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Abstract: In this paper, the effect of some geometrical parameters on the steady state average
temperature of the stator core, the winding and the permanent magnets of the yokeless and
segmented armature (YASA) axial flux permanent magnet synchronous machine (AFPMSM) is
studied. The geometrical parameters selected for the study are the air gap length, the inward heat
extraction fin thickness and the permanent magnet thickness. These parametric studies make it
possible to obtain a better trade-off between power density and efficiency. These investigations
are very helpful in correlating the values of the geometrical parameters to some specific desired
performance criteria like not going below some desired minimum efficiency, limiting the temperature
of specific part to some maximum value for maximization of lifetime and also determination of
the allowed speed range to limit the temperatures lower than the critical values. This is important
specifically for the synchronous machines due to the fact that the speed value affects both the losses
and the heat transfer convection coefficients. The air gap length has a direct effect on the overall
machine losses and the air gap convection coefficient and hence on the temperature of the machine.
As the fins are between the stator windings, a thicker fin reduces the space for copper windings and
hence increases the losses, but at the same time improves heat evacuation. In addition, the effect on
the temperature is studied of the speed variation, which influences both the losses and the convection
coefficients of the machine. Every study is made based on coupled electromagnetic and thermal
models. The results are obtained from analytical electromagnetic and thermal models verified by
finite element simulations and validated experimentally on a 4 kW yokeless and segmented armature
axial flux machine.

Keywords: YASA; AFPMSM,; electromagnetic model; thermal model; parametric study

1. Introduction

Many types of axial flux permanent magnet synchronous machines exist. These types differ
in the number of stators and rotors and the location of them in the machine. Some of these types
are axial flux internal rotor (AFIR), toroidally wound internal stator (TORUS), axial flux internal
stator (AFIS) and yokeless and segmented armature (YASA) [1]. The absence of the stator yoke in
the YASA type makes it more efficient. The complete design and optimization of the YASA machine
needs accurate electromagnetic, thermal and mechanical models for the machine. The electromagnetic
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models are mainly providing the magnetic field distribution in the machine parts. Based on the
calculated magnetic field distribution, many important quantities can be calculated. The developed
torque, the cogging torque, the induced voltage, the permanent magnets losses and the core losses
are some of these quantities [2]. Two main methods for the electromagnetic modeling exist: the finite
element method (FEM) and the analytical method. The 3D FEM modeling method is the most accurate
and the most time-consuming one [3-5]. Another quasi-3D FEM method is used in which the machine
is divided into slices in the radial direction, the flux density distribution is calculated for every slice and
then summation is done to obtain the total flux. This method provides a good compromise between the
accuracy and the solution time [2,6]. The magnetic equivalent circuit (MEC), the analytical solutions
of Maxwell’s equations and the combination of them are the analytical electromagnetic modeling
methods [7-9].

For thermal modeling, the FEM and the lumped parameter thermal network method (LPTN)
represent the numerical and the analytical thermal modeling methods. Refs. [10-13] are some of the
papers presenting the FEM thermal modeling technique for the YASA machine while [14-16] studied
the LPTN modeling method. The LPTN method has the advantage of being fast enough while, on the
other hand, the FEM method provides a more detailed temperature distribution in every part. In this
paper, the effect of the air gap length, the speed, the heat extraction fins thickness and the permanent
magnet (PM) thickness on the machine losses and the temperature is studied. The coupling between
the electromagnetic model and the thermal model is necessary for the studies in this paper for two
reasons. The first one is the dependence of the machine losses on the values of the studied parameters
and the second one is the temperature dependent material properties [17].

2. YASA Electromagnetic Models

The electromagnetic model must be able to accurately compute several loss terms as a function
of the studied parameters: winding loss, the iron loss, and the loss in the permanent magnets. These
losses are the sources of the thermal model in Section 3.

The analytical electromagnetic model (EM) adopted for parametric studies in this paper is the
quasi-3D modeling technique combined with the magnetic equivalent circuit [2].

The core losses are calculated using the method of loss separation (1) [18]:

Pross = (Phys + Peigssic + PEXCESS)PI

Phys = Kprk2f/

@
Prigss (t) = KS(%)ZI

Poxcess(t) = Ka(4/1 +k5|%| — 1)%3,

where P, is the power loss W/m?3, Ppys is the hysteresis losses, Pjgssic is the classic 10ss, Pexcess is the
excess loss, p is the mass density, (K1—Ks) are material dependent constants, and f is the frequency B,
is the peak flux density.

For the PM losses, the method developed in [6] is adopted here.

The dependency of the core and PM losses on the frequency is clear. Remaining is the dependency
of the winding losses on the frequency which comes from the skin and proximity effects. The AC
resistance R 4¢ can be calculated from (2) [19]:



Energies 2018, 11, 2983 30f18
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Rac = Kiy X Rpg,

where f is the frequency in Hz, ¢ is the conductor conductivity in S/m, ¢, is the skin depth in meters,
d. is the conductor diameter, m is the number of conductors along the axial length of the slot, K; is
the ratio between the actual conductor diameter and the effective conductor diameter seen by the AC
current flowing, Kj, is the ration between the AC and the DC resistances of the same conductor at
certain frequency and Rpc is the conductor resistance seen by a zero frequency current.

3. YASA Thermal Models

In this section, the analytical thermal model adopted for the coupling studies in this paper is
discussed along with the FEM thermal model used to verify the results of the coupled models based
studies in the next sections.

3.1. YASA LPTN

The lumped parameter thermal network (LPTN) is a network of thermal resistors, capacitors and
heat sources. The solution of the network gives the average temperature of each element represented
by a node in this network. The values of these resistors and capacitors are driven from the material
properties and geometry of the machine under study. The geometry of the YASA machine under study
is shown in Figure 1, while the material properties are given in Table 1.

Housing

Figure 1. Cross-section view of the YASA prototype.
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Table 1. Material properties.

Material K W/mK) C, (J/kgK) p (kg/m?)

copper 385 392 8890
aluminum 167 896 2712
epoxy 0.4 600 1540
nylon 0.25 1600 1140
Nd-Fe-B 9 500 7500

The details of the LPTN model developed by the authors and adopted for the study in this paper
can be found in [16]. In this model, the rotor and the stator are represented by two different networks
coupled by the analytical convection heat transfer coefficients in [20,21]. The analytical equations for
the convection coefficients calculation take the form (3).

2
G=73,
_ QD?
Re = vl

®)

where g is the air gap length in m, D is the rotor disk diameter in m, () is the rotational speed in rad/s,
v is the kinematic viscosity of the air, « is the magnet angle, ¢ is the magnet thickness, R is the rotor
radius, ; is the convection coefficient of the surface i, K is the air thermal conductivity and ; is the
characteristic length of the air.

It is important to notice from equation (3) that the convection coefficients depend on the air gap
length, rotational speed and the magnets’ geometrical parameters. This means that the change of these
parameters, besides affecting the machine losses, also affects the convection coefficients. This makes
the study of the variation of these parameters on the machine temperature very interesting and useful
in the selection of these parameters.

The LPTN for the stator and the rotor is shown in Figures 2 and 3, respectively.

The T,,s indicated in the LPTN represents the temperature of a nearby volume of air close to the
convected surface [20,21]. The value of this temperature depends on the average temperature of the
stator T; and the rotor T; and also on the same parameters as the convection coefficients (4):

ay; = Fyi(G, Re, a0, L),
by = Ghi(G/ Re, oy, L), 4)

Tref, = aiTy + b;Ts + (1 — (a; + b)) Ta,

where T, is the ambient temperature.

It is important to mention here that, due to symmetry and thermal periodicity, only one-quarter
of one of the stator teeth is modeled and only one rotor PM. The LPTNs of the stator and the rotor are
then solved to get the temperature of the machine.
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3.2. 3D Thermal FEM Model

A 3D FEM model is developed to verify the results of the coupled electromagnetic-thermal
analytical models based studies in the next sections. The modeled quarter tooth and rotor segment are
shown in Figure 4a,b, respectively.

The boundary conditions used in the simulation are thermal insulation for parts parallel to the
cutting plane and convective heat transfer for convected surfaces. The power losses of the different
machine parts are assumed to be equally distributed on the volume.

“)

[ |Fins

I Bearing

@ [ Epoxy Resin [ Rotor
[ ] Nylon - i
I Winding

[ Tooth

(a) (b)

Figure 4. Machine Modeled parts (a) Stator modeled part: (1) thermal insulation; (2) stator facing rotor
upper part; (3) stator facing rotor lower part; (4) stator side wall. (b) Rotor modeled part: (8) rotor
facing stator upper; (9) rotor left side; (10) PM lower; (11) rotor lower; (12) PM upper; (13) rotor upper;
(14) PM left; (15) PM right; (16) rotor facing stator.

4. Coupled EM-Thermal Study

Both the electromagnetic and the thermal models are needed in this study to compute the losses
from the electromagnetic models and the temperatures from the thermal model resulting from variation
of the studied parameters. These models are coupled by the dependence of the winding resistivity on
the temperature. The winding resistivity change is handled by solving the coupled models iteratively
until stabilization of the temperature as in the flow chart in Figure 5.
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Figure 5. The calculations flow chart.

5. The Parametric Studies

In this section, the resultant power losses, efficiency and the average steady state temperature
variation of the winding, the core and the PMs with the air gap length, the speed, the inward heat
extraction fins thickness and the PM thickness are studied. These studies are done on a 4 kW, 2500 rpm
YASA machine with the geometrical parameters in Table 2.

Table 2. YASA geometrical parameters.

Parameter Value Unit

number of poles 16 -

teeth number 15 -
outer diameter housing 195 mm
outer diameter active 148 mm
PM thickness 4 mm
rotor outer radius 74 mm
slot width 11 mm

5.1. Air Gap Length Study

The study is done for air gap lengths ranging from 0.6 to 5 mm with the power and the speed
fixed at 4 kW and 2500 rpm. As the air gap length increases and as the air gap flux decreases, the
current needed to provide the same output torque should also increase.
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The winding losses keep increasing quadratically with the air gap length as shown in Figure
6 as a result of the increasing stator current. On the other hand, the iron losses have a minimum
value at 3.5 mm air gap length. This can be explained as follows: as the air gap length increases, this
results in decreasing the air gap flux density component generated by the PMs and increasing the
armature reaction due to increased stator current. The rate of change of the overall flux density reaches
a minimum at 3.5 mm air gap length resulting in minimum core losses at this value.

The PM losses keep decreasing with the air gap length as in Figure 7.

From Figure 6, it is clear that the total losses keep increasing with the air gap length and hence,
from Figure 8, the efficiency keeps decreasing from 96% at 1 mm to 84% at 5 mm.

Whether the steady-state temperature will increase or decrease with the air gap length depends
not only on the losses but also on the change of the air gap convection coefficient. From Figure 9,
it is seen that the air gap convection coefficient reduces with the air gap length. This explains the
continuous increase in the winding and the core temperature with the air gap length as shown in
Figure 10.

800 i T
o Winding losses|?
[0]
700 o Total losses ||
600 - °°:° 1
) o
— 500 °5° 1
E 0%o°
5 400 Le®00° 1
g 0°
~ 300 00°°050°° 1
o Oo
o
200 - oo00© g
oo°°°°°°:°oooo°
100700000000 _
0 L L L L L L L L
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Air gap length [mm]

Figure 6. The winding and the total losses variation with the air gap length.
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Figure 7. The core and the PM losses variation with the air gap length.
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From Figure 11, the PM temperature has its minimum value at 2.7 mm air gap length. This can
be explained by investigating Figures 7 and 9. The PM losses keep decreasing which means less heat
generation and also the convection coefficient keeps decreasing, which means less heat evacuation.
For air gaps less than 2.7 mm, the rate by which the heat generation decreases is higher than the rate of
decrease of the convection coefficient and the opposite happens at values higher than 2.7 mm.

It can also be seen that the good correspondence between the FEM results and the analytical
method and the small effect of the air gap length value on the temperature of the PMs.

Based on the above presented air gap variation effects on the losses and the temperature, it is
recommended to keep the air gap length as low as possible to get high operating efficiency and low
temperature stresses.

33

325

29.5 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Air gap length [mm]
Figure 11. The PM temperature variation with the air gap length.

5.2. Variable Speed Study

This study is done for speed range from 120 to 2500 rpm at air gap length 1 mm and output
torque fixed at 18.7 N.m, which is the rated torque of the 4 kW machine. Variable speed operation in
synchronous machines requires variable supply frequency. As the supply frequency increases, the
speed also increases and this results in two effects with counter actions on the machine temperature.
On the one hand, the frequency increase causes an increase in all loss components in the machine,
which results in higher heat generation. On the other hand, the speed increase results in higher air
gap convection coefficients, which results in better heat evacuation. These counter actions make it
necessary to investigate the machine temperature at different speeds to identify the safe operating
speed range. From Figure 12, it can be seen that the PMs and core losses keep increasing with the
speed, which is expected from Equation (1). On the other hand, the winding losses decrease in the
speed range from 120 to 489 rpm.
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Figure 12. The winding, core, PMs and total loss variation with the speed.

This can be explained as follows in the low speed operation, the skin and proximity effects have a
little effect on the winding resistance while, by inspecting Figure 13, the winding temperature keeps
decreasing with speed up to 1218 rpm, which results in decreasing winding resistance and hence
decreasing winding losses.

More investigations in Figures 12 and 13 reveal that there are three regions: the first one up
to speed of 486.2 rpm and explained above; the second one, from 486.2 to 1218 rpm the winding
temperature still decreasing in this speed range, but the winding losses increase, which means that
the skin and proximity effect became significant and resulted in an increase in the winding resistance
rather than decreasing with the decreasing temperature. In the last region, the skin, the proximity and
the temperature are all increasing, resulting in an increase in the winding resistance and hence the
winding losses.

The efficiency variation with the speed is shown in Figure 14.

The PM temperature in Figure 15 has a minimum at a speed 1035 rpm. In the speed region below
the minimum, the temperature keeps decreasing, which means that the increase in the magnet losses is
lower than the increase in the convection coefficients.

It is also informative to see from Figure 16 the values of the convection coefficients at each
speed value.
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Figure 13. The winding and the core temperature variation with the speed.
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Figure 15. The PM temperature variation with the speed.
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Figure 16. The air gap convection coefficient variation with the speed.
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5.3. Inward Heat Extraction Fins Thickness Study

This study is done for fins thickness in the range from 0 to 6 mm at 4 kW and 2500 rpm. An
inward heat extraction fins of aluminum are put between the windings to enhance the heat evacuation
from the windings. Figure 17 illustrates the heat extraction fins extending along the axial length of the
effective winding.

[ | Fins

[ Bearing
[ JEpoxy Resin
[ ] Nylon
I Winding
[ Tooth
I Air Contact

Figure 17. A quarter tooth part illustrating the inward heat extraction fins.

As the thickness of the inward heat extraction fins increases, its thermal resistance in the axial
direction decreases. This leads to a better heat evacuation. At the same time, the slot area available
for the windings will decrease, causing a lower winding factor and hence higher winding resistance
and losses. Thus, the fins thickness should be selected carefully. Figure 18 shows the different losses
variation with the fin thickness along with the total losses. The winding losses are minimum at 0.6 mm.
This can be explained by inspecting Figure 19: the winding temperature decreases up to a thickness of
1.4 mm, which contributes to the reduction of the winding resistance and hence the winding losses. In
addition, by inspecting Figure 19, the optimum fins thickness is 1.4 mm as the temperature reduces by
8 °C compared to the case without inward heat extraction fins.

250 ‘
— Winding Losses
o Core losses o
2007 o000 —PM losses i
>oo°°ooooo°°°°°°°°°°°°°° o Total losses

=150 .
9]
3100 ¢ .

507000OOO0OOOOO0OOOOOOOOOOOOOOOOOOOOOOOOOT

0 1 1 1 1 1
0 1 2 3 4 5 6

Fin thicknesss [mm]

Figure 18. The losses variation with the fins thickness.
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Figure 19. The winding, the core and the PM temperature variation with the fins thickness.

Figure 20 shows the efficiency variation with the fins thickness. It reduces from 96.1% in the case
without fins to 95% at 5 mm thickness. The efficiency doesn’t decrease too much at the optimal fin
thickness of 1.4 mm.

The conclusion is that the coolest machine is obtained at 1.4 mm thickness while the most efficient
machine is obtained at 0.6 mm.
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Figure 20. The efficiency variation with the fins thickness.

5.4. PM Thickness Study

This study is done at a magnet thickness range from 1 to 6 mm at a 4 kW and 2500 rpm. The
PM thickness is one of the important parameters affecting the overall flux density in the machine and
hence the losses and, at the same time, affects the air gap convection coefficient (3).

Figure 21 shows the losses variation with the magnet thickness. The copper losses keep decreasing
with the magnet losses as expected, due to the decrease in the required current for getting the rated
output torque at each magnet thickness. The PM losses are also decreasing with the magnet thickness.
This is due to the reduction occurring in the stator current and the armature reaction. Hence, the
induced voltage in the PMs will decrease, leading to a decreased PM loss.

The core losses have a minimum value at 1.6 mm magnet thickness. This can be explained by the
different rate of the rise of the PM flux density and rate of decrease of the armature reaction with the
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PM thickness. At 1.6 mm thickness, the rate of change of the total air gap flux density hits a minimum,
resulting in minimum losses.

From Figure 22, the efficiency keeps increasing with the magnet thickness.

The temperature of the three parts keeps decreasing with the magnet thickness as shown
in Figure 23, which is expected from the decreasing losses.

400 T 1
— Winding Losses
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Figure 21. The losses variation with the magnet thickness.
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Figure 22. The efficiency variation with the magnet thickness.
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Figure 23. The temperature variation with the magnet thickness.
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6. Experimental Validation

The validation measurements are carried out using the setup shown in Figure 24. It consists of a
YASA axial flux permanent magnet synchronous machine of 4 kW and 2500 rpm rated values coupled
to an induction machine of 7.5 kW and 3000 rpm rated values driven by a commercial drive. For torque
measurements, a torque sensor is installed. The winding and the core temperatures are measured by
an embedded resistance temperature detector (PT100) sensor, while the PM temperature is measured
by an infrared temperature sensor (ZTP-135SR).

Induction Motor

Figure 24. The experimental setup.

In addition, a dspace 1104 platform is used to send the speed setpoint command to the induction
motor commercial drive.

To be able to precisely validate the model, all sources of uncertainties in the machine should be
eliminated. To do that, the real magnets are replaced by dummy aluminum parts with the same shape
and dimensions to eliminate the magnets losses. In addition, to eliminate the core losses, a DC current
is injected in the stator rather than an AC one. By this method, the winding losses and the rotational
losses are the only loss components remaining.

The air gap is set to 1 mm, the fins thickness is set to 1 mm and the induction motor is operated
at 1000 rpm and a DC current is injected in the stator winding to get a 100 W winding losses. The
temperature sensors are sampled and recorded every 5 s for 110 min. This experiment is repeated
at 2000 rpm. After every experiment, the machine is completely cooled to the ambient temperature.
Tables 3 and 4 are showing the winding and the PM steady state temperature at each speed value, the
analytical and FEM models, and the experimental setup.

The results show a good correspondence between the models and the experimental work.

Table 3. Winding temperature validation.

Speed (rpm) Analytical (°C) FEM (°C) Experimental (°C)

1000 61.73 63.89 62.74
2000 49.03 50.13 51.43

Table 4. PM temperature validation.

Speed (rpm) Analytical (°C) FEM (°C) Experimental (°C)

1000 29.44 29.93 30.52
2000 26.89 27.05 28.12
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7. Conclusions

In this paper, the effect of the air gap length, the speed, the inward heat extraction fins thickness
and the PM thickness on the different power losses and the temperature of the different components
are studied at the rated load condition. The skin and proximity effects are taken into account and
the temperature dependent electrical conductivities are also taken into account in these coupled
electromagnetic-thermal studies. The results reveal that the winding and core temperature are much
more sensitive to the changes in the air gap length, the speed and the inward heat extraction fins than
the PM temperature. In all these studies, the temperature variation with the variable under study can
be divided into regions. In every region, one of the factors affecting the increase or the decrease in the
temperature dominates over the others. Based on these studies, the recommended air gap range is
determined, the safe operating speed range is identified and the optimum inward heat extraction fins
thickness is revealed.
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