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Abstract—A huge number of modern applications
nowadays require the use of high speed electrical machines
which need to be highly optimized in order to achieve the best
efficiency and the lowest mass and price. The low rotor inertia
is also an important requirement in order to reduce rotor
kinetic energy. The subject of this paper is high speed drag-cup
induction motor (IM) with low inertia which is designed for use
as an auxiliary motor in automotive systems such as Kinetic
Energy Recovery System (KERS) in Formula 1. This work
presents the procedure for stator design and optimization of
the air gap length and rotor thickness of this kind of motor in
order to achieve the highest efficiency in the speed range of
interest. Simple procedure for stator dimensioning was
developed and it was shown how the optimal number of stator
conductors could be calculated. The effect of change in rotor
thickness and air gap lengths on motor performance is
demonstrated through some analytical considerations. The
machine is then modeled in FEM software by means of which
the optimization of the air gap and rotor thickness was
performed. At the end, the simulation results were presented
and analyzed and conclusions were drawn.

Index Terms—finite element methods, induction motor, high
speed machines, low inertia, optimization.

I. INTRODUCTION

Many new electrical machine applications in automotive
and distributed resource systems, such as electrical
generators and motors, micro-turbines etc., put very high
demands to their design [1-4]. Low-cost and light weight
machines with very high efficiency are preferable. During
the past few years, high speed motors have become more
popular because of their high specific power (W/kg). Beside
aforementioned applications, high speed motors are widely
used in industrial applications such as compressors, drills,
pumps etc., in which they bring more simplicity to the
system because of gears absence. Numerous machines were
designed and optimized for utilization in these applications
in a wide speed range from 10krpm to 100krpm [5-7]. Low
rotor inertia is also desirable in order to reduce rotating
system kinetic energy. This brings safety to the environment
and guarantees a significant reduction of mechanical
vibrations, due to mass decrease and potential sources of
rotor imbalance. In addition to this, starting and reversing
times of motor have been significantly reduced.

All machine types can be found in high speed
applications. Induction motors (IM) are dominant in middle
and high power and speed range as reported in [8], because
of their mechanical robustness and simple construction.
Various kinds of induction motors are designed for high
speed applications such as: squirrel cage IM [9], solid rotor
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IM [10-11], copper coated solid rotor IM [12] etc. Different
rotor structures are compared in [13] all of them having
relatively high inertia of the rotor.

The idea for reducing of rotor inertia was introduced in
[14] where different rotor structures had been designed.
Drag-cup rotor was first introduced in [15] where its
parameters were analytically developed. This kind of rotor is
the result of desire to split torque producing part in the form
of the copper alloy cup from the heavily rotor magnetic
circuit. Motor with this kind of rotor for high speed turbo
molecular pump application was developed in [16]. The
problem of this type of IM is relatively poor efficiency
because of high losses in the rotor cup. Also, this motor has
a low power factor due to large air gap which consists of
two air gaps and the cup. This gives rise to stator copper
loses due to higher magnetizing current. However, good
solutions may be achieved by careful design of all parts of
drag-cup motor, especially rotor and air gap, as outlined in
[16].

The subject of this paper is the design of high speed IM
which is intended for use in an auxiliary system of the car
such as KERS. The approximate values of input parameters
were found in [3] where SMPM was designed for use in
Formula 1 KERS. Simple stator design procedure was
developed using main analytical formulas and some
specificity of high speed machines found in reference
literature. It was shown then, through some analytical
considerations, how cup thickness and air gap lengths
affects motor performance. Rough boundary values for these
parameters were also obtained as a result of this analysis.
After this, whole machine was modeled in FEM software
where optimization of the rotor thickness and air-gap length
was performed by series of simulations. The aim was to find
the best solution with regard to motor efficiency.

II. STATOR DIMENSIONING

The stator design has been simplified and so it doesn’t
include some aspects such as thermal and mechanical.
Detailed optimization was left for the future studies. Input
design parameters are summarized in Table 1. They are
taken from the reference KERS PMSM design that is
developed in [3].

A. Stator winding design

In the case of high speed IM it is very important to have a
smooth sinusoidal air gap flux at the surface of the rotor,
otherwise, the harmonic components will induce a large
amount of losses on the rotor surface [17]. This can be
achieved by making the stator magnetomotive force (mmf)
as sinusoidal as possible. It was shown in [18], that the use
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of a larger number of stator slots and also two layer chorded
stator winding can significantly reduce harmonic content in
stator mmf.

TABLE I. INPUT PARAMETERS OF THE MOTOR

Input Parameters Values
Rated power P, [kW] 50
Synchronous speed 7, [rpm] 24000
Number of phases m 3
Rated phase voltage U, [V] 400
Phase connection D
Rated phase current /, [A] 62,4
Pole pairs p 2
Stator frequency f [Hz] 800
Rated power factor cosg, 0,74
Rated efficiency n [%] 90,00
Cording factor is defined as [19]:
w
cp=— 1
r=7 (1)

where W is the coil span and z; is the pole pitch.
The harmonic content of stator’s mmf can be
approximately predicted by the leakage factor [19]:

2
-3 &)

Where v is the harmonic order, &, is the winding factor of
v" harmonic and & is the winding factor of fundamental
(first) harmonic. The smaller leakage factor means fewer
harmonics in the stator’s mmf. Leakage and winding factors
for the first harmonic and two numbers of stator slots and
chording factors are calculated and summarized in Table II.

According to Table II, two layer chorded stator winding
with O = 36 slots was selected. Perhaps, the only drawback
of two-layer winding is the decrease of the slot-filling factor
due to main voltage insulation required between two phases
in the same slot. Also, the winding factor of the fundamental
mmf is slightly reduced. However, these drawbacks are not
as serious as benefits that are gained by the reduction of
mmf harmonics.

TABLE II. LEAKAGE AND WINDING FACTORS FOR DIFFERENT
NUMBER OF STATOR SLOTS AND CHORDING FACTOR

Number of stator slots @ | Winding factor | Leakage factor
and chording factor ¢, 91 c
Q=24,¢=1 0.9659 0.1016
Q=24,c;=5/6 0.9330 0.0627
Q=36,¢c=1 0.9598 0.0745
Q=136,c:=5/6 0.9452 0.0568

Furthermore, cross section of stator wire and winding
must be determined. First, rated phase current has to be
calculated using the values of rated power, voltage, power
factor and coefficient of efficiency from Table I. The
calculated value is given in Table I.

Allowed current densities for different cooling systems of
high speed machines and maximal temperature of stator
conductors of 250°C are summarized in [20]. Motors for
KERS are commonly cooled by circulation of gearshift oil
[3]. Taking this into consideration and according to the table
of allowed current densities for different cooling systems
given in [20] the current density J of 10 A/mm’ was
selected. Using this value, cross section of one conductor
Sc. can be calculated. Wire diameter can be calculated from
the value of cross section. It must be mentioned here that
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stator wire is stranded in order to reduce the skin effect and
to avoid its calculation. Also, it is presumed that standard
transposition of conductors is performed so that the
proximity effect can also be neglected in the calculations.

B. Determination of optimal number of phase conductors
and main stator dimensions

Now, the approximate cross section occupied by
conductors in one stator slot S¢,, can be expressed as a
function of the number of phase conductors N,

m
SCusl = NY[SCMI = (Np Ej SCul (3)

where Ny is the number of conductors per slot. Formula
(3) will be used later on for the determination of optimal
number of phase conductors.

To find the optimal value for number of stator’s phase
conductors another formula for a cross section of conductors
in one slot must be derived and it must be a function of main
stator dimensions and number of phase conductors. It can be
shown using the basic IM formulas found in [21] that cross
section of stator slot conductors can be connected with main
stator parameters with the following formula:
53U,

O N 6 B,vs

Values calculated by (3) and (4) must be equal. If (3) and
(4) are plotted as functions of N, the point of their
intersection represents the value of N, that fulfills all input
parameters and design requirements. Optimal value is found
to be 112. Using this value, number of conductors per slot is
calculated and it is found to be 9. Considering that this
number must be even in the case of two-layer winding, the
value of 8 is taken. With an adopted number of conductors
per slot, all stator parameters are recalculated and presented
in Table III.

It is only left to calculate the yoke width £, and the outer
diameter of the stator Dy,. The yoke width is calculated with
the aim to limit its magnetic induction B,,, to about 1T.
Because flux per pole splits into two equal parts and then
travels stator back iron, width of back iron can be calculated
as:

“

SCusl =

B st
h = mo ‘s
7 2B I

my"s

Somewhat higher value than calculated was adopted
because stator back iron must have enough space for axial
cooling channels in the final design. Moreover, when all
geometry values are known, Dy, is simply calculated and its
value is presented in Table III along with yoke width.

Geometry of designed stator is shown in Fig. 1. Only one
quarter of machine i.e. one pole was shown because of
symmetry. The enlarged detail in Fig. 1 displays stator’s slot
geometry.

®)

III. ANALYTICAL CONSIDERATIONS OF ROTOR THICKNESS
AND AIR GAP LENGTHS IMPACT ON MOTOR PERFORMANCE
Very important part of drag-cup IM is its air gap. It
affects many machine parameters such as: no load current,
stator leakage inductance, brake-down torque and copper
losses. Total air gap of drag-cup IM consists of three parts:
inner air gap of length d;, rotor cup with thickness d. and
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outer air gap of length d,. All parts of total air gap are shown
by enlarged detail in Fig. 2. The main result of the following
analysis will be the approximate boundary values for all
parts of the total air gap which will be used in the
optimization process later on. Also, it will be shown that
there is a need for optimization of these geometry
parameters which will lead to design providing the best
possible efficiency. A series of assumptions is made
including an infinite iron permeability and sinusoidal
distribution of the air gap induction.

Figure 1. Geometry of designed stator and stator slot with main dimensions
whose values are given in Table III

TABLE III. STATOR PARAMETERS AND GEOMETRY DATA

Parameters Values
Number of slot conductors N; 8
Number of phase conductors Ny 96
Pole pitch 7, [mm] 68
Slot pitch ¢ [mm] 7,5
Slot width by [mm] 5
Slot height A, [mm] 25
Stack length /, [mm] 102
Inner diameter D,; [mm] 86,5
Yoke height 4, [mm] 30
Outer diameter D,, [mm] 196.5

The increase of total air gap gives rise to the no load or
magnetizing current of the motor. It can be shown that the
percent value of no load current i, of the IM can be related
to the total air gap length with the following equation:

6+2B, 50
= &. 100 (6)
HoTt N f I n
where ¢ is the total air gap length and y, is the magnetic
permeability of vacuum. Equation (6) was derived from the

basic IM equations taken from [22].

(1) (2)

(3)

Figure 2. Quarter of 2D motor geometry with detail of drag-cup rotor and
air gaps: (1) — drag-cup rotor; (2) — band which defines rotational parts; (3)
— rotor magnetic circuit; d. — drag-cup thickness; d;, d, — inner and outer air
gap, respectively.

The maximum value of no load current is about 40% of
nominal phase current for standard induction motors.
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Naturally, drag-cup IM has the larger air gap in such a way
that the value of 70% can be taken as an acceptable
maximum value. Because all values from equation (6) are
known, maximal permissible air gap was determined and
found to be 5.6 mm. Larger values can unnecessarily
increase the stator copper losses and decrease the motor
efficiency. Power factor also decrease because motor needs
more reactive energy for magnetization.

Increase of total air-gap length also affects the stator
leakage inductance. The part of it, which is called tooth tip
inductance L, and which is the most affected by increase of
total air gap, is presented by the following equation [19]:

1
—= @)
5+ 4[5J

bl

where b; is the width of the slot opening and %, is
constant which is calculated by the formula given in [19].
Increased leakage inductance produces smaller brake down
torque 7 as can be seen from the following formula [22]:
_3p U;

2L7€ a)s2

where L,. is the equivalent leakage inductance which
approximately equals the sum of stator and rotor leakage
inductances and @, is the synchronous electrical angular
speed of the motor. Decrease of brake down torque is
another reason why equivalent air gap cannot be increased
to much. FEM simulations will also show this phenomenon.

Losses in the rotor cup are relatively large and that is one
of the problems of the drag-cup IM as stated before. These
losses are inversely proportional to rotor thickness as can be
seen from the analytical formula that was derived in [15].
Thus, by increasing the cup thickness, motor efficiency
grows but only to the certain point at which the negative
consequences of increased total air gap prevail and cancel
the benefits of smaller cup losses. This is mostly due to the
fact that large air gap increases stator copper losses as it was
stated before. This analysis shows that there is an optimal
value for rotor cup thickness.

Losses in the drag-cup also depend on the harmonic
content of the stator’s mmf as it was asserted before. It was
shown in [23] that increasing the distance between rotor and
stator surfaces, i.c. air gap d,, attenuates the higher
harmonics of stator’s mmf and in that way additional losses
in the cup decrease. This, of course, increases the motor
efficiency. But, similarly like for the rotor thickness, above
the certain value of d, negative consequences of increased
total air gap prevails the benefits of smaller additional rotor
losses. Motor efficiency starts to fall from that value of outer
air gap thickness. This shows that an optimal value for outer
air gap thickness can also be found.

As for the inner air gap concerns, its increasing lowers the
magnetic coupling between rotor and stator and has no
benefits on motor efficiency, so it is good to keep it as small
as possible to decrease the total air gap length. Because of
this, there is no need to take into account inner air gap
change in the optimization process.

Maximum allowed clearance between stationary and
rotational parts limits the minimal values of both inner and

m 2
Ly =—ul N7k,
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outer air gaps to about 1 mm. This is mostly due to the fact
that copper alloy and iron have different thermal expansion
coefficients. Minimal value for the rotor thickness is taken
to be 1.5 mm because of mechanical reasons. Mechanical
stresses are higher when rotor is thinner, especially at high
rotational speeds and high torques. Detailed analysis of
these mechanical and thermal aspects is out of scope of this
work and will be the subject of the future authors’ work.

All determined boundary values for the drag-cup
thickness and air gaps lengths are summarized in Table IV.
It must be mentioned that in optimization process only one
parameter will be increased at the time, while others are kept
constant. Also, it must be taken into consideration that total
air gap must be less or equal to 5. 6 mm in the final design.
Detailed optimization plan will be given later on.

TABLE IV. BOUNDARY VALUES FOR ROTOR THICKNESS AND

AIR GAPS LENGTHS
Parameters | Min [mm] Max [mm]
d, 1 1
d> 1 3.76
d. 1.5 3.12
Je 3.5 5.6

IV. FEM MODELING OF DRAG-CuUP IM

There are some common steps that must be performed in
2D FEM modeling process of the motor. The most
important steps will be explained in this chapter.

A. Geometry, boundaries, mesh and torque definitions

Previously determined stator geometry with the data
given in Table III and drag-cup rotor geometry were drawn
in 2D and presented in Fig. 2. Because of symmetry, only
one pole of motor i.e. a quarter of motor cross section was
modeled. In order to account for symmetry, the periodical
boundary condition was applied to the left and right
boundaries of the motor [24]. Zero magnetic potential
boundary condition was applied to the outer boundary of the
motor [24].

Mesh is defined to every part of the motor separately. It is
the most important to have a good mesh in air gap region to
ensure precise calculation of the motor torque and cup
losses. In this model the minimum size of the mesh element
in the air gap region was set to 0, 2 mm to ensure that in
every case there will be at least two layers of mesh in each
part of the total air gap. Sliding mesh was applied to drag-
cup as the only moving part of the motor and it was defined
by band region that is shown in Fig. 2.

After the mesh is defined, in every nod the following
partial differential equation is applied:

Vxl~V><A:JS—O'a—A—0'~VV+0'v><V><A )
7, ot

where A4 is the magnetic vector potential, v is the speed of
moving parts, V is the electric potential, 1 and ¢ are the
permittivity and conductivity of material respectively and J;
is the current density of current sources. Having solved the
system of these equations, distribution of magnetic
induction and current density is made available. Distribution
of magnetic induction and flux lines for one solution in one
time instant are shown in Fig. 3.

Torque T that acts on the cup was calculated by the
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following equation that represents the Lorentz torque:
T = J.;x(j(t)xﬁ(t))ch
VL‘

where r is the displacement vector from the axis of
rotation, J(?) is the current density vector of induced currents
in the cup and B(?) is the magnetic induction vector, dV. is
the volume of one element and V. is total volume of the
drag-cup.

(10)

Figure 3. Field distribution in motor in for one combination of rotor
parameters in one time instant

B. Assignment of material properties and calculation of
losses

Stator conductors were defined as stranded copper wires
and because there are lots of strands in a single wire, skin
effect was neglected in calculations of stator copper losses,
as mentioned before. It is also presumed that standard
transposition of conductors was performed so the proximity
effect was also neglected in the calculations. According to
all these assumptions stator copper losses P, are calculated
by the following equation:

Peys =3Rpcl’ (11)

where Rpc is the DC resistance of one phase and / is the
rms value of phase current which was calculated through
FEM simulations. Phase DC resistance was calculated by
the standard equation using the properties of the designed
winding and it is found to be 6 mQ.

The drag-cup material was defined as solid copper. In the
drag-cup, skin-effect cannot be neglected, so the drag-cup
losses Pc,. were calculated according to the following
equation:

1
PCu,c = J. JZch
Ocy v

(12)

where o¢, is electrical conductivity of copper and J is the
module of induced current density, vector in one finite
element.

The stator and rotor magnetic circuits are made from
magnetic steel sheets for rotating machines. It is very
important to choose the proper thickness of the sheet in
order to minimize eddy current loss in the single sheet. Eddy
current loss depends on the penetration depth which is
calculated according to the following equation [19]:

5= /;
7T f oty

where ¢ is the penetration depth, fis the main frequency

(13)
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of electromagnetic field applied to the material, y, is the
relative permeability of the material and y is the electrical
conductivity of the material. The frequency of 800 Hz
penetration depth is 0.22 mm for the standard magnetic steel
sheet conductivity and for the motor supply. Magnetic steel
sheet of 0.2 mm thickness was chosen from the table of
standard magnetic steel sheets for rotating machinery found
in [25]. This ensures that skin effect can be neglected in the
chosen sheets, because penetration depth is bigger than the
actual thickness of the steel sheet. There is also proximity
effect between sheets in the stack which forces the eddy
currents into the sheets near the ends of the stack. There are
the reasons to believe that this won’t make the optimization
process less effective.

The magnetic steel sheet is then defined by two main
characteristics: B-H curve and specific core loss (W/kg)
versus magnetic induction at one frequency. Those curves
were taken from [25] for the magnetic steel sheet with the
chosen thickness. The B-H curve was implemented directly
in the program in the form of data table. Core losses in one
element of the mesh and one time instant are calculated
according to the following equations [26]:

p, = ALk, (/B,) (14)
Pn= Alskhf(Bm )2 (15)
Py =ALk, (/B,)" (16)

where p,, p; and p, are eddy current, hysteresis and excess
losses in one element respectively, 4 is the element area, B,
is magnetic field density in the element and £, &, and &, are
material constants. These constants were calculated in the
following way.
Constant &, was determined from equation [26]:
» &
k,=n"0c— (17)
6
where o and d are the electrical conductivity and
thickness of chosen steel sheet, respectively. They are given
in Table V for the chosen steel sheet along with calculated
value of &,
Data for specific core loss that are given in the table form
can be interpolated using following fitting equation:

Pre=PptDytDhy = KlBi +KzBr1,§5 (18)

where K; and K, are interpolation coefficients which can
be calculated by minimizing the following error function:

err (K, K, ) = Z[ Pre—(KiByi + KB )T = min (19)

1

where pr.; is the value of specific core loss from the
defined table and for the value B,,; of magnetic induction.
Now, from the equations (13), (14), (15) and (18),
coefficients K; and K, can be related to the constants %,, &,
and kg

Ky =k f +k,f* (20)

Ky =k, f"? 1)

Using equations (17), (20) and (21) all constants were
calculated and summarized in Table V in addition to other

main properties of chosen steel sheet. As can be seen from
Table V coefficient of eddy current loss is much smaller
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than hysteresis coefficient, which is the consequence of the
selected sheet thickness.

After magnetic field calculation in each time step,
formulas (14), (15) and (16) are used by the program in
order to calculate core losses in every finite element of the
mesh in the regions of the stator and rotor magnetic circuits.
Total core losses in one time step were calculated by
summation of losses in each finite element.

Vacuum was assigned to the rest of the model parts.

TABLE V. PARAMETERS OF MAGNETIC STEEL SHEET

Steel sheet - FeV 310-50-HA Value
ks ks ka 0,132; 148,8; 1,3
Thickness d [mm] 0,2
Conductivity o [MS] 2

C. Definition of external circuit

Stator conductors were connected to form a double layer
chorded winding that was defined in the previous chapter.
Symmetrical three-phase sinusoidal voltage source was
applied to the stator phases. Voltage rms value and
frequency are defined in Table I. Because the motor is
presented in 2D the end winding connections are not
modeled. However, end connections leakage reactance is not
small, especially in the case of high speed machines with
small number of poles. To account for this effect in
calculations, end-winding inductance L., was determined
using the following equation [19]:

(22)

worw

m
Lew :EqN/%xuOl A )

where ¢ is the number of slots per pole and phase, /, is
the length of the end windings and 4, is the permeance
factor which can be taken from table in [19] for appropriate
stator winding. Calculated stator leakage inductance is
0.0783 mH and it has been connected in series with the
voltage supply.

D. Parameters of the simulation

The rotational speed was defined as a program variable in
rpm. When simulation for one speed is finished the speed is
automatically changed to a new value in the range from
22000 rpm to 24000 rpm and in the steps of 200 rpm.

Simulation time was set to 220 ms and time step was set
to 25 ps in order to get good resolution of calculated data.
After field calculation, post processing was performed in
order to calculate developed motor torque and core and
copper losses in the motor as it was described before.

E. Air-friction loss

In order to find motor efficiency, air-friction loss must be
estimated because it cannot be calculated through the FEM
simulations. It was found in [27] that the air-friction loss Py
can be represented by the following formula:

Py =k,C;pre’ R}, (23)

where k. is roughness coefficient, C; is friction
coefficient, p is specific mass of air, w is the angular
velocity of the rotor, R, is the outer radius of the rotor and /.
is the axial length of the rotor. Because the rotor surface is
perfectly smooth, roughness coefficient is 1. Coefficient of
friction can be calculated by following formula as reported
by Yamada in [28]:
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0,0152
Cp= Rg,z4

, 800<R,<6-10* (24)
where R, is Reynolds number which determines the type
of fluid flow and for the enclosed cylinder it can be
calculated as:
R - POR.d
Hy
where u, is the dynamic viscous friction of air and d is the
air gap thickness. Using formulas (23), (24) and (25) air-
friction loss was calculated for every combination of rotor
thickness and air gap lengths and for every speed in
previously defined range. It must be mentioned that total air-
friction loss was calculated as the sum of friction losses
from both sides of the drag-cup, which are both calculated
using (23).

(25)

V. OPTIMIZATION PROCESS, RESULTS AND DISCUSSION

Optimization process was conducted by changing the cup
thickness and outer air gap length in ranges that are defined
in Table IV in the following way.

First, rotor thickness was changed from 1.5 mm to
3.12 mm with 20 % of steps, while the air gap lengths were
set to 1 mm and kept constant. For each combination,
simulations were performed for every speed within the
given range. Having completed simulation runs, the torque
and power losses are calculated in the prescribed way, and
the efficiency calculated as:

n= . 100
P, + Py
where P, is the obtained mechanical power and P, is the
sum of all losses in the motor:

(26)

Py:PFe+PCu,S+PCu,C+Pf (27)
Power factor was found as:
P, + P}, (28)
cosp =———
¢ 3U,1

Family of characteristics that represent mechanical power
versus motor speed is shown in Fig. 4 for different cup
thicknesses. These characteristics were obtained by
interpolating simulation results. Horizontal line in Fig. 4
represents the rated motor power and its intersections with
the torque curve denote the rated speed for each cup
thickness. It can be seen from Fig. 4 that brake-down torque
decreases with the increase of the cup thickness, which
proves the previously conducted analysis. Fig. 44 also
shows that values of rated slip decrease as cup thickness
grows which means that rotor losses are smaller for the
same output power that was also stated in the previous
analysis.

Using determined values for rated speeds, rated values for
all losses and current were found by simulation data
interpolation. After that, efficiency and power factor are
calculated according to (26) and (28). All rated values are
given in Table VI for all cup thickness values.

Values of efficiency rated coefficient, given in Table VI,
are now interpolated and fitting curve is shown in Fig. 5.
Fig. 5 shows that the best coefficient of efficiency is
79.47 % and that it is achieved for the rotor thickness of
1.8 mm. During further optimization process, this value of
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rotor thickness is taken as optimal and it was not changed.

x10'

P = 50kW
n

W)
5

m

P

,,,,,,,,,,,,,, ‘:t1 =1.5mm
d,= 1.8 mm
ok | d]—2 16 mm
clrl =2.6 mm
Lr —_— d =312 mm
0 L L . L ' L ' . L
22 222 224 226 228 23 232 234 236 238 24
speed (rpm) x10°

Figure 4. Mechanical characteristics for various drag-cup thicknesses

TABLE VI. RATED MOTOR PARAMETERS FOR DIFFERENT
VALUES OF ROTOR THICKNESS

d.[mm] n, [rpm] I, [A] 7. [%0] oS,
1,5 23500 71,8 79,10 0,70
1,8 23566 75,0 79,47 0,65
2,16 23617 78,9 79,28 0,61
2,6 23658 83,7 78,02 0,62
3,12 23687 89,2 76,39 0,54
(L ——
X: 1.8
97 Y: 79.47
. 785+
<
;.3. 78 b
3
2 775
w
T7r
T6.5¢
76 - :
1.5 2 2.5 3 353

clc (mm)

Figure 5. A curve that fits the values of efficiency rated coefficient for
different values of drag-cup thickness

Next, the influence of outer air gap thickness on motor
parameters was investigated. Length of outer air gap was
changed from 1 mm to 3.76 mm with 20 % of steps. The
same procedure for data processing was applied and
calculated nominal values for speed, current, coefficient of
efficiency and power factor are given in Table VII. for
different values of outer air-gap length. Again, nominal
values of coefficient of efficiency were interpolated and
fitting curve is presented in Fig. 6.

TABLE VII. RATED MOTOR PARAMETERS FOR DIFFERENT
VALUES OF OUTER AIR GAP LENGTH

dZ [mm] n, [rpm] In [A] Nn [%] COSPu
1 23566 75,0 79,47 0,65
1,37 23538 71,8 83,40 0,61
1,92 23490 82,3 86,04 0,57
2,7 23411 88,8 86,87 0,53
3,76 23272 98,4 86,36 0,48

As seen in Fig. 6, efficiency keeps increasing as the outer
air gap thickness increases up to 2,8 mm, reaching the
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maximum of 87,11 %. This confirms previous analytical
findings. Fig. 7 clearly shows that the rotor losses are
localized at the surface of the rotor because they mostly
originate from the higher harmonics of the stator mmf. This
harmonics are attenuated as the distance between the cup
and the stator increases. As a consequence, rotor losses
decrease.
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Figure 6. A curve that fits the values of rated coefficient of efficiency for
different values of outer air-gap length

a)

Figure 7. The total loss in the drag-cup rotor for two values of outer air gap
length: a) d; = 1,37mm; b) d, = lmm

Conducted optimization process yields the optimal values
for drag-cup and air-gaps lengths which are summarized in
Table VIII along with the main rated parameters of the
optimal design. It can be seen from Table VIII that the
optimal design has the efficiency that is close to the one
predicted by the approximate analysis at the beginning of
the design process. However, rated power factor is much
lower than predicted. This is because the drag-cup motor has
the inner air gap which does not exist in other high speed
IM. It is interesting to note that relative value of no-load
current is very close to the value predicted in the
approximate analysis.

TABLE VIII. MAIN PARAMETERS OF OPTIMAL DESIGN

Parameters | Values
d. [mm] 1,8
d; [mm] 1
d, [mm] 2,8
0 [mm] 5,6
n, [rpm] 23395

1, [A] 89,8
iy [%] 70,67
1. [%] 87,11
cosQ, 0,52
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VI. CONCLUSION

Automotive systems represent an example in which high
speed machines are commonly used. High speed machines
must be highly optimized in order to have good efficiency
and, at the same time, low mass and price. In this paper,
stator of high speed drag-cup IM for automotive
applications was dimensioned using basic analytical
formulas, as well as taking into account some thermal and
mechanical constraints. This motor is intended to be used in
an auxiliary system of the vehicle such as KERS in Formula
1. The need for optimization process of cup thickness and
air gaps lengths was shown by means of the detailed
analytical analysis. In addition to this, the analysis that was
conducted gave the approximate boundaries for these
parameters along with prediction of no load current. It was
shown then how this motor can be modeled in FEM
software and how component of motor losses were
calculated. Optimization process was then performed
through series of simulations in FEM software with various
cup thicknesses and air gaps lengths and for different motor
speeds.

Optimization showed that increase of drag-cup thickness
at first leads to the increase of motor efficiency due to the
losses in cup decrease. Nevertheless, after a certain value of
drag-cup thickness, motor efficiency starts to decrease
because stator copper losses prevail due to increased total air
gap which implies higher stator current. Increase of inner air
gap results in decrease of efficiency because stator current
and then stator losses grow and magnetic coupling between
stator and rotor decreases so it was not in our scope to
consider this phenomenon in FEM optimization process.
Finally, it was shown that increase of outer air gap thickness
enhances motor efficiency because drag-cup losses decrease
due to attenuated higher harmonics of stator’s mmf. Again,
after a certain value of outer air gap length efficiency starts
to decrease because negative consequences of increased
total air gap prevail.

As the main result, optimal design is achieved with the
best possible efficiency, which approves the conducted
design and optimization process and shows that drag-cup
motors can compete with other types of high speed
induction machines if they are both carefully designed and
optimized. Detailed optimization of the stator and rotor
which takes into account mechanical and thermal
phenomena will be the subject of future authors’ work.
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