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Abstract: In this paper, we propose a novel study concerning the future use of a zero-airgap induction
motor in applications related to transmission oil pumps. The name of the machine comes from the fact
that the rotor touches the stator as it spins. The use of such an eccentric motor provides the possibility
to remove the mechanical part that is typically found in the transmission oil pump, increasing its
efficiency in this way. We focused on determining the optimum variant of a zero-airgap small power
induction motor from the point of view of the electrical and mechanical performance. As such, 18
topologies of induction motors with various numbers of pole pairs and rotor bars were designed and
numerically analyzed. For the best variant from each category, different eccentricities were considered
to evaluate this effect over the performances of the motors. For the best candidate, various analyses
were performed in order to demonstrate the validity of this solution for the proposed application.
Elements regarding the thermal analysis of this structure are also presented here.

Keywords: zero-airgap; induction motor; transmission oil pump

1. Introduction

The fast development of hybrid electrical vehicles in parallel configuration, for the comfort of
passengers, results in a complex and comprehensive electro-mechanical-hydraulic system for the
gearbox. Therefore, all modern gearboxes are equipped with electric pumps [1-3]. There are four
types of pumping mechanisms used for transmission oil pumps: sliding vane, side channel, screw(s)
mechanisms, and several versions of the toothed ring mechanisms. Due to its better performance, the
latter of these is the most commonly used oil pump. However, such pumps require the usage of a
supplementary mechanism in order to obtain the eccentric movement specific to such pumps. In order
to simplify the pump complexity, in this paper, we investigate the idea of an eccentric electric motor
that could directly drive the pump, with positive effects toward the price, size, weight, and reliability
of the assembly, as presented in Figure 1.

Until now, the majority of studies focused on the oil pump as a whole system [1,2,4]. The first
mass-produced electric pumps for automotive applications, especially for oil transmission and fuel
pumps, were driven ubiquitously by DC motors, with and without permanent magnets [3,5]. However,
the conventional DC motors are less used due to their brushed system. In [6,7], a permanent magnet
motor (PMSM) for such a transmission oil pump was presented. In [8], the authors designed and
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compared, in terms of the performance and cost, two PMSMs with different topologies used for
oil pumps.
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Figure 1. Block diagram of the transmission oil pump driving system.

An induction machine with an eccentric rotor is studied here. The majority of the studies in this
research area deal with eccentricity as a fault of the machine. An analytical approach to evaluate the
performance of a three-phase induction motor (IM) under mixed eccentric conditions is presented
in [9]. An evaluation of the negative influence of the eccentricity is given in [10]. A control scheme to
reduce the effects of eccentricity in a three phase IM is proposed in [11]. An analytical model for a cage
IM with a static eccentric rotor is presented in [12].

In [13], a special case was presented where a new category of electric motors were able to generate
high torque with reduced volume, i.e., high torque density. This topology is in fact an airgap-less
electrical motor as the rotor touches the stator, hence its name, zero-airgap machine. The zero-airgap
motor is the extreme case of that with an eccentric rotor. In [14], the same machine was built as a
proof-of-concept. The mechanical solution for these structures is detailed in [15].

The aim of this paper was to investigate the electrical (current, efficiency, power factor, etc.)
and mechanical (torque value and ripple) performances of different topologies with a small power
zero-airgap induction motor (ZAIM) suitable for a transmission oil pump. As stated before, the concept
of the airgap-less electric motor was already validated experimentally; however, the novelty of this
study resides in the idea to use an eccentric induction motor for such an application.

In Section 2, several conventional IM topologies are designed and numerically analyzed to
evaluate their mechanical performances. Then, different eccentricities are applied to the best models.
The design procedure of ZAIM is based on that of the conventional IM, but one must consider that
the increase in the eccentricity leads to an increase in the current. Thus, the starting values for the
current density must be taken accordingly [16], as will be shown. For accurate comparison, all the
obtained results for each eccentric topology are compared by means of the finite element method with
the non-eccentric type in Section 3. Conclusions regarding the presented results show the feasibility of
the proposed innovative solution.
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2. Design of IM for the Transmission Oil Pump

The starting point of this study is the torque vs. speed characteristic of an equivalent DC motor
used in an oil pump as shown in Figure 2. The main data of this motor are Py =100 W, Uy =12V, Iy =
12.8 A, ny = 3000 rpm, outer diameter 103 mm, and axial length 40 mm.
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Figure 2. Torque vs. speed characteristic of a DC motor used in pump applications.

The main shortcomings of the traditional candidate for this application (the permanent magnet
DC machines) makes them less viable for this application as such an application implies the existence
of relatively high temperatures; therefore, the use of permanent magnets would not be recommended.

Due to the robustness, reliability, and high-power density, the IM was chosen to evaluate the
working performances in automotive applications, like volumetric transmission oil pumps. Thus, we
investigated a topology with a classical squirrel cage rotor.

The eccentricity is defined here as the displacement of the rotor axis with respect to the stator axis.
Figure 3 shows the structure of a ZAIM both in 3D perspective and as a cross section of the iron core.

stator

Figure 3. Three-dimensional view and cross section of a zero-airgap induction motor (ZAIM) iron core.

The rotation of an eccentric motor is similar to that of a hydraulic motor [14]. As shown in Figure 3,
the rotor touches the stator at only one point, in the cross section. Therefore, in this case, the rotor
performs two types of rotations: around its own axis and around the axis of the stator. Three successive
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positions, considering the clockwise rotation of the rotor, as shown in Figure 4, illustrate the operating
principle of ZAIM.

The operating principle of ZAIM is essentially the same as that of a conventional IM [16]. The
ZAIM considered for this application is immersed in automatic transmission fluid (ATF—type DEX3).
The rotation movement of the rotor inside the stator is pure rolling without mechanical slip [14] under
very good lubrication. The maximum value of the coefficient of rolling friction in this case is 0.002 [17].

Position 1 Position 2 Position 3

Figure 4. Sequence of shots showing a continuous rotor movement.

Based on this concept, several variants of conventional induction machines (IMs) that can satisfy
these requirements were designed. As the torque behavior shown in Figure 2 is not specific for an
IM, all these models are overdesigned to ensure that the operation envelope will fully cover the
requirements in absolute values. As such, if the characteristic shown in Figure 2 is strictly desired,
then the control system should derate the motor(s) accordingly.

The main imposed data in the design procedure of the IM are given in Table 1.

Table 1. Imposed data in the design procedure of the induction machines (IMs).

Parameter Value
Rated power (W) 100
Rated DC bus voltage (V) 12
Maximum rms voltage (V) 8.5

Maximum frequency (Hz)/synchronous speed (rpm) 233/7000

The maximum rms voltage is obtained from the DC bus using “H” bridge inverters. However,
this value of the supply voltage should be applied when the machine operates at the rated speed and
over. At lower speeds, one must reduce the AC voltage in order to maintain (in an ideal case) a U/f
ratio constant; although, due the small size of the machine, this behavior would be quite nonlinear. As
such, at 1500 rpm, the supply voltage will be around 5 V rms, which sets the base data of the project
for initial sizing purposes only.

The IMs were designed starting from indicative values of the power factor and efficiency for
this range of power and number of pole pairs. As mentioned above, in order to overdesign the IMs,
relatively low values for power factor and efficiency (0.65) were considered at the start of the design
procedure. The precise value of the current was obtained from the numerical analysis based on finite
element method (FEM) and, consequently, the value of the current density.

In Table 2, the active materials used for the IM are presented.
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Table 2. Active materials used for IM and their characteristics.

Component Part Material Resistivity/BH Curve Density
Stator winding Copper 0.0215 Q-mm?/m 8900 (kg/m®)
Rotor bars Aluminum 0.0359 Q-mm?/m 2700 (kg/m3 )
Stator and rotor iron core M270-35A Magnetization curve, see Figure 5 7750 (kg/m3)

The magnetization curve for the magnetic material used for the IM iron core is presented in
Figure 5.
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Figure 5. Magnetization curve for M270-35A.

We found analytically that the optimum pole configuration was 2p = 4; however, to cover a larger
design space exploration, 1, 2, and 3 pole pairs p were considered. As the diameter of such a small
power machine imposed by this application is below 100 mm, the number of stator slots, Zg, should be
below 30 for technological reasons, otherwise the stator tooth would be too narrow. Hence, for p =1,
the g number (number of slots per pole and phase) is 4, and, for p = 2, we have q = 2. Both topologies
have 24 stator slots. For p = 3, technological limitations will provide q = 1, and, consequently, the
stator will have only 18 slots.

The choice of the number of rotor bars, Zg, is at the liberty of the designer, as there are very few
recommendations for this particular number of stator slots. First, the IM with p = 2 was designed.
After the design process, three models, with 13, 14, and 17 numbers of rotor bars, were considered for
numerical computation due to the obtained results. The IM with 16 rotor bars revealed an exaggerated
ripple torque; therefore, it was not considered for further analysis. For this reason, the structures
with p = 1 and 3 have 13 rotor bars. In addition to these models, an IM with p = 3 with 26 rotor bars
was designed.

Six initial topologies of IM were designed using the conventional design procedure for the IM,
under the constraints imposed by the application, according to [16], three for p = 2, two for p = 3, and
one for p = 1. Successively, for each topology, the inner diameter (ID) was first decreased and then
increased. Consequently, the outer diameter (OD) was modified, while the diameter of the shaft (Ds),
was kept constant for the same variant of each machine. In order to have the same number of turns, N,
the active length (L) of the machines was modified accordingly.

In Table 3 the most important parameters (p, N¢, ID, OD, Dg, L, masses of the iron core Mg,,
stator copper Mcy, and rotor aluminum My and total mass M) of the best 18 obtained topologies are
presented. The masses of each active part were totaled in order to make a fair comparison between the
analyzed structures from the point of view of power density. The initial value of the air gap, g, was the
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same for all the designed IMs. The value of the eccentricity e was the same, 0 in all cases. For each

structure, the fill factor had the same value, 0.4, regardless of the number of slots.

For all 18 models, the mechanical characteristics of torque vs. slip M = f(s) were obtained
from FEM-based numerical computations using Flux 2D in a steady-state regime for frequencies
corresponding to a synchronous speed of 3000 rpm, a function of number of pole pairs (as this
speed corresponds to the maximum power of the IM). The characteristics for the best result of each
combination (number of pole pairs, stator slots, and rotor bars) are presented in Figure 6. They have a
twofold purpose: to demonstrate that the desired torque of the machine can be obtained and to choose

the best variant from the point of view of the maximum developed torque.

Table 3. Parameters of the initially designed IMs (e = 0).

OD ID Dg L Mre Mcy My M;
No. N Z z
“ P mm s R (mm) (mm) (mm) (mm) (kg (kg (kg) (kg
1M1 89 55 20 40 147 049 006 2.02
w2 1 20 24 1B 5 44 12 50 106 061 006 173
1M3 102 66 30 33 155 07 006 231
M1 9 59 20 35 102 076 008 186
oz 2 B 7 48 12 43 089 076 008 173
2M3 102 70 30 29 113 079 0078 2
M4 025 36 24 90 59 20 35 102 077 008 187
M5 2 4 7 48 12 43 09 076 0081 174
2M6 102 70 30 29 113 079 0078 2
M7 9 59 20 35 102 076 008 1.6
M8 2 1778 48 12 43 09 076 0084 174
2M9 102 70 30 29 113 079 0078 2
3M1 87 58 20 42 115 068 008 191
a2 3 33 B 75 50 12 49 08 07 01 163
3M3 18 97 70 30 3 12 069 01 199
3M4 8 57 20 52 121 086 01 218
M5 3 30 26 75 4 12 65 105 093 012 209
3M6 95 68 30 44 137 084 009 23
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Figure 6. Mechanical characteristics torque vs. slip of the IMs for ng = 3000 rpm.

3. Numerical Analysis of ZAIM

Based on the previous simulations, the best variant for each topology was adopted. For these
conventional IMs, we applied different eccentricities. These values of 0.5, 1, and 1.5 mm corresponded
to maximum values of air-gaps of 1, 2, and 3, respectively (the outer rotor diameter was decreased
accordingly). In this way, an eccentric IM was obtained, which is denominated as a zero air-gap
induction machine (ZAIM) due to the fact that the rotor touches the stator at one point.

The characteristics of the IMs were computed in Flux 2D in a steady-state regime. As the numerical
analysis software Flux 2D does not allow the superposition of two points, the minimum airgap between
the stator and rotor was 0.01 mm. The following information regarding the mesh was extracted from
the software: the number of excellent quality elements: 94.36%, the number of good quality elements:
4.53%, the number of average quality elements: 1.09%, the number of poor quality elements: 0.01%, the
number of nodes: 24,373, the number of line elements: 3153, the number of surface elements: 12,154,
and mesh order: second order. These values of the mesh assure good accuracy of the results. The
meshed model of one of the analyzed ZAIMs is presented in Figure 7.
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Figure 7. Mesh of an analyzed ZAIM.

The numerical analysis presented below was performed at a frequency of 50 Hz and a speed of
the rotor of 1425 rpm (slip of 0.04) to prove that the ZAIM can reach the corresponding operating point
from Figure 2.

In the first step of the analysis, the flux density map and flux lines map were obtained to evaluate
the saturation of the stator and rotor core and to obtain the flux lines route. Figure 8 shows the
distribution of the flux density in the iron core of the ZAIMs with maximum eccentricity, 1.5 mm. The
maximum value of the magnetic flux density was set at 2 T for all structures. In Figure 9, the flux lines
in the iron core of the ZAIMs with maximum eccentricity are presented.

2M7 3M1 3M6

Figure 8. Flux density in the iron core of the ZAIMs with e = 1.5 mm.
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Figure 9. Flux lines in the iron core of the ZAIMs with e = 1.5 mm.

In the second step of the analysis, the torque vs. the position of the rotor for different values of the
eccentricity were obtained as shown in Figure 10.
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Figure 10. Torque vs. position for all the considered ZAIMs.

The torque due to the friction that arises between the stator and the rotor can be obtained by
computing the normal force between the two armatures. Given the dimensions of the ZAIM, the
maximum values were 0.0011 N-m at 1425 rpm and 0.005 N-m at 3000 rpm; therefore, these very small
values did not influence the developed torque of the ZAIM.

Via numerical analysis, we calculated, and summarized in Table 4, the mean value of the torque
Tmean, the torque ripple values Tyjpple, the rms value of the stator current Iy, the stator current density
Js, the efficiency 1, and the power factor cos ¢ for the best variant for each topology.

As the data show, the 3M1 model exhibited a greater torque at the considered eccentricities than
the original IM. However, all the other output values were considerably poorer with the increase of
the eccentricity. The best model from the point of view of the rated torque and torque ripples, rated
current density, efficiency, and power factor appears to be 2M7, with e = 0.5 mm.
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Table 4. Parameters of the best model for each topology for various values of the eccentricity.

13 of 17

No. P Stator Slots Rotor Bars (mem) {;‘ :::;1 Tr(iof/l 1;)1e (I}:I) ( A;rimz) n cos @
0 0.416 1.87 7.063 3.51 0.878 0.705

M2 1 13 0.5 0.422 48.2 9.932 494 0.728 0.539
1 0.409 45.5 12.978 6.45 0.605 0.487

1.5 0.394 54.8 16.146 8.03 0.508 0.354

0 0.44 1.58 9.502 473 0.829 0.692

2M1 2 24 13 0.5 0.454 80.6 12.514 6.22 0.755 0.598
1 0.435 52.3 17.426 8.67 0.622 0.508

1.5 0.416 56.1 21.452 10.67 0.519 0.48

0 0.47 4.25 10.246 5.09 0.826 0.693

2M5 2 14 0.5 0.443 50.12 15.606 7.76 0.678 0.534
1 0.402 70.03 19.988 9.94 0.547 0.479

1.5 0.354 88.68 23.741 11.81 0.432 0.459

0 0.435 1.29 8.957 445 0.919 0.798

2M7 2 17 0.5 0.439 32 14.757 7.34 0.860 0.609
1 0.423 49.1 19.348 9.62 0.776 0.501

1.5 0.406 69.6 23.115 11.49 0.686 0.438

0 0.4 1.8 15.731 6.93 0.86 0.56

3M1 3 13 0.5 0.457 61 20.731 9.13 0.79 0.52
18 1 0.47 77.5 26.682 11.75 0.72 0.46

1.5 0.469 92.1 31.216 13.75 0.66 0.44

0 0.416 2.98 14.291 5.04 0.86 0.61

3M6 3 26 0.5 0.416 42 21.708 7.66 0.77 0.46
1 0.4 96.1 29.554 10.42 0.67 0.39

1.5 0.38 78 35.694 12.59 0.57 0.36

To obtain a more sensitive analysis of the influence of the eccentricity on the performance of the
ZAIM, for the best topology of 2M7, we considered a more discrete step of the eccentricity. The results
are presented in Figure 11.

This structure was analyzed in the transient regime, using coupled circuit and supply both from
the voltage and current source. Similar results are obtained in both cases. The step of the simulation
was 1.17 X 107* s, corresponding to a step of the rotor of 1 degree. The variation of the torque and the
currents, respectively, vs. time in the starting process of the ZAIM for different values of the eccentricity
are presented in Figures 12 and 13, respectively. The obtained results are in good accordance with
those obtained in the steady-state regime. The variation of the torque vs. the eccentricity is presented
in Figure 14.
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Figure 12. Variation of the torque vs. time in the starting process of the ZAIM for different values of
the eccentricity: (a) e = 0 mm; (b) e = 0.5 mm; (c) e = 1 mm; (d) e = 1.5 mm.
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Figure 14. Torque vs. eccentricity for the best variant of ZAIM.

The obtained results show that the values of the torque vary very little with the increase in the
eccentricity. However, the toque ripples are higher and the power factor decreases with the increase in
the eccentricity. For a small power machine, a low power factor could be compensated by the lack of
mechanical unit if an eccentric motor is used.

An important aspect in the operation of the ZAIM is the thermal one. As both the analytic and
numerical thermal analysis are complex, the most important parameter in this matter is the stator
current density Js. As mentioned in Section 2, after the numerical analysis, its exact values are obtained,
as shown in Table 4. These show that, for the conventional IM, the values of the current density are
even below the values used for the conventional IMs with natural cooling, but even with the increase
in the eccentricity they do not exceed the prescriptions for a machine immersed in ATF [16]. In these
conditions, relatively normal values of temperature should be expected.

In order to obtain an evaluation of the thermal phenomena that occur both in the conventional IM
and in the eccentric IMs, we performed a thermal analysis in the steady-state regime. This analysis
offers only a general image of the thermal stresses that occur as it is performed in the most severe
conditions possible. The motor was considered to operate in the steady-state regime at the rated
current, which is not the actual operating regime of the IM, but corresponds to the maximum thermal
stress, as shown in Figure 2. The heat transfer coefficient of oil was considered also at its lowest value,
50 W/m?2 K, in order to obtain the maximum values of temperature that could appear. The results are
presented in Figure 15.
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Figure 15. Thermal analysis of the ZAIM in the steady state regime for different values of the eccentricity:
(@) e=0mm; (b) e =0.5mm; (c) e =1 mm; (d) e = 1.5 mm.

4. Conclusions

In this paper, we analyzed the use of a small power eccentric induction machine for the driving of
a transmission oil pump. We designed and analyzed 18 topologies of IMs, with different numbers
of poles pairs, stator slots, rotor bars, and geometrical dimensions. For the best model of IM with
the same number of pole pairs and rotor bars, different values of eccentricities were considered. The
numerical analysis was focused on obtaining the variation of the torque vs. position and the flux
density map in the iron core of the machines. The results are given both in graphical form and in tables.
In most cases, the mean value of the torque of the ZAIM decreased very little with the eccentricity. For
all the topologies, the current and the torque ripples increased with the eccentricity. The efficiency
and the power factor decreased with the eccentricity in all cases, strongly for greater eccentricities.
However, when analyzing all these results, it must be considered that the ZAIM to be used for this
application had a small rated power, and the dynamic behavior of the motor strongly depended on the
existing hydraulic load. The thermal analysis performed in extreme conditions showed the acceptable
temperatures for a machine without permanent magnets.

This comparison is the first step in the evaluation of using an eccentric induction machine for the
driving of a transmission oil pump.
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