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ABSTRACT Off-road traction applications require extremely high torque, especially, at low speeds. Such a
high torque can be reached by gearing up the torque of an electrical machine. A tooth-coil permanent magnet
synchronous machine with an integrated planetary gear is proposed as a solution for heavy off- and on-road
traction applications. The key benefits of tooth-coil permanent-magnet synchronous machine (PMSM) in
the proposed drive system and its integration with a planetary gearbox are explained in detail. A multi-
objective optimization is performed to determine the slot/pole combination of the PMSM and the design
process of the proposed drive system is entirely clarified. The proposed tooth-coil PMSM is investigated by
electromagnetic and structural finite element analysis to obtain the final design and highlight the machine
performance. A prototype is built to validate the proposed system. The results show that the traction drive
system works well in laboratory and offers means to serve as a traction system in heavy off- and on-road

applications.

INDEX TERMS Permanent magnet machines, traction motors, torque, planetary gear.

I. INTRODUCTION

Both high-torque, low-speed and high-speed, low-torque
operations are needed in heavy off-road machinery. A typical
example is an agricultural tractor that requires very high
torque for ploughing on fields and relatively high speeds in
on-road driving. Generally, torque ratio (Tmin speed/T max speed)
may vary in the range of 20:1 or even 30:1. This can be
easily judged by seeing the gear ratios of traditional off-
road machines. An internal combustion engine (ICE) -based
mechanical traction system delivers the engine power to the
wheels via a mechanical drive train, which in principle pro-
vides a constant power drive for the whole speed range. The
ICE-based mechanical or hydraulic traction has been used
for decades in off-road applications. However, demand for
better controllability and higher traction efficiency promote
electrical traction applications [1]-[4].
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A principal torque comparison of an ICE-based mechan-
ical traction with a six-step gear and a typical electrical
machine is given in Fig. 1. A comparison of the torque
producing capability between the ICE traction and the electric
machine in constant-flux and in field-weakening range is
provided in the figure as a per-unit presentation with one
(1) as the design speed and torque. The competition between
the ICE traction and the electric machine traction appears
mostly at low speeds. In a heavy vehicle, it is a hard task for
an electric machine to achieve competitively high torques at
low speeds if an electric drive train replaces a mechanical or
hydraulic one. However, contrary to ICE the electric machine
has a high overload ability, if only the motor winding and
insulation temperatures remain at acceptable levels. Actually,
an electric motor may compete with the ICE-gearbox curve
in on-road applications, as the overloading at low speeds
is intermittent. However, if an off- and on-road application
is considered, the torque and speed ranges Fig. 1) are far
from adequate. The per-unit torque for an off- and on-road
application at its maximum speed is e.g. in the range of 0.33.
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FIGURE 1. Comparison of the torque output of an ICE equipped with a
six-step-gear and the torque of a typical electric traction on-road machine
with the rated torque Te = 1 and rated speed 2 = 1. The ICE gear-output
torque envelope curve follows constant power. The maximum torque for
both traction systems is Tmax = 3 and the maximum speed is 2max = 3 at
which the output torque is Tpyax @ = 1/3. This makes a total torque ratio
Tstart/ Tmax @ = 3/(0.33) = 9/1. This is, however, not enough for an
off-road machine requiring e.g. Tgart/Tmax @ = 36/1.

If an electric motor has a per-unit starting torque of 3, it must
be multiplied by e.g. a factor of 4 to achieve a high-enough
general torque ratio (12:0.33 = 36:1). Therefore, a unique
design solution is essential to overcome the above task and
this is the motivation of this paper.

The authors have found a solution to integrate a two-
step planetary gearbox inside a thin rim tooth-coil permanent
magnet synchronous machine (TCPMSM) which has its own
advantages widely reported in the literature [S]-[8]. Also dif-
ferent kinds of magnetic gear solution are studied in [9]-[11]
but a mechanical gear was selected in this analysis because of
its low price, large torque tolerance and robustness. It is often
stated that a mechanical gear has lots of losses but different
authors have shown with several measurements in [12] that
the selected two step planetary gear has low losses.

The energy efficiency of an ICE-based mechanical four-
wheel traction suffers from the fixed slip arranged between
the front and rear wheels. Typically, the front wheels have
ca 5 % higher peripheral speed than the rear wheels to make
taking corners possible. This constant slip is seen in the high
traction losses of the system. Figure 2 illustrates a typical
Sankey diagram in an ICE-based mechanical traction system
and a series hybrid electric drive-train system.

Figure 2 illustrates how the diesel output power is shared in
a present-day traction system and in a series-hybrid traction
system. The transmission, axle and traction losses consume
a third of the diesel output. In case of a series-hybrid trac-
tion system operating at its full power there are conversion
losses in the generator, electric energy storage, converters
and traction motors. The typical rated point efficiency of a
generator should be in the range of 97 %. The present-day
IGBT converter efficiency is in the range of 98 %, electric
energy storage efficiency is in practice very high as only part
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FIGURE 2. Sankey diagram of a typical agricultural tractor and a similar
electromechanical drive train operating at its full power on a field. The
numerical values found in the Fig. can be generally found in the literature
concerning off-road machines [13].

of electricity is travelling through it and an in-wheel 50 kW
traction motor rated point efficiency should be in the range
of 95 %. Therefore, the electric drive train losses should be
about 9 % of the diesel output if the cooling and auxiliary
systems’ consumption is kept the same.

As better controllability of the wheel torque enables lower
wheel-traction losses, the total electric traction can be slightly
more efficient than the present-day system. This brings
another motivation to develop the key drive-train compo-
nent the integrated gear permanent magnet traction motor
for off- and on-road machines. Naturally, an electric drive
train enables very different construction for a future off-road
machine as the boundary conditions set by the mechanical
drive train are removed. The electric drive train also enables
optimal usage of the power plant bringing extra efficiency
benefits for the system.
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In this paper, we concentrate on a feasible solution for
an off-road traction motor system. The torque and power
demand of a large agricultural tractor or similar can be solved
by integrating a TCPMSM and a gearbox. The main contri-
bution of this paper is to propose a practical and sustainable
alternative to conventional ICE-based mechanical traction by
a traction motor with an integrated gearbox enabling building
a hybrid drive train for an off- and on-road machine.

The proposed traction motor system has two key com-
ponents, which are the electric machine and the gearbox.
The third important component is an electromagnetic gear
shifting system enabling fast gear ratio change controlled by
the frequency converter. A commercially available planetary
gear is used and therefore its design is not reported here in
details.

The selection of a tooth-coil PMSM topology and its
design procedure, however, are explained in details. The the-
ory of the proposed application is presented in Section II.
Design of a TCPMSM is given in the next section. The
finite element analysis (FEA) of the proposed TCPMSM is
investigated in Section IV and experimental verification of
the proposed drive system is described in the last section.

Il. PROPOSED TRACTION MOTOR SYSTEM

In principle, there are some theoretical alternatives to reach
such a torque-speed range (36:1) as presented in the intro-
duction section. The first one is a high-speed electric machine
with high enough speed and power resources and a high-gear-
ratio reduction gear to adjust the wheel speed. The second one
is a very large electric machine that can produce the starting
torque needed and can also go deep in the field weakening.
The torque ratio 20:1 — 30:1 is challenging from both the
high-speed drive and the direct drive point of view; either the
motor should become too large or its speed range should be
difficult for the reduction gear. In case of a high-speed motor,
the gear should in turn, become bulky. The third one is a
normal speed range electric motor with an integrated gearbox.
The last alternative is studied here.

Permanent magnet motor technology is applied and the fol-
lowing analysis is done fully in per-unit values. A permanent
magnet synchronous machine can be designed to operate in a
wide speed range by selecting its per-unit characteristic cur-
rent, ix pu, depending on the permanent magnet flux linkage,
Y¥pM,pu, and synchronous inductance, L pu, close to unity.
The characteristic current is defined as

ey

If ix pu = 1 the theoretical speed range of the machine is
infinite as its stator flux linkage can be driven to zero with the
rated current without overheating the machine. In principle,
such a motor should be capable of fulfilling the targets of
the first and the second case. Despite this kind of selection,
the practical solution might have difficulties in providing
a practical torque-speed range needed. If the synchronous
inductance Ls, of a PMSM is selected high, the motor
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may be overloaded only at the lowest speeds and its torque
capabilities already at moderate speeds are limited based on
the load angle § equation and the voltage limit defined as

€PM,pulls,pu

Ppu = sin 8 2)

ws,puLs,pu

where epm, pu 18 the permanent magnet induced voltage, us py,
the supply voltage (#spumax = 1) and wspy the angular
velocity in per-unit values. This simplified equation is used
in the analysis since the machine presented in this paper has
only 10 % of its torque coming from the rotor asymmetry
coming from the fact that the d- and g-axis inductances do
not have a significant difference. With high Ly, the field
weakening starts well before the rated voltage no-load speed
if Ypmpu = 1. If a typical distributed winding machine is
assumed with e.g. Ypmpu = 1, Lndpu = 0.7 and Ls py =
0.85 and we neglect saturation, the torque range can probably
be increased up to 9:1 as in Fig. 1 but this is still far from
the desired minimum torque range (20:1 ...40:1) for off- and
on-road machines.

The problems related to using an electric motor with high
overloads are obviously a very high armature-reaction-caused
saturation, high Joule losses at low speeds and difficulties to
deliver torque in the field weakening to reach the top speed
needed.

There also seems to be a need to increase the synchronous
inductance further and change the ratio of the magnetizing
inductance and the leakage inductance in direction where the
leakage is dominating. This helps in maintaining the PM flux
and makes them less vulnerable to strong field weakening.
These challenges can be solved by a TCPMSM in which the
leakage inductance, Ly, may be even larger than the mag-
netizing inductance, Ly,. If the leakage inductance is domi-
nating, the armature reaction remains small and the magnetic
circuit saturation is not as obvious as in integral slot winding
PMSMs. In addition, field weakening becomes easy, as there
is aneed to only limitedly affect the air gap flux linkage of the
machine. Therefore, among different motor types a tooth-coil
PMSM may be preferred for traction applications with field
weakening.

A suitable TCPMSM can fulfil the demands of typical
electric vehicle traction but will still be in difficulties in
case of the torque-speed demands set by a heavy off-road
machine load cycles when the machine is operated both off-
and on-road [18]. A TCPMSM offers several alternatives
to tune the ratio of the air gap leakage inductance, Ls, and
the magnetizing inductance, Ly, to reach a favourable field
weakening range. The air-gap leakage inductance Ls, depend-
ing on the leakage factor o, can be small or even tens of times
the magnetizing inductance (see Table I) depending on the
TCPMSM construction. Ls is defined as

Ls = osLp. 3)

In an integrated solution, a suitable TCPMSM with a plan-
etary gear offers a natural choice to reach a compact traction
drive system. It is possible to build a TCPMSM around a
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TABLE 1. TCPMSM parameters for different slot and polepair
combinations.

13

2

strong enough gearbox to achieve the shortest possible length
and small enough diameter for the drive system. A TCPMSM
is an obvious selection for this kind of integration because it
can be easily realized as a thin rim around the gearbox and
use the limited space in a wheel hub in an efficient way.

To reach a practical solution, a commercially available
planetary gear with ratios of 3.64:1 and 1:1 is used in the
proposed integrated drive system. If the TCPMSM per unit
torque, Te py, is limited to 3 for lower speeds (wspu < 0.5)
and if the TCPMSM can reach ws py = 2 per unit maximum
speed and produce Tepy = 0.5 in the constant power area,
torque range will be 22:1 (11:0.5), which should be enough
for many heavy off- and on-road machines. The target torque-
speed curves of the integrated design with 1:1 and 3.64:1 gear
ratios are illustrated in Fig.3. Here 1 p.u torque equals 324 Nm
as a physical torque and 1. p.u speed equals 1200 min~!,
correspondingly.

The general layout of the system and a more detailed
figure of the PMSM rotor and its integration with the sun gear
are given in Fig. 4. The figure demonstrates how the different
components can be arranged in the drive system. It is certain
that a multiple-pole TCPMSM offers a large space for the
gearbox inside the machine. To maximize the space inside
the motor the rotor stack does not even have a separate frame
inside it at all, but the stack itself works as a frame when
pressed against a plate-like rotor body with long screws and
an end plate. The basic idea behind the structure is that the
screws and friction within the lamination together provide a
core rigid enough to support itself. Tests on the rotor of the
prototype motor have yielded good results.
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FIGURE 3. The operating areas, which can be fulfilled by using the motor
with integrated two-step planetary gear switchable between gear ratios
3.64:1 and 1:1. The dots indicate the electrical machine design points
with different gear ratios. The maximum-system output torque is

3.64 x 3 = 11 times the rated torque and 22 times the torque given at the
maximum speed at constant power (Tpyax @ = 0.5). If the gap between the
high-current high-torque output (gear ratio 3.64:1) and the high-current
output (gear-ratio 1:1) should be filled the motor should be driven deeper
in the field weakening with high current and gear ratio 3.64:1. To reach
the per-unit output speed 1 with gear needs the motor speed

3.64 per unit.

It has to be stated, that the system inherently includes one
extra feature as the planetary cogwheels need lubrication and
the system will be partly filled with lubricating oil, which
can also most efficiently be used as heat transfer medium in
the machine. The rotor with embedded magnets is designed
smooth to keep oil friction at a low level. The gear oil is
pumped, filtered and cooled outside the motor. Linear mag-
netic actuators are used to operate the gear shifting.

lIl. DESIGN OF A TCPMSM WITH TWO-STEP
PLANETARY GEAR BOX
In traction motor drives, the load cycle analysis forms the
basis for the boundary conditions. In this case, such a work
was performed in [19]. The motor design analysis is reported
in details in [20], [21]. The viscous friction caused by the
lubricating and cooling oil is minimized by smooth rotating
surfaces and as large air gaps as possible. The smooth rotor
surface and high air gap length however, are increasing the
permanent magnet leakage but as important loss source in the
design is the electric motor air gap friction it makes sense to
invest a more in the permanent magnet material.

The selection of the slot/pole (Qs/(2p)) combination for
a TCPMSM plays a critical role in this study. Some impor-
tant parameters for various slot/pole combinations are given
in Table I. In the table, slots per pole and phase (g), air gap
leakage factor (o3), operating winding factor (ky) and least
common multiple (LCM) of the number of slots and poles
are all provided.

The multi objective optimization based on particle swarm
algorithm is used to investigate all suitable slot/pole combina-
tions and to select the most suitable design. The optimization
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FIGURE 4. Overall view of the integrated hub motor, its schematics and a
figure of the rotor alone. The TCPMSM rotor is fixed to the sun of the
planetary gear.

problem has two input variables — the number of slots and
the number of poles. The slot numbers vary from 6 to 72 and
the pole number varies from 4 to 72. In the optimization,
integer-slot and unbalanced winding configurations are sen-
tenced and these configurations are eliminated. First of all,
one needs to make the optimization criteria based on the
application needs. From the problem introduction it is clear
that a heavy duty off-road machine needs a lot of torque and
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FIGURE 5. 4D visualization of the multi-objective optimization. The limit
of the 37 objective is set to 5 for better view.

speed is a subordinate demand. Also torque quality has a big
importance. So, in optimization torque has a higher weight
than speed. The optimization problem has four different cost
functions defined as

fi = Min (abs (g — 0.5)) (@)
J2 = Min (o3) (5)
f3 = Max (kw) (6)
f2 = Min (abs (LCM — 4830)) @)

The target of the 1% function is to approach ¢ = 0.5
since the highest torque can be obtained at this value [25],
and the 2" cost function aims to minimize os and the 3"
function aims to maximize the k, and the 4™ function targets
the maximum LCM that high LCM provides a good torque
quality. The number of 4830 in (6) is the maximum LCM with
these input variables. Minimizing o7 in this case is based on
the fact that actually no large field-weakening area is needed
in this very case. The maximum desired per-unit speed is 2.

The final result from the optimization point of view is the
combination of all the different parameters. The results of the
functions f1-f4 are multiplied with each other and one can get
a quality factor QF listed in Table 1. The larger the QF is the
better the machine fulfils the demands of the design target.
Now all aspects, torque, torque quality and speed range are
taken into account.

A 4-dimensional (4D) visualization of the multi-objective
optimization is given in Fig. 5. The non-dominating results
are illustrated with circles and 2D cut planes are illustrated
with stars. It is easily seen in the 4D visualization that the
18-slot 14-pole is the most suitable slot/pole combination.
This assumption can be also proven by 2D cut planes of the
15t vs the 2™ objectives. The 2D Pareto front can be easily
seen in the figure and the closest result is obtained by the 18-
slot 14-pole configuration. Fig. 6 shows the overall design
flow of the proposed traction motor. The above-illustrated
detail of the slot and pole selection is part of the flowchart.
As Fig. 6 illustrates the integrated design starts with the
dimensions of the planetary gear itself. The TCPMSM rotor
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FIGURE 6. Flowchart of the integrated motor design process.

inner diameter D;; must be larger than the planetary gear
outer diameter. The gear properties and cogwheel speed limits
dictate the maximum rotational speed of the motor. In this
case, 1200 rpm was selected as the rated speed and 2400 rpm
the maximum speed of the motor.

The grounds for selecting the 18/14 machine can be still
summarized as: 1) It has been shown that tooth-coil machines
with as high as possible number of slots per pole and phase
have the best torque producing capability [25]. The value
q = 0.43 is close to the limiting value of ¢ = 0.5 beyond
which we have distributed windings. The value of ¢ = 0.5
offers high torque production but produces a poor torque
quality with high torque ripple. 2) The air-gap leakage factor
with ¢ = 0.43 is moderate, o5 = 0.83 resulting in a moderate
stator leakage inductance which is now desirable as the field
weakening range is not wide because the gearbox is to be used
[22], [24]. 3) Also the operating harmonic (v = 7) winding
factor is acceptably high, ky, = 0.902 resulting in low Joule
losses. 4) The 18/14-machine configuration has a moder-
ate LCM (126) resulting in almost purely sinusoidal back-
electromotive force (EMF), and in torque smoothness. Based
on these factors, the 18/14 machine is the best combination
for the proposed integrated design as the result of the opti-
mization analysis (highest QF) predicted. In [26] the authors
have proposed the same selection but overall 18/14 machine
has not been analyzed much in the literature.
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The machine operates with the 7th harmonic.

TABLE 2. Motor main characteristics.

Number of stator slots, Os 18
Number of rotor pole pairs, p 7
Number of slots per pole and phase, ¢ 0.43
Length of the stator stack, / [mm] 75
Stator outer diameter, D, [mm] 454
Stator inner diameter, Ds [mm] 346
Air gap, 6[mm] 3
Rotor yoke inner diameter, D,; [mm] 280
Rotor yoke height [mm] 16.3
Slot average width [mm] 35
Stator yoke height [mm] 19.3
Number of coil turns in phase, Ny 138
Phase resistance, R; [p.u] 0.02
Induced voltage epy [p.u] 0.88
Rated and max frequency, A/ fmax [Hz] 140/280
Rated current, /; [A] 67
Rated voltage, Us [V] 400
Rated torque, 7 [Nm] 324

Figure 7 illustrates the winding factors of the different har-
monics of the 18-slot 14-pole three-phase tooth-coil machine.
The lowest strong harmonic — the seventh one — is used
to operate the motor. A small fundamental winding factor
kw1 = 0.04 also occurs. The low value of the fundamental
is a benefit of this machine as it results in low rotor losses
caused by the fast rotating armature fundamental.

The motor rated voltage and current are 400 V and
67 A. The rated-point current density in the stator copper is
4 A/mm?. The rated tangential stress value of 24 kPa is but
enables temporary overloading with 72 kPa. Table 2 presents
the final design parameters.

Some details of the geometry of the TCPMSM are given
in Fig. 8. Totally open slots are used to enable easy manufac-
turing of the winding. The coils can be manufactured outside
of the machine and set on their places without deforming
them. As mentioned above the rotor surface is smooth and
the magnets are embedded in rotor laminations having a
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FIGURE 8. Magnetic circuit geometry. Smooth air gap guarantees a low
friction. The flux barriers next to the magnets ensure low PM leakage.

thin yoke. The steel bridge over the magnets has a function of
retaining the magnets but it also helps in collecting flux from
the magnets to the open-slot teeth. Some increase in the g-axis
armature reaction results from the permeance of the bridge.
All these features, however, help in creating a machine for
easy manufacturing and nice operating properties.

The proposed drive system employs direct oil cooling.
In this oil-cooling concept, oil is circulated outside the motor
for filtering and cooling. Cooled oil is pumped back to the
motor through nozzles in the upper parts of the frame. The
nozzles are placed so that the coils above the oil level will
be flushed by the incoming cool oil. The cooling solution is
presented in more details in [22].

The oil friction worst case value may be evaluated by the
sentence assuming the whole air gap filled with oil

rSyv rS2mrQ2

Toil = A a— (®)

where r is the radius measured from the rotor centre-line
to the middle of the air gap, S; is the rotor surface area facing
the air gap, v is the linear speed of the rotor surface, 2 is
the rotor angular velocity, § is the air gap length and w is the
dynamic viscosity of hydraulic oil [22]. In the proposed drive
system, air gap is only partly filled with oil and therefore an
appropriate share of this value will be the practical result.
The dimensioning of the planetary gear cogwheels dictates
the desired viscosity level. In this case, the surface pressures
of the cogwheels remain low, and therefore e.g. automatic
transmission gear oil could be used inside the integrated
design resulting in lower friction losses. Studies about the
effectiveness of the oil cooling can be found e.g. in [22].

The mechanical strength of the rotor laminations was
investigated at the nominal rotational speed by structural
FEA and the stress contour is shown in Fig. 9. In the stress
study, the radial force due to the magnets centrifugal force
at the point is taken into account. Von Mises stress profile
is obtained for the maximum torque value of 1000 Nm at
the rated 1200 min~! rotational speed. Similar evaluation
was performed at the maximum speed. The magnetic steel
yield strength value is in the range of 320 MPa, which is still
acceptable for the material used.

The stress values stay in all cases on acceptable levels.
Thus, it can be said that the mechanical strength of the rotor
against centrifugal and torque forces is proven. As the rotor
has no other frame than the laminated yoke, the tangential
shear moving between the laminations is ensured by strong
split pins and screws (Fig. 9). Fig. 9 also shows that the
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thickness of the iron spokes retaining the rim has a signifi-
cant effect on the torque production of the motor. Naturally,
wide bridges enhance permanent magnet leakage flux but
strengthen the rotor mechanically. Finally, 2 mm wide iron
bridges were manufactured.

The planetary gear used in the prototype is a standard
product of Sisu Axles [27]. Itis originally used in Sisu’s inde-
pendent suspension axles GAWR and GCWR in high-speed
on- and off-road applications as a wheel hub gear. The gear set
has five planetary cogwheels and a drive ratio of 3.64:1, when
the input is on sun gear and the output is on the planet carrier.
The planetary gear is obviously over-dimensioned for the
purpose of the prototype. Its manufacturer states that the gear
can withstand torque inputs of up to 60 kNm before breaking.
Some modifications have been made in the structure for the
purposes of the prototype. Original planet cogwheels and
their bearings have been employed, but the planet carrier has
been redesigned to include a dog clutch for the gear ratio
shifting. The teeth on the sun gear have the same dimensions
as the original part, but the component now also has a flange
for attaching it to the rotor, a machined surface for rotor
bearings and a dog clutch for direct drive.

IV. MOTOR ELECTRO-MAGNETIC

CALCULATION RESULTS

The motor geometry fine tuning was performed by using
Altair Flux 2D FEA software to optimize the performance.
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FIGURE 10. Synchronous incremental inductances of the proposed
TCPMSM as a function of the of d- and g-axis currents a) d-axis
incremental inductance b) g-axis incremental inductance. 1 mH
corresponds to 0.26 per-unit inductance.

Flux linkages and synchronous inductances were obtained
from static FEA when the coils were supplied by direct
current and rotor was locked in g-axis or d-axis posi-
tions. Synchronous inductance increments for both axes are
shown in Fig. 10. The incremental synchronous inductances
can be determined numerically at locked rotor positions
as follows

3 (ia. iq) A (ia. iq)

Ld,inc (id» iq) = dig Adg )
9 i A i, 0
Lgjinc (id’iq) = an(zl': lq) ~ qu(zl': lq)' (1o

It is obvious that the synchronous inductances are strongly
dependent on the axis currents. At no load, the TCPMSM
is fairly non-salient, Ly ~ L. Saliency may be observed
based on different saturations. Fairly strong cross-saturation
phenomenon may also be observed. The d-axis incremental
synchronous inductance stays moderately stable as a function
of the g-axis current with iy = 0. The cross saturation drops
Ly inc from 1.5 mH at no load to about 1.2 mH at 200 A g-axis
current with ig = 0.

The g-axis synchronous inductance has a strong self-
saturation at low values of iy which is natural as the
magnet retaining ring starts to saturate under g-axis
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FIGURE 11. Motor torque ripple as a function of PM width at the rated
operating point. Lowest torque ripple was found to be 1.7 %.

armature reaction. Lq is fairly insensitive to negative d-axis
currents and therefore the cross-saturation does not affect the
machine control significantly.

The torque output of the proposed TCPMSM with different
PM widths was also investigated and the results are given
in Fig. 11. The 324 Nm of average torque with 1.7% ripple
is obtained and less than 0.1% of tooth harmonic cogging
torque is observed. The results prove the design process in
Section III.

V. PERFORMANCE AND LOSSES

Based on the analysis above, a 40 kW, 324 Nm, 18/14
TCPMSM prototype was built to verify the design analysis
results. The power level of the machine was selected based
on the power level of general working machine needs.

Fig. 12 presents the stator and rotor iron losses and
permanent magnet eddy current losses calculated with FEA
at different speeds. The stator Joule losses are dictated by
the per-unit stator resistance indicating that at 40 kW output
power the stator Joule loss will be about Pcy, = 1000 W. The
proportion of stator iron losses is not dramatically changing
after the 1 p.u. speed as the field weakening starts there and
the stator flux is reduced. Hence, also the stator iron losses
are reduced.

A DC generator was used to load the motor. The oil level
in the measurements was adjusted so that half of the standing
motor was filled with oil. During operation, the oil flow rate
was set to 3—5 I/min. Fig. 13 shows the test bench with
measurement and additional equipment.

Measured induced voltage and 2 D and 3 D FEA calcu-
lated voltage curves from the cold machine (in temperature
app. 20 °C) are shown in Fig. 14. The measured voltage
correlates well with the calculated value (peak 295 V) and
promises, therefore, a good performance. The amplitude of
the induced voltage is slightly higher than the calculated one
as the machine was cold at the moment of testing. The no-load
voltage THD of the motor is less than 2 % consisting mostly
of the 6™, 12", and 18" harmonics. This is a big benefit
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FIGURE 13. Test setup in laboratory. The large machine on the left is used
to load the integrated PMSM (black machine on the right). Oil cooling
laboratory system is seen on the right side of the figure.

of the 18/14 optimized construction. Stresses caused to the
drive train are, in practice, free of torque ripple caused by the
motor itself.

The efficiency map of the motor including the gear losses
is shown in Fig. 16. It can be seen that the machine works effi-
ciently and the efficiency-deteriorating effect of the planetary
gear is small — in the range of 1-2 per-cent unit. Table 3 shows
the values of iron losses and mechanical losses at the rated
point of the machine. These losses have been measured from
the no-load power. PM eddy current losses are negligible
during no-load situation. The division between the iron losses
and oil friction losses is assessed based on the FEA results
for iron losses and assuming that all other losses from total
losses are coming from oil friction. As it can be seen, the mea-
sured friction losses are considerably lower compared to what
eq. (8) estimates.

The torque as a function of the rotational speed of the
machine is given in Fig. 15. The figure focuses on the field
weakening properties of the machine. At the same time,
the figure shows that the required overload capability is
achieved. All the curves in the figure are calculated results
and some of the most important measurement points are
marked with * to indicate the predicted performance of the
prototype machine.
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FIGURE 14. Measured no-load voltage waveform machine at 1 p.u. speed.
It correlates well with the 2D and 3D FEA calculated no-noad voltages.
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FIGURE 15. Torque curve as a function of rotational speed indicating the

rated operation of the motor and temporary overload conditions for both
gear ratios. The measured points are indicated by *. All the curves are the
calculated ones.

TABLE 3. Machine losses at nominal speed.

Losses [W] Calculated 2 D (rated) Measured
Iron losses (incl.PM) 337 300
Oil friction losses 400 200
Stator Joule losses 1000 1000

Average temperatures of the windings as a function of
rotational speed are measured and the temperature profile is
given in Fig. 17. The results prove that the cooling method is
efficient for the proposed drive system. Temperature values
are averages from three phases at continuous state where the
machine was heated for about half an hour. The tests show
that the machine can be loaded continuously at about 50 kW
power output. In traction motors the overload capability is
the one of most important issues. The overload condition can
be applied for 69 s and then the temperature limit 180 °C is
reached, (Fig. 18.). The applied cooling method seems to be
working efficiently.

VOLUME 7, 2019



J. Montonen et al.: New Traction Motor System With Integrated-Gear: A Solution for Off-Road Machinery

IEEE Access

0.96

0.94

4 .
2> .. .Q 2
96 9.0 970 .9
(IR IZTRIRR

(IR RTRIEIRIZER
L7 RRERIRIIREZSZSZIZ
"‘,,'000’0’0'0’%’0’\ 5
LRERAREZEZRIR, 0.92
LTSRN
0'00“\

0.95

0.9

Efficiency

0.85

0.8 0.86

L5

0.5

Torque [p.u.] 0o O
Rotational speed [p.u.]

FIGURE 16. Measured efficiency map of the motor including the gear. The
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FIGURE 17. Average temperatures of the windings as a function of
rotational speed and torque.
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FIGURE 18. Temperature increase when the maximum torque at 3 p.u.
current condition is applied. The machine can be used for c. 69 s with its
maximum torque.

VI. CONCLUSION

A new integrated design was proposed for off- and on-
road traction applications. The main practical purpose of
the study was to find a good solution for a hub traction
motor of e.g. an agricultural tractor, or a forest harvester. The
proposed design consists of a tooth-coil permanent-magnet
synchronous machine and a planetary gearbox. The selection
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of the TCPMSM parameters was investigated in details and
a 4D multi-objective optimization was carried out to find the
best suitable (Qs/(2p)) combination of the proposed tooth-coil
machine. The following aspects were considered to obtain
the best traction motor parameters: 1) g close to 0.5, 2) high
LCM, 3) high operating harmonic winding factor, ky, and
4) suitable air gap leakage factor, 5. An 18-slot-14-pole
TCPMSM was found as the optimum to be integrated with a
planetary gearbox. The selection of the planetary gearbox and
its implementation were explained in details and the proposed
drive system was entirely explained. The on-load and no-load
analyses of the proposed TCPMSM were investigated by
FEA and the final design of the proposed motor was obtained
by considering the planetary gearbox properties. A prototype
was built and its experimental validation was performed. The
results obtained from the design procedure of the proposed
drive system and test are well matched even in extreme speed
and torque limits.
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