structure and topology of the machine. This
machine is a totally enclosed fan cooled machine, and it uses
the air forced cooling method. Accordingly, the fin channel
design is essential in the outer peripheral of the housing. An
analytical model of the machine is developed, and the
calculation of its components is explained. Finally, to validate
the analytical model, an experimental setup and
measurements are carried out. The test outcomes are used to
validate the analytical data.

Fig. 1. CAD drawing of the SynRM

2. Lumped Parameter Thermal Modeling
Due to the risk of high temperature inside the slot and

damaging the slot insulation, which reduces the lifetime of
the insulation materials as well as the machine life, precise
prediction of the temperature distribution in the machine is
necessary.

An electrical machine consists of complex geometries;
to model the temperature distribution inside the machine with
high accuracy and resolution, a large thermal network to
involve all thermal paths is needed. However, the large
thermal network with a high number of nodes enhances the
computation time and the complexity of the model.
Furthermore, some variable parameters such as convection
coefficients require a complicated calculation process due to
complex geometries and the unknown flow condition. As a
result, during the design process of an electrical machine, a
fast and compact model, which predicts the temperature of
the critical components of the electrical machine, is needed.
Consequently, it is necessary to implement the geometrical
symmetries and some hypotheses such as a uniform
distribution of losses inside the machine; the focus of the heat
transfer in the axial direction is on the shaft and the stator
windings, uniform distribution of the temperature in the
machine housing. The effect of these symmetries and
hypotheses on the model is in reducing the number of thermal
paths and nodes, calculating the conduction resistances to
model the heat paths in the machine lamination easily by
hollow cylinder correlation, and reducing the order and
complexity of the LPTN.

Fig. 2 shows the steady-state LP model for the SynRM
under discussion. The model consists of six nodes that feature
all the critical thermal components and temperature rises.
Since the significant portion of the heat is generated inside
the slots, and the end-windings are usually the hottest parts of
the machine, the stator windings are the key component in the
SynRM where the temperatures are particular interest during
the design process. Therefore, two separate nodes are
assigned to estimate the temperature of the stator coil
embedded inside the slots (node 4), and the end windings
(node 5).  Furthermore, Network nodes are also assigned to
estimate the temperature of machine housing (node 1), stator
yoke (node 2), stator teeth (node 3), and the rotor (node 6) to
complete the model.

Fig. 2. The LP thermal model.
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Moreover, among the different nodes, there are
thermal resistances to model the heat transfer paths as well as
heat sources to model the losses in the machine. In total, there
are 14 thermal resistances and four heat sources.  Table 1
gives the definitions of these resistances and sources.

Table 1 Description of thermal resistances
Component Description

R0 thermal resistance from the frame to ambient

R1
Conduction resistance of the Interface gap
between the frame and stator laminations

R2
Conduction resistance of the upper half side
of the stator core back

R3
Conduction resistance of the lower half side
of the stator core back

R4 Conduction resistance of the stator teeth

R5
Conduction resistance between the stator
slots and the stator teeth

R6
Conduction resistance between the coil side
and the end-windings

R7
Conduction resistance between the stator
winding and the housing

R8
Convection resistance between the stator end-
winding and the end region

R9
Convection resistance between the end region
and the end cap

R10 Convection resistance of the air gap

R11
Conduction resistance of the upper half side
of the rotor

R12
Conduction resistance of the lower half part
of the rotor

R13 Axial conduction of the shaft

Pir Iron losses in the stator

PJa Active copper losses

PJe End –winding copper losses

Peddy Iron losses in the rotor

3. Computation and identification of the LPTN
parameters

In this section, the computing methods of the thermal
network resistances by analytical and empirical correlations
are described. For these purposes, some geometry
simplifications are implemented, which are discussed in the
following. First, this section focuses on the calculation of the
conductive resistances in the stator and the rotor. Finally, it
considers the heat transfer paths by convection and radiation
phenomena.

Detailed information on the geometrical data of the
motor is given in Table 2, and the material properties of the
machine are presented in Table 3.

Table 2 Geometrical data
Name Symbol Unit Value
Stator core length Ls mm 156
Stator inner diameter Dis mm 136
Stator outer diameter Dos mm 219
Number of slots Ns - 36
Air-gap height lg mm 0.4
Rotor inner diameter Dir mm 45
Rotor outer diameter Dor mm 135.2
Slot height Hslot mm 21
Slot filling factor kf - 0.6
Slot area Slots mm2 130.1

Table 3 Material properties

Machine part Material
Thermal

conductivity
symbols

Thermal
conductivity

(W/m-K)
Frame Aluminum kal 230
Laminations M-350-50A kir 28
Winding Copper kcu 387
Impregnation Resin kres 0.2
Air gap Air kair 0.0257
Shaft Steel ksh 41

The conventional form of conduction thermal
resistance is defined as [20]:

𝑅𝑡ℎ = 𝐿
𝑘𝐴
 

where L is the characteristic length (m), k is the thermal
conductivity of the material (W/m-K), and A is the cross-
section area (m2).

Moreover, the general equation for the calculation of
the conduction resistance from the radial direction of the
hollow cylinder and the cylindrical section are defined
respectively as [19], [21]:

𝑅𝑡ℎ =
ln (𝑟𝑜𝑢𝑡

𝑟𝑖𝑛
)

2𝜋𝑘𝐿
 , (2)

𝑅𝑡ℎ =
ln (𝑟𝑜𝑢𝑡

𝑟𝑖𝑛
)

𝑘𝐿𝜑
 , (3)

where rout is the outer radius (m), rin is the inner radius (m),
and φ is the angular span (rad).

By using equations (1), (2), and (3) and relevant
geometric and thermal data represented in Tables 1 and 2, the
values of conductive resistances in the thermal network in Fig.
2 are calculated and summarized hereafter.
Interface gap conduction resistance (R1):

The interface gap occurs during the assembling
process of packing the stator to the housing, and it is
evaluated as [17]:

𝑅1 =
𝑙𝑖𝑔

𝑘𝑎𝑖𝑟𝜋𝐷𝑜𝑠𝐿𝑠
 ,  (4)

where lig is the interface gap between the frame and stator
laminations (m), which is selected according to [22].
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Stator yoke conduction resistances (R2 and R3):
According to Fig. 3, the stator yoke is divided into two

sections, and the value of the radial conduction resistance of
each part is evaluated by using (2) as follows [17]:

𝑅2 =
ln (𝑟𝑜𝑠

𝑟𝑚
)

2𝜋𝑘𝑖𝑟𝐿𝑠
 , (5)

𝑅3 =
ln (𝑟𝑚

𝑟𝑖𝑦
)

2𝜋𝑘𝑖𝑟𝐿𝑠
 ,  (6)

where rm is the mean value of the stator yoke radius (m), roy
is the outer radius of the stator, and riy is the inner radius of
the stator yoke (m).

Fig. 3.  The stator core radial dimensions.

Stator teeth conduction resistance (R4):
To evaluate the equivalent thermal resistance of the

stator teeth, the geometry of this motor portion is assumed as
a cylinder. To reduce the slots section and assess the value of
the thermal resistance of the teeth, one reduction factor (pth),
which equals the percentage of teeth volume iron to the total
volume of the teeth and slots is applied to the formula [17].

𝑅4 =
𝑙𝑛 (

𝑟𝑖𝑦
𝑟𝑖𝑠

)

2𝜋𝑘𝑖𝑟𝐿𝑠𝑝𝑡ℎ
 ,  (7)

where ris is the inner stator radius (m).
Conduction thermal resistance from stator windings (R5

and R6):
The stator winding is an essential section of thermal

modeling. A significant part of the heat is produced there.
This section includes of several materials with high thermal
sensitivity, which increases the importance of accurate
modeling of this part.

Heat fluxes in the slot are released in axial, radial, and
circumferential directions. The axial path presents the heat
flux path from end windings to the slots or vice versa. Radial
and circumferential paths represent the heat flow paths to
coolant medium by means of the stator core. Consequently,
the stator winding is divided into resistances R5 and R6 to

model the circumferential and the axial heat transfer,
respectively.

R5 presents the conduction paths for the heat flow in
the radial and circumferential part of the stator slot and is
evaluated as in [17]:

𝑅5 = 𝑡𝑒𝑞

𝑘𝑖𝑛𝑠𝐴𝑠𝑙𝑜𝑡
 , (8)

where teq is the equivalent thickness of impregnation
insulation materials in the stator slot (m), kins is the equivalent
thermal conductivity of insulation materials in the stator slot
(W/m-K), and Aslot is the interior slot surface (m2).

The equivalent thermal conductivity of the slot can be
evaluated by three methods: layer winding, cuboidal and
equivalent insulation. In this research paper, the equivalent
insulation method is applied to find the equivalent
conductivity of the slot. This method is a fast calculation
method and can be easily used by knowing the slot-filling
factor. Based on this method, copper has high thermal
conductivity and low conduction thermal resistance.
Consequently, the copper thermal resistance can be neglected
in the analytical model of the stator winding in the
circumferential and radial direction. Figure 4 shows a
simplified assumption to model the equivalent insulation
method in the active part of the slot. As a result, the equivalent
thermal conductivity of the insulation kins is assessed by a
liner empirical correlation as in [22]:

𝑘𝑖𝑛𝑠 = 0.1076𝑘𝑓 + 0.029967 .  (9)

Fig. 4. Equivalent insulation method in the stator slot [23].

R6 presents the thermal conduction path from the end
winding to the slot, and it is computed as in [18]:

𝑅6 = 𝑙𝑎𝑣
6 𝑁𝑠𝑘𝑐𝑢𝑆𝑐𝑢

 .  (10)

where lav is the average conductor length of half a turn (m),
Ns is the number of the stator slots, kcu is the thermal
conductivity of the copper (W/m-K), Scu is the total copper
conductor cross-section area (m2)
Conduction resistance between the end windings and the
motor housing (R7):

The distance between the outer surface of the end
winding and the internal part of the machine housing is low
[20]; accordingly, the airspeed in this region is very low, and
the heat exchange from the end winding to the internal part of
the housing is assumed as conduction and is calculated as:
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𝑅7 =
𝑙𝑛 ( 𝑟𝑜𝑠

𝑟𝑜𝑠−𝛾𝐻𝑦
)

2𝜋𝑘𝑎𝑖𝑟(𝐿𝑒𝑐−𝐿𝑠)
 , (11)

where Hy is the stator yoke height (m), γ is the reduction
coefficient to implement the distance between the outer
surface of the end winding, and the internal part of the
housing and Lec is the motor housing length (m).

The value of γ for ordinary induction machines with
single layer windings is defined in the range of 0.4 to 0.7 [17].
However, this value for the machine by the double layer
windings decreases to the range of 0.25 to 0.4 [3].
Conduction resistances of the rotor (R11 and R12):

Fig. 5 illustrates the cross section of a one eighth of
the rotor. The rotor structure is formed from the steel
laminations, as the magnetic flux paths and air gaps in the
laminations as magnetic flux barriers. As the heat inside the
flux barriers is transferred by the natural convection and
according to the high thermal conductivity of the steel
laminations, consequently, the heat transfer by the natural
cooling from barriers is eliminated and assumed whole of the
heat is transferred by the conduction mechanism through the
steel laminations.

Fig. 5.  The half of pole of the rotor.

Fig. 6 illustrates the LP circuit of the rotor by
implementing the above simplifying hypothesis. According
to Fig. 5, the total value of the rotor resistance equals Rr,
which consists of the series-parallel combinations of thermal
resistances.  To implement the rotor losses to the LPTN, Rr is
divided into two equal resistances R11 and R12 illustrated in
Fig.5 and the LPTN of the SynRM.

The value of the thermal resistances presented in Fig.
6 is calculated by (1) and (3).  The values of R1r and R11r to
R15r are calculated by (3), and the rest are evaluated by (1).
Tables 4 and 5 provide a better overview of the computation
of the conduction resistances.

Finally, the value of Rr is calculated by the series-
parallel resistances law in the electrical circuit. Further, R11
and R12 are defined as:

𝑅11 = 𝑅12 = 𝑅𝑟
2

 . (12)

R1r

R2r R3r

R4r R5r

R6r R7r

R8r R9r

R10r

R11r   R12r R13r R14r   R15r

shaft

Rr

Fig. 6. Equivalent thermal circuit of the rotor.

Table 4 Calculation of the radial thermal resistance by (3)
Resistance rout rin k φ

R1r rir+s rir kir π/4
R11r ror ror-1 kir Φ1

R12r ror ror-1 kir Φ2

R13r ror ror-1 kir Φ3

R14r ror ror-1 kir Φ4

R15r ror ror-1 kir Φ5

Table 5 Calculation of the thermal resistances by (1)
Resistance L k A

R2r lr2 kir A2r

R3r L kir A3r

R4r lr4 kir A4r

R5r L kir A5r

R6r lr6 kir A6r

R7r L kir A7r

R8r lr8 kir A8r

R9r L kir A9r

R10r lr10 kir A10r

Axial conduction thermal resistance of the shaft (R13):

According to the hypothesis, the axial heat transfer in
the rotor is considered in the shaft, and by using the
simplifying assumption that the temperature distribution
along the shaft is uniform, R13 is calculated as:

𝑅13 = 1
4

0.5𝐿𝑠
𝑘𝑖𝑟𝜋𝑟𝑖𝑟

2 + 1
2

0.5(𝐿𝑠ℎ𝑎𝑓𝑡−𝐿𝑠)

𝑘𝑖𝑟𝜋𝑟𝑖𝑟
2 . (13)

where Lshaft is the length of the shaft (m), and rir is the inner
radius of the rotor (m).

R13 is made of two contributions. The first one represents the
shaft part below the rotor core (radial heat from the rotor to
the shaft), and the second one is model the axial thermal
resistance due to the shaft part external to the rotor core length.
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Thermal resistance from the machine housing to the
ambient (R0):

A significant part of the heat in the TEFC machine is
dissipated from the machine housing to the surroundings by
the combination of radiation and convection phenomena. The
radiation occurs in parallel with the convection, and it is
difficult to segregate these two phenomena from each other.
Accordingly, it is conventional to add these coefficients
together and define the heat transfer coefficient in the analysis.
Therefore, the heat transfer resistance from the motor ‘s
housing to the surroundings is defined as:

𝑅0 = 1
ℎ0𝐴𝑇

 , (14)

where AT is the machine-housing area (m2), and h0 is the heat
transfer coefficient from the housing to the ambient (W/ m2-
K).

Accordingly, the critical parameter in the evaluation
of this resistance is the heat transfer coefficient (h0). The heat
transfer coefficient (h0) consists of the effect of the radiation
and the convection phenomena and is defined as:

ℎ0 = ℎ𝑟 + ℎ𝑐.  (15)

where hr and hc are the radiation and convection coefficients
(W/m2-K), respectively.

Consequently, the accurate prediction of these
coefficients leads to the higher accuracy of the analytical
thermal model.

Radiation is the latest heat transfer phenomenon in the
thermal analysis of the electrical machine that has attracted
the attention of the experts. The radiation coefficient hr is
calculated as [24]-[25]:

ℎ𝑟 = 𝜀𝜎𝐹(𝑇1 + 𝑇2)(𝑇1
2 + 𝑇2

2). (16)

where ε is the relative emissivity, σ is the Stefan-Boltzmann
constant equals 5.67×10-8 (W/m2-K4), F is the view factor, T1
and T2 are the temperatures of radiating and absorbing
surfaces (K) respectively.

Moreover, the convection coefficient (hc) is often
determined by empirical correlations. These correlations have
been developed by dimensionless numbers, e.g., Rayleigh
(Ra), Grashof (Gr), Prandtl (Pr), and Reynolds (Re) numbers
[12].
Natural Cooling:

In the enclosed fan-cooled machine working at low
speed or close to the stall, the natural convection heat transfer
is dominating the cooling phenomenon [10]. In this manner,
generally, the thermal resistance from the housing of the
machine to the ambient is the largest thermal resistance from
the stator winding to the ambient [10]. Besides, the frame
structure of this machine is designed for the forced cooling,
and these semi-open fin channels cannot provide a good air
path into the depth of the channels during natural cooling [10].

Determining h0 is a challenging task, especially for
TEFC machines, which consist of complex shapes of the
machine housing. There is no single empirical correlation to
calculate the natural convection coefficient. The area-based
composite correlations method is used to overcome the
calculating the natural convection coefficient from the
complex shape of the TEFC housing [10], [22]. In this method,

the machine’s housing is divided into several basic shapes
with known empirical correlation to calculate the convection
coefficient. For the machine under study, the housing is
divided into several different basic shapes as the cylinder
shape (to model the fin channel base), horizontal U-shape
channel (for fins on the top and underside of the housing) and
a horizontal flat plate with a hot plate on top or bottom(for
fins mounted on the side of the housing ), and the vertical flat
plate (to model the end cap of the housing).

Most of the studies related to the thermal calculation
of electrical machines have neglected the radiation
phenomenon according to the statement that the temperature
of the stator housing of the motor is not high enough [10],
[26]. However, this statement can be correct in the electrical
machines such as TEFC machine cooling by the fan at the
high motor speed [26]. Nevertheless, in the electrical machine
with natural cooling or with very low motor speeds, the above
statement is incorrect, and between 20 to 40% of the total heat
is extracted by the radiation phenomenon [27], [28].

The radiation resistance can be calculated by (16).
However, the radiation calculation of the fins housing of the
electrical machine is more complicated than the smooth
electrical machine housings. In particular, the calculation of
the view factor is a challenging part of the calculation of the
radiation coefficient (hr) [10]. A simplifying assumption is
used to reduce the complexity of the radiation calculation.
Accordingly, the whole surface with a clear view of the
ambient such as fin base, end caps, and fin tips has a view
factor equal to one, and the rest with no clear view of the
ambient such as fin sides have the view factor equal to zero
[29]. Therefore, the heat is extracted to the ambient by
radiation only from the fin base, fin tips, and end caps.

Table 6 Segregation of the housing for natural convection

Component Convection
Correlation Emissivity View

Factor

Fin base Horizontal
cylinder 0.8 1

Fins on top of
the housing

Horizontal fin
channel 0.8 0

Fins on
undersides of
the housing

Horizontal fin
channel 0.8 0

Fins on the
sides of the
housing

Horizontal flat
plate (upper

face and lower
face)

0.8 0

Fin tips
Horizontal and

vertical flat
plate

0.8 1

End caps Vertical flat
plate 0.8 1

Table 6 shows the segregation of the machine housing
under study according to the area-based composite
correlations method. Accordingly, the natural convection
coefficient from each section is calculated by the relevant
empirical correlation for convection. These correlations were
provided in our previous research papers [30], [31], and they
are not repeating it here again. The simplification assumption
calculates the radiation coefficient.
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Finally, the heat transfer coefficient (h0) is calculated
according to the average area occupied by each shape as [32]:

ℎ0 = ∑ ℎ𝑖𝐴𝑖
𝐴𝑇

 ,  (17)

where hi is the heat transfer coefficient from shape i (W/ m2-
K), Ai is the area occupied by shape i (m2), and AT is the total
housing surface of the machine housing (m2).
Forced Cooling:

The forced convection coefficient can be determined
in several ways, e.g., CFD, analytical flow analysis, and
empirical correlation [10]. Determining the convection
coefficient by the CFD and analytical flow analysis is a
complex process with sophisticated calculation; as a result,
the convection coefficient during the forced cooling is
determined by an empirical correlation. The common
correlation to calculate the convection coefficient from semi-
open fin channel is presented by Heiles and is defined as [32]:

ℎ = 𝜌 𝑐𝑝𝐷ℎ 𝑣

4𝐿𝑓
(1 − 𝑒−𝑚) ,  (18)

𝑚 = 0.1448
𝐿𝑓

0.946

Dℎ
1.16 ( 𝑘

𝜌 𝑐𝑝𝑣
)0.214 ,  (19)

where Dh is the hydraulic diameter (m), cp is fluid specific
heat capacity (kJ/kg-℃), and k is fluid thermal conductivity
(W/m-K), ρ is fluid density (kg/m3), v is the airspeed (m/s),
and Lf is the axial length of the fin channel (m). Finally, the
value of the convection coefficient calculated from (18) is
multiplied to a correction factor between 1.7 to 1.9 [32].

According to (18), the only unknown parameter with
the highest effect on the calculation of the forced convection
coefficient is the airflow speed along the semi-open fin
channels. To use the empirical correlation, an accurate
estimation of the rate of the cooling airflow in each fin is
necessary. Accordingly, the amount of the speed of the
cooling air is measured by a digital hot wire anemometer.

The housing of the machine is segregated into three
parts: rear section near the fan, active section, and front
section to calculate the forced convection coefficient from the
housing surface of the machine by the empirical correlations
and applying the leakage effect on the air-cooling speed
during the computation process. Then, the value of the forced
convection coefficient is calculated based on the appropriate
empirical correlation. Furthermore, the amount of radiation is
calculated by the simplifying method discussed previously.

Table 7 shows the segmentation of the machine
housing and related empirical correlation for calculating the
value of the forced convection coefficient and the radiation
phenomenon.

The blockage factor is defined to apply the effect of
fin blockage in the calculation of the forced convection
coefficient, as [22]:

𝑵𝒕𝒐𝒕𝒂𝒍−𝑵𝒃𝒍𝒐𝒄𝒌
𝑵𝒕𝒐𝒕𝒂𝒍

 , (22)

where Ntotal equals to the total number of fins and Nblock is the
number of block fins.

Table7 Segmentation of the housing for the forced
convection

Component Empirical
Correlation

Air
velocity

(p.u)
Emissivity

View
Facto

r
End cap
(rear) Flat plate 1 0.8 1

Fins base
(rear) Fin channel 1 0.8 1

Fin side
(rear) Fin channel 1 0.8 0

Fin tips
(rear) Flat plate 1 0.8 1

Fins base
(active) Fin channel 0.8 0.8 1

Fin side
(active) Fin channel 0.8 0.8 0

Fin tips
(active) Flat plate 0.8 0.8 1

Fins base
(front) Fin channel 0.6 0.8 1

Fin side
(front) Fin channel 0.6 0.8 0

Fin tips
(front) Flat plate 0.6 0.8 1

End cap
(front) Flat plate 0.5 0.8 1

Finally, the heat transfer coefficient is determined by
(17).
Convection resistance between the stator end windings
and the inner air (R8):

R8 presents the heat path from the end winding to the
inner air by the convection and is calculated as :

𝑅8 = 1
𝐴𝑒𝑤ℎ𝑒𝑤

 , (23)

where Aew is the surface of the end winding in contact with
the inner air (m2), and hew is the convection coefficient
between the end windings and the inner air (W/ m2-K).

𝐴𝑒𝑤 = (𝐿𝑒𝑐 − 𝐿𝑠)2𝜋𝑟𝑖𝑠,  (24)

There are several different empirical correlations to
calculate the convection coefficient of the end winding to the
end region of the machine. According to [33], the best
correlation is :

ℎ𝑒𝑤 = 15.5 𝑣 = 0
41.4 + 6.6 𝑣 𝑣 ≠ 0 , (25)

where v is defined as:

𝑣 = 𝑟𝑜𝑟𝜔𝜂 , (26)

where ror is the outer radius of the rotor (m), ω is the rotor
angular speed (rad/s), and η is the fan efficiency and in most
the cases, equals 0.5.
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Convection resistance between the inner air and the
external end cap (R9):

R9 presents the convection resistance between the
inner air and the end cap and is evaluated as in [17]:

𝑅9 = 1
𝐴𝑒𝑐ℎ𝑒𝑐

 ,  (27)

where Aec is the external area of the end cap (m2), and hec is
the heat transfer coefficient between the inner air and the end
cap (W/ m2-K) and equals the value of hew.

The motor consists of the two end caps, and for a more
straightforward calculation, these parts are assumed to be
circular. Accordingly, Aec is defined as [17]:

𝐴𝑒𝑐 = 2𝜋(𝑟𝑜𝑠 + 𝑡ℎ)2, (28)

where th is the thickness of the motor housing (m).
Convection resistance of the air gap (R10):

The heat transfer in the air gap of the motor is
determined by the Taylor number (Ta) as [22]:

Ta = 𝑣𝑟
𝜇

𝑙𝑔
3

𝑟𝑜𝑟
 , (29)

where vr is the peripheral velocity of the rotor (m/s), µ is the
dynamic viscosity of air (kg/s-m), ror is the outer radius of the
rotor (m), and lg is the radial thickness of the air gap (m).

Then the Nusselt number and the flow condition in the
air gap (laminar, turbulent, and vortex) are assessed based on
the value of the Taylor number (Ta) as [22]:

Nu = 2       Ta <  41     laminar mode
Nu = 0.212 Ta0.63Pr0.27 41 ≤ Ta100    vortex mode
Nu = 0.386 Ta0.5Pr0.27      Ta > 100 turbulent  mode

. (30)

However, based on different research on several
induction motors in the range of  4 kW to 55kW, the amount
of Taylor number is always located in the laminar mode; also,
in this study, the amount of Taylor number is located in the
laminar mode [17]. In this status, the heat is transferred in the
air gap by the conduction mechanism, and R10 is calculated
as [17]:

𝑅10 =
𝑙𝑛 (

𝑟𝑖𝑠
𝑟𝑜𝑟

)

2𝜋𝑘𝑎𝑖𝑟𝐿𝑠
 .  (31)

4. Steady-State Thermal Analysis Method
The matrix inversion theory is applied to estimate the

steady-state nodal temperatures of the analytical thermal
model as:

[T] = [G]−1[P], (32)

where [T] is the temperature vector, [P] is the power losses
vector matrix containing the losses in each node, and [G] is
the thermal conductance matrix. The square [G] is defined as:

G =

⎣
⎢
⎢
⎢
⎢
⎡∑ 1

𝑅1,𝑖

𝑛
𝑖=1 − 1

𝑅1,2

− 1
𝑅2,1

∑ 1
𝑅2,𝑖

𝑛
𝑖=1

⋮ ⋮

⋯ − 1
𝑅1,𝑛

⋯ − 1
𝑅2,𝑛

⋱ ⋮
− 1

𝑅𝑛,1
− 1

𝑅𝑛,1
⋯ ∑ 1

𝑅𝑛,𝑖

𝑛
𝑖=1 ⎦

⎥
⎥
⎥
⎥
⎤

 , (33)

where the main diagonal element on the main diagonal of the
matrix is the sum of the network conductances connected to
the node n, and G(i, j) is the thermal conductance connecting
the nodes i and j.

5. Experimental Evaluation
To effectively validate and evaluate the performance

of the created LP thermal model of SynRM and to gain details
about the accuracy of the method in the prediction of
temperature distribution across the machine’s most important
sections, an experimental verification stage was carried out.
The experiments conducted for the validation of the model
are described in brief hereafter.

5.1. DC Thermal Test

The passive cooling (DC test) implemented for the
calibration of the slot conductivity and the interfacial gap, the
DC stator test was carried out, and the mentioned parameters
were tuned. For this experiment, the machine loss was
confined to the stator copper losses. The windings of stator
phases were connected in series. As the motor is in a stall
condition, the air-cooling rate is zero, and the machine is
cooled by the natural cooling method. Consequently, to
protect the machine from over-temperature conditions and
damage, the current applied to the machine is set to 40% of
the rated current. In the steady-state condition, the injected
power and the temperature of different components of the
machine, e.g., windings, end windings, and the housing of the
machine, were measured. RTD sensors (PT 100) were
installed inside slots, and the end windings of each phase to
measure the temperature of the machine winding and the end-
winding. Furthermore, the mean temperature of the housing
was evaluated by measuring the temperature of several
locations of the machine housing by K-type thermocouples.

Fig. 7 illustrates the temperature comparison obtained
by the LPTN and the measurements during the DC test by an
injected power of 191.1 W, while the ambient temperature
was 21.8℃. The assessed joule losses generated in the slots
and end-windings are 92.8W and 98.3W, respectively.
Moreover, the uncertainty of the experimental housing
temperature as calculated by the K-type thermocouples was ±
2.2 °C and for the end winding and slot measured by RTD
sensors is ± 0.85°C.

Fig. 7.  Temperature comparisons during the DC test.
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In the graph, the end winding, the winding, and the
housing temperatures are represented. The figure shows good
agreement between the predicted and measured temperatures.
Further, this test is used for calibration purposes of
considering the value of the equivalent thermal conductivity
of the slots, length of the interfacial gap, as well as heat
transfer resistance between the machine frame and ambient,
which is selected correctly.  Fig. 8 illustrates the temperature
distribution over the housing surface of the motor during the
passive cooling.

Fig. 8. Temperature distribution over the housing surface
during passive cooling.

5.2. AC Thermal Test

For the AC test, the SynRM was run in rated speed
(1500 r/min). Fig. 9 displays the test bench. During the test,
the injected power, the current and voltage, temperature, and
power factor of each phase were measured with a data
acquisition system (Dewetron). The power losses in the
SynRM are composed of resistive losses, iron losses, and
mechanical losses.  Table 8 shows the value of losses for the
AC thermal test (no-load condition) that they were
determined experimentally in the rated voltage and frequency.
Besides, these values were applied as the losses sources in the
LPTN and thermal analysis of the machines. The
experimental measurement of losses was presented in our
previous research paper [34].
Table 8 Losses of the machine under no-load condition

Name Symbol Unite Value
Stator winding losses Pcu W 68.50
Iron losses PFe W 125.98
Mechanical losses Pm W 33.47

For the thermal experiment, the SynRM was equipped
with six RTD sensors. Three RTDs were installed in the end
winding part of each phase, and the other three were located
inside the slots. The housing temperature of the SynRM was
measured by an infrared laser digital thermometer. When the
machine reached its steady-state condition, the housing and
ambient temperatures and injected power were measured.

Fig. 9.  AC experiment.

Fig. 10 illustrates the temperature comparison
obtained by the analytical thermal model and measurements
during the AC test. The relative difference of the analytical
results for the housing, slot, and end-winding temperature are
3%, 3.3%, and 6.8%, respectively. These differences in the
analytical model arise from the assumption of the uniform
distribution of losses in the SynRM as well as the fact that the
analytical LP model assesses the mean temperature of the
motor parameters while in the experiment, the thermal
sensors indicate the temperatures at located points. Fig. 11
indicates the temperature distribution over the housing of the
machine in the steady-state condition. The figure provides an
overview of the temperature differences in the housing of the
SynRM.

Fig. 10. Temperature comparisons during the AC test.

Fig. 11. Temperature distribution over the SynRM housing.

6. Conclusion
The principles of the lumped parameter thermal

network of the SynRM was presented in this paper. Particular
focus was put on to calculate the heat transfer resistance from
the machine surfaces during the active and passive cooling.
The area-based composite correlations method was proposed
to determine the natural and forced convection coefficients
from the machine-housing surface and was presented in detail.
Furthermore, the simplified method to calculate the radiation
coefficient from the complex surface of the TEFC machine is
described. Well-proven formulations were employed to
calculate the critical parameters of the LPTN.

The experimental results demonstrated that the
proposed LP thermal model could forecast the temperature in
different parts of the machine with better accuracy (around
±3℃) than what presented in [17] (which accuracy of the
model in that research is ±5℃).
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