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Abstract: The TC48 drive is a low-cost, low-voltage integrated motor-drive solution suitable for mild hybrid electric vehicles, offhighway traction, and any application where a compact, highly torque-dense machine is required. Low-voltage solutions for
electric vehicles are attractive to manufacturers due to lower insulation requirements, and hence lower cost. The package is
based on a six-phase switched reluctance machine, which uses a novel stator topology and unique winding design to achieve
high torque density. The power electronics converter hardware is integrated into the motor housing, giving a physically,
electrically, and thermally optimised solution. The complete package has been designed to be suitable for manufacturing in high
volumes. This study describes the electromagnetic design of the motor, the mechanical innovations used to physically realise
this design, and the cooling system which makes the high power density possible. The integration of the power electronics and
their control is also discussed. The project is the result of collaboration between Newcastle and Loughbosrough Universities,
RDM Ltd., Productiv, Infineon, Tata Steel, and Libralato.
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Introduction

Recent years have seen increasing interest in low-voltage (<60 V)
traction systems for mild hybrid electric vehicles [1–5]. Many
electric vehicles use higher voltages – typically between 300 and
800 V DC [6] – to obtain greater efficiencies from the easier design
of faster, more power dense, machines, and reduce losses due to
lower currents [7]. However, the low voltage has advantages too,
particularly in micro and mild hybrid applications where power
levels are lower. Such solutions are easier to integrate into existing
vehicle platforms. The lower voltage is inherently safer and
reduces the requirement for insulation, decreasing cost, and weight
[8]. Research has found that low-voltage power electronic
converters themselves are cost-neutral compared with high-voltage
systems, as the lower voltage rating is offset by higher device
count, but the requirement for isolation between the traction supply
and the auxiliary supply (typically 12 V) is removed [9].
Perhaps most telling is the number of high-profile international
industrially focussed conferences and expos dedicated to, or with a
heavy emphasis on, 48 V electric vehicles in both Europe and
America. Examples include the Electric and Hybrid Vehicle
Technology Expo, and the International Conference on Automotive
48 V Power Supply Systems, both featuring speakers from major
carmakers and tier 1 suppliers.
Motors that do not contain permanent magnets have also proved
increasingly popular with original equipment manufacturer
(OEMs) as the cost of rare-earth magnet materials is particularly
volatile [10, 11]. Switched reluctance machines, in particular, are
well suited to automotive traction applications due to their low
cost, rugged construction, and wide constant power speed range
[12–14].
Another recent trend in electric drives, particularly in the
automotive sector, is the integration of the electric machine, and
power and control electronics into a single package. This results in
higher torque density, reduced size and weight due to less housing
and connectors, and higher efficiency due to reduced losses.
Reducing the distance between the power electronics and motor
windings is particularly important when using high currents as in
this low-voltage drive.
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Motor design

2.1 Topology and winding design
Achieving the target output power of 21 kW in a 48 V system with
a maximum speed of 7500 rpm necessitates high currents within
the machine and this has a profound effect on the design choices
made.
Increasing the number of stator poles enables the current, and
hence resistive losses (which dominate this system) [15], to be
distributed more easily around the machine and reduces torque
ripple [16]. The trade-off is the decrease in tooth width, which
makes saturation in the core harder to avoid, increases the required
manufacturing accuracy, makes assembly more difficult, and
increases the number of interconnections [17]. The switching
frequency needed for high fidelity control is also increased. As a
compromise, a 6-phase 12–10 topology was chosen, with two
parallel coils making up each phase.
The low-voltage dictates a low turn number, and so placement
of the coil conductors within the slot becomes important. The high
currents make reducing the resistance, and hence increasing the fill
factor, a priority. Hence, a 10-turn pre-formed coil design is used,
with a 5 × 2 conductor layout, as shown in Fig. 1. The four-part
former, which allows compression of the coil radially and
circumferentially, is shown in Fig. 2. A coil with a high fill factor
also enables effective heat transfer to the stator laminations and
ultimately the cooling system [18].
The machine is designed for a maximum speed of 7500 rpm,
but due to the high pole number, the fundamental frequency is still
relatively high at 1.25 kHz, and so a type 1 Litz wire consisting of
seven strands is used to reduce AC losses and help spread the loss
more evenly throughout the conductor.
2.2 Stator design
In order to achieve high current density in the stator windings, it is
desirable to pre-form the coils prior to assembly onto the iron core,
in order to achieve the maximum copper fill factor possible in the
slot [19]. However, this introduces constraints for the geometry of
the core laminations and the coil cross-section. To ensure that both
the coil and core profile are optimal, a segmented stator design has
been used.
Segmented stator topologies have previously been used for
fault-tolerance [20] and manufacturing reasons [21, 22].
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Fig. 1 Pre-formed coil
Fig. 3 Power modules integrated onto water jacket (one side populated)

Fig. 4 Hall-effect current sensors
(a) With the magnetic core, (b) Without the magnetic core

Fig. 2 Coil former
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Power electronics integration

To maximise the torque at high speeds, the achievable rate of
change of current must be high. Given the relatively limited
voltage, it is important to minimise the inductance of the windings.
Therefore, the conductors between the power electronic converter
and motor windings must be kept as short as possible to keep the
self-inductance of the coil as low as possible.
Furthermore, the high current dictates that the resistance of the
conductors should be kept as low as possible, which reinforces the
need for the path between the power devices and coils to be as
short as possible.
The power electronic devices are implemented on 12 identical
power modules, mounted 2 per face on the hexagonal water jacket
of the motor, as shown in Fig. 3. This results in very short,
symmetrical connections between the motor windings and the
power electronics. Making each connection of the same length
means that all the coils will have similar electrical properties and
this helps to simplify control.
The drive topology is nominally a six-phase asymmetric halfbridge, though the diodes are implemented using the same metaloxide-semiconductor field-effect transistors (MOSFETs) as the
switching devices (i.e. each coil is driven from a full bridge),
resulting in a simplified design where all the power devices are the
same part. Each device is implemented using three parallel
MOSFETs. The low voltage makes the use of MOSFETs preferable
due to lower switching losses. The positive temperature coefficient
of their on-state resistance [23] also means they can be paralleled
with ease, and hence the total loss reduced and more widely
distributed on the printed circuit board (PCB).
The distributed DC link capacitance is implemented on these
boards, keeping the capacitors as close as possible to the power
devices. The short paths and the use of low equivalent series
resistance (ESR) ceramic capacitors mean that the overall volume
of the capacitance is minimised.
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3.1 Controller architecture
Each face also has one logic board containing a local controller,
current- and temperature-sensing devices, and gate drives. These
are responsible for low-level current control of the devices on that
face and are controlled by a central controller via a controller area
network (CAN) interface.
3.2 Current sensing
Owing to the close physical integration of the power electronics
and motor, the implementation of phase current sensing for the
controller feedback loop presents something of a challenge.
Conventional Hall-effect sensors, as shown in Fig. 4a, usually
feature a ferrite core which surrounds the conductor under
measurement and concentrates the field through the Hall-effect
element. This makes the sensor largely insensitive to magnetic
fields other than that created by the current flowing through the
core in the measured conductor but results in a large package –
∼13 cm3 for a 300 A device required for this drive [24].
Provided care is used in the electromagnetic design, a surface
mount Hall-effect transducer with no external core, as shown in
Fig. 4b, with an example conductor location and the current flow
and magnetic field indicated, can be used. This must be placed in
an appropriate location and orientation with respect to the
conductor to be measured and taking into account other magnetic
fields in the drive. The measurement is also sensitive to the
separation between the conductor and the transducer, so this must
be closely controlled and the transducers should be individually
calibrated.
As no external core is used to concentrate the flux produced by
the measured conductor, the Hall-effect element must have greater
sensitivity, and it will be more sensitive to stray fields as well as to
the field of interest. The transducers are located on top of each
phase distribution bar (described in Section 3.3), directly
underneath the sub-controller PCBs and so the main source of stray
flux is the machine winding.
One location used is directly above the end winding, and so the
main component of the stray field in the region of the sensor is
parallel to the axis of the machine, orthogonal to the flux produced
by the current in the phase distribution bar. Therefore, it does not
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Fig. 5 Slots in bus bar to guide current into appropriate direction to avoid
interference from stray fields [25]

water jacket and PCBs is used to maintain good thermal contact
between the conductors and the cooled surface while insulating
electrically. This also forms the thermal path between the power
electronics and water jacket.
This phase distribution arrangement is manufactured using
standard processes: laser-cut or stamped copper sheet is reflow
soldered to a standard IMS. Copper studs are welded onto the bus
bars and carry the current to the phase bars on the power module
above.
The wide, thin profile of the copper bars provides a large crosssectional area, and hence, low resistance while utilising the space
effectively to keep the outer diameter of the drive package low. It
also reduces skin effect and proximity loss at higher frequencies.
Combining the cooling of power electronics and machine
results in a solution which is more easily integrated into an existing
vehicle design or other application. Only a single coolant supply
and return are required.
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Simulation and practical testing

4.1 Thermal testing
An indication of the thermal performance of the machine was
obtained by supplying the current equivalent to the peak power to a
single coil. Since the drive is rated for 600 A peak current per
phase, 300 A is the peak coil current, and 150 A DC is chosen to
represent this, assuming the waveform approximates a square wave
with a 50% duty cycle. This approximation neglects iron loss,
which is relatively small owing to the high current causing resistive
loss to dominate.
The resulting temperature rise with 15 l/min coolant flow rate at
20°C inlet temperature is shown in Fig. 6.
An exponential curve with two components, representing the
thermal impedance of the coil and the core/housing, is fitted to the
experimental data. The general form is
ΔT = T c(1 − e− t / τc) + T h(1 − e− t / τc)
Fig. 6 Thermal testing results and the fitted curve

affect the current measurement with the Hall-effect element in its
‘natural’ orientation. The material is removed from the phase
distribution bar to give a narrow section where the current sensor is
located, in order to concentrate the magnetic field on the sensor.
Experimentation has revealed that this does not have a significant
impact on the heating of the phase distribution bar.
The other location used is above the main part of the winding,
where the currents in the windings and phase distribution bar are
parallel, and hence, their magnetic fields are coplanar. To avoid
interference, the bus bar is designed with slots to guide the flux
through a ‘neck’, orthogonal to the motor axis, where the sensor is
located, as shown in Fig. 5. Thus, the Hall-effect element is
sensitive to the flux produced by the current in the phase
distribution bar, but not the motor winding.
The small size and cost of the current sensor permit one to be
used per phase distribution bar in the prototype machine: two per
coil, four per phase. This allows not only the active balancing of
current between coils in the same phase, but also provides
redundancy for current measurement in the same phase to mitigate
against any remaining stray field issues, device failures, or other
issues.
3.3 Thermal management
Due to the high current density in the machine windings, cooling
must be carefully considered. The machine and power electronics
share a common cooling system. A conventional water jacket
arrangement is used to cool the machine, but the outer surface is a
hexagonal prism onto which the power electronics are mounted.
The conductors between the motor windings and power
electronics, while short, carry very high currents and therefore
good thermal contact to the coolant must be maintained wherever
possible to avoid localised heating. An arrangement of copper bus
bars soldered to an insulated metal substrate (IMS) between the

(1)

The parameters for this fit, giving an R2 value of 0.9999, are
Tc = 33.92°C
τc = 58.62 s
Th = 124.6°C
τh = 112.8 s
This model allows the temperature and rise time for any given
power loss to be calculated.
4.2 Static testing
The machine was designed and simulated using the finite element
(FE) method in Infolytica MagNet. Once constructed, the machine
was subjected to static torque and ‘psi-I’ tests to assess its
performance and compare with the simulation. Together the
characteristics produced by these tests indicate the torque
capability of the machine and can be used to determine the
requirements of the converter.
The static torque characteristic was found by supplying a single
phase with DC in steps of 50 A up to 600 A with the rotor locked
in position using a rotary table. The test was repeated at intervals of
10° electrical (1° mechanical for this 10-pole machine). The torque
was measured using a torque transducer, which measures the
displacement of a shaft of known length and stiffness. An early
implementation of the prototype machine (with cylindrical
housing) is shown on the static test rig in Fig. 7.
The characteristics are shown in Fig. 8 compared with the 600
A simulated characteristic. The simulated results are generated
from a 2D FE model which does not model end-leakage inductance
and therefore indicates a slightly higher torque than the constructed
machine.
It must also be noted that the unaligned position does not appear
to lie exactly halfway between the two aligned positions in the test
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Fig. 7 Prototype machine on the static test rig
Fig. 9 Results of search for optimum advance and conduction angle at
1750 rpm

Fig. 8 Static torque characteristics – measurement and simulation

data. A possible cause of this is physical hysteresis in the torque
transducer or rotary table.
4.3 Drive performance
The results from the static testing presented in the previous section
were used in a model of the complete drive to predict overall
performance. This model is implemented in MATLAB Simulink,
with the converter circuit modelled using PLECS. Each phase of
the machine is represented by a lookup table – based on the
measured psi-I characteristics – giving the current according to the
applied phase voltage (integrated to find the flux and taking into
account the phase resistance), and a lookup table giving the torque
for this current, based on the measured static torque characteristic.
One limitation of this model is that mutual flux between phases is
not modelled.
The controller uses the psi-I data, re-interpreted to give a flux
demand to generate a square current waveform, with a deadbeat
flux controller [26, 27]. More advanced torque-sharing functions,
based on this approach, can be used to reduce torque ripple [28,
29]. The resultant voltage is applied with a conventional pulse
width modulation scheme operating at 20 kHz.
The model allows the conduction angle (the interval for which
each phase conducts current) and advance angle (the interval
before the aligned position at which the phase begins to conduct) to
be varied. These parameters are iterated at various speeds
throughout the operating range to find the values which produce
the highest mean torque over an electrical cycle. A script is used to
perform a smart traversal of the conduction-advance angle plane,
ensuring that the global maximum is correctly identified without
excessive simulation runs. An example of the results of this
optimisation at 1750 rpm is shown in Fig. 9.
The complete torque–speed curve produced from the drive
simulation with the optimum angle control parameters is shown in
Fig. 10 along with the specification torque–speed curve for
comparison.
4

Fig. 10 Torque–speed curve produced by drive simulation

This characteristic represents the maximum torque that can be
produced for each speed using the rated current. It does not take
into account the thermal limitations of the machine but indicates
the limits of short duration performance.
It also does not consider other objectives such as efficiency or
torque ripple minimisation.
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Conclusions

The TC48 project has demonstrated a viable design for an
integrated switched reluctance drive, achieving high torque density
and a compact package within the design space envelope.
This has been made possible by the careful design of each
aspect of the drive and the package as a whole. While dynamic
experimental testing is yet to take place, the simulation of the drive
and static testing of the constructed prototype show that the
performance of the drive meets the specification.
While designed as an automotive traction motor for mild
hybridisation, the complete unit also represents an attractive
proposition for full electrification of a small road vehicle or a
variety of off-highway applications such as materials handling.
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