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ABSTRACT

This paper presents a feasibility study into the application of a 100V, 50kHz high frequency aternating
current (HFAC) network for powering automotive electrical auxiliaries. The study is focused on motor-
actuated loads, and is divided into two sections. First, the investigation indicates the benefits of replacing
low-torque DC motors with lighter and more efficient 400Hz AC machines for applications such as
eectric fans, fuel pumps or blower motors. A comparative examination of commercially available
machines indicates space and weight reduction of more than 60%, and efficiency savings between 25%
and 100% are possible. Second, the inquiry evaluates the viability of replacing existing DC/AC inverters
with HFAC/AC converters for high-torque AC machines as employed for example in the electric power
assisted steering (EPAS) or the heating, ventilation and air conditioning (HVAC) systems. Based on
experimental and simulation results for a column-assist EPAS application, employing a three-phase
permanent magnet synchronous motor, this study shows that a HFAC drive is expected to reduce the
voltage harmonic content below 50kHz by at least 10% compared to the DC/AC inverter. However, the
disadvantages of the former drive make it less attractive than the existing DC/AC circuit. Specifically,
the EPAS motor torque ripple is expected to be approximately 2% higher compared to the DC
counterpart drive. Further drawbacks of the HFAC/AC drive include high MOSFET conduction losses,
higher voltage harmonics above 50kHz and complex control requirements of the inverter. Conclusively,
significant HFAC advantages for motor loads can be attributed only to machines with a nomina torque
capability that is limited to 2Nm. However, given the number of such devices within a typica vehicle,
this trandates into a possible vehicle mass saving of 30kg and a potential reduction in fuel consumption
by 0.8L/100km.
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TERMS AND ABBREVIATIONS

DC - Direct Current

EPAS - Electric Power Assisted Steering

EMI - Electromagnetic Interference

HFAC - High Frequency Alternating Current
HVAC - Heating, Ventilation and Air-Conditioning
LED - Light Emitting Diode

OEM - Origina Equipment Manufacturer
PDM - Pulse Density Modulation

PM - Permanent Magnet

PMSM - Permanent Magnet Synchronous Motor
PWM - Pulse Width Modulation

SV - Space Vector

THD - Total Harmonic Distortion

VVT -VariableVave Timing

ZVS - Zero Voltage Switching

ZCS - Zero Current Switching
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[. INTRODUCTION

The increased levels of vehicle electrification
and the widespread deployment of electronic
control systems are widely seen as the enabling
technology for a number of the safety, driver
assistance, infotainment and powertrain features
of new vehicles (Lukic and Emadi, 2002, Lukic
and Emadi, 2003, Emadi et al., 2004). Recent
studies, such as (Line et al., 2008, Jonasson and
Roos, 2008, Uchida et al., 2007, Eki et a.,
2007), have highlighted the trend associated
with the transition of the vehicle from being
primarily a mechanical system to a mechatronic
one, containing a number of higher power and
in some cases safety-criticl and by-wire
systems. The problem with this trend is that the
power demand of state-of-the-art applications is
expected to exceed the capability of the current
14V DC system. Although an dternative 42V
DC PowerNet has been proposed by the SAE
Dual/Higher Voltage Committee in the early
1990s to solve this issue, technical hurdles such
as electric arcs, connector corrosion problems
and bus-to-bus faults have yet to be overcome
(Keim, 2004, Caliskan, 2000, Doublet et al.,
2004). A high frequency AC (HFAC) power bus
is potentially the solution due to its feasibility
for applications with a cumulative power rating
of 4kW, as detailed in the study by Antaloae et
a. (2010a). Also, the reliability problems
related to high voltage connectors can be
eiminated since the HFAC system utilises
magnetic and galvanically-isolated connectors.
However, the automotive industry is
characterised by high levels of competition

coupled with continuous consumer pressure for

Page 3

ever increasing levels of vehicle performance,
fuel economy and price reduction. The long-
term sustainability of HFAC technology will
therefore largely depend on the ability of the
industry to integrate HFAC systems in a manner
that maximises both the performance and
environmental attributes of the vehicle, while
concurrently helping to shorten development

times and production costs.

The motivation for researching the application
of HFAC as a possible replacement for the
conventional DC in-vehicle power distribution

network is summarised bel ow:

First, HFAC cables ae a comparatively
lightweight and efficient. A detailed case study
contained within (Antaloae et al., 2010Db)
highlights a potential copper weight saving of
70% and 30% for a 50kHz, 100V AC bus when
compared to 14V and 42V DC systems,
respectively. Also, based on the same
comparison, the study indicates an increase in
power distribution efficiency by 90% and 80%,
respectively. The high operating frequency of
the network also facilitates the design of more
compact circuit elements such as capacitors,
inductors and transformers. In addition, smaller,
lightweight and more efficient electrical motors
operating at 400Hz can be easily interfaced
from a HFAC bus using frequency converters.
As a result, such machines may potentially
replace existing low torque DC motors in a
number of vehicle applications. DC machine
technology is known to integrate permanent

magnets, which add considerably to their weight



in comparison to AC machines (Masrur et a.,
1998a).

Second, the HFAC network inherently enables a
distributed
conversion undertaken localy at the point of
use. As discussed in (Kassakian et al., 1996),

this architecture will in turn facilitate easier

more topology with  power

technology integration and fault diagnosis. Both
activities are widely reported as being
challenging and resource-intensive, especialy
when dealing with conventional DC systems in
which the network may typically contain up to
600 sub-modules and connectors, 1500 wires

and up to 2000 terminals (Honeywill, 2007).

The third motivation relates to the fact that
simultaneous power regulation can be achieved
for all the loads connected to the HFAC bus,
unlike within some 42V/14Vv DC power
networks where only one of the buses can be
regulated a any given time (e.g. dual-stator
(Caliskan, 2000),
dternator or transformer/rectifier power net
(Smith, 1991)). It is essentiad for new network

alternator dual-reference

topologies to meet the demand for different
voltage levels concomitantly, since it is
expected that loads will require voltages ranging
from 5V for instruments and eectronic control
units, to 14V for the majority of the existing
loads in vehicles, and a higher voltage for
modern loads that require more than 2kW such
as the engine electromechanical valves or active
suspension systems (Raashekara, 2003). In
addition, electrical systems based on current at
frequencies above 10kHz are known to

represent a less hazardous working environment
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for humans than equivalent DC networks or
those employing lower-frequency AC current
(Patel, 2005).

The transformers employed within a HFAC
architecture not only have a typical power
conversion efficiency above 95% (Wong, 2004)
but aso provide gavanic isolation for the
different sub-systems connected to the bus.
Furthermore, any output voltage or current level
is easily obtainable by appropriately choosing
the turns-ratio of the transformer windings. This
in turn, facilitates the potential optimisation of
the actuator design in-line with a specific

voltage level rather than the generic 14V

supply.

The potential advantages highlighted above
HFAC have

motivated a number research institutions and

associated with the use of

original equipment manufacturers (OEMS) to
investigate the application of AC for in-vehicle
power distribution. The voltage and frequency
levels under consideration have typically ranged
from 48V to 440V and from 400Hz to 25kHz,
using either a square-wave or sinusoidal voltage
waveform. The research conducted by Kokes
(1997) primarily focuses on the feasibility and
performance of a 4kw DC/HFAC inverter and
power distribution based on a square-wave
voltage at 80V, 25kHz. The same frequency was
considered by Kassakian et al. (1996) for a 48V
auxiliary electrical system, where loads are
interfaced by local power converters at different
locations in the vehicle. The only examination
of HFAC for power distribution within a hybrid
electric vehicle (HEV) was undertaken by Bose



et al. (1996), which focused on the general
description of a 20kHz, 440V system.

While the studies highlighted above share the
same generic concept of replacing DC with
HFAC, the focus is directed to either an in-
depth analysis of the power generation sub-
system (Kokes, 1997) or towards a genera
description of the HFAC system (Bose et 4.,
1996, Kassakian et al., 1996) with little detail or
only qualitative evidence being provided as to
the benefits of HFAC for auxiliary electrica
loads.

Within the context of this study, the most
pertinent publications are by Masrur et al.
(19983, 1998Db), which present an analysis of the
tradeoffs associated with replacing the auxiliary
DC system within vehicles with an alternative
400Hz AC system, using either a single-phase
or three-phase voltage supply. In addition to a
qualitative system-level examination, the study
by Masrur et al. (19983, 1998b) cites the two
main advantages for 400Hz AC as being:

o firstly, the use of optimised three-phase
AC machines which can be up to 40%
smaler than comparable DC motors,
and
secondly, a financial cost saving for
both
motors with a power factor higher than
0.737 and 0.956, respectively.

particular, a normalised cost saving of

three-phase and single-phase

In

up to 0.7 was noted for three-phase

400Hz machines with a power and
torque rating of 122W and 90Ncm,
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respectively, in comparison to DC

motors.

What differentiates the research presented

within this paper is that it provides a
comprehensive and timely account of the
benefits of HFAC power for vehicle auxiliaries
The qualitative
benefits of 400Hz AC motors as presented in
(Masrur et al., 1998a, Masrur et al., 1998b) are

extended to take into account the quantitative

based on motor actuators.

analysis of three-phase, low torque 400Hz

induction  machines using data from

commercialy available technology.
Consideration is also given to the use of HFAC
for high torque motors such as those employed
as part of an eectrically power assisted steering
(EPAS) system in which the use of low torque
400Hz machines would be inappropriate. An
experimental study is undertaken into a
modified column-assist EPAS system that
employs a permanent magnet synchronous
motor (PMSM). The aim of this study is to
validate the Matlab Simulink model of the
synchronous motor for the speed and torque
profiles associated with different steering
manoeuvers. Subsequently, the model is used to
assess the voltage harmonic content and motor
torque ripple of the standard DC/AC inverter,
compared to a HFAC/AC drive based on zero-

voltage switching.

The paper is structured as follows: section 11
includes a brief system description and
overview of the main sub-systems within a
HFAC power architecture. Section Il
dedicated to the analysis of HFAC for motor

is



loads, and is divided into two parts: section 111.1
includes a comparative analysis of DC and
400Hz AC machines, and section I11.2 looks at
the feasibility of a HFAC drive for the case
study of an EPAS system. Section 1V
summarises the main findings and criticaly
evaluates the advantages and drawbacks of
HFAC power for motor-actuated auxiliary loads
in passenger vehicles.

[l. HFAC SYSTEM DESCRIPTION

As illustrated in Figure 1, the present 14V DC
electrical system has a centralised topology. The
majority of the loads are connected to the main
bus in a point-to-point architecture through
switches and relays, whereas the ignition and

engine motor starter have direct power links.

Besides the limited power capability discussed
in Section I, the 14V DC system has severd
First, the centralised

topology leads to an expensive, complex and

major shortcomings.
heavy wiring harness. Second, the bus voltage
level can oscillate between 9V and 16V
depending on the engine speed, aternator output
current, battery age and state of charge. This
imposes an overrated design of the load
components since the auxiliaries, aimed to
operate at the nomina 14V voltage, have to
cope with significant changes in the bus current
(Miller et d., 1999). For example, tier one
suppliers indicate an operating voltage interval
of 6V to 14V for atypical fuel pump and 8V to
16V for automatic transmission actuators. Other
disadvantages include the high failure rate of
connectors, and the expensve and time

consuming process of assembly, fault tracing
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and repair as further noted by Miller et al.
(1999).

These problems can be solved by the
replacement of the current 14V DC system with
a HFAC network. The concept architecture for
the proposed power bus is illustrated in Figure
2. As opposed to the DC power net, the HFAC
architecture employs a distributed topology
where DC power is converted to AC and then
transmitted on the main bus at high frequency.
The required converters, transformers, rectifiers
and filters are then alocated at each point of

use.

For the present analysis, a HFAC system based
on a single-phase sinusoidal voltage distribution
at 100V and 50kHz is considered. From an
electromagnetic interference (EMI) perspective,
due to its lower harmonic content, it can be
argued that a sinusoidal voltage waveform is
preferable to a square-wave voltage waveform
(Kokes, 1997). In addition, a high distribution
voltage is preferable in order to reduce the
resistive losses within the distribution cable.
The exact value of voltage amplitude was
chosen in accordance with the SAE J2232
standard (SAE, 1999). In addition to being
above the audible limit of 20 kHz, the rationale
for choosing 50kHz as the bus frequency is
based on a compromise between the two
conflicting requirements of low conductor
weight and high transmission efficiency. As
illustrated in Figure 3 and detailed further in this
section, the higher the frequency used, the lower
the current skin depth and therefore lighter

weight flat cables can be employed within the



vehicle. However, the reduction in conductor
size is accompanied by a higher impendence,
which affects the voltage drop and resistive
losses in the distribution sub-system, and

possibly a greater financial cost for the OEM.

The main components of a HFAC system are
the DC/HFAC inverter, the HFAC distribution
bus and the HFAC/DC or HFAC/AC converters
serving as the interface between the power bus
and the respective DC or AC loads. The
functionality of these subsystems is briefly

outlined below for reference.

DC/HFAC inverters typicaly employ either
hard or soft switching techniques to transform
the DC into sinusoidal or square-wave HFAC.
As opposed to the hard switching method, in the
soft switching approach the power MOSFETSs or
IGBTSs change state when either the voltage or
current across the switch is zero. As detailed in
(Antaloae et a., 2010a), one downside of soft-
switching inverters is the high voltage and
current stress on the resonant circuit
components that transform the DC voltage into

resonant DC voltage.

Although the inverter presented by Kokes
(1997) has been shown to be suitable for loads
up to 4kW, this type of hard-switched inverter
has the disadvantage that it is comparatively less
efficient and is more susceptible to EMI than an
equivalent inverter that employs a soft-
switching strategy. An example of such a
circuit, which can potentially be employed in an
on-board HFAC architecture, is the resonant-
switch DC/HFAC discussed

inverter, in
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(Antaloae et al., 2010a) and shown in Figure 4
for reference. The converter can supply up to
4kW in the form of a 100V, 50kHz sinusoid
from a 42V DC source. A detailed study into the
performance of the circuit shows that an
efficiency greater than 90% for a wide output

range of loadsis obtainable.

With respect to the distribution network, when
selecting the HFAC conductor, consideration
must be given to the skin effect that is present
when a high frequency supply is used. It is
known that at frequencies in the kilohertz range,
current will only flow through a smaller
conductor area than the one physically available
(Sudipta et a., 2007). Conseguently, it is
deemed that the use of flat electrical conductors
is best suited for HFAC power distribution

(Antaloae et d., 2010b).

HFAC converters can interface low or high DC
and AC voltage loads, as well aslow or medium
frequency (50Hz, 60Hz and 400Hz) AC motor
loads, induction heating systems or current-fed
applications such as LED lamps. These
converters are typicadly based on the pulse
density modulation (PDM) technique and have
been extensively investigated for aerospace,
naval and telecommunication electrical systems.
In fact, the use of 400Hz components within the
vehicle could leverage the existing component
supply
application areas.

base infrastructure from these

HFAC/DC synchronous rectifier devices based
on zero-current switching (ZCS) can supply the

DC voltage or current fed ancillaries (Sood and



Lipo, 1988, Jain et a., 1993, Drobnik, 1994,
Mei et a. 2002). Conversely, HFAC/AC
converters utilising zero-voltage switching
(ZVS) can synthesize a lower frequency supply
from the HFAC bus (D. D. Renz, 1983,
Agrawa et a., 1992). The cited studies indicate
efficiency figures above 90% for these
converters. For reference, Figure 5 illustrates
the schematic diagrams of common PDM
converters, including HFAC to DC, one-phase

and three-phase low frequency AC.

However, the weakness associated with the use
of HFAC is that the basic switching element
within the converter must withstand voltages
and currents in both directions and therefore two
inverse-series  MOSFETs or IGBTs must
generally be used (Bose et a., 1996). Likely
consequences of this requirement can be related
to an increase in circuit cost, complexity,
durability and conduction losses. In addition,
potential reliability issues can arise due to the
increased number of switching elements within

the circuit.

[1l. MOTOR LOADS

This section discusses the feashbility and
potential benefits associated with the use of
HFAC for motor actuators within vehicles.
Consideration is first given to low torque
actuators as used in electric radiator fans and
pumps, before extending the discussion to take
into account the integration of HFAC within
high-torque applications asin an EPAS system.

[11.1. Low torque motor loads
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Automotive applications such as eectricaly
driven cooling fans, pumps and windscreen
wipers generaly employ 14V DC motors with a
rated torque characteristic that peaks under
2Nm. The authors propose that such actuators
can be replaced by more compact 400Hz, AC
induction machines interfaced from the HFAC
bus by either a three-phase or a single-phase

frequency converter.

[11.1.1 Feasibility analysis of 400Hz motors

AC machines can be interfaced from the HFAC
bus by ZVS frequency converter circuits, aso
known as cycloconverters. The functionality of
such devices is well document in the literature
(D. Renz, 1983, Agrawal et al., 1992, Bose et
a., 1996) and will therefore not be repeated
here. For reference, Figure 6 presents example
circuit topologies for both a three-phase and a
single-phase cycloconverter. Figure 6 shows
how a two-leg inverter can be used to couple a
single-phase AC machine to the HFAC bus.
Conversely, if three-phase AC machines are to
be employed, then a threeleg converter is
required. Irrespective of the number of current
paths within the cycloconverter, as discussed in
Section |1, two inverse series MOSFETSs form
the integrated switching element. By means of
an example, Figure 7 shows the resulting typical
three-phase 115V voltage for a 400Hz induction
motor,
synthesized from the 100V, 50kHz sinusoid.

which has been stepped up and

If 400Hz AC motors are to feasibly replace the
present low torque DC motors in vehicles, they
must offer the same torque-speed characteristics

that are found within today’s DC machines. It is



known that the starting torque output of a DC
machine can be considerably higher than that
found within a comparable AC induction motor
(Masrur et al., 1998a), and therefore it is
necessary to determine under what conditions
AC machines may successfully take the place of
DC motors. For this purpose, performance data
has been collected from a wide range of
commercialy available AC and DC machines,
appropriate
applications. Tables 1 and 2 include the

for use within automotive
operating point, size and potential use in the
vehicle for the DC and AC induction machines,
respectively. For the particular case of a 40Ncm
DC motor, as employed for examplein athrottle
valve control actuator (lles-Klumpner et al.,
2006), Figure 8 presents the process associated
with matching the operating envelope of the DC
and AC motors. The graph includes the torque-
speed characteristic for a 160W DC motor, with
the nominal operating point at 40Ncm, 3700rpm
(denoted as point 2 on the graph). The similar
characteristic curve for the 425W induction
motor, which has a nominal torque of 34Ncm at
11,100rpm 1 1t
noteworthy that the starting torque of the two

is denoted as point is
machines differs by a ratio of approximately
3:1. As shown in Figure 8, if a suitable gear
reduction ratio is integrated within the AC
motor, its nominal operating position shifts from
point (1) to point (1) and the starting torque
increases to more than 200Ncm. Figure 8
highlights also that with the inclusion of a fixed
gear reduction, the torque capability of the AC
motor increases threefold compared to the DC
counterpart in the 1,000rpm to 3,000rpm region.
In particular, the torque capability of the two
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candidate machines for a rotational speed of
2,000rpm is 255Ncm and 85Ncm, respectively.
Vdues in this region can be a potential benefit
for the throttle valve actuator. Table 3 presents a
summary of the relevant data-set for this
exercise and shows that with the appropriate
gear ratio a 425W AC machine can successfully
meet the specified stall and nomina torque

requirements for the automotive application.

Repeating the steps above for a wider selection
of motors, the study shows that 400Hz induction
motors meet the torque specification of DC
machines of up to approximately 180W. Beyond
this limit, AC motors fail to meet the high
starting torque requirement of the DC motors.
This conclusion is supported by other studies
contained within the literature (Masrur et a.,
1998b). Although the mgjority of motor loads
require less than 200W, including fuel pumps,
eectric cooling fans, window and seat motors,
blower and windscreen wiper motors (Bosch,
2004), there are also DC machines with a higher
power rating than the above threshold. For
example, the power rating of motors found in
electric water pumps and oil pumps can extend
to as much as 500W (Lukic and Emadi, 2002,
Lukic and Emadi, 2003, Miller and Nicastri,
1998). Therefore, based on present motor
technology, off-the-shelf 400Hz machines are
feasible to replace DC motors with a maximum
stall and nominal torque capability of 4Nm and
2Nm, respectively. However, it should be noted
that future technological improvements can
possibly extend these limits, since the suggested

nomina torque limit for a similar analysis



conducted more than a decade ago was only
0.9Nm (Masrur et al., 1998b).

[11.1.2 Benefits of 400Hz induction motors

For equivalent 400Hz AC machines, Figure 9
presents the potential reduction in packaging
volume within the vehicle as a function of the
machine's power rating. The Figure shows that
a significant reduction, in the order of 60%, is
realisable. A similar reduction in the weight of
the electrical machine can also be achieved via
the transition from a DC machine to an AC
induction motor (Masrur et al., 1998a). As
shown in Table 1, within an automotive context,
the mass of individual DC machines was found
to be typically between 0.4kg - 1.5kg.
Therefore, considering an average mass of 1kg
per DC motor, and that up to 50 such devices
may be integrated within a typical passenger
vehicle, the potentia vehicle weight saving can
be estimated to be approximately 30kg, whichis
a noteworthy advantage. It should be
highlighted that this is only a first-order
approximation and it is based on the assumption
that the AC machines detailed in Table 2

include the required gear reduction mechanism.

In addition to the possible reductions in system
weight and packaging volume, Figure 10
highlights efficiency improvements between
25% and 100% associated with the use of
400Hz induction motors as compared to DC
machines. Efficiency data for commercialy
available motors are available only for their
respective nominal operating points. It can be
assumed that the machines will operate in a

close vicinity of their nominal, i.e. most

efficient, operating region. Assuming an
average power rating of 100W for continuoudy
operating low-torque DC motors, and
considering the possible mean energy saving of
30% based on Figure 10, the potential power
saving for such machinesisin the order of 30W

per device.

However, in order to determine a more accurate
estimate of the system efficiency, consideration
should be given to the duty cycle of the different
motor actuators. Specifically, whereas loads
such as the fuel pump have a continuous duty
cycle, applications including windscreen wipers
or power windows are only operated on an
intermittent basis. Using the information
contained in (Bosch, 2004) on power
consumption for different electrical consumers
in vehicles, a duty cycle of 0.3 has been
identified as an appropriate value for motors
running intermittently.  Consequently, a
potential individual saving of approximately
10W for such machines can be achieved. As a
result, considering the estimated saving of 30W
and 10W for each continuous and intermittent
machine and noting that only a small proportion
of motor loads have a continuous operation, the
total potential power saving for atypical vehicle

may be in the region of 500W.

The efficiency improvements shown do not take
into account the small losses caused by the gear
reduction integrated with the AC motors, nor
the conduction losses within the cycloconverter.
However, the efficiency of a fixed ratio
transmission is typically high, in the order of
97% (Jordan, 1994). Also, for the maximum
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output power of 181W considered in this
exercise, the cycloconverter current is 1.6A at
115V; since only the upper or lower sidein each
converter leg is conducting a any given
moment, only 6 power MOSFETs are
simultaneoudly in the on-state. As a result, for
16A and for a MOSFET with an internal
resistance of 40mQ, the total 12R losses for the
circuit peak at just 0.62W.

The HFAC/three-phase AC cycloconverter
(illustrated in Figure 6) can be either integrated
with each AC motor in modules operating as
separate entities, or a single cycloconverter can
be used and al motors connected to the 3-phase
400Hz AC bus. Although the latter method is
initially less expensive, due to the employment
of a single frequency converter, the former
approach is potentially more attractive since the
modules can be used in a plug-and-play mode.
This can lead to an effective maintenance
procedure, which in turn may save cost over the
lifetime of the vehicle.

Conclusively, based on a number of
assumptions regarding to the number of
electrical motors in the vehicle and the duty
cycle of the mgjority of these, potential vehicle
weight and electrical power saving in the region
of 30kg and 500W can be realised, respectively.
Also, since the 400Hz machines are proposed as
replacement for brushed DC motors, EMI can
be improved as well as the overall reliability of
the system.

Based on the fact that approximately 5% of the

fuel consumed in a medium-sized automobile is

used to drive the dternator and transport the
combined weight of the starter, battery and
aternator, approximately 0.1L/100km can be
attributed to every 10kg added to the vehicle or
100W of drive power (Bosch, 2004). Mapping
the figures above to these potential savings in
terms of weight and electrical power associated
with the use of 400Hz motors, a possible fuel
consumption  saving  of
0.8L/100km (or extended vehicle range by 5

miles per imperial gallon) isfeasible.

approximately

Severa aspects should be noted with regard to
the three-phase AC system supplying the 400Hz
AC motors. First, additional weight and
packaging volume can potentially be saved at
the power distribution level, since the three-
phase AC system requires less copper than aDC
system to distribute the same amount of power
(Miller, 1996). Also, the three-phase system is
more fault-tolerant: if one of the lines breaks
down, power distribution is degraded but
nonetheless can be maintained by the remaining
two lines. However, a possible issue related to
the three-phase system is that it may require a

|oad-bal ancing mechanism amongst the phases.

[11.2 High torque motor drives

Within the context of the present analysis, high
torque refers to applications with a rated
requirement above the 2Nm capability of 400Hz
AC induction machines. Such loads include, for
example, existing consumers such as EPAS
(7Nm), air-conditioning (6Nm) and proposed
state-of-the-art systems such as brake-by-wire,
variable valve timing (VVT), electromechanical
active suspension or the full eectric gearbox.

All of these applications integrate motors with a
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rated torque of 3Nm, 4Nm, 50Nm and 120Nm,
respectively  (lles-Klumpner et a., 2006,
Murakami et al., 2001).

As aresult, within such applications high torque
actuators are used. These may include
permanent magnet (PM) DC or three-phase
interior or surface-mounted permanent magnet
machines. For example, a 320w PM DC motor
has been shown to be feasible as a possible
VVT actuator (for one valve) (Chang, 2003);
also, it has been reported that a three-phase,
surface-mounted PM AC machine rated at
3.1kW is suitable for the heating, ventilation
and air conditioning (HVAC) system in vehicles
(Naidu et al., 2003). It is noteworthy that these
high torque applications require a higher voltage
than the current 14V. Particularly, for the two
examples above, a 42V DC supply has been

considered a pre-requisite.

In order to interface such actuators from the
HFAC bus, two methods can be employed. A
first possibility is to transform the HFAC into
DC, using ZCS synchronous rectifiers as
described in Section 11, which in turn supplies a
high-torque PM DC motor. The dternative
approach isto utilise an existing three-phase AC
machine, but replace the standard DC/AC
inverter with a HFAC/AC drive. Such an
inverter can synthesise the low-frequency AC
from the HFAC based on ZVS and PDM. The
second solution is preferable to the former as
the intermediary stage of converting HFAC to
DC can be €liminated. In addition, since soft
switching is used, a HFAC/AC converter is

expected to offer benefits such as lower voltage

EMI and reduced motor torque ripple in
comparison to the equivalent DC/AC bridge.

In order to test these assumptions, atypica high
torque load has been considered: the EPAS
application, which is a standard technology on
the majority of vehicles today either as a full-
eectric or eectro-hydraulic system. Both PM
DC and PM AC motors are suitable for EPAS,
athough the latter in the form of a surface-
mounted PM synchronous motor (PMSM) isthe
preferred choice due to its high specific torque,
coupled with high efficiency and low torque
ripple (Liu et a., 2004, Hur, 2008). The torque
oscillation is a peformance attribute of
particular interest, since it causes not only an
audible noise, but aso mechanica vibration
within the steering column which is propagated
through to the steering wheel (Bianchi and
Bolognani, 2000).

To support this study, an experimenta test-rig
of a production EPAS system is employed to
create a redlistic load profile for the PMSM
actuator. This setup is described further in
Section 111.2.1. Subsequently, in Sections 111.2.2
to I11.2.6, a mathematicdl model of the
experimental apparatus is described and used to
extend the study by providing an insight into the
operation of HFAC/AC and DC/AC drives for
the EPAS application. In particular, the model is
used to compare the voltage harmonic content
and the PMSM torque ripple associated with the
two drives.

[11.2.1 EPAS Experimental Apparatus

The experimental column-assist EPAS system is

shown in Figure A.1 and it includes a variable
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load in the form of a hydraulic circuit that
emulates the typical road forces associated with
different steering manoeuvers. The origina
production motor attached to the steering
column was a 14V, 300W PM DC motor. As
part of the study, this machine was replaced
with a bespoke three-phase 440W PMSM
machine. Information relating to the design of
this machine, which is shown in Figure A.2, is
discussed in (Wang et al., 2010) and will
therefore not be repeated here. The full list of
machine parameters is included in Table A.1.
The relevant machine parameters appropriate
for this study are summarized below for
reference:

e open-circuit phase voltage 12.5V;

e phasecurrent 13A;

o base speed 62.8rad/s (600rpm);

e nominal torque 7Nm;

A schematic diagram showing the main
components, connections and control of the
EPAS system is depicted in Figure 11. The
hydraulic subsystem emulates the variable load
of the EPAS systems by means of two needle
valves. These valves control the bi-directional
flow and hence the pressure within the circuit.
An off-the-shelf device controls the PMSM
torque based on two inputs; first, a reference
motor current is set using the associated
computer software, and second the rotor
position signal from the encoder attached to the
PMSM.

Using the experimental apparatus, discussed
above, a comprehensive test programme was

undertaken using a 48V DC power supply. The

reason for a higher voltage level than 42V DCis
that 48V is the minimum required by the
controller. The results of this activity were used
to validate the equivalent EPAS DC model built
within Matlab Simulink. The following section
describes the construction and implementation
of the mathematical model.

[11.2.2 Description of the EPAS Mode with
DC/AC Drive

The Matlab Simlulink EPAS model includes
three main sub-systems, which build upon the
existing SimPowerSystems toolbox. A high-
level diagram of the model is shown in Figure
12.aand includes:

o the representation of the PMSM motor,
described in Section 111.2.1;

o the power eectronics subsystem, which
implements both the motor control
scheme and the DC/AC bridge, and
finaly

o the subsystem that emulates the load
torque for the PMSM,

The latter component of the mode is
represented as a torque vs. speed lookup table

that has been derived from experimental results.

The torque control is achieved via the vector
control technique, which is considered superior
to other regulation methods such as VoltgHertz,
sensorless vector or flux vector control, and has
been extensively described in the literature
(Emadi, 2005). For reference, a schematic
diagram of this control method is illustrated in
Figure 12.b. Block A, which relates to the
vector control, is based on the Clarke and Park
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transformations method of converting the three-
phase motor currents into the d and q axes
components. The current component along the
g-axis is directly proportiona to the motor
torque and the current component along the d-
axis is directly proportional to the motor flux.
Therefore, iq ref shown in Figure 12.b
represents the torque command to the control
system. In addition, since the rotor flux is fixed
(determined by the physical properties of the
magnets employed within the PMSM), the
current reference along the d-axis is set to zero
(Emadi, 2005).

An important block in the control scheme in
Figure 12.b is the modulation model. Typical
strategies include sinusoidal and space vector
(SV) methods, based on pulse width modulation
(PWM). It has been reported in the literature
that the latter (SV PWM) offers superior
performance in terms of low voltage total
harmonic distortion (THD), torque ripple,
switching losses and high output-to-input
voltage ratio (Emadi, 2005, Tsung-Po et al.,
1999). Therefore, this modulation technique has

been implemented in the control model.

[11.2.3 Validation of the EPAS Mode with
DC/AC Drive

Several tests have been carried out in order to
validate the Simulink mathematical model.
Experimental and simulation waveforms
associated with four tests are illustrated in
Figure 13, and include steady state motor
current of 1A and 2A, and current step tests
from 3A to 4A, and 4A to 6A.

Each test has been performed at a different
pressure level in the hydraulic circuit, and is
representative for the varying load conditions
within the EPAS system (e.g. high or low motor
load for parking maoeuvers or urban driving,
respectively). In particular, by adjusting the
flow in the hydraulic circuit using needle valves
(as indicated in Figure 11), the different road
load characteristics shown in Figure 14 have
been obtained for the four test scenarios and
were implemented as the torque vs. speed load
characteristics in the model (Block C in Figure
12).

The first two test cases (1A and 2A motor
current) and the latter two experiments (3A-4A
and 4A-6A) are representative for low-level and
medium-level motor assist within EPAS
systems for small to medium size vehicles (Eki
et a., 2007). Specifically, since a constant of 2.6
has been identified as the ratio between motor
current (A) and torque (Nm), the active current
waveforms in Figure 13 (right) correspond to a
torque range between 0.38Nm and 2.31Nm.
Consequently, based on the gear ratio of 12to 1
between the motor shaft and the steering
column, and that the pinion radius in the rack-
and-pinion connection equals 7mm, the forces
exerted in the test hydraulic circuit for the four
trials are: 650N (for 1A motor current), 1.3kN
(2A), 1.95kN (3A), 2.6kN (4A) and 3.9kN (6A).
It should be noted that although the motor rated
torque is equal to 7Nm, the present anaysis is
limited to 2.31Nm due to the high stress on the
mechanical components in the EPAS apparatus
(Figure A.1).
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As it can be seen in Figure 13, for EPAS motor
torque levels appropriate for use within both
small and medium-sized vehicles, a high degree
of correlation exists between the experimental
and simulation results. This in turn implies that
the mathematicd model of the DC system is
representative of the physical realisation of the

technol ogy.

[11.2.4 Modification of the EPAS Modd to
include a HFAC/AC Drive

The validated EPAS model described in Section
[11.2.2 has been extended in order to integrate a
HFAC/AC drive that replaces its DC/AC
counterpart. The aim of this study is to derive a
comparison between the operation of the two
inverter technologies, in terms of both the
output voltage harmonics and the motor torque
ripple. Both of these parameters, as discussed in
(Bianchi et a., 2005, Graovac et d., 2008), are
key to satisfactory system performance within a
vehicle application.

The modifications made to the model are related
only to block A of Figure 12 (aand b) and are
illustrated in Figure 15a. The enhancements
consist of replacing the 6-switch DC/AC
inverter with a 12-switch HFAC/AC circuit
(detailed in Figure 15.b). The rationale for this
design decision has aready been discussed in
Section II. The enhancement of the SV PWM
agorithm for zero-voltage switching is
described below.

A common way to represent the three phase
machine voltages is by using a space vector

model. This technique has been extensively

covered in the literature (Emadi, 2005). The
main principle of this model is that the eight
vectors, corresponding to the eight different
statesin a 3-leg DC/AC bridge, are used in pairs
of two adjacent vectors to produce the desired
output voltage. Every time period, the controller
computes the three time variables required to
bias the output voltage amplitude and direction
according to the reference voltage or current.
Consequently, the bridge changes state (i.e.
MOSFETs are switched on and off) at these

predefined time moments.

The authors propose that the SV PWM model
be replaced by a SV model based on pulse
density modulation of haf-wave AC sinusoids,
to alow for zero voltage switching in the
HFAC/AC drive for reasons detailed in Section
[11.2. Specifically, the proposed method is based
on the origina SV principle; the only difference
is that the three variables (denoted as Ta, Tb and
Tc), are determined as multiples of half the
fundamenta time period of the high frequency
AC voltage. For the present analysis, this entails
that Ta, Tb and Tc, are caculated every time
period to be multiples of 10us.

Figure 16a illustrates the typical state change of
the three legs in a DC/AC inverter for one time
period, where the zero state is equivalent to the
low-side MOSFET conducting and state one
indicates when the high-sde MOSFET is
switched on. Asit can be seen from Figure 16b,
for the same scenario, the proposed SV PDM
algorithm ensures that switching is aligned with
the 50kHz bus frequency,
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[11.2.5 Comparison between the DC/AC and
HFAC/AC Drives for the EPAS system

Figure 17 shows the comparison between
voltage, current, torque, speed and the voltage
harmonic content associated with the DC drive
(Ieft hand side) and the HFAC drive (right hand
side of the Figure) for the case study of a step
motor current from 4A to 6A. The
implementation of the model is shown, for

reference, in Figures A.3aand A.3b.

As it can be seen from Figures 17e and 17f,
although the SV PDM algorithm is feasible for
the EPAS HFAC/AC drive and alows for ZVS,
the motor torque ripple appears to be higher
compared to the DC/AC inverter. The Figure
shows that for a steady-state torque output, the
peak-peak motor torque is in the order 0.07Nm
when controlled via HFAC drive. This is 1.7%
and 1.2% greater than that observed before and
after the time step, respectively, when the
machine is supplied from the DC/AC inverter,
which implies that the higher mechanica
vibration will be present within the steering
column and therefore in the steering wheel.
However, the overal torque ripple for the
HFAC drive is 5% and 3.1% for a PMSM
torque of 1.53Nm and 2.31Nm, respectively,
which is within the 5% requirement for an
EPAS implementation (Hur, 2008).

The higher motor torque ripples associated with
the HFAC drive can be accounted for by the
modification of the SYM technique for loss-less
switching of the AC voltage. As described in
Section 111.2.4, the three time constants Ta, Tb
and Tc are computed at the beginning of each

time period and are congtrained to be multiples
of 10us. The consequence is that the HFAC
voltage applied to the PMSM has a lower
resolution in comparison to the DC voltage;
small differences between the two drive
voltages can aso be observed in Figures 17a
and 17b.

It should be noted that it is possible to achieve
the same level of output torque ripple by
applying the non-modified SVM algorithm to
the HFAC/AC converter. While this has the
advantage of reducing the torque oscillations,
the disadvantage is that it requires the use of
non-ZVS within the HFAC/AC drive, which in
turn degrades the efficiency of the electrica
sub-system by adding switching losses to the

overall bridge losses.

The frequency spectrum of the hard-switched
and synthesized AC voltage (sampled at a
frequency of 500kHz) across the motor
windings is illustrated in Figures 17i and 17],
respectively. The plot includes frequencies up to
250kHz, and it shows that although the
frequency spectrum of the DC voltage is lower
than the equivalent of the HFAC/AC system
above 50kHz, it includes comparatively lower
frequency components below this threshold (by
approximately 10%). It has been indicated in the
literature that the high frequency harmonics can
be easlly filtered out (Sudipta et a., 2007).
Furthermore, it has been suggested that reduced
harmonics in the lower frequency range can
potentially reduce the motor copper losses
(Venkatesan and Lindsay, 1982), especidly for

high machine torque levels.
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The HFAC/AC drive based on soft switching
techniques offers simultaneous advantages such
as low voltage harmonic content bdow a
frequency of 50kHz and no switching losses. In
particular, based on equation (1), Figure 18
illustrates the associated switching losses for a
DC to three-phase AC drive circuit for several
switching frequencies and load currents up to
60A. It can be observed that the maximum
switching loss, which occurs at 60A and 20kHz
switching frequency, is approximately 13W.

Switching power losses = Switching frequency
X (P_onx T_on + P_off x T_off)
D

P_on and P_off in equation (1) are the turn-on
and turn-off MOSFET switching losses (W).
These values were obtained from the
measurement of a typical voltage and current
waveform in a power MOSFET, as shown in
Figure A.4 (Lourdes, 2010). It was found that
P_on and P_off are approximately equa to
0.5-V-l, where V is the voltage across the
MOSFET before it changes state, and | is the
current in the MOSFET. The turn on and turn
off times, T_on and T_off , have been measured
as 118ns and 51ns, respectively.

Regardless of the elimination of switching
losses, since the HFAC/AC drive employs twice
as many power MOSFETs as the DC/AC
equivalent circuit, it follows that its conduction
losses are effectively double. A typical
MOSFET for the EPAS application with an
internal resistance of 42mQ will dissipate 4.2W
at 10A, and 16.8W for a load current of 20A,

which is higher than the maximum possible
saving of 13W at 60A in switching losses. This
limitation becomes more apparent when al the
12 switches are considered. Specificaly, for a
load current of 6A, the 12R losses are 4.5W and
ow for the DC/AC and the HFAC/AC
converters, respectively. The same figures are
50W and 100W, respectively, for aload current
of 20A, which is a significant disadvantage for
the use of aHFAC drive.

In summary, this section has highlighted that
HFAC <can bring both advantages and
disadvantages for high-torque motor electrical
loads. The main advantage is a reduced low-
frequency harmonic content in the supply
voltage to the actuator, and athough switching
losses can be avoided, the conduction losses,
which are predominant, are effectively doublein
comparison to the DC/AC drive since it makes
use of 12 power MOSFETs instead of 6.
Although this disadvantage is inherent in the
physical design of the system and can therefore
not be mitigated against by the use of novel
switching strategies, potential motor energy
savings are dill feasible due to the reduced
voltage harmonics in the lower frequency range
(under 50kHz).

Furthermore, the shortcomings associated with
the use of a HFAC/AC system stem from the
need to satisfy the conflicting requirements of
high performance and high efficiency. If aZVS
strategy is employed to increase system
efficiency, the side-effect of this is a higher
torque ripple in the output of the electrica

machine. In order to reduce the magnitude of
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the torque oscillations (to a value comparable to
that associated a DC/AC drive) a hard switching
strategy must be employed. It is noteworthy
however, that the increase in output torque
rippleis still below the 5% maximum threshold,
cited by (Hur, 2008) for an EPAS application.

Based on the results of the study presented in
this subsection, it is concluded that, as yet, there
are no tangible performance or efficiency
benefits associated with the use of HFAC
instead of DC for high-torque motor
applications. In addition, the level of control
complexity required to manage the HFAC drive
may further negate its future adoption by the
automotive sector. Therefore, either HFAC/DC
synchronous rectifiers or HFAC/DC/AC
converters are recommended for use with high-

torque DC or AC machines, respectively.

IV. Conclusions

The feasibility of HFAC power for two main
categories of  motor-actuated  electrical
applications has been anaysed in this paper:
low torque (2Nm nominal, 4Nm peak) loads and
high torque (above 2Nm) loads. The rationale
for this division is the limited torque capability
of present 400Hz AC machine technology,
which the authors propose as a replacement for

DC motors with arated torque below 2Nm.

It was shown that a significant benefit in
efficiency (up to 100%), packaging volume and
weight (above 60%) is feasible by replacing DC
motors with commercialy available AC
induction motors with a nominal torque of up to
2Nm. This limit is dictated by the low starting

torque capability of the AC machines, since
their operating torque vs. speed profile must
match the profile of the DC motors therefore to
be replaced. Based on the assumptions
described in Section I11.1, relating to the number
of electrica motors employed and their
respective duty-cycles, the potential weight and
electrical power saving for a typica medium
size vehicle is in the region of 30kg and 500W
respectively.

Section 111.2 illustrated that a HFAC/AC
frequency converter based on zero-voltage
switching may degrade the performance of
high-torque motor actuators and lead to
considerable losses in the conversion process
due to the high number of power MOSFETSs
required. Nonetheless, forgoing zero-voltage
switching in the bridge, standard modulation
techniques can be applied with no penaty in
motor performance at the cost of added
switching losses. Also, it is possible that the
lower voltage harmonics (below 50kHz) of the
HFAC/AC circuit compared to the DC/AC
bridge may reduce the copper losses in the
three-phase motor and partially compensate for
the higher conduction losses. Furthermore, it
has been argued in the literature that the higher
harmonic content of the 12-switch HFAC/AC
inverter above 50kHz can be easily removed via
appropriate filtering.

In conclusion, significant benefits of HFAC can
be claimed for applications integrating low-
torque DC motors. Since these loads are
predominant in the vehicle in comparison to
high-torque actuators, an overall verdict for the

present analysis is favourable for the adoption
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Figure 2. Proposed high frequency AC auxiliary electrical system
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Figure 18. Switching losses associated with the operation of a DC/AC drive (W) vs. load current (A) for
several switching frequencies (Fs)

TABLES
Table1- DC Motors
Operating Point Dimensions Application

Rated Rated Rated Torque | Voltage | Current | Efficiency | Diameter | Length | Weight

Power Speed (Stall) (Nm) | (V) (A) (%) (mm) (mm) | (kg)

w) (rpm)

345 3,360 10 (49) 12 6.8 42 52 110 0.44 Windscreen
Wipers

84 4,000 20 (97) 12 12 58 59 100 0.7 Power
Windows

100 3,800 20(183) 12 12 70 73 100 11 Radiator Fan

120 4,600 25(198) 12 15 67 73 100 11 Heating
system, Blower

140 5,250 25(194) 12 17 69 73 100 11 Electric
Rooftop
Actuator

160 3,700 40(190) 12 18 74 73 110 112 Throttle Valve
Actuator

181 3,450 50(400) 12 20 75 74 74 15 Fuel Pump
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Table 2 - 400Hz AC induction motors

Operating Point Dimensions Possible
Rated | Rated | Rated Voltage | Current | Efficiency | Diameter | Length | Gear Application
Power | Speed | Torque V) (A) (%) (mm) (mm) Ratio
(W) (rom) | (Stall)
(Nm)
179 3,375 | 50(84) 115 11 81 45 54 3.2:.1 Windscreen
Wipers
246 4,000 | 59 (95) 115 14 87 46 59 271 Power
Windows
425 3,800 | 99(214) | 115 2.4 88 46 75 2.9:1 Radiator Fan
647 4,600 | 132 115 33 95 46 86 2351 Heating
(219) system,
Blower
647 5350 | 114 115 33 95 73 100 2.1 Electric
(188) Rooftop
Actuator
425 3,700 | 102 115 24 88 46 75 31 Throttle
(222) Valve
Actuator
725 3,367 | 207 115 37 95 66 80 31 Fuel Pump
(411)
Table 3. Comparison between 160W DC and 425W AC motors
Motor Voltage[V] (line to | Nominal | Nominal | Nominal | Nominal | Peak Stall | Length | Diameter Weight
type linermsfor AC) Power Current | Speed Torque | torque [mm] [mm] [kq]
(W] [A] [rpm] [Nem] [Nem]
DC 12 160 18 3,700 40 190 110 73 1.12
AC 200 425W 2.41A 11,100 34 74 75.3 45.7 -
AC, with gear reduction of 3:1 3,700 102 222

APPENDIX

Pé&mmahent Magnet
Synchronous Motor

Figure Al. EPAS experimenta apparatus (left)
Figure A2. Three-phase, permanent magnet synchronous motor (right)
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Table A1l. PMSM parameters

Model 12S10P,
Slot number 12
Pole number 10
Rated current (A) 13.0
Rated torque (N-m) 7.03
Cogging torque, T N-m) |4.42e-3
T oo/ Tr(%0) 0.063
Open-circuit voltage (Vprase)| 12.5
Iron loss (W) 3.96
Copper loss (W) 152
Efficiency (%) 735
Wire size (mm) 1.0
Number of turns 30
Current density (MA/m?) | 16.67
Slot fill factor (%) 55.57
Stator outer diameter (mm) 75

) Stator inner diameter (mm) 41
Rotor outer diameter (mm) 40

Figure A4. MOSFET turn-on: voltage, current and switching losses.
(MOSFET: IRF $4229PBF N channel, 250V, 45A, on-state resistance 0.042 ohm) (Lourdes, 2010)
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