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Abstract. This paper deals with the cooling performance of an axial flux permanent
magnet synchronous machine (AFPMSM). The cooling of this machine is mainly achieved
by air. The path of the cooling air in an AFPMSM is limited to the small area between the
rotor and the stator (air-gap) as well as in the channel being formed between adjacent mag-
nets (air-channel). The rotor disk with the magnets acts as a centrifugal fan resulting in an
efficient cooling. Trapezoidal magnets are typically being used in the AFPMSMs. Here,
the effects of the curved-shape magnets, instead of conventional trapezoidal magnets, on
the convective cooling performance of an AFPMSM are investigated. The case-study is
composed of several arbitrary pairs of the rotor disk with their respective curved-shape
magnets. CFD simulations are carried out by means of Frozen Rotor (FR) concept to
model the cooling airflow in the machine. Besides that, an experiment is conducted to
perform this comparative study in order to comprehend the use of curved-shape magnet.
The results reveal that the presence of this type of magnets on the rotor would enhance
the cooling performance of the AFPMSM. Nevertheless, defining an optimal shape of the
curved-shape magnet represents a trade-off problem that should be solved by finding the
compromise between the thermal performance and the windage losses.

1 INTRODUCTION

In order to have an efficient design of an AFPMSM, one should minimize the losses in
such a device e.g., the electromagnetic losses. Generally, these losses manifest themselves
as the production of heat. The operating temperature of an electrical machine can be
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controlled by balancing between heat generated and heat removal rate. Controlling the
machine operating temperature is crucial, in order to avoid overheating. This means the
maximum attainable temperature in the machine is a design constraint that limits the
power density [1]. As a consequence, it is imperative to keep the surface temperatures in
the allowable range by means of a proper cooling system.

The convective heat transfer in the rotor-stator configuration of an AFPMSM has
gained much attention over the past few years [2, 3, 4]. Rasekh et al. [5] demonstrated
that the inclusion of the holes in the rotor disk increases the heat transfer removal from
the stator, inasmuch as this creates a net radial outflow in the gap region between the
rotor and stator. They also introduced correlations for the convective heat transfer in the
simplified discoidal system of an AFPMSM [6]. Vansompel et al. [7] has made use of these
correlations in a coupled electromagnetic and thermal model of AFPMSM. Their results
were successfully validated with the measurement on a 4kW AFPMSM. Very recently,
Rasekh et al. [8] developed the correlations for the convective heat transfer coefficients in
an AFPMSM taking into account the geometrical parameters of the magnets at the rotor
disk. They found out the total heat transfer significantly improves with an increase in
the magnet thickness ratio, whereas it decreases as the magnet angle enlarges.

The rotor disk with the magnets on it in an AFPMSM could act as radial air-channels
to the circulation of the cooling flow. In order to fully exploit this effect, the influence
of the curved-shape magnets instead of the conventional permanent magnet (PM) with
trapezoidal shape on the cooling flow characteristics are studied here. Within this context,
the literature studies are rather limited. Fawzal et al. [9] performed a comparative study
of different fan blade designs of the rotor disk for the cooling of AFPMSM through CFD
simulations along with the experimental analysis. It was shown that while the backward-
inclined design is appropriate for the windage losses, the radial design results in the better
thermal performance with a cost of greater value of windage losses.

The objective of this work is to implement the comparative study to figure out the
influence of the curved-shape magnets on the cooling performance of the machine. CFD
simulations are performed considering the conjugate heat transfer calculation to model
the cooling air characteristic. Additionally, a preliminary experiment is conducted with
several arbitrary pairs of the rotor disk with their respective curved-shape magnets.

2 Problem description

Fig. 1 schematically illustrates the rotor-stator configuration in an AFPMSM. The cur-
rent topology is composed of two rotors, surrounding one stator within a very narrow gap.
The geometrical details of the machine are listed in Table 1. There are sixteen magnets
on the rotor that are evenly distributed. There exists an annular opening throughout
the rotor for the sake of cooling effectiveness. Trapezoidal magnets, forming the radial
channels, are typically used in the AFPMSMs. However, curved-shape magnets are being
considered here (see Fig. 1).

Fig. 2 gives the geometrical details of one complete curved-shape magnet (front view).
The curvature type on the both sides of the magnets is a parabola which is defined by
three points: 1) the inner vertex of the magnet (the same as when the trapezoidal magnet
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(a) (b)

Figure 1: (a) The schematic diagram of an AFPMSM (b) Rotor disk with curved-shape
magnets.

Table 1: The geometrical features of the AFPMSM under study.

Parameter value (mm)
Air-gap thickness 1.0
Magnet thickness 4.0
Axial length of Rotor 8.0
Axial length of Stator 60
Radial length of Magnet 24
Shaft diameter 50
Outer radius of Rotor 74
Outer radius of Stator 84
Inner radius of Opening 30
Outer radius of Opening 45

is used), 2) the shoulder of the arc, defined by 6y, 3) the tip vertex of the magnet, given
by #5. The magnet angle («) is kept constant at 18° along the radial direction.
Five cases are being considered in this work including;:

e Case 1: trapezoidal magnet (6; = 0, = 0°) with (5 = 52 = 0)
(0, = 2°, 0, = 6°) with (81 = 100.19°, B = 110.20°)
(6, = —2°, 6 = —6°) with (8, = 79.81°, By = 69.98°)

o Case 4: (6, = —2.5°, 0, = 2.5°) with (81 = 69.10°, B, = 122.67°)
(

The rotation direction in Fig. 2 is counter-clockwise. The corresponding blade angles
in turbomachinery are also indicated, where [ is the angle made by the magnet at inlet,
with the tangent to the inlet radius, and [, represents the magnet angle with the tangent
at outlet of the air-channel. The graphical illustrations of these rotor disks with their
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\ o

Figure 2: The detailed front-view of the curved-shape magnet (0 < 6;, 0 < 63) (The
rotation direction is counter-clockwise.).

Case 4: 6, =-25,0:=2.5 Case S: 6:=25, :=-25

Figure 3: The schematic of the rotor disks with their distinct magnet shapes. (The
rotation direction is counter-clockwise.)

distinct shape of the magnets are shown in Fig. 3. In the experiment, for cases 3 & 5, the
same disks are used as for the cases 2 & 4, but the rotor is rotated clockwise.
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Table 2: The characteristics of the machine used in the test set-up.

Parameter Value Unit
Rated power 4.0 kW
Rated speed 2000 rpm
Rated frequency 333.3 Hz
Rated torque 19 N.m
Number of Magnets 16 -
Number of stator slots 15 -
axial length slot 60 mm
Slot width 12 mm

3 CFD simulations

The 3D CFD simulation are carried out by Ansys FLUENT software to model the
cooling air flow in the AFPMSM under investigation. Since the air-channel between the
adjacent magnets occupy equal volumes, only one segment of the whole domain is taken
into account by making use of the periodic boundary condition. Moreover, half of the
stator with one rotor disk is considered using a symmetry plane in the middle of the
stator. The computational grid contains more than 3,800,000 cells. The distance of the
first node to the solid wall of the rotor is chosen in a way that the value of y* is kept
below unity. Moreover, a mesh independency study has successfully been performed. The
Frozen Rotor (FR) concept, which yields a steady state solution, is applied to model the
motion of the rotor. The steady state continuity, momentum and energy equations for
the fluid domain will be as follows,

V.(psvr) =0 (1)
V.0 © T) 4 pp(4 x ) = ~Vp+ (u+ u) VT (2)
A (4 % 7)) = V. (ks + k)VT) (3)

In the above, vy is the relative velocity with respect to the rotating frame, o is the
absolute velocity in the stationary frame, ) represents the rotational velocity vector of
the rotating domain, p; indicates the air density, i is the specific enthalpy of air, p is
molecular viscosity and p is the turbulent viscosity, k; is air thermal conductivity and k;
denotes the turbulent thermal conductivity. The turbulent properties are computed from
the k& — w SST turbulence model.

The losses in the machine are introduced as volumetric heat sources in the solid parts.
Conjugate heat transfer (CHT) calculations are performed, as the flow and heat transfer
of the cooling air should be solved at the same time with the energy equation in the solid
domain. As a matter of fact, the governing equations in each of the fluid and the solid
regions are solved iteratively. The fluid/solid interfaces are employed to couple the energy
equations between the fluid and solid domain to ensure the continuity of temperature and
the conservation of energy. Inside the solid region, the energy equation is written as,

V. (kVT) + S, =0 (4)
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where S}, represents the volumetric heat source, and k; is thermal conductivity of the solid
parts. It is assumed that the thermal conductivities of the machine parts comprising the
rotor, the magnet and the stator are uniform, isotropic and constant with temperature.

4 Experimental Set-up

An AFPMSM prototype, shown in Fig. 4, is manufactured to evaluate the thermal
performance of the machine. The main characteristics of this test set-up are listed in
Table 2. This prototype is used as a generator. It is powered by an induction machine,
and the rotational speed is controlled by an industrial inverter. Note that the rotor disks

with their dummy magnets (shown in Fig. 5) have the same geometrical features as in
the CFD modeling.

Rotor disk
Ml with openings

Figure 4: (a) Experimental set-up (b) close-up of the prototype.

The body of the rotor disk is also made of aluminium. On the stator side, the heat is
generated by Joule losses. At full load of the machine, about 100 W power loss is present
in the entire stator. The experiments are conducted at rotational speeds of 1000 and 2000
rpm. Temperature sensors are inserted in the test set-up to measure the temperature
at different parts of the machine. An infrared temperature sensor ZTP-135SR is used
to measure the rotor temperature. To record the stator winding temperature, a PT100
platinum resistance thermometer is placed inside it. The room temperature of the lab-
oratory where the measurement carried out is around 25°C. In order to ensure that the
machine has reached the thermal steady state condition, the temperatures are monitored
with time. Typically, a steady state temperature was reached after 2.5 hours of running
time.

5 Results and discussion

In this section, the effects of using curved-shape magnets on the thermal efficiency and
the windage losses are elaborately explained.
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Case 1: 6= 6:=0 Case2: 0:=2, 6:=6 Case4: 0,=-2.5, 0:= 2.5

Figure 5: The rotor disks with dummy magnets used in the experiment.

5.1 CFD simulation results

5.1.1 Cooling air characteristics

Due to the compact structure of AFPMSMs, the appropriate thermal modeling is one
of the main design issues. A good way of improving the efficiency of the cooling system
is to induce flow from the surrounding cooler air into the machine, in particular to the
air-channel. Therefore, we focus on the flow characteristics inside this region.

Case2: 0:1=2,60:=6 Case 3: 01=-2, 0:=-6

Case4: 01=-2.5,0:=2.5 Case5: 6:=2.5, 6:=-2.5

Figure 6: Radial velocity contours in the air-channel for various curved-shape magnets at
w = 1000 rpm. (The rotation direction is counter-clockwise.)

Fig. 6 elucidates the contour of the radial velocity in the air-channel for several curved-
shape magnets at rotational speed of 1000 rpm when the direction of the rotation is
counter-clockwise. It is observed that the use of the rotor disk case 5 (6; = 2.5, 6, = —2.5)
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Case4: 6:=-2.5,0:=2.5 Case 5: 0:1=2.5, 0:=-2.5

Figure 7: Temperature contours in the air-channel for various curved-shape magnets at
w = 1000 rpm. (The rotation direction is counter-clockwise.)

results in the strongest radial outflow at the periphery of the air-channel, whereas the
application of the case 4 (0; = —2.5,05 = 2.5) leads to the weakest airflow directed in the
space between the magnets.

To gain more detailed insight about the flow field, Table 3 provides the data for the
incoming mass flow rate of the cooling air to the machine passing through the annular
opening with different curved-shape magnets. It is found that the case 5 (0, = 2.5,6, =
—2.5) gives rise to the highest mass flow rate of the cooling air for both rotational speeds
of 1000 and 2000 rpm. These findings support the results observed in the radial velocity
contour alongside the air-channel. From this Table, it is also seen that the trapezoidal
magnets are the second best. Therefore, it can be concluded that having the curved-
shape magnet does not necessarily enhance the amount of the cooling air entering to the
AFPMSM as compared to the trapezoidal magnets, and it is the shape of the curvature
that plays the essential role.

Table 3: Mass flow rate (kg/s) passing through the annular opening for various curved-
shape magnets and rotational speeds.

different curved-shape magnets
Rotational speed (rpm) (01 =6, =0) (61 =2,0,=6) (01 =-2,0,=-6) (6 =-25,0,=25) (6 =25,0,=-25)
1000 0.00116 0.00111 0.00102 0.00095 0.00118
2000 0.00282 0.00265 0.00250 0.00223 0.00297

Besides the effects of the curved-magnet on the flow structure, the trends for the
air temperature distribution are equally important. Fig. 7 illustrates the temperature
contours in the air-channel between the magnets when each of the five disks is utilized.
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The use of the curved-shape magnets with (6, = 2.5,05 = —2.5) leads to coldest air in
this region as compared to other rotor disks examined here. By contrast, the curved-
shape magnet with (6; = —2.5,6, = 2.5) brings about the highest air temperature in the
air-channel. The lower air temperature represents the effectiveness of the corresponding
rotor disk in the heat losses evacuation.

5.1.2 Windage losses

Another issue that can be affected by the shape of the magnets is the windage power
loss. The total windage losses are evaluated by accumulating the power associated with
the aerodynamic forces (viscous or pressure) against rotary parts of the machine.

6 T T
[ =-25&0,=25
O =25&0,= 25
5r -91:2&92:6
o =-2&0,=—-6
7 rapezoidal

IS

Total Windage Losses (W)
N w

1000 2000 3000 4000
w

Figure 8: The overall windage losses in the AFPMSM for various curved-shape magnets
at different rotational speeds.

Fig. 8 discloses the effect of the curved-shape magnets on the overall windage losses in
the machine at different rotational speeds, based on the results of the CFD simulations.
The lowest values of the windage losses can be achieved by using the curved-shape magnet
with (0; = —2.5,05 = 2.5). This trend is very noticeable at the higher rotational speed,
e.g., at 4000 rpm. Furthermore, the forward curved rotors (Case 3 & Case 5) result in
greater windage power losses as compared to the backward curved rotors (Case 2 & Case
4), which is quite expected from the turbomachinery point of view. This tendency could
be attributed to the stronger radial flow by using forward curved rotor disk, shown in
Fig. 6.

5.2 Experimental results

The measured values of the steady state temperatures of the rotor disk and the stator
are used to evaluate the effectiveness of the curved-shape magnets in the full load of the
prototype.
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Figure 9: Comparison between the results of CFD simulations and the experimental data
according to various curved-shape magnets (a) rotor temperature (b) stator temperature.

Fig. 9 demonstrates the temperatures of the rotor and the stator from the measure-
ment data at the rotational speeds of 1000 and 2000 rpm. It is found that the use of
the rotor disk with the curved-shape magnet of (6, = 2.5,0, = —2.5) leads to the lowest
temperature of the rotor, i.e., about 33.3°C at 1000 rpm, even though the temperature
reduction is not very remarkable. In fact, the difference between the maximum tempera-
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ture of the rotor disk with (6, = 2.5,0; = —2.5) and the minimum temperature achieved
by the curved-shape magnet of (§; = —2.5,05 = 2.5) is less than 3°C according to the
measured data at the rotational speed of 1000 rpm. This difference becomes even smaller
once the rotational speed reaches 2000 rpm.

Similar to the results for the temperature of the rotor disk, it is observed that the use
of the curved-shape magnet (6, = 2.5,60, = —2.5) brings about the lowest stator winding
temperature (about 47°C at 2000 rpm) as compared to other magnets examined in this
work. The experimental results also show that an increase in the rotational speed from
1000 to 2000 rpm results in the stator winding temperature drops from 56°C to about
48°C when the trapezoidal magnets (¢, = 02 = 0) are used.

6 CONCLUSIONS

This paper dealt with the effect of the curved-shape magnets at the rotor disk on the
cooling performance and windage losses in an AFPMSM. Five pairs of rotor disks with
their distinct dummy magnets were considered as the case-study. CFD simulation were
implemented to model the cooling air flow in the channel between magnets and the small
gap between rotor and stator. Moreover, the numerical findings were used to assess the
windage power losses. An experimental analysis was also undertaken by manufacturing
the same rotor disks with the curved-shape magnets as in the numerical thermal modeling.

The CFD results revealed that the strongest radial outflow at the periphery of the
air-channel with the coldest air in this region is achieved for the curved-shape magnet of
(01 = 2.5,05 = —2.5). Moreover, it was shown that to attain the lowest windage losses
the curved-shape magnet with (#; = —2.5,6, = 2.5) could be the best choice among the
other magnets tested here. From the CFD results, an increase in rotational speed of the
rotor from 1000 to 4000 rpm results in the windage losses increase from 0.08 to 5.8W.

The steady state temperature of the rotor and stator were measured for the various
curved-shape magnets at different rotational speeds. The measurement data indicated
that there is about 8°C temperature reduction in the stator winding for the trapezoidal
magnets when the rotational speed goes up from 1000 to 2000 rpm. Furthermore, it
was demonstrated that the use of the rotor disk with the curved-shape magnets (0; =
2.5,05 = —2.5) results in the lowest temperature on the rotor and stator. However, the
temperature differences between the best choice of the rotor disk with the worst one is
not very remarkable, e.g., only about 3°C in the stator temperature at 2000 rpm.

In summary, defining an optimal shape of the curved-shape magnet at the rotor disk
represents a trade-off problem that should be solved by finding the compromise between
the thermal performance and the windage losses. For the application presented here, use
of the curve-shape magnet with (; = 2.5,0y = —2.5) is recommended for the cooling
purposes, whereas the choice of (§; = —2.5,0; = 2.5) is advantageous in the windage
power losses point of view.
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