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This paper presents the development and experimental characterizations of a prototyping pure electric
ground vehicle, which is equipped with four independently actuated in-wheel motors (FIAIWM) and is
powered by a 72V 200 Ah LiFeYPO4 battery pack. Such an electric ground vehicle (EGV) employs four in-
wheel (or hub) motors to independently drive/brake the four wheels and is one of the promising vehicle
architectures primarily due to its actuation flexibility, energy efficiency, and performance potentials.

Experimental data obtained from the EGV chassis dynamometer tests were employed to generate the
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in-wheel motor torque response and power efficiency maps in both driving and regenerative braking
modes. A torque distribution method is proposed to show the potentials of optimizing the FIAIWM EGV
operational energy efficiency by utilizing the actuation flexibility and the characterized in-wheel motor
efficiency and torque response.
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1. Introduction

Hybrid electric vehicles (HEV), plug-in hybrid electric vehicles
(PHEV), and pure electric vehicles (EV) have been considered as
promising vehicle architectures due to their potentials in emissions
and fuel consumption reductions [1-3,11,12]. Among these vehicle
architectures, electric vehicle with four independently actuated in-
wheel motors (FIAIWM) is an emerging one with unique features.
A FIAIWM electric vehicle employs four in-wheel (or hub) motors
to directly actuate its four wheels, without any mechanical links,
such as transmissions or differentials, among them. The torque as
well as driving/braking mode of each wheel can be controlled inde-
pendently. Such actuation flexibilities together with the electric
motors’ fast and precise torque responses not only can enhance
vehicle motion/stability control performance [4,5,20] but also offer
new avenues for improving the EGV operational energy efficiency.

There are several key features that clearly distinguish FIAIWM
EGVs from other HEVs, PHEVs, and EVs particularly from the oper-
ational energy and power efficiency optimization perspective. In
a typical HEV or PHEV configuration, a single high-speed motor
is connected with the engine in series or in parallel to formulate
a hybrid powertrain, whose power is transmitted to the ground
wheels through mechanical drivetrains [1,6]. Such mechanical con-
nections make the actuation mode (driving or braking) and torque
among wheels coupled. Moreover, as speed reduction mechanisms
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(e.g. transmissions) are usually utilized between the hybrid pow-
ertrain and the wheels in HEVs and PHEVs, the desired motor
characteristics are quite different from the ones for FIAIWM EGV’s
in-wheel motors which directly drive/brake wheels without gear
reductions. Furthermore, as Fig. 1 illustrates, the in-wheel motors
are part of the unsprung mass and will directly experience differ-
ent and time-varying normal forces induced by static and dynamic
load transfers during vehicle dynamic operations and maneuvers.
A FIAIWM EGV possesses the ability of better utilizing the differ-
ent normal forces by separately controlling the respective in-wheel
motors at the vehicle corners. Such a capability however does not
existon HEVs and PHEVs where the wheels are actuated by a sprung
and centralized powertrain.

The aforementioned unique features of FIAIWM electric vehicles
suggest that detailed knowledge on torque response and energy
efficiency characteristics of in-wheel motor and its driver, at both
driving and regenerative braking modes, are necessary for further
research on improving FIAIWM EVG operational energy efficiency
and motion control performance. As an emerging vehicle architec-
ture, FIAIWM EGV’s performance and efficiency characterizations
are rarely available in the open literature. Several ground vehi-
cle performance analysis and power management studies have
been previously reported in the literature [6-9]. However, most of
those research work were for conventional or hybrid electric vehi-
cle architectures, but not the FIAIWM EGVs. Power management
methods for HEVs have been extensively investigated and the main
foci are on the coordination of engine and motor usages, regenera-
tive braking energy harvesting, battery management, and engine
operations [6,8,10], but not at the torque distribution and opti-
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Nomenclature

U battery voltage

I battery current

P battery power

k motor control gain

w wheel rotational speed in rad/s
T; torque provided by the ith in-wheel motor
Tar desired driving torque

Tpr desired braking torque

N4 motor efficiency in driving mode
Np motor efficiency in braking mode

mization at the individual wheel level, which is needed for FIAIWM
EGVs. Recently, research on vehicles with in-wheel motors has been
active. In-wheel motor selection criteria for hybrid electric vehi-
cle applications have been discussed in [13,14]. Different groups of
researchers reported vehicle motion and stability control enhance-
ment methods using in-wheel motors for unmanned and manned
vehicle applications, without specific considerations on in-wheel
motor torque responses and energy efficiency characterizations
[5,15-17].

In this paper, experimental characterizations of an in-wheel
motor and motor driver pair torque responses, power consump-
tions, and energy efficiencies at both driving and regenerative
braking modes are conducted based on the experimental data
obtained in chassis dynamometer tests of a prototyping FIAIWM
EGV developed by Ohio State University. The characterizations
reveal the in-wheel motor/driver torque response and energy effi-
ciency with respect to wheel speed and control signal, and thus
provide foundational information for FIAIWM EGV control and
energy efficiency optimization. As the in-wheel motor/driver effi-
ciency curves are not strictly concave or convex, a numerical
solution is proposed to show the potentials of improving FIAIWM
EGV operational energy efficiency by appropriately allocating the
total required torque among the four in-wheel motors. To the
authors’ best knowledge, this paper first presents the detailed
design, performance, and energy efficiency characterization results
for FIAIWM electric ground vehicles in the open literature.

The rest of the paper is organized as follows. Description and
experimental setup of a FIAIWM EGV are presented in Section 2.
FIAIWM EGV performance and energy efficiency characterizations
using chassis dynamometer test data are described in Section 3.
The FIAIWM EGV energy efficiency analyses are provided in Sec-
tion 4. A torque allocation method to improve the FIAIWM EGV
operational energy efficiency is shown in Section 5 followed by
conclusive remarks.

Table 1
Parameters of the EGV and main components.
Parameters Values
EGV parameters
Total mass 800kg
Wheel base 1.89m
Maximal speed 100kmh-!

Hub motor and tire parameters
Motor mass 25kg

Combined inertia of motor, wheel, and tire 2.31 kg m?
Tire effective radius 0.33m
Maximal motor power 7.5kW
Maximal motor torque 150N m
Maximal motor rotational speed 900RPM
Battery parameters
Number of battery cells 22
Battery pack voltage 72V
Nominal capacity 200 Ah
Maximal current 800A
Battery cell mass 3.6kg

Cell dimension 0.36m x 0.065m x 0.28 m

2. FIAIWM EGV description and experimental setup
2.1. FIAIWM EGV description

Fig. 1 shows the developed prototyping FIAIWM EGV and the
in-wheel motors. Each wheel is independently actuated by a cus-
tomized 7.5Kw in-wheel motor which is mounted in the wheel. Due
to the requirements on power density, compactness, light weight,
as well as cost, permanent-magnet brushless direct-current (BLDC)
electric motors were chosen to make the in-wheel motors [18]. The
key parameters of the FIAIWM EGV and the main components are
listed in Table 1.

The driving/braking mode and torque of each wheel can be
controlled independently by giving different control signals to the
respective motor driver, which contains power electronics adjust-
ing the three-phase currents to the BLDC motor according to the
control signal. The rotational speed of each wheel is precisely mea-
sured by an active speed sensor and a tooth-wheel mounted on the
motor as shown in Fig. 1. In the motor driving or regenerative brak-
ing mode, the motor control voltage signal, Cv, to the motor driver
ranges from 1V to 3.4V, corresponding to zero to maximal (driving
or regenerative braking) torque values.

The only power source of the EGV is a 72V lithium-ion power
battery pack which is composited by 22 battery cells connected in
series, as shown in Fig. 2. The battery pack has a 200 Ah nominal
capacity and can deliver a peak power of 40 kW. Each battery cell is
equipped with a battery management system (BMS) chip which
can monitor the battery states such as battery voltage, state of
charge (SOC), and state of healthy (SOH). The BMS can also automat-
ically balance the battery voltages based on the measured voltage
differences among the battery cells.

Fig. 1. EGV and the installed in-wheel motors.
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Fig. 2. Li-ion batteries installed on the FIAIWM EGV.

All the electrical components on the EGV are powered by the
battery pack through DC/DC converters or DC/AC inventers. A
72-12V DC/DC converter is utilized for powering a dSPACE real-
time prototyping controller and the BMS. A 12-5 V DC/DC converter
provides power to the EGV sensors. Also,a 12-110V DC/ACinverter
is used to power a laptop on the EGV. The main circuit are protected
by a key switch which controls the on/off of a main relay. Four man-
ual switches are used to control the connection/disconnection of
the driver/motor pairs individually for safety reasons. Fig. 3 illus-
trates the electric circuit diagram of the prototyping FIAIWM EGV.

2.2. Experimental system setup

The FIAIWM EGV tests were conducted on a twin-roll chassis
dynamometer as shown in Fig. 4. The in-wheel motor torque val-
ues at different speeds and torque control signals were measured
by a torque sensor equipped on the chassis dynamometer. The
chassis dynamometer roller frictional torque and EGV wheel fric-
tional torque were carefully calibrated at different speeds before
conducting the EGV tests. All of these frictional torque losses are
considered in the EGV performance data analyses presented in the

Fusc 11

later sections. The EGV battery voltage and current were measured
by a voltage sensor and a current sensor to calculate the motor
efficiency and power. In the in-wheel motor and battery perfor-
mance tests, the motor control signals were changed from 1.0V to
3.0V with a 0.2V step at different motor speeds. The parameters in
Table 1 and an air drag coefficient of 0.5 were used for the chassis
dynamometer controller to simulate the EGV real road resistance.
A dSPACE MicroAutoBox was used to control and record all the EGV
and chassis dynamometer signals in real-time.

3. EGV performance and energy efficiency characterizations

In this experimental characterization, the in-wheel motor and
its respective motor driver are treated as a unit. The input of the
motor/motor driver pair is the torque control signal and the out-
put is the measured motor torque. The motor driver was set in
the torque mode, which means that the motor driver will make
the motor deliver a certain torque value with respect to a control
signal voltage. In the driving mode, the in-wheel motors convert
the battery power to driving torque. The measured motor driving
torque at different speeds and control inputs are shown in Fig. 5,
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Fig. 3. Electric circuit diagram of the prototyping FIAIWM EGV.
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Fig. 4. FIAIWM EGV chassis dynamometer test setup.

which indicates that the motor torque is proportional to the con-
trol input at different speeds. Therefore, one can define the motor
torque control gain as

_ motor torque
" motor control signal’

(1)

which is nearly constant across the entire speed range as Fig. 5
shows. Note that some motor torque values are lower around
450RPM in comparison to the torque levels at neighboring speeds.
This may be attributed to the temperature control function of
the motor driver which will actively reduce the current deliv-
ered to the motor (causing torque reduction) if it detects that the
motor/driver temperature is higher than a certain safety threshold
during the chassis dynamometer tests due to the lack of cooling.
Such an explanation can also be supported by the smoothness of
the torque/current ratio surface as shown in Fig. 9 later. In actual
EGV road operations, the probability of this over-temperature case
will be very low thanks to the sufficient air-cooling effects. Despite
this small valley on the motor torque response surface, the con-
trol gain can still be approximated as a constant. In fact, during our
field tests of the FIAIWM EGV, motor over-temperature case never
happened.

The motor power is also plotted in Fig. 5, with the maximal
power being close to 7.5 kW at high speeds. Fig. 6 shows the mea-
sured battery voltage and current.

When the in-wheel motor works in regenerative braking mode,
it actually acts as a generator and converts the kinetic energy of
EGV to electricity and charges the batteries. For the in-wheel motor

Motor Torque

Motor Torque (N.m)
wn
[=}

800

Motor Control Signal (V) : 200

0 Motor Speed (RPM)

regenerative braking tests, the measured motor torque and power
at different control signals and speeds are shown in Fig. 7. Similar
to the driving mode, control gains at different speeds are almost
the same except at the very low speeds. The maximal regenera-
tive braking torque of a single in-wheel motor is around 80 Nm,
which means that the regenerative braking torque from the four
motors together can make the EGV reach a maximum deceleration
of 1.2m/s2. Fig. 7 also shows that the motor regenerative brak-
ing torque is almost zero when motor speed is less than 200RPM,
where the motor cannot generate sufficient electricity. It is inter-
esting to note that the in-wheel motor/driver regenerative braking
torque surface is smooth without valleys. This smoothness is largely
because that the motor/driver temperature was low at regenerative
braking mode and the motor driver’s temperature limiting function
was not triggered.

The measured battery current and voltage during the regenera-
tive braking tests are shown in Fig. 8. As expected, the charging
current from the in-wheel motor increases with the increasing
motor control signal and speed.

For BLDC motors, the equivalent current delivered to the motor
driver is proportional to the motor torque [17,18]. The ratio defined
as motor torque/battery current (consumed or generated) at differ-
ent speeds and control signals during both driving and regenerative
braking modes are shown in Fig. 9. This ratio becomes smaller
with the increasing motor speed at both driving and regenerative
braking modes. The smoothness of the surfaces also supports the
explanation (current limiting) for the small valley occurred on the
driving torque surface plotted in Fig. 5.

The preceding in-wheel motor/driver driving and regenerative
braking torque response characteristics are important for FIAIWM
EGV road operations. For example, for conventional vehicles, HEVs,
and PHEVs, mechanical differentials are equipped to connect the
driving wheels and to allow different rotational speeds for the
inner and outer wheels when turning corners. For FIAIWM EGVs,
there is not a differential connecting the wheels and thus the
wheel torques and speeds have to be precisely controlled to meet
the vehicle driving and motion control requirements. The almost
speed-independent and linear relationship between control sig-
nal and motor driving/braking torque thus make the precise wheel
torque and speed control possible, without wheel torque measure-
ment which may not be available on vehicles.

A chassis dynamometer simulated road test was also carried
out to show the vehicle acceleration and deceleration performance
purely by the in-wheel motors. In the simulated road test, identical
control signals were given to the two front wheels, placed on the
twin rollers of the chassis dynamometer, for driving/braking the
EGV. The vehicle speed and in-wheel motor control signal are plot-
ted in Fig. 10 while the battery current and voltage are shown in

Motor Power

Motor Power (kW)
wn

Motor Control Signal (V) : 200
Motor Speed (RPM)

Fig. 5. Motor torque and power at different speeds and motor torque control signals in driving mode.
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Fig. 6. Battery current and voltage at different motor torque control signals and motor speeds.
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Fig. 7. In-wheel motor regenerative braking torque and power.

Fig. 11. The positive control signal means the motors were in driving
mode while the negative control signal indicates that the motors
were performing regenerative braking. As the two figures indi-
cate, the positive and negative motor control signals could make
the vehicle accelerate and decelerate, respectively. The EGV accel-
eration/deceleration was also proportional to the absolute values
of the control signal. Correspondingly, as Fig. 11 shows, when the
motor control signal was negative, the battery current was also
negative, meaning that the batteries were being charged when the
EGV was decelerating due to the regenerative braking of the in-
wheel motors. One can also note that in Fig. 11, the battery current

Battery Current

Battery Current (A)

Wheel Speed (RPM)

Control Signal (V)

absolute value goes larger with the increase of vehicle speed even
if the control signal does not change. This trend is because more
battery power is needed or generated by the motors at high speeds
and this observation matches with the in-wheel motor/driver test
results presented in Fig. 9.

4. FIAIWM EGV energy efficiency analyses

Energy efficiency is very important for electric vehicles to opti-
mize their operational energy consumptions and to maximize their
travel ranges. There are two kinds of efficiencies that can be studied

Battery Voltage
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1 200

Wheel Speed (RPM)

Fig. 8. Battery current and voltage in the regenerative braking tests.



R. Wang et al. / Journal of Power Sources 196 (2011) 3962-3971

Driving mode

Torque/Current

Wheel Speed (RPM)

800

Control Singal(V)

Fig. 9. Motor torque/battery current at different speeds and loads.
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Fig.10. Vehicle speed and in-wheel motor control signals during the simulated road
test on a chassis dynamometer.

for the driving case. One is the battery to in-wheel motor effi-
ciency, which describes how much battery power is transferred to
the motor output power and is mostly determined by the in-wheel
motor/driver performance, and can be defined as

motor power

Battery—to—motor efﬁciency = W

(2)
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Fig. 11. Battery current and voltage during the simulated road test on a chassis
dynamometer.

The other efficiency is the battery-to-ground efficiency. Unlike
the battery-to-motor efficiency, the battery-to-ground efficiency
considers the losses due to wheel friction and tire rolling resistance,
this efficiency is defined as:

motor power — power losses

Battery-to-ground efficiency = battery power

(3)

Battery to Ground Efficiency

Wheel Speed (RPM)

1.5 0

Fig. 12. Battery-to-motor and battery-to-ground efficiencies at different motor torque levels and speeds in driving mode.



3968 R. Wang et al. / Journal of Power Sources 196 (2011) 3962-3971

20 T T T T T T T 2000

1000

Friction Torque (N.m)
Power Loss (W)

10

L L L L I L L {)
0 100 200 300 400 500 600 700 800
Wheel Speed (RPM)

Fig. 13. Power losses caused by the motor friction and tire rolling resistance.

The battery-to-ground efficiency is also important in the EGV
power management design, as it includes the parasitical loss char-
acteristics. These two kinds of efficiencies at different in-wheel
motor control signals and speeds are plotted in Fig. 12. Note that
for the battery-to-motor efficiency map, some negative values
appeared at low torque regions. This may be caused by the torque
measurement inaccuracy (low signal to noise ratio) at low torque
levels.

Fig. 12 shows that the battery-to-motor efficiency becomes
higher at high motor speeds. Moreover, at a given speed, the
battery-to-motor efficiency increases with the increasing motor
control signal before it reaches the maximal efficiency, and then
it slowly decreases to a constant value. The battery-to-ground effi-
ciency is always lower than the battery-to-motor efficiency due to
the wheel power losses, which are shown in Fig. 13. Fig. 12 also
illustrates that the battery-to-ground efficiency almost drops to 0
if the motor control signal is smaller than 1.5 V. This indicates that
the motor torque will be smaller than the wheel frictional torque
if the control signal is less than 1.5 V.

Similar to the efficiency definitions in the driving mode, the
motor regenerative braking efficiencies can also be divided into
motor-to-battery efficiency and ground-to-battery efficiency. The
ground-to-battery efficiency describes how much power generated
by tire force can be converted into battery power. It can be defined
as

battery power

Ground-to-battery efficiency = fire force x wheel speed
X

(4)

or

Ground-to-battery efficiency

battery power
- VP (5)

motor torque x motor speed + power losses

The motor-to-battery efficiency does not consider the frictional
loss of the wheel or rolling resistance, and thus is determined
by only the motor and motor driver performance. The motor-to-
battery efficiency is defined as:

battery power

Motor-to-battery efficiency =
motor torque x motor speed

(6)

The two efficiencies in the regenerative braking mode are shown
in Fig. 14, which indicates that motor-to-battery efficiency is always
higher than the ground-to-battery efficiency due to the power
losses. Fig. 14 also indicates that both efficiencies increase with
the increase of wheel speed and motor control signal.

5. Discussions on FIAIWM EGV energy optimization

As there are four in-wheel motors independently actuating
the four wheels of FIAIWM EGV, this actuation flexibility can be
possibly utilized for improving the EGV operational efficiency by
allocating different torques to the four wheels with respect to the
desired total torque and motor/driver efficiency. This section dis-
cusses on the FIAIWM EGV energy optimization issues and tries
to show the energy efficiency improvement potentials enabled by
the FIATWM. As the in-wheel motor/driver efficiency curves are not
strictly concave or convex, it is challenging to get an analytic solu-
tion on how to allocate the desired total torque to the four in-wheel
motors for achieving the highest EGV energy efficiency. Here, a sim-
ple numerical method is proposed for illustrating the potentials
on improving FIAIWM EGV operational energy efficiency, which
is a challenging and involved research topic that deserves further
in-depth studies.

5.1. Energy optimization in driving

The objective is to minimize the power consumed by the four
motor/motor driver pairs as expressed by

P=U(g + I + Iy + 1), (7)

where U is the battery voltage. According to the driving efficiency
definition, the in-wheel motor efficiency in driving mode can be
written as

a)T,-

Ndi = Th’ (8)

where ieQ:={flfrrlrr} indicates the specific wheel, ® is the
wheel/motor speed in rad/s, I; is battery current that each motor
consumes, T; is the motor torque. Thus, battery power consumed
by each wheel can be written as

0)><T,‘

P=Uli= =

(9

Note that the efficiency 74 is a function of motor speed and
torque. The in-wheel motor/driver efficiencies at driving and regen-
erative braking modes can be fitted as functions of motor torque
and speed with experimental data as shown in Fig. 15.

The four torque values provided by the four in-wheel motors
should satisfy the following equation for vehicle motion control
purpose [4,19]:

{ Trl+Trr+Tﬂ+Tfr:TX (10)

TrlfTrr+Tﬂ*Tfr =T_Q’

where Ty is the total torque generated by the motors to control the
EGV longitudinal speed, and T, is the torque split to control the
EGV yaw rate. Base on the above equation, one has

Tx + T

Ty+Tp=Ty= "2 52 an
Tx—Tg °

Trr+Tfr:Tdr: x2 «2

where Ty and Ty, indicate the desired total torque values for the
two motors on the EGV’s left and right sides, respectively. As the
total torque of the two motors in the left or right side of EGV is
known, so the energy optimization problem can be studied in half
part of the vehicle.

Considering the right part of the vehicle, the energy optimiza-
tion problem can be written as

min(Py- + Pr), Subjectto Ty + Trr = Tgy. (12)
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Fig. 14. Efficiencies in regenerative braking mode.

Thus, at a given speed, the battery power consumed by these
two right-side motors can be written as

w x Ty
Na(Trr)

w X Tfr

77(1(Tfr) (13)

Pr =Py + P =

The next step is to choose a set of Tf*r and T} which can minimize
Pr. Rewrite the above equation as
o((Tgr/2) = ATy) | o(Tyr/2) - ATy)

P = T =BT T 1(Ta/2) = AT, (14)

Note the Ty pax is the maximal driving torque a motor can pro-
vide. So AT; should be bounded by

T, T,
;r - Td,max < AT < Tcl,max - ;r (15)
T, T,

to make sure that the reference torque for a certain wheel is
bounded between 0 and T, ;;,.x. As the function 7n4(T) is known at
a certain speed, the optimal value T; can be found to minimize P;.
Since the two motors are assumed to be identical, there will be two
AT that can achieve the optimal value of P;. These two AT* values
will have the same absolute value but different signs. Note that in
practical applications, the AT* may not need to be solved on-line.
Instead, AT* may be obtained from a table AT*(Ty,w) which can be
generated off-line based on the experimental data. Once the AT* is
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obtained, the torques for the right-side motors can be written as

% __ Tdr *
Tfr_?iATr . (16)
Ty = 5L F AT

Similarly, the optimal torques the left-side in-wheel motors can
also be written as

«_ Tal ,
Ty = E + AT, ' an
Ty = L5 AT

Fig. 16 shows the optimized battery power consumed by the two
right-side motors at different required torque levels. To better show
the effectiveness of the proposed torque distribution method, the
power consumption in the case of equally distributed torque mode
and the case of two (only front or rear) wheels driving mode were
also compared. It can be seen that the power consumption under
the proposed torque distribution is always smaller than those of the
other two cases. When the required torque is low, the optimized
battery power is equal to that of the two-wheel-driving mode. The
physical meaning is that the at small torque levels, the motor effi-
ciency is low and only the front two or rear two motors are actuated
to provide the required torque such that these two actuated motors
can work at a higher efficiency range.
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Fig. 15. Efficiencies as functions of in-wheel motor torques and speeds at driving and regenerative braking modes.
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Fig. 16. Power consumption comparison in different driving torque distribution
modes.

5.2. Energy optimization in regenerative braking

In the driving mode, the battery power should be minimized
to reduce the power consumption. However, in the regenerative
braking mode, the total power of the battery should be maximized
to regenerate as much power as possible from the in-wheel motors
at a given braking torque. Suppose that the desired total braking
torque is not greater than the maximal braking torque that the four
in-wheel motors can provide, the optimization problem in regener-
ative braking mode is to maximize the battery power defined in (7).
Similar to the driving mode, the optimization problem in the regen-
erative braking mode can still be studied in half part of the vehicle.
Considering the right side of the vehicle, the energy optimization
problem in regenerative braking can be rewritten as
max(Ps + Prr), withTg + Trr = %, (18)
where Tj, is the desired total braking torque the two right-side
motors should provide.

According to the driving efficiency definition, the regenerative
braking efficiency 7;; can be written as

Ul;

ol (19)

Npi =

The efficiency function n,(T) is fitted based on experimental
data and is shown in Fig. 15. Thus, the power that the battery pack
receives from each of the motors can be written as

P; = npiwT; (20)

The power sent to battery from the two right-side motors can
be written as

Pr = Pfr + P =w x Ufr(Tfr) X Tfr 4+ w X nrr(Trr) x Tyr. (2])

Rewrite the above equation as
T T
P =w (% - ATr) « Ty (% - ATr)
+w(%£+Aﬂ)xm(%£+Aﬂ). (22)

In order to constrain the braking torque from a motor within 0
and its maximal braking torque, Tj_pqx, AT should be bounded as

T T,
2br —Tp_max < ATr < Tp_max — Sr (23)
T T
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Fig. 17. Regenerative power comparison with different braking torque distribution
methods (motor speed: 350RPM).

Thus the optimal value AT} can be found to maximize the P;. The
optimized torque for each of the two right-side motors is shown as

Tor
T: = =~ £ AT{
e (24)
Ty = 5L # ATy

The optimal torques for the two left-side motors can also be
similarly written as

Ty

% __ *
Ti = 2 + AT, 05)
T)=— F AT}

2

Fig. 17 shows the battery power in different regenerative brak-
ing torque distribution ways. As it indicates, the battery power with
the proposed braking torque distribution is always greater than the
ones by other braking torque distribution methods.

The preceding results show that by appropriately utilizing the
actuation flexibility of the FIAIWM EGV and distributing the torque
among the four in-wheel motors with respect to their energy
efficiency characteristics, the battery power in the driving and
regenerative braking modes can be either reduced or increased in
comparison with the cases of equally distributed torque. Such an
observation suggests that there are good potentials for improving
the overall FIAIWM EGV operational energy efficiencies by allo-
cating the total desired torque among the four in-wheel motors
in an optimal way with respect to their different efficiencies and
operating conditions.

6. Conclusions

In this paper, the experimental performance and energy effi-
ciency characterizations of an electrical ground vehicle with four
independently actuated in-wheel motors are presented. The torque
responses and energy efficiencies of in-wheel motor/driver were
intensively studied through experiments conducted on a chassis
dynamometer with a prototyping FIAIWM EGV at both driving and
regenerative braking modes. An in-wheel motor torque distribu-
tion method for improving the EGV operational energy efficiency
was proposed based on the system and component efficiency char-
acteristics, and the results show that there are good potentials for
improving the overall FIAIWM EGV operational energy efficien-
cies by explicitly considering the in-wheel motor efficiency and
operating conditions.
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