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Abstract— This paper presents an integrated traction and
compressor drive to reduce the HVAC compressor drive cost in
electric and hybrid electric vehicle (EV/HEV) applications. The
drive system employs a five-leg inverter to drive a three-phase
traction motor and a two-phase compressor motor. The common
terminal of the two-phase motor is tied to the neutral point of the
three-phase traction motor to eliminate the requirement of a
third phase-leg. The cost of the compressor drive can be
significantly lowered due to the elimination of one phase-leg and
additional part count reduction made possible by sharing the
switching devices, dc bus filter capacitors, gate drive power
supplies, and control circuit. Simulation and experimental results
are included to verify that speed control of the two motors is
independent from each other.

Keywords-EV/HEV traction drive; EV/HEV compressor drive;
five-leg inverter; two-phase motor; zero-sequence current

l. INTRODUCTION

Because of their superior performance over the
conventional engine belt-driven counterparts, electric motor
driven compressors for heating, ventilating, and air-
conditioning (HVAC) are being deployed in automobiles
with a 42V power net and hybrid electric vehicles (HEVS)
where a high-voltage bus is readily available [1-4]. The
advantages of electrically driven HVAC compressors
include: (1) highly efficient operation as the compressor
speed can be adjusted according to the cooling/heating
requirements, but independent of engine speed unlike the
conventional belt driven compressor; (2) flexible packaging
as the installation location is not restricted to the accessory
drive side of the engine; and (3) reduced leakage of the
refrigerant into the atmosphere because of the elimination of
the rotating seals [4]. In addition, the electric compressor
enables HEVs to shut off the engine during vehicle stops or
at low vehicle speeds when the engine power is not
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required. Moreover, fuel cell powered vehicles require an
electrically driven HVAC compressor.
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A conventional traction and compressor motor drive
configuration using two separate inverters.

Fig. 1.

Fig. 1 shows a conventional drive configuration where
two separate inverters are used, one for the traction drive
and the other for the compressor motor. While a typical
compressor drive may employ a three-phase inverter and a
three-phase motor as shown in Fig. 2(a), to reduce the cost,
two-phase inverter-fed induction motor drives were used to
replace wound-field or permanent magnet dc motors for
heating, ventilating, demisting, engine-cooling, and water-
pumping applications in the automotive industry [5-6].
Compared to the three-phase motor fed by a three-phase
inverter, which typically requires six switches, a two-phase
motor can be controlled by a lower cost two-leg inverter
plus a split-capacitor leg as illustrated in Fig. 2(b). Unlike a
semiconductor switch leg, the split-capacitor leg does not
need additional gate drive or control circuits, thus making it
cheaper than a semiconductor switch leg.

It is apparent that the number of components can be
reduced by simply integrating the two-phase inverter into
the three-phase main inverter, as shown in Fig. 3, because
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the control circuit, dc bus filter capacitor, and possibly some
of the gate drive power supplies can be shared. Electrolytic
capacitors, while frequently used in industrial and
commercial applications due to their volumetric efficiency
and lower cost, have a low reliability and a short service
lifespan, and thus are being replaced by film or ceramic
capacitors in EV/HEV applications because of the harsh
environments expected in those applications. Film and
ceramic capacitors, however, are costly and have a large
volume for the same amount of capacitance. It is therefore
desirable to eliminate the split-capacitor leg.
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(a) A typical adjustable speed drive employing a three-phase inverter
and motor.
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(b) A low-cost two-phase motor drive using four switches and two

capacitors
Fig. 2. Adjustable speed drives for automotive HYAC compressor
drive applications.
This paper presents an integrated traction and

compressor drive to reduce the HVAC compressor drive
cost for EV/HEV applications. The drive system employs a
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five-leg inverter to drive a three-phase traction motor and a
two-phase compressor motor. The common terminal of the
two-phase motor is tied to the neutral point of the three-
phase traction motor to eliminate the requirement of a third
phase-leg. The cost of the compressor drive can be
significantly lowered due to the elimination of one phase leg
and further part count reduction made possible by sharing
the switching devices, dc bus filter capacitors, gate drive
power supplies, and control circuit. Therefore, integrating
the compressor drive into the traction motor drive results in
a lower cost, smaller volume drive system. The proposed
drive system was initially validated by testing results with
an asymmetrical two-phase motor [7]. This paper includes
extensive experimental results with a symmetrical two-
phase motor to verify that speed control of the two motors is
independent from each other.

Il.  PROPOSED INTEGRATED TRACTION AND
COMPRESSOR DRIVE SYSTEM

A. Description of the Integrated Drive System

Fig. 4 shows the proposed integrated drive system that
employs a five-leg inverter for driving a three-phase traction
motor and a two-phase compressor motor. The inverter
consists of a dc source, V., a filter capacitor, Cg4, and five
phase-legs, U, V, and W for feeding the traction motor, a
and b for the compressor motor. The two-phase motor has
two orthogonal windings, phase-a and phase-b, and they are
connected at one end to form a common terminal, Tgom, With
the other ends remaining separated to form two independent
phase terminals, T, and Ty

The first three legs of the inverter, U, V, and W
consisting of the switches S;~Sg form a three-phase main
inverter, which through pulse width modulation (PWM)
provides three sinusoidal currents to the three-phase motor.
The remaining two legs, a and b, are connected to the
independent phase terminals of the two-phase motor, T, and
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Fig. 3.

A straightforward way for integrating the two-phase compressor drive into a three-phase traction motor drive system.
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Fig. 4.  Proposed integrated system for driving a three-phase traction motor and a two-phase compressor motor.

Ty, respectively, forming an auxiliary two-phase inverter. In
addition, the common terminal, Tcom, iS connected to the
neutral point, N of the three-phase motor to eliminate the
need for a split-capacitor phase leg. The two phase-legs, a
and b, by PWM, provide two sinusoidal currents with a
phase shift of 90 electrical degrees to the two-phase motor.
The sum of the two-phase currents, i, and iy, will return
through the stator windings of the three-phase motor and the
associated phase legs of the three-phase inverter.

It is apparent that by integrating the two-phase auxiliary
inverter into the main three-phase inverter, the dc bus filter
capacitor and gate drive power supplies for the bottom
switches can be shared between the two inverters. In
addition, a single control circuit typically based on a
microprocessor or digital signal processor (DSP) with built-
in motor control hardware such as A/D converters, PWM
counters and encoder interface circuitry, can be used to
execute control algorithms for the two motors. With a
proper control algorithm, the motors can be run in either
motoring mode, i.e., providing power to the motor shaft, or
generating mode, in which power is transferred from the
motor shaft to the inverter dc source.

B. Equivalent Circuits and Considerations of PWM
Schemes

Fig. 5(a) shows an equivalent circuit of the integrated
drive system, in which the inverter is represented by five
voltage sources, Vy, Vi, Vi, Va, and vy, corresponding to the
five phase-legs, U, V, W, a, and b, respectively. All the
voltage sources are referred to the midpoint of the dc source,
Ve By connecting the common terminal, Tem, to the
neutral point, N, of the three-phase motor, the sum of the
two-phase currents, iy (= iy + ip), Will split evenly into three
parts and each part will flow through one of the phase
windings of the three-phase motor and the associated phase
leg of the three-phase inverter as the return paths, assuming
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Fig. 5.  Equivalent circuits; (a) showing inverter phase legs as
voltage sources, and (b) showing the zero-sequence circuit of the
main motor as the current return path of the two-phase motor.

a symmetrical three-phase motor and inverter. The two-
phase motor currents are therefore zero-sequence



components flowing in the three-phase stator and will have
no effect on the operation of the three-phase motor because
the zero-sequence currents will not produce torque as shown
in Fig. 5(b). In other words, the torque producing currents of
the two motors can be controlled independently.

In Fig. 5(b), the zero-sequence circuit (ZSC) of the
three-phase stator is separated from the positive and
negative sequence circuits, where Rps and Inos represent the
resistance and inductance of the ZSC, and v is the zero-
sequence component of the three-phase voltage sources, v,
vy, and vy, which may or may not exist depending on the
PWM scheme. The zero-sequence voltage, vy, can be
calculated by:

Yy Yy Yy

3 (1)

Vo

Vus, Vs, and vy are the phase voltages without the zero-
sequence component of the three phases, U, V, and W,
respectively, and are expressed by

Vus =Vu = Vo
Vs =Wy —Vg . 2
Vs =V —Vo

The zero-sequence voltage component, Vo, which could
be generated by certain PWM strategies such as the space
vector modulation schemes [8], can be cancelled by
injecting the same component into the modulation signals
for the two-phase inverter so that vy will not produce current
in the circuit, as will be shown in the experimental results.
Fig. 6 shows a conceptual block diagram to implement the
cancellation method. The zero-sequence component, Vo, can
be extracted from the three-phase modulation signals, vym,
Vym, and vym, which are produced by the pulse width
modulator based on the three-phase voltage references, Vyrer,
Viret, and Virer, and are added to the two-phase reference
voltages, Varer and Virer. Therefore, the same zero-sequence
voltage appears on all five phase voltages; canceling each
other.
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C. Effect on the Current Rating of the Main Motor due
to the Two-Phase Motor Current

Because the stator windings of the three-phase motor are
utilized as the current return paths of the two-phase motor,
the stator current rating may need to be increased to
accommodate the two-phase motor currents. However, the
increase of the main motor current is negligible if the two-
phase motor current is sufficiently small compared to that of
the main motor, which is typical in the intended automotive
applications as shown below.

The phase current of the main motor, taking phase-U for
example, iy can be expressed by
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where iy is the required current if the three-phase motor is
operated alone without connection to the two-phase motor.
Because the two motor currents will usually have different
frequencies, the rms value of the main motor phase current,
iy, can therefore be calculated by

_ 2 2Iaz,rms
Iu,rms - Ius,rms + 9 > “4)

where lms is the required rms current of the two-phase
motor. For instance, given a 350 Arms traction motor and a
25 Arms compressor motor, i.e., lyms=350A and
larms=25A, the resulting traction motor current is 350.2A, a
negligible increase of less than 0.06%.

I1l.  EXPERIMENTAL RESULTS

Extensive testing was conducted to verify the proposed
integated drive operations.

A. Experimental Setup

For testing, a 15 HP, 230/460V, six-pole, three-phase
induction motor was used as the traction motor. The motor
has two sets of stator windings that can be connected in
series for 460V or in parallel for 230V operation in A
connection. All winding terminals are accessible because it
is intended to use a Y connection for starting and then a A
connection for normal run. In our testing, each winding set
is wired as a Y connection and then the two sets are
connected in parallel to reduce the dc bus voltage
requirement. For the compressor motor, a 3 HP, 230/460V,
three-phase, four-pole motor, which also has two sets of
stator windings, was rewound into a two-phase motor. To
reduce the dc bus voltage requirement, the two sets of
windings are also connected in parallel. The rated current
and torque are 22 A and 90 N-m for the three-phase motor,



and 13 A and 125 Nm for the two-phase motor,
respectively. Fig. 7 shows photos of the main motor
mounted on a 100 HP dynamometer test bed and the two-
phase motor connected to a hysteresis dynamometer.

(b) Two-phase mdtor connected to a hysteresis dynamometer

Fig. 7. Photos of the motor testing setup.

B. Experimental Results

Fig. 8(a) — (g) give testing waveforms at various load
conditions and without the zero-sequence components in the
three-phase voltages, i.e. vo=0, which clearly shows that the
speed of the two motors can be controlled independently. In
(@), the main motor was not running while the two-phase
motor was loaded with 14.6 N-m at 1000 rpm, clearly
showing that the neutral current is divided evenly over the
three-phase conductors. In (b), the main motor was loaded
with 90 N-m at 685 rpm and the two-phase motor was not
running. In (c), the main motor was loaded with 90 N-m at
685 rpm while the two-phase motor ran at 750 rpm with no
load. In (d), the main motor ran at 700 rpm with no load,
while the two-phase motor was loaded with 9.5 N-m at
1000 rpm. In (e), the main motor was loaded with 85 N-m at
550 rpm; two-phase motor was loaded with 11 N-m at
1000 rpm. In (f), the main motor was loaded with 90 N-m at
685 rpm, while the two-phase motor was loaded with
14.9 N:m at 750 rpm. In (g) the main motor was loaded with
90 N'm at 685 rpm, while the two-phase motor was loaded
with 14.8 N-m at 1100 rpm. It should be noted that the main
motor was tested with a limited speed range because at the

dc bus voltage of 350 V the inverter can not produce the
rated motor voltage of 400 V, and the dynamometer, which
has a maximum speed of 10,000 rpm, could not stably load
the motor at speeds under 500 rpm.
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(a) Main motor is not running while two-phase motor is loaded with
14.6 N-m at 1000 rpm. Time: 20ms/div.
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(b) Main motor is loaded with 90 N-m at 685 rpm, while two-phase
motor is not running. Time: 20ms/div.
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(c) Main motor is loaded with 90 N-m at 685 rpm with unloaded two-
phase motor at 750 rpm. Time: 20ms/div.
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(d) Main motor at 700 rpm, no load, Two-phase motor loaded
with 9.5 N-m at 1000 rpm. Time: 20ms/div.
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(e) Main motor loaded with 85 N-m at 550 rpm, two-phase motor
loaded with 11 N-m at 1000 rpm. Time: 20ms/div.

1 Normal
ZMS/s  50Msfliv

2 i

z
YOKDGAWA 721 ]

) : : : Vum
Vam
IUI IV! IW
50A/div
i,:50A/div
i:50A/div
in:50A/div

CH1 CHZ CH3 CHS CH? CHB

5.66 U 5.66 U 56.6mY 56.06mY 56.6mU  50.9mU

DC1MG DC1Mg DC50% DC50% DCs0% DCSOR

(f) Main motor loaded with 90N-m at 685 rpm, two-phase motor
loaded with 14.9 N-m at 750 rpm. Time: 20ms/div.
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(9) Main motor loaded with 90 N-m at 685 rpm, two-phase motor
loaded with 14.8 N-m at 1100 rpm. Time: 20ms/div.

Fig. 8.  Testing waveforms at various load conditions showing
that the speed of the two motors can be controlled independently.

With the space vector based PWM schemes, a third
harmonic current was generated as shown in Fig. 9 (a)
before turning on the zero-sequence voltage cancellation in
the two-phase inverter. The source was three-phase
modulation signals containing triplet harmonics, which are
zero-sequence components, i.e. vg=0. In Fig. 9(a), the
unloaded main motor was running at 700 rpm and the
unloaded two-phase motor at 500 rpm. By adding the same
triplet harmonics to the two-phase modulation signals, vam
and Vpm, no third harmonic current was produced as
illustrated in Fig. 9(b).

IV. CONCLUSIONS

The proposed integrated traction and compressor motor
drive using a five-leg inverter can significantly reduce the
cost of the compressor motor drive in EV/HEV applications.
The experimental results show that:

e The split-dc bus capacitors for a two-phase
compressor motor drive can be eliminated by using
the traction motor stator windings as the current
return paths.

e Increase in the current rating of the main inverter
switches and the traction motor due to the two-phase
motor current is negligible.

e Speed of the traction and compressor motors can be
controlled independently from each other. The test
results on the independent control characteristics of
the two motors and on the voltage waveforms agree
fully with the analytical predictions.

e The fundamental voltage and current components of
the two motors have no influence on each other.



While induction motors are discussed in this paper, the

proposed inverter is applicable to ac synchronous permanent
magnet machines and brushless dc motors.
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(b) With the zero-sequence voltage cancellation. Main motor at
700 rpm, two-phase motor at 500 rpm. Time: 20ms/div.

Fig. 9.  Testing waveforms showing that third harmonic
components in the three-phase voltages can be prevented from
producing current.
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