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Compact machine design of an
integrated multiphase VPMSM
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Abstract — Due to the effort designing high efficient
electric vehicles, high speed traction drives are frequently
used. Nowadays different winding topologies, rotor shapes
and cooling concepts are studied to enlarge efficiency and
power density. The application of a compact multi-phase
winding permanent magnet excited synchronous machine
including an active rotor cooling system provides
opportunities to meet the high requirements of a traction
drive. This contribution focuses on the construction and
characteristics of the engineered six-phase motor and the
potential to increase the machine's performance by the
integrated rotor cooling system.

Keywords — Electrical machines, multi phase winding
systems, efficient cooling techniques

I. MOTIVATION

Rotational speeds beyond 10,000 rpm and high power
densities, both characteristics of a PMSM, provide high
efficient traction drives [1]. In order to meet the stringent
requirements on the traction drive of an electric vehicle, a
permanent magnet excited synchronous machines with V-
shaped buried magnets (VPMSM) and distributed windings is
applied. To reduce the losses with increasing power density a
multi-phase winding is evaluated. Furthermore, the integrated
innovative rotor cooling provides the potential to enhance
efficiency by lowering the temperature in the machine core.

II. PROBLEM STATEMENT

Multi-phase winding systems provide the possibility to
avoid a large part of harmonics and therefore improve the
machine's characteristics [2]. In addition to the enhancement of
performance the influence on the installation space has to be
studied. In contrast to a conventional star-connected three-
phase motor each phase of the six-phase machine will be
driven independently - hence, the machine has 12 joints instead
of three. The implementation of a rotor cooling system requires
a sophisticated motor design in order to achieve an optimized
cooling media flow without foiling the machine's overall
efficiency. Thus, the constraint of a large borehole diameter of
the rotors lamination is defined to allow light weight
optimization and even more important to create sufficient inner
space for implementation of the cooling system ensuring an
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adequate air flow. As a consequence, the inner radius of the
bearing has to increase considerably on the non drive end,
which leads to a technical conflict at speeds of 10,000 rpm
because of the enormous centrifugal forces. The dimensioning
of rotor and the bearing has an immediate influence on the
geometry of the housing and the machine's stator. Based on the
demand to provide a very compact machine, there are high
requirements on the machine design meeting the boundary
conditions.

III. DESIGN AND COOLING CONCEPT

The main objective is the application of a high dynamic and
efficient six-phase traction drive with an integrated active rotor
cooling system while meeting the stringent geometric
constraints. Hence, the outer radius of the active components
(rotor, stator) is limited to 100 mm and the entire length of the
motor is restricted to 200 mm. The machine has to meet a
continuous output power rating of 30 kW with a maximal
torque of 150 Nm and a maximal speed of 10,000 rpm.

A. Design of the machine

Apart from the electromagnetic design of the six-phase
motor this contribution focuses on the technical integration and
matching of active components, housing and rotor cooling
system, as this is not state of the art. In Figure 1 the entire
drive-unit is shown in longitudinal section.

Fig. 1. Longitudinal section of the entire drive-unit.
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The drive-unit consists of two main parts: The inverter,
including the feedthrough of the rotor cooling, and the
electrical traction drive with its active part of the cooling
system. To improve the handling and the EMC
(electromagnetic compatibility) characteristics the electric
connection of these two parts is realized as a plug-in
connection. The supply air of the rotor cooling is absorbed
through a filter on the left-hand side, passes through the
inverter and motor, gets diverted in the hollow shaft and leaves
the system via diffusor by the inverter. The bearing at the non
drive end and the active part of the rotor have a large inner
diameter to expand the installation space of the cooling system
enabling a maximized air flow. The distributed windings
occupy a substantial proportion of the installation space. In
order to increase the compactness, the housing is adapted
exactly to the geometry of the end windings and the resolver is
integrated into the gearbox.

1) Active Components
Figure 2 shows the cross section of the active parts of the
studied motor topology including the hollow shaft of the rotor.

Fig. 2. Active components of the motor including the hollow shaft.

The rotor exhibits a large inner radius, in order to permit
the integration of the rotor cooling - hence, the resulting rotor
core is designed as a ring, according to Figure 3.b. The
magnets have to be placed in a way that neither the mechanical
tensile yield limit of the material is exceeded nor the saturation
effects become too pronounced. Necessarily, the outer diameter
of the rotor increases which results in a reduced copper cross
section in the stator slots and a slim stator yoke. This causes
local saturation effects during the operation and reduces the
installation space for the end windings on the front end of the
stator. Thus, the axial height of the end windings rises. The
final cross sections of rotor and stator are shown in Figure 3.
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(a) Cross section of stator. (b) Cross section of rotor.

Fig. 3. Cross-section of the studied six-phase motor.

Figure 1 shows that the tapering of the stator yoke provokes
the axial height of the windings ends so far that it ceases
immediately in front of the bearing cap. A further rise of the
windings is not possible since there need to remain space for
the vacuum encapsulation.

2) Winding Design

The VPMSM is constructed with m =6 phases, N =36
slots and 2p = 6 poles. The number of slots per pole and phase
q is calculated according to (1).

N
2pm

q (1)

This results in q=1 for the machine. The supply voltage
Usa is set to 100 V in this study. Since the motor's supply
voltage influences the winding construction, the low voltage, as
it is chosen in this study, causes high electrical currents and
consequently leads to large conductor cross sectional areas and
a low number of windings.

The winding scheme of the six-phase winding is depicted in
Figure 4. The number of windings per slot is set to eight. Since
the number of slots per pole and phase is q = 1 the windings are
not grouped. Although, shortening the coil pitch of the coil
span by one slot provides a reduction of the harmonic content it
is not implemented. In contrast to a conventional three-phase
machine with the same number of slots and poles the
amplitudes of the 5" and 7" harmonic are reduced by the six-
phase winding system sufficiently. According to (2) shortening
the coil pitch by one slot would have an insufficient effect on
the lower harmonics but decreases the fundamental wave.

i . n W
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Where the natural number v is the ordinal number of the
odd harmonics and TK represents the shortened coil pitch of the

P
coil span. Shortening the coil pitch of the coil span by two slots
the pitch factor of the fundamental wave gets reduced to 0.866.
The pitch factor of the 11" and 13" harmonic also represents
0.866 according to (2). Therefore, there is no need shortening
the coil pitch since the reduction of the fundamental wave is
too pronounced and the winding ends would be too high. The
more coil sections there are in the machine, the more
intersection are on the winding end. Corresponding to Figure 1
and the results in the previous chapter there is no additional



installation space available, which prohibits the expansion of
the end windings.

The winding factor of the fundamental wave & which is the
result of the product of the distribution factor &; and the
shortening pitch factor &, can be calculated according to (2).
Since the studied machine is constructed for a winding with

q=1 and Y =1 the resulting winding factor &, of the
Tp

fundamental wave also equals to 1. In order to eliminate the
main part of the cogging torque the stator is skewed by one
tooth pitch. Consequently, the six-phase winding system
enables a winding configuration that eliminates a major part of
the parasitic harmonics and maximizes the machine's
utilization.

3) Rotor composition and assembly

To reduce rotating masses and remove inactive rotor
lamination material, there is a rotor shaft built based on a
simple tube as center part. The multi part architecture as shown
in Figure 5 enables the combination of different materials for
each part of the shaft appropriate to its function, the ease of
scalability via tube length, low component costs and flexibility.
The shafts large outer diameter of 91 mm allows reducing
pressure in the interference fit of the rotor lamination thus
lowers material stress and supports its undisturbed
electromagnetic performance. Compared to a state of the art
massive rotor shaft with a diameter 55 mm, the tensile stress on
the lamination inner bore is 39 % lower.

[

Fig. 5. Rotor shaft with lamination fit.

Inside the rotors shaft there is a space of more than 0.6 1.
Due to high power density requirements there are only few and
small areas available for transferring heat caused by machine
losses in the rotor. A rarely used opportunity is adding an
internal rotor cooling to the state of the art water cooling of the
stators housing. The specific rotor design enables
implementing additional components into hollow space within
the shaft while assembly. This increases surface area for heat
transfer by 66% up to 0.07m? and moreover creates
turbulence of the volumetric flow. Choice of cooling media is
influenced by geometric constraints and overall drive train
layout. (For different machine types both gas and liquid have
been developed and tested.)

Advantageous especially for high speed motors, the shaft
integrated gas cooling causes the machine to be encapsulated
and hence protected against abrasion debris by bearings on
either side.

4) Systempackaging

The six-phase machine, has a compact design and provides
a power density of about 3000 kW/m? and an efficiency of up
to 97.0 %. The motor is designed as a separate module and can
be attached to the inverter by using a plug-in connection. In
Figure 6 the mounted stator and rotor are pictured. The twelve
jacks and the interface of the hollow shaft of the rotor cooling
system can be identified in Figure 6.(a) on the front side of the
housing. In Figure 6.(b) the assembled rotor shaft is depicted.
As can be seen in longitudinal section in Figure 1, the diameter
of the shaft on the operation side is large to ensure maximum
cross section for the pipes of the gas cooling flow.

(b) Rotor of the studied motor.

(a) Housing of the studied motor.

Fig. 6. The studied six-phase motor.

After joining the stator into the housing, it gets vacuum
encapsulated to improve the machines thermal characteristics
[3]. In order to maximize the thermal dissipation the cooling
section of the stator is extended axially including the end
windings, connecting them to the cooling section. To comply
with the geometric restrictions (regarding the encapsulated
construction space) and to position the sockets in their exact
final position a casting device is constructed and used to form
the encapsulation.

In the winding process the end windings on the non drive
end are bent radial inwards over the space of the active part of
the rotor (Figure 1) in order to meet the axial length limitation,
set by the jacks. The end windings on the non drive end show
such an axial height, that the 2-3 mm thin encapsulating layer
above the winding ends moulds the jacks. Thus, they cannot be
repositioned without damaging encapsulation after casting
process.

Adjusting the winding ends affects two facts: The casting
device has to be adapted and mounting the rotor can only be
done from the drive end in packaging. During the packaging all
active and housing components are assembled. The complex
structure of the six-phase motor and the enormous lack of
space require a sophisticated procedure to enable packaging all
parts without damaging any component. At this point, all the
parts to be assembled are positioned on a mounting spindle and
are merged sequentially. This is only possible since the bearing
shoulder on the operating side is constructed, that it fits through
the tapering of the end windings.

The bearing shield at the non drive end is already
positioned, the spindle penetrates the end plate and the stator
fixing the remaining components at the drive side. When
moving the components into each other the exact position of



the motor and the precise aligned shaft prevent a contact
between stator and rotor, which would result in a damage to the
motor. The sophisticated reconciliation of the system allows an
accurate and precise positioning of all parts. After joining the
components, the sockets are insulated embedded into the
bearing shield. By accurate positioning of the jacks during
encapsulation using the positioning unit of the casting device, it
is ensured that all 12 jacks fit exactly through the
corresponding cut-outs in the bearing shield, according to
Figure 5.(a).

Fig. 7. Complete mounted drive-unit: Consisting of motor and gas cooling.

In Figure 7, the engine including the gas cooling and the
electrical jacks is illustrated. The jacks have a cross section of
26.42 mm? and therefore can drive the rated continuous current
of 110 A.

B. Cooling concept

Gas cooling

Using gas in an open circuit saves space and cost for heat
exchange but, when taking air from ambient atmosphere,
requires filtration. As a result of traction drive train layout
often the gear side of the shaft is closed by toothing, therefore
both inlet and outlet of gas are required to be spaced inside
shaft opening on the inverter end of the rotor. Restriction is to
only insignificantly increase that cross section and thus
bearing diameter because of bearing friction issue.

Electric motor

Inverter

Transmission

Fig. 8. General layout of multi part rotor shaft with internal cooling

The six-phase inverter is designed as hollow cylinder leaving a
diameter 80 mm hole for gas flow and implementation of
filtration device. Flow cross sections are calculated and parted
such as both directions equal. Compared to liquids, gas has a
much lower thermal capacity, c.r=1.005kJ/kgK vs.
Cwater = 4.182 kJ/kgK. For heat transmission with gas high
volumetric flows are inevitable. A rotor attached fan designed

as diagonal built creates up to 9.5 l/s air flow at 10,000 rpm,
but already at lower speeds there are reasonable flow rates,
Figure 9. Between simulation and measured volumetric flow
there is a difference, caused by length and cross section of the
measuring devices which are added to the assembly for
recording data.
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Fig. 9. Temperature and flow rate data as measured on test bench at 100°C
rotor temperature

Gas cooling performance

An extrusion molded, ribbed aluminum cooler is placed inside
hollow middle section of the rotor shaft’s tube during
assembly. An axial slot enables pre loaded assembly and
therewith full contact between tube and cooler throughout
operating temperature despite different coefficient of thermal
expansion of materials. A crucial aspect with an innovative
solution is the requirement of a static, non-rotating body within
rotor shaft. It firstly separates fresh inlet gas from warmed up
outlet gas and secondly carries guiding structures to untwist the
gas flow when released from cooler ribs in order to create a
mere axial flow. Thus it enables the fans function which is
unable to work on an already twisted gas input. A dip tube
when mounting motor to inverter realizes static fixation of the
non-rotating body.

On a specific test bench, equipped with sensor technology,
rotor temperature can be adjusted freely by induced energy
thus enabling for wide range of testing. High differences
between inlet and outlet air temperature document and quantize
heat transfer, e.g. delta of more than 35 K at rotor temperature
100 °C during a wide speed range as shown in Figure 9. Heat
quantity calculations show a dissipation of up to 300 W at
maximum speed. Proportionality of flow rate and hence heat
transfer with rotational speed of rotor match up well with the
frequency based machine losses increase. As shown in Figure 9
speed related gas cooling capability implements a significant
advantage. Validation shows ambient air in a specifically
layouted cooling track being a considerable means for heat
dissipation in addition to stator cooling, Figure 8. Heat
transmitted by inverter in a secondary cooling area is not yet
been included in testing and calculated heat dissipation.
Concluding, an operational test of the overall set-up with
inverter and gear proofed functionality of efficient cooling with
air.



IV. MODELING OF A SIX-PHASE PMSM

In further investigations the presented machine will be
tested on a test bench. To operate and control the PMSM a
suited machine model has to be developed considering the six-
phase winding.

The inductances are one of the main parameters modeling
an electric machine and are computed by FEM (finite
elemente) simulation to allow a detailed study of the machine's
characteristics. Due to the six-phase winding the machine
inductances are represented by a six by six inductance matrix
consisting of six self-inductances and 30 mutual inductances.
Since the magnets are V-shaped buried in the rotor the
inductances show a distinct rotor position dependency caused
by its saliency ratio [6]. A typical self-inductance is shown in
Figure 1, where y is the rotor angle.
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Fig. 10. Self-inductance of the studied six-phase motor.

Using dg-transformations for the modeling of electrical
machines provides many advantages. An appropriate dq-
transformation converts AC quantities to DC quantities and
eliminates the rotor position dependency of the machine’s
inductances, noticeable in Figure 10 [4].

There are many different approaches reported in the
literature addressing the dg-transformation of common three-
phase machines. However, the dg-transformation of a six-phase
machine differs considerably [5]. The six-phase system can be
seen as two 30 deg twisted three-phase systems, which are
magnetically coupled. The transformation matrix Tqqox3 (1),
consisting of two common three-phase dg-transformation
matrices Tqq3 [7] here denoted with block matrices, transfers
the machine’s quantities into two dg-systems shifted by 30 deg.

Taqs (€2)] 0343 3
T =
dq,23 ( Oss  Tugs (y _ %)) 3)

Since the transformed dg-inductance matrix obtained by
application of T 4q 2«3 is not diagonal both dq-systems are still
coupled complicating the control of the machine [5]. Finding
the eigenvalues and the corresponding eigenvectors allows to
conclude a matrix § which diagonalizes the transformed dg-
inductance matrix. The overall transformation matrix Tg4q,
given in (4), is the matrix multiplication of § and T 34,3 which
transforms the machine quantities (current i, voltage u, flux
and the machine’s parameters, as the inductances L und
resistances R) into two decoupled dg-systems.

2m 4w ™ 5m 3m
cos(y) cos (y - ?) cos (y - ?) cos ('y - g) cos ('y - ?) cos (y - 7)

i) . ( Zn) . ( 47[) . ( n) . ( 51[) . ( 37[)
sin(y’ sin(y - sin(y -3 sin(y -5 sin(y —— sin 3
1 1 1

1
Tags = 2 2 2 2 2
4

2 2 2 2 2 2

The first and the second row of the transformation matrix
create the conventional d- and g-components, respectively,
called the d;- and qi-components. The fourth and fifth row
create additional components in the following denoted as the
d>- and gp-components. The third and sixth row create two zero
sequence components, called the z;- and z;-components. As it
can be shown, the different pairs of components account for
different harmonics in the transformed quantity. So does the d;-
and q-system containing the 1%, 11%, 13" ... harmonics, the
ds- and qp-system the 5%, 7 ... harmonics and the z;- and z,-
system the 3%, 9" ... harmonics.

The application of the transformation applied to the main
voltage equation of a PMSM, the electrical input power can be
derived as shown in (5), where w,) is the electric angular
frequency.

— 7T .53
Pel_"dq Udq

0 -1 0 0 O O
0 0 0 0 0 O
7 1 0 0 0 0 Ofp d -
= quR ldg T Wel ?gq 00 00 -1 0 1/)dq + wel?qu_ylpdq (5)
'lyélsns]:; 0 0 01 0 O m
0 0 0 0 O O magnetic energy

mechanical power Pyech

For the computation of the average torque of a PMSM only
the second term is crucial. Hence, the average torque is
determined by (6), where wpecn 1S the mechanical angular
frequency and p the number of polepairs.

_wa
Va1 \

0
_1pq2

Yaz /
0
=p- (l/)dliql - waidl + l/)dziqz - quidz)

Considering only the fundamental wave component the d,-
and q»-components can be neglected, as the fundamental wave
is only transformed to the d;- and q;-components. This results
in a simplified transformation matrix Tgq6, given in (7), as
well as a simplified torque computation, given in (8), similar to
the common three-phase torque computation [7].
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The average torque obtained by the described dg-model
matches the average torque obtained by the simulation, as it
can be seen in Figure 11. For this comparison a unskewed
machine model is applied. The average torque of 150 Nm is



achieved with a current density of 9.5 A/mm? corresponding to
a effective phase-current of 197 A.
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Fig. 11. Comparison of torque obtained by dq-model and simulation.

The torque obtained by the dg-model over the current
density is shown in Figure 12. As it is expected, no torque is
generated with pure d-current. Furthermore, the maximum
torque per ampere curve bends towards a higher jo/jq-ratio with
increasing torque.

torque [Nm]

Fig. 12. Torque versus current density jq and jq.

The relative error between the torque obtained by the dq-
model and the torque obtained by the simulation is plotted in
Figure 13. The higher deviation in the region of low g-current
is caused by the low torque values. The maximum relative
error is below 0.1 %.

0.1

B\

W
A/

)
)
)

o

N
}:Q:Q
ol
QOO0

W

y
A
i

<~

Urre,
Nt g
nsi,
y

~_=

- iy
st Yo
’ W”"n bl 00 guﬂe“\ &

Fig. 13. Relative error of calculated and simulated torque versus current
density jq and jq.

It is shown that the presented model of the six-phase
PMSM describes the machine’s operation characteristics and
can be used to control and operate the presented machine.

V. CONCLUSIONS

The application of a multi-phase VPMSM with six phases,
36 slots three polepairs provides a realistic alternative to the
conventionally used three-phase drives. In addition to the
avoidance of a large part of the harmonics the motor has a high
winding factor of the fundamental wave & = 1, resulting in a
high utilization. With the developed machine model the six-
phase machine can be described and operated. The gas cooling
designed with high volume flow rates and turbulence is
proofed to be a reasonable aperture for unwarming heat in
motors core. Its shown that it can be spaced within a hollow
rotor. The measurements will be done in the future, followed
by a comparison of measurement versus simulation. As a result
of R&D work on the project e-MoSys, five patents regarding
rotor integrated cooling are filed.
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