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.Abstract—An analytical approach is proposed in developing a 

lumped parameter thermal model for the stator coils of 
naturally-cooled Axial-Flux Tooth-Coil Permanent-Magnet 
Machines. The model comprises one tooth, the coil around it, the 
air channels between coils and the teeth supporting structure; 
each component is subdivided into cuboidal or arc sub-elements. 
An expression of the convective exchange coefficient is proposed 
to take into account the radial position of each tooth. 
Experimental results validate the proposed model, which can also 
be used in the design stage of a machine. 

 
Index Terms—Axial Flux Machines, Natural Convection, 

Inclined Parallel-plate air channels, analytical thermal model, 
design stage thermal model. 

I. INTRODUCTION 
hermal study of electric machines is becoming the subject 
of a great share of research today due to the designer 

temptation to design efficient and compact electric machines. 
In this regard, Permanent Magnet Synchronous Machines 
(PMSMs) focus the greatest consideration.   

Among various types of PMSMs, the thermal study of Axial 
Flux Machines (AFMs) is quite challenging due to the 
complex fluid flow regimes resulting from the rotation of the 
rotor surface facing the stator [1]. AFMs are conventionally 
studied as a general rotor-stator system by using the developed 
analytical or empirical correlations for heat convection over 
the surface of the stator and rotor [1]-[3]. The effect of 
geometrical parameters including the radius of the surfaces 
and distance between the surfaces [4]-[5], protrusion of the 
PMs [6], and the inlet configuration [4] is studied to 
investigate the fluid flow and heat convection. These studies 
are based on either Computational Fluid Dynamics (CFD) 
modeling [7], analytical [8], [9] or empirical [10] approaches. 
In this regard, [11]-[13] are a joint research where a 
comprehensive fluid flow study and thermal modeling is 
presented for AFMs.  

Besides the heat convection over the rotor and stator 
surfaces, joule loss extraction from the stator coils should be 
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investigated. Moreover, although CFD and Finite Element 
(FE) approaches can be adopted to study heat transfer for a 
complete geometry of the coils [14], for design purposes these 
approaches are not viable options due to high computation 
power and time required. Therefore, a reliable analytical 
thermal model to study the heat transfer of the machine is 
better appreciated by the designers.  

AFMs are either force-cooled [14], [15] or, in case of 
natural cooling, specific structures like inlet pipes [16] are 
employed to increase the flow as a result of rotating shaft and 
thus increase the heat transfer. In this regard, the thermal 
modeling of natural-cooled AFMs with no inlet in the 
structure especially for low-speed applications, like wind 
generators, has not been addressed in any previous study yet. 
In this paper, an analytical thermal model is proposed, for the 
natural convection cooling in AFMs with no air inlet. Such a 
thermal exchange occurs mainly in the stator, so only the 
thermal behavior of the stator windings will be analyzed, by 
choosing a simple operating condition: stand still rotor, and 
DC supply of the windings. 

The adopted model is based on a thermal network and can 
be used in the design, analysis, and condition monitoring of 
the AFMs. As known, usually the network approach leads to 
calculate the average temperatures of the machine portions, in 
particular of the windings. By means of the developed model, 
the highest coil temperature can be calculated. This can be 
regarded also as the hot spot estimation: in fact, the limited 
extension of the coils, compared with the typical lamination 
stack extension in a radial flux machine, makes the 
temperature distribution roughly uniform inside each coil, as 
will be shown in the paper.   

The paper is organized as follows. In Section II, the AFM 
under investigation is introduced and its dimensions are 
provided. In Section III, some thermal modeling issues of this 
type of AFM are reviewed. In Section IV, the concept of 
general arc/cuboidal element thermal model in modeling the 
heat conduction in solid parts of the machine is recalled. 
Section V introduces one possible set of correlations defining 
the heat convection coefficient for the vertical channels. In 
Section VI, a methodology to study heat convection for a 
general inclined parallel-plate channel is proposed. In Section 
VII, the developed thermal model is applied to predict the 
temperature of the different coils of the machine, and the 
calculation results are compared with practical measurements 
for three different working conditions. Finally, in Section VIII 
a global heat transfer coefficient for each single tooth is 
estimated, which takes into account all the thermal paths of the 
wound tooth, useful in the early design stage of an AFM. 
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II. AXIAL FLUX MACHINE UNDER INVESTIGATION 
The considered AFPM is a four-stage, 50kW, 70RPM wind 

generator with concentrated coils (Fig. 1); nevertheless, the 
analysis is of general validity.  

Fig. 2 shows a sketch of the machine, and the main 
dimensions are summarized in Table I.  

 

 

Fig. 1: Detail of the Axial Flux Machine under investigation. It has four-
modules and concentrated-coil windings. No air inlet is present.  

 
 
Fig. 2: Structure and main sizes of the machine: a. top view; b. cross 

section A-A. 

Since the rotor is still and the armature currents are DC, the 
following modelling assumptions have been adopted: 

• the effect of rotation on fluid flow is ignored; 

• losses in PMs and in iron cores are not taken into 
account, since fluxes are constant; 

• no air inlet is provided. 
Further assumption are as follows: 
• coils make up parallel-plate air channels; 
• heat conduction and natural convection are considered as 

the means of heat transfer. Radiation is taken into 
account only for one out of the four surfaces of each coil 
(the surface which is external in radial direction); 

• some model parameters are temperature dependent: thus, 
the temperature calculation requires an iterative solution.  

 
TABLE I: 

RATED VALUES AND MAIN SIZES OF THE MACHINE 

Rated Pn [kW], Vn [V], In [A], Ωn [rpm], fn [Hz] 50, 625, 35, 70, 22.17 
No. poles p, No. teeth Nt       (one module) 38, 36 

De, D, Di, g [mm] 800, 672, 544, 2.5 
hc, Lt, , dc [mm] 87.5, 128, 10 

wD, hm [mm] 11, 10 

III. THERMAL MODELLING ISSUES 
The AFM thermal model implies the following issues. 

1- For machines with several teeth and then stator air channels, 
a heat transfer parameter should be introduced for each 
channel surface. This parameter depends on the surface 
dimensions, the channel width, the wall temperature of the 
surfaces and on the channel inclination angle. 

2- Since the coils are placed in a radial direction (Fig. 3), on 
the bottom of the machine the hot air in the channels will be 
replaced by the ambient air, while on the top of the machine 
the heated air from the bottom will pass through the 
channels. This phenomenon should be correctly modelled, 
as the temperature of the inlet air to the channels affects the 
channel surfaces temperature. 

3- To model heat conduction, an enhanced Lumped Parameter 
Model (LPM) will be adopted; in fact, usual LPMs are one-
dimensional, while the AFM needs a three-dimensional heat 
conduction model.  
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Fig. 3: Graphical representation of the channels and of the fluid flow: 

green arrows = incoming ambient air; red arrows = outgoing internal air. 
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IV. THREE-DIMENSIONAL HEAT CONDUCTION ANALYTICAL 
MODEL BASED ON GENERAL COMPONENT MODELLING 

A. Basic concepts 
Heat conduction is governed by the known Fourier’s law 

and heat diffusion equation [20]. However, their solution is 
not available for all the possible geometries and for most of 
them it is not possible to find a single solution all over the 
geometry. 

A recently developed study for heat conduction, [18], [19], 
is based on a three-dimensional analysis applied to a cuboidal 
or arc element in which the machine can be subdivided. 
To develop this analytical model, independent heat flow and 
uniform heat generation are assumed for each element, which 
is represented by a single mean temperature. Independent heat 
flow means that heat cannot change its direction without 
raising the mean temperature. The solution of the Fourier’s 
law and heat diffusion equation leads to define all the 
parameters of an equivalent circuit in terms of electrical 
components. 
Fig. 4 shows the model, [18], for a general cuboidal element, 
where Txi, Tyi and Tzi (i=1,2) are the temperatures at each end 
of the element in x, y and z direction respectively, R(x, y, z) i 
(i=1, 2, 3) are the thermal resistances, Tm is the average 
temperature, C is the thermal capacity, and q is the internal 
generation of the element. The results are: 

𝑅𝑅𝑥𝑥1 = 𝑅𝑅𝑥𝑥2 = ℓ𝑥𝑥
2 𝑘𝑘𝑥𝑥 𝐴𝐴𝑥𝑥

         𝑅𝑅𝑥𝑥3 = − ℓ𝑥𝑥
6 𝑘𝑘𝑥𝑥 𝐴𝐴𝑥𝑥

 (1)  

where ℓ𝑥𝑥, Ax, and kx are the length, surface section, and 
thermal conductivity in x-direction, respectively. The same 
equations can be used for the y- and z-direction by employing 
respective length, surface, and thermal conductivity. 
The model for the arc element is similar to the cuboidal one, 
but in cylindrical coordinates with peripheral (p), radial (r) and 
axial (z) directions, Fig. 5. The equations are reported in [19].  
All the parts of the machine will be subdivided into either 
cuboidal- or arc-shaped elements.  
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Fig. 4: The graphical representation of a general cuboidal element and its 

corresponding thermal model. 

B. Coil thermal model 
The stator of the AFM in this study is electrically and 

geometrically symmetric as it consists of Nt identical stator 
tooth-coil combinations. However, it is not thermally 
symmetric as the heat convection in the channels is not the 
same for different channels. Here, a simplifying assumption is 

made by ignoring the interaction of the neighboring teeth. 
Therefore, only one stator tooth is modeled and the model is 
solved Nt times by adopting a proper heat convection 
coefficient for each tooth.  
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Fig. 5: The graphical representation of a general arc element and its 
corresponding thermal model.  

The coils are not considered as a single isothermal body, but 
they are divided into four cuboidal elements (Fig. 6a), each 
one corresponding to one coil side; the model for the top and 
bottom and for the right and left parts of the coils are shown in 
Fig. 6b and Fig. 6c respectively. Heat exchange in coils is 
neglected in the direction with lower surface dimension facing 
the air (z-direction in Fig. 6).  
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Fig. 6: a thermal model of the coils of AFM; a. the simplified schematic of 
one coil; b. model for the top and bottom parts of the coil; c. model of the 
right and left parts of the coil. T∞ is the ambient temperature. 

The four parts differ for the losses and the heat convection 
coefficients towards the air; both these items depend on the 
coil part temperature, thus they are updated at each iteration. 

For each coil part, the Joule loss is calculated based on the 
coil current and the actual resistivity of the coil part (the four 
losses are indicated in Fig. 9 by Pup, Plo, Plf, Prg). 

The heat convection over the surface of the coils to ambient 
air is modeled as a convective resistance, Rconv, which is 
connected to an ideal voltage source whose amplitude is equal 
to the temperature of the ambient air. The expression of Rconv 
is the classical one for convective heat exchange. The 
expression of the convective coefficient to be used in Rconv for 
each part of the coils will be defined in Section V. 
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The internal surfaces of the coils are connected to the stator 
teeth by a conduction resistance, Rcond_c, which accounts for 
the conduction in the insulation between the tooth and the coil. 

C. Tooth core thermal model 
The stator tooth core is modeled as one cuboidal element. In 

x- and y-direction, this element is connected to the internal 
surfaces of the coils. The stator is laminated in the y-direction 
(Fig. 2b), thus an equivalent thermal conductivity keq of the 
steel in this direction is evaluated: 

𝑘𝑘𝑒𝑒𝑒𝑒 =
𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 2 ∙ 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 2 ∙ 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖
 (2)  

where tiron and tins are the thickness of lamination and 
insulation, kiron and kins are the thermal conductivity, 16.27 
[W/(m⋅K)] for steel and 0.5[W/(m⋅K)] for insulation materials.  
As regards the z-direction, the tooth head and the rotor are 
separated by an air gap in which the air is almost still: thus, 
the main thermal exchange is via the mechanical structure. 

D. Mechanical structure thermal model 
The stator teeth are held in place by two supporting plates 

which are fixed together throughout the machine by 
connecting bars, as shown in fig.7. In particular, each tooth is 
embraced by two rays of each supporting plate (see fig. 2).  

 

x

yz

 
Fig. 7: Supporting plates, rays and connecting bars of the AFM. 
 In this Figure, the coils wound around the teeth are not shown. 

Even if the number of connecting bars equals one half of the 
teeth number, this does not imply any difference in the thermal 
model of adjacent teeth. Indeed, each tooth has one side in 
contact with a free ray, and the other side in contact with a ray 
connected to one connecting bar (fig. 2): adjacent teeth have 
these rays in reversed positions along the periphery, but the 
thermal exchange conditions are the same. Thus, also for the 
heat exchange in the machine structure, a single tooth thermal 
model approach can be used. 
Fig.s 2a and 7 show that both the rays embracing each tooth 
cannot dissipate heat towards the ambient directly: in fact, the 
ray surfaces are covered by the tooth heads on one side and by 
the coil liner on the other side. Thus, the only dissipation path 
of the rays is the connection with the connecting bars, which 
can dissipate to the ambient. To model the heat conduction 

through this path, the z-direction equivalent model of the 
stator tooth is connected to the bars via a resistance, RPlate, 
representing the conduction resistance of the ray, and a 
resistance, Rcond_p, which accounts for the conduction in the 
insulating layer between the tooth and the plate. 

Bars are modeled as two-dimensional, axial and radial, arc 
elements because their structure is annular and heat transfer in 
the circumferential direction can be disregarded.  

The model for the heat exchange in the machine structure is 
shown in Fig. 8. 

E. Wound tooth thermal model 
The overall model of one wound tooth is shown in Fig. 9. 
In TABLE II, the numerical values of some of the main 

resistances of the network are reported. The y-direction 
resistance for the stator tooth is greater than the x- and z- 
directions due to the lamination. 

The model developed for one single coil can be used to 
study different coils in the AFM by introducing proper heat 
convection coefficients for different channels. The procedure 
to define the heat convection inside different inclined channels 
is presented in Section V.  

TABLE II 
VALUE OF THE THERMAL RESISTANCES  

IN THE THERMAL EQUIVALENT CIRCUIT, [K/W] 

Left and Right Cuboidal Elements of the coil 
Rx1=Rx2 Rx3 Ry1=Ry2 Ry3 Rcont 
1.6.10-2 -5.3.10-3 8.1.10-2 -2.7.10-2 1.3.10-1 

Upper and Lower Cuboidal Elements of the coil 
Rx1 = Rx2 Rx3 Ry1 = Ry2 Ry3 Rcont 

2.6.10-2 -8.6.10-3 5.0.10-2 -1.6.10-2 4.1.10-2 
Connecting Bar Arc Element 

Rr1 Rr2 Rr3 Ra1 Ra2 Ra3 Rcont- 
1.6.10-3 6.0.10-5 -3.0.10-4 4.2 4.2 -1.4 3.0.10-3 

Tooth core Cuboidal Element  
Rx1 = Rx2 Rx3 Ry1 = Ry2 Ry3 Rz1 = Rz2 Rz3 
3.0.10-2 -1.2.10-2 11 -3.7 9.0.10-2 -3.0.10-2 
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Fig. 8: Thermal model of the machine mechanical structure. T∞ is the 

ambient temperature. 
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Fig. 9: Proposed equivalent thermal model of the representative thermal part of the machine: a stator tooth, its coil around it (subdivided into four parts), the 
connecting bars and the supporting plates.  

V. HEAT CONVECTION IN PARALLEL-PLATE CHANNELS 
The coil surfaces are hot flat plates interfacing the air which 

make up temperature boundary layers. The height of the 
thermal boundary layer is a function of the plate dimension, 
and of the thermal characteristic of the fluid surrounding the 
plate. The temperature boundary layers of the plates can mix if 
the plates are placed close enough to each other, which 
generates the so-called “fully developed condition” regarding 
the fluid flow inside the channel. In this condition, heat 
convection for each plate cannot be modeled separately and 
overall heat convection for the channel should be investigated. 
On the contrary, when fully developed condition does not 
occur, the plates do not make up a channel, but they are 
treated as separated flat plates. Fully developed condition also 
depends on the inclination of the plates. 

In the following, the results of some studies will be 
reported, concerning both vertical and inclined channels, in 
fully developed or not fully developed condition. 

A. Vertical channels with fully developed condition. 
In [20], the correlations for a vertical channel with fully 

developed condition are reported. The considered channel 
consists of two plates with length L, supposed isothermal, 
which are away by the distance 2b ( 

Fig. 10). The fully developed condition is assumed if 
Ra⋅2b/L ≤ 10, where Ra is the Rayleigh Number. It is a 
measure of buoyancy-driven flow and is defined as:  

𝑅𝑅𝑅𝑅𝑙𝑙 =
𝑔𝑔𝑔𝑔
𝛼𝛼𝛼𝛼

(𝑇𝑇𝑖𝑖 − 𝑇𝑇∞) 𝑙𝑙3 (3)  

with Ral Rayleigh number for the channel width  𝑙𝑙 = 2𝑏𝑏, 
g acceleration of gravity, β =3.66⋅10−3 [K−1] thermal expansion 
coefficient (equal to inverse of temperature for gases), 𝛼𝛼 
kinematic viscosity (assumed as constant, equal to 17.95⋅10−6 
[m2/s] for air at 25 °C), α thermal diffusivity (assumed as 
constant, equal to 21.41⋅10−6 [m2/s] for air at 25 °C), Ts surface 
temperature, and T∞ ambient temperature. 

https://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion
https://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion
https://en.wikipedia.org/wiki/Kinematic_viscosity
https://en.wikipedia.org/wiki/Thermal_diffusivity
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Again in [20], a correlation describing the average Nusselt 
number over the surfaces of vertical parallel-plate channels for 
isoflux conditions is reported, (4).  

𝑁𝑁𝑁𝑁���� = [
𝐶𝐶1

(𝑅𝑅𝑅𝑅𝑙𝑙  2𝑏𝑏/𝐿𝐿)2
+

𝐶𝐶2
(𝑅𝑅𝑅𝑅𝑙𝑙  2𝑏𝑏/𝐿𝐿)1/2]−1/2 (4)  

C1 =576; C2 =2.87 (see Fig. 11, crosses). 
Finally, the channel convection heat transfer coefficient h 

can be easily gained, since Nusselt number is the ratio of the 
convection to the conduction heat transfer coefficients: 

𝑁𝑁𝑁𝑁���� =
ℎ ∙ 𝑙𝑙
𝑘𝑘𝑎𝑎𝑖𝑖𝑖𝑖

 (5)  

where, ℎ is the convective coefficient, 𝑙𝑙  is the characteristic 
length, and 𝑘𝑘𝑎𝑎𝑖𝑖𝑖𝑖  is the thermal conductivity of the fluid. 

B. Inclined channels. 

Several studies can be cited regarding the analysis of heat 
convection inside inclined channels, with special geometries 
and boundary conditions [21]-[26]; here the results of the 
experimental study [22]  are reported. 

Fig. 9 in [22], here reported in Fig. 11, shows, for fully 
developed condition, the channel average Nusselt number as a 
function of the product between the Rayleigh number 𝑅𝑅𝑅𝑅 and 
the cosine of the inclination angle 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖. It is apparent that, for 
inclination angles 0-80 degrees, the curves converge to a 
single curve, close to the one for zero inclination (vertical 
channel). Therefore, the comprehensive correlations that are 
reported for vertical channels can be adopted by a simple 
adjustment and replacing the 𝑅𝑅𝑅𝑅 in the correlations with 
𝑅𝑅𝑅𝑅 ∙ cos (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖): 

𝑁𝑁𝑁𝑁𝑖𝑖����� = [
𝐶𝐶1

(𝑅𝑅𝑅𝑅𝑙𝑙  𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖) 2𝑏𝑏
𝐿𝐿 )2

+
𝐶𝐶2

(𝑅𝑅𝑅𝑅𝑙𝑙  𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖) 2𝑏𝑏
𝐿𝐿 )

1
2

]−1/2 (6)  

 [22] also reports that, when the inclination angle exceeds 80 
deg, the Nusselt numbers over the upper and the lower wall 
differ greatly: this means that in this range it is not possible to 
obtain one average Nusselt number for the whole channel, i. e. 
the fully developed condition is not satisfied. The inclined 
plates making up the channel behave as separated flat plates, 
and the correlation regarding inclined flat plates must be 
adopted. 
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Fig. 10: geometry set up and boundary condition of isothermal parallel-plate 
air channels: a. vertical channel; b. inclined channel.  

 
 

Fig. 11: Average Nusselt number as a function of the product of the Rayleigh 
number and the cosine of the inclination angle [22] (valid for θinc = 0-80 deg).  

C. Inclined flat plates. 
A comprehensive set of correlations regarding the inclined 

flat plates can be found in [27]. In particular, a simple 
expression for the thermal exchange coefficient is as follows: 

ℎ𝑖𝑖 = 0.68 �
𝑘𝑘𝑎𝑎𝑖𝑖𝑖𝑖
𝐿𝐿
� + 1.31 ��

∆𝑇𝑇
𝑘𝑘𝑎𝑎𝑖𝑖𝑖𝑖

� 𝑐𝑐𝑐𝑐𝑐𝑐ϑ𝑖𝑖𝑖𝑖𝑖𝑖�
1 4⁄

 (7)  

where 𝑘𝑘𝑎𝑎𝑖𝑖𝑖𝑖  is the thermal conductivity of air, ∆𝑇𝑇 is the 
temperature difference of the plate and surrounding air, and  𝐿𝐿 
is the height of the plate. The formula in (7) is valid for every 
inclination angle if the flow is laminar.  

VI. PROPOSED METHODOLOGY TO MODEL NATURAL HEAT 
CONVECTION IN INCLINED PARALLEL-PLATE CHANNELS 

By summarizing the results of the previous section: 
- [20] gives a geometrical condition for the occurrence of fully 
developed condition: Ra⋅2b/L ≤ 10; moreover, it gives 
correlations for vertical channels in fully developed condition; 
- [22] does not give a geometrical condition for the occurrence 
of fully developed condition, but it shows that, if it occurs, it 
holds only for a defined inclination interval (0-80 degrees for 
the geometry in [22]). Moreover, it shows that the correlations 
valid for vertical channels hold also for inclined channels, by 
simply replacing 𝑅𝑅𝑅𝑅 by 𝑅𝑅𝑅𝑅 ∙ cos (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖); 
- [27] gives some correlations for inclined plates without fully 
developed condition. 

Therefore, the methodology proposed here to study the 
AFM is as follows: 
− assume that fully developed condition occurs if 𝑅𝑅𝑅𝑅 ∙

cos(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖)⋅2b/L ≤ 10; 
− for channels with fully developed condition, adopt the 

correlations (6) for inclined channels, and evaluate the 
convection heat transfer coefficient by (5) and (3); 

− for channels without a fully developed condition, consider 
the walls of the channels as separated; since in the AFPM 
machine the flow is laminar, assume the expression of the 
convection heat transfer coefficient provided by (7). Note 
that (7) is used also for coil sides not facing a channel, but 
faced to free air (upper and lower coil sides in Fig. 9). 

As concerns the use of (3) for our channels, the following 
remarks are valid: 
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− even if [20] introduced (3) assuming that the channel walls 
have the same surface temperature Ts, also here we can 
adopt (3), because the wall temperatures of each channel are 
not too different between them (a few degrees maximum);  

− considering that the model of Fig. 9 is based on a single 
wound tooth approach, when solving the thermal network of 
a single coil, the surface temperature Ts is assumed as the 
one of the coil side faced to the channel. 
The adopted assumptions allow to perform the thermal 

analysis of the machine by solving just one wound tooth at a 
time instead of solving the whole machine, greatly simplifying 
the calculations. 

The proposed methodology along with the proposed thermal 
equivalent network is explored for the AFM, and the results 
are reported in the following section. As mentioned before, the 
convective parameters are temperature dependent, thus an 
iterative procedure is necessary. 

VII. MODEL VS EXPERIMENTAL RESULTS 
The thermal model in Fig. 9 is considered in this section to 

estimate the temperature on the coil external surfaces in the 
AFM.  

The solution of the model is an iterative process due to the 
temperature dependence of the convective coefficients and of 
the coil losses. To solve the model, the matrix representation 
of the equivalent network using node analysis is generated.  
The iterative calculation algorithm is synthetized in the flow-
chart shown in Fig. 12, as will be explained in the following. 

The temperature of the input air into the channels must be 
evaluated carefully.  
In the lower machine portion (coils from 11 to 26, whose 
channels have incoming air, green arrows in Fig. 3) the air 
entering the channels is the external air: thus, for these 
channels the input air temperature Tair.low equals the ambient 
temperature T∞. 
On the contrary, the air which reaches the upper coils (coils 
from 29 to 36 and from 1 to 8, whose channels have outgoing 
air, red arrows in Fig. 3) is not at temperature T∞, but at a 
higher temperature Tair.up , because ambient air is warmed by 
the lower coils losses. 
Evaluating the amount of the air warming is very challenging: 
a simplified calculation was tried, to estimate the air speeds in 
the lower channels and the input-output air flow temperature 
rises, but unreliable results were found. 
In order to obtain an accurate estimation of Tair.up , a CFD 
simulation should be performed, but this is outside the scope 
of the present analysis, for the following reasons:  
− a CFD analysis of a so complex system under natural 

convective conditions is very time consuming, and cannot be 
regarded as a design tool, especially if a parametric 
investigation of the machine has to be done; 

− a CFD analysis could solve the thermo-fluid field of the 
overall machine, but it should be considered as an alternative 
approach with respect to a thermal network method. 

Thus, a simplified approach has been adopted, considering 
that, for sure, the temperature Tout.low of the air flow at the 
output of each lower channel is intermediate between T∞ and 

the temperature of the channel walls (corresponding to the coil 
surfaces temperature Ts).  

 
 

 
Fig. 12: Flow chart for the iterative calculation of the coil temperatures. 
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Therefore, for each channel of the lower machine portion, the 
outgoing air temperature Tout.low is estimated as a suited 
weighted average between Ts and T∞:  

𝑇𝑇𝑖𝑖𝑜𝑜𝑜𝑜.𝑙𝑙𝑖𝑖𝑙𝑙 =  𝑤𝑤⋅𝑇𝑇∞ + (1 − 𝑤𝑤)⋅𝑇𝑇𝑖𝑖   . (8)  
Here, the best agreement among calculated and test results 
were obtained with a weight factor w = 2/3. 
Finally, the average Tout.low.ave among all the Tout.low   values is 
assigned to Tair.up . 
As concerns the four coils with horizontal or almost horizontal 
channels (coils 9, 10, 27, 28), it is assumed that they behave as 
the lower machine portion coils.  
The soundness of the adopted approach is validated by the fair 
agreement with the measurements on the prototype machine. 

Three sets of measurements have been carried out, while the 
machine coils are excited with dc current by 0.42 p.u., 0.71 
p.u., and 1.0 p.u. The ambient temperature is measured for 
each operating condition and used in the model. 

The case when the coils are excited with 0.71 p.u. is 
initially used to tune the model.  

 

 

 
Fig. 13: Estimated and measured temperature of the coils all around the 
circumference of the machine (refer to Fig. 3). 

After this tuning phase, the model is validated with the 
other two operating conditions (coils excited with 0.42 p.u. 
and 1 p.u.). For all the three considered operating conditions, 
Fig. 13 shows the temperature estimation and the experimental 
values. Even if the thermal model (Fig. 9) considered each coil 
side as a different body, the model results show that the 
estimated temperature of the four coil sides (Tm,lf, Tm,rg, Tm,up, 
Tm,lo, in Fig. 9) is in practice the same: for the worst case 
(machine in rated conditions), the average temperature among 
the four sides differs by less than 0.4 % with respect to each 
side temperature. This is due both to the very high copper 
conductivity and to the limited coil size; thus, hereafter the 
coil is assumed as isothermal, and its temperature is indicated 
by Tc ; therefore, for each coil, the hot-spot temperature is very 
close to the average one.  

The experimental coil temperature is measured by a thermal 
laser temperature gun on the coil side which is external in 
radial direction. 

 The model overestimates the temperatures of the horizontal 
coils (No. 9, 28), but is able to predict the temperature of all 
the other coils with a good precision: the error reaches 18% 
for the horizontal coils, but it ranges from -4% to +6% for the 
inclined.  

VIII. GLOBAL HEAT COEFFICIENT ESTIMATION 
The thermal model developed in the previous Sections 

allows to predict both the surface temperature and the loss in 
each coil. If the loss is divided by the coil external surface and 
by the coil temperature rise (calculated with respect to the 
local air temperature, Tair.low and Tair.up for lower and upper 
coils respectively), a global convection coefficient hwt can be 
evaluated for each wound tooth, which takes into account the 
global thermal exchange of the wound tooth. It is a simplified 
approach, which can be very useful in early design stage. 

Such a global convection coefficient hwt behaves as the 
channel convection coefficient, that is it depends both on the 
channel inclination 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖, and on the coil temperature 𝑇𝑇𝑖𝑖  .  

By analyzing the dependence of hwt on 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑇𝑇𝑖𝑖, it 
appears that both the dependences can be assumed as 
quadratic. Thus, the coefficient hwt can be expressed as: 

ℎ𝑙𝑙𝑜𝑜(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑇𝑇𝑖𝑖) =  𝑘𝑘1𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖2 + 𝑘𝑘2𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑘𝑘3𝑇𝑇𝑖𝑖2 + 𝑘𝑘4𝑇𝑇𝑖𝑖 + 𝑘𝑘5 (9)  
where 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖 is expressed in mechanical degrees, Tc in [°C] and 
hwt in [W/(m2⋅K)].  
The parameters of (9) are obtained by fitting the thermal 
model results; two different parameter sets are obtained for the 
upper and the lower coils respectively, reported in Tab. III.  
 

TABLE IIIII: 
Best fitting parameters of (9), identified with 25 °C ambient temperature. 

Eq. (9) parameters k1 k2 k3 k4 k5 
Upper coils −0.0011 0.032 −0.0015 0.316 4.270 
Lower coils −0.0006 0.015 −0.0018 0.328 0.309 

 
These parameters hold when the ambient temperature is about 
25°C, that is the typical ambient temperature for air cooling in 
mild climate.  
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Fig. 14 shows the global wound tooth heat coefficients hwt as a 
function of the channel inclination angle, for the tested load 
conditions, both obtained from the complete thermal model of 
Fig. 9 and from (9). The following remarks are valid: 
− a fair agreement between the two kinds of curves exists; 
− when increasing the load conditions, the global heat 

coefficient increases, as typical of natural cooling; 
− for the same inclination angle and load conditions, the global 

heat coefficient of the upper wound teeth is higher with 
respect to that of the lower one.  

The behavior described in the last remark can be explained by 
observing that the power dissipated in the channels of the 
upper wound teeth is proportional to the temperature rise with 
respect to Tair.up, while the power dissipated by the associated 
structure portions (connecting bars and supporting plate rays 
in Fig. 7) is delivered to the air at ambient temperature Tair.low, 
thus giving a higher contribution to the global heat coefficient. 

 

 
Fig. 14 – Global wound tooth heat convection coefficient for upper and lower 
portion of the machine, for three working conditions. It holds for θinc=0-80 
deg. (−−−− = Fig. 9 thermal model; - - - = fitting function (9) ) 
 
 Fig. 15 shows the comparison between the measurements 
(the same of Fig. 13) and the results of the proposed fitting 
functions.  
The agreement is sufficiently good to allow a rough estimate 
of the thermal state of the coils in the early design stage of an 
AFPM machine. 
 

 
Fig. 15: Comparison between the measurements (the same of Fig. 13) and the 
results of the proposed fitting functions (9) for three working conditions.  

IX. CONCLUSION  
A thermal model has been developed to study the 

temperature distribution over the stator coils of naturally-
cooled AFMs with concentrated coils. The model has been 
limited to the stator, i.e. the permanent magnet heating and the 
rotation have been neglected. Heat conduction has been 
studied through a 3-D analytical model. Natural convection in 
parallel-plate air channels has been studied to model the heat 
transfer from the coil surfaces. Additionally, a set of 
correlations has been introduced to evaluate the average 
Nusselt number in the stator channels between adjacent teeth, 
as a function of the inclined position of the channel along the 
machine periphery. It has been taken into account that the 
working condition of the coils in the lower part of the machine 
affects the temperature distribution in the upper part.  

The study shows the following main innovative aspects: 
− development of an analytical approach for the definition of a 

thermal model of a naturally cooled axial flux machine; 
− reduced order of the thermal model, based on the iterative 

analysis of each wound tooth instead of the whole machine; 
− fair trade-off between accuracy and calculation time of the 

temperature distribution, suited both for design and 
monitoring purposes. 

The developed thermal model has been then validated by 
comparing the estimated temperatures and the test 
measurements, carried out on a 50 kW machine. The model is 
accurate with an average error of about 5%.  

Moreover, the same thermal model allows to obtain a global 
convection coefficient for each wound tooth, which takes into 
account the global thermal exchange of the wound tooth. It is 
a simplified approach, which can be very useful in early 
design stage. 
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