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Model-Based Range Extension Control System
for Electric Vehicles With Front and Rear

Driving–Braking Force Distributions
Hiroshi Fujimoto, Senior Member, IEEE , and Shingo Harada, Student Member, IEEE

Abstract—This paper proposes a model-based range ex-
tension control system for electric vehicles. The proposed
system optimizes the front and rear driving–braking force
distributions by considering the slip ratio of the wheels and
the motor loss. The optimal distribution depends solely on
vehicle acceleration and velocity. Therefore, this system is
effective not only at constant speeds but also in accelera-
tion and deceleration modes. Bench tests were conducted
for more precise evaluation and to realize experimental
results with high reproducibility. The effectiveness of the
proposed system was verified through field and bench
tests.

Index Terms—Bench test, driving and braking force dis-
tribution, electric vehicle (EV), range extension control sys-
tem (RECS).

I. INTRODUCTION

BASED on current environmental and energy problems,
electric vehicles (EVs) have been proposed as an alterna-

tive solution to internal combustion engine vehicles (ICEVs).
EVs have remarkable advantages in motion control compared
with ICEVs [1] as follows.

• The response to the driving–braking force by the motor is
much faster than that of engines (about 100 times).

• In-wheel motors enable independent control and drive of
each wheel.

• The motor torque is precisely measured from the motor
current.

Research is actively ongoing on traction control [2], [3] and
stability control [4], [5] to utilize the above advantages.

One reason that is preventing EVs from spreading is that its
mileage per charge is shorter than that of conventional ICEVs.
In order to solve this problem, wireless power transfer for mov-
ing vehicles [6], [7] is being researched. As another approach,
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ultracapacitors are being utilized for energy storage systems
to improve the energy regeneration [8]–[10]. Research is also
being carried out to improve the efficiency of motors [11].
In order to realize high-efficiency motor control, Inoue et al.
examined torque and angular velocity patterns that maximize
efficiency during acceleration and deceleration [12]. Yuan and
Wang utilized the independent characteristics of traction motors
to develop a torque distribution method for decreasing EV
energy consumption where two motors with the same efficiency
characteristics are used [13].

The authors’ research group previously proposed the range
extension control system (RECS) [14]–[16], which does not
involve changes to the vehicle structure such as an additional
clutch [13] or the motor type. Instead, the RECS extends the
cruising range of a vehicle by motion control. We assumed
that an EV has more than one motor and that suitable torque
distribution results in improved efficiency.

Two types of RECS have already been proposed. The first
involves optimizing the driving force distribution ratio between
front and rear motors when the vehicle runs on a straight road
[15], [16]. The second involves optimizing the distribution ratio
between left and right motors when the vehicle is curving [14].

This paper assumed that the straight road and the steering
angle is fixed to zero. Although the work in [15] assumes
that the vehicle speed is constant, Harada and Fujimoto in
[16] evaluated in terms of the acceleration and deceleration
on a straight road. The effectiveness of the proposed system
was only verified for operation at low speeds. It has not been
verified for operation at high speeds, where the ratios of the
driving resistance and motor iron loss to the total loss are
relatively large. Therefore, experiments on operation at high
speeds are necessary for a more appropriate evaluation of the
RECS. In this paper, a bench test was performed to realize high
reproducibility of the results along with a field test to evaluate
the proposed system. The effectiveness of the proposed system
was verified through the field and bench tests.

II. EXPERIMENTAL VEHICLE AND VEHICLE MODEL

A. Experimental Vehicle

This study used the original EV “FPEV-2 Kanon,” which
was developed in-house. This vehicle has four outer rotor-type
in-wheel motors. Since these are direct-drive-type motors, the
reaction force from the road is directly transferred to the motor
without backlash from the reduction gear.

0278-0046 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/
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TABLE I
VEHICLE SPECIFICATIONS

TABLE II
SPECIFICATIONS OF IN-WHEEL MOTORS

Fig. 1. Efficiency maps of front and rear motors. (a) Front motor.
(b). Rear motor.

Tables I and II show the specifications of the vehicle and in-
wheel motors. Fig. 1 presents the efficiency map of the front
and rear in-wheel motors. In this paper, higher torque operation
points where the motor torque was greater than one and a
half times the rated torque were not used for the evaluation.
Since the front and rear motors installed in the vehicle were
different, their efficiency maps were also different. Therefore,
the cruising range can be extended by employing the difference
in efficiency.

Fig. 2 illustrates the power system of the vehicle. A lithium-
ion battery was used as the power source. The voltage of the
main battery was 160 V (ten battery modules were connected
in series). The voltage was boosted to 320 V by a copper. In
this paper, the copper loss was not evaluated because it was
independent of the torque distribution.

B. Vehicle Model

The four-wheel-drive vehicle model is described here. The
wheel rotation is expressed by (1). For straight driving, the
driving–braking forces of the right and left wheels are equal.

Fig. 2. Electric power system of a vehicle.

Fig. 3. Vehicle model. (a) Rotational motion of wheel. (b) Longitudinal
motion of vehicle.

Therefore, the vehicle dynamics is expressed by (2) and (3).
Thus,

Jωj
ω̇j =Tj − rFj (1)

MV̇ =Fall − FDR (2)

Fall =2
∑
j=f,r

Fj (3)

where ωj is the wheel angular velocity, V is the vehicle speed,
Tj is the motor torque, Fall is the total driving–braking force,
Fj is the driving–braking force of each wheel, M is the vehicle
mass, r is the wheel radius, Jωj

is the wheel inertia, and FDR is
the driving resistance, as shown in Fig. 3. Subscript j represents
f or r (f stands for front, and r represents rear).

Next, the slip ratio λj is defined as

λj =
Vωj

− V

max
(
Vωj

, V, ε
) (4)

where Vωj
= rωj is the wheel speed, and ε is a small constant to

avoid zero division. λj > 0 means driving, and λj < 0 means
braking. The slip ratio λ is known to be related with the
coefficient of friction μ, as shown in [17]. In region |λ| � 1,
μ is nearly proportional to λ. By using the normal forces of
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Fig. 4. Load transfer model.

each wheel Nj during longitudinal acceleration with ax and the
slope of the curve, the driving force of each tire is expressed as

Fj = μj(λj)Nj(ax) ≈ D′
sλjNj(ax) (5)

where D′
s is the normalized driving stiffness [20].

As shown in Fig. 4, the normal forces of each wheel during
the longitudinal acceleration process are calculated as follows:

Nf (ax) =
1

2

(
lr
l
Mg − hg

l
Max

)
(6)

Nr(ax) =
1

2

(
lf
l
Mg +

hg

l
Max

)
(7)

where Nf and Nr are the front and rear normal forces, respec-
tively; lf and lr are the distances from the center of gravity to
the front and rear axles, respectively; and hg is the height of
the center of gravity. The acceleration direction is defined as
positive when the vehicle is accelerating.

C. Driving–Braking Force Distribution Model

During straight driving, the required total driving–braking
force can be distributed to each wheel. Since the EV motors
were assumed to be independently controlled in this study,
the driving–braking force distribution has an extra degree of
freedom. By introducing the front and rear driving–braking
force distribution ratio k, the driving–braking forces can be
formulated based on the total driving–braking force Fall and
the distribution ratio k as follows [15]:

Fj(k) =
1

2
γj(k)Fall (8)

γj(k) =

{
1− k, j = f
k, j = r.

(9)

The distribution ratio k varies from 0 to 1. k = 0 means that the
vehicle is a front-driven system, and k = 1 means that it is only
rear driven. Note that, even if the driving force Fj is zero, the
torque Tj is not always zero according to (1).

D. Modeling of Inverter Input Power

The slip ratio and motor loss can be considered to derive
the distribution ratio that minimizes the inverter input power.
Neglecting the inverter loss and mechanical loss of the motor,
the inverter input power Pin is expressed as

Pin = Pout + Pc + Pi (10)

Fig. 5. Equivalent circuit of a permanent-magnet synchronous motor
for the iron loss model. (a) d-axis. (b) q-axis.

where Pout is the sum of the mechanical output of each motor,
Pc is the sum of the copper loss of each motor, and Pi is the
sum of the iron loss of each motor. Pout is given by

Pout = 2
∑
j=f,r

ωjTj . (11)

The sum of the copper loss of the permanent-magnet motors Pc

can be modeled as

Pc = 2
∑
j=f,r

Rj

(
i2qj + i2dj

)
� 2

∑
j=f,r

Rji
2
qj (12)

where Rj is the armature winding resistance of the motor,
and iqj and idj are the q- and d-axis current of the motor,
respectively. In (12), we assumed that the copper loss in the
q-axis is much bigger than that in the d-axis.

Suppose that the magnet torque is much greater than the
reluctance torque.1 Then, the following relationship between
the q-axis current and torque is obtained:

iqj =
Tj

Ktj
=

Tj

pnjΨj
(13)

where Ktj is the torque coefficient of the motor, pnj is the
number of pole pairs, and Ψj is the interlinkage magnetic flux.
Therefore, the copper loss Pc is given by

Pc = 2
∑
j=f,r

RjT
2
j

K2
tj

. (14)

In this paper, the equivalent circuit model [18] was used to
examine the iron loss. Fig. 5 shows the d- and q-axis equivalent
circuits of the permanent-magnet motor. From the circuits, the
sum of iron loss Pi is expressed as

Pi = 2
∑
j=f,r

ω2
ej

Rcj

{
(Lqjioqj)

2 + (Ldjiodj +Ψj)
2
}

(15)

where ωej is the electrical angular velocity of the motor, Rcj is
the equivalent iron loss resistance, Ldj is the d-axis inductance,
and Lqj is the q-axis inductance [18]. iodj and ioqj are defined
in Fig. 5. The first and second terms in (15) represent the q- and
d-axis iron losses, respectively.

In (15), the armature reaction of the d-axis ωeLdiod is
neglected since it is much smaller than the electromotive force
of the magnet ωeΨ. In the modeling of the iron loss, ωej was
approximated as pnjV/r for simplicity since the slip ratio of
each wheel was small.

1If this assumption and the approximation in (12) are not used, the analytic
solution such as (21) cannot be obtained. In the case that these assumptions are
not satisfied, the numerical optimization is possible, which is described in the
Appendix.
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Under these conditions, Pi is approximated by

Pi ≈ 2
V 2

r2

∑
j=f,r

p2nj
Rcj

{(
Lqj

Ktj

)2

T 2
j +Ψ2

j

}
. (16)

Note that to obtain (16), Tj = Ktjioqj is used instead of (13)
because the iron loss resistance Rcj is considered here. The
equivalent iron loss resistance Rcj is expressed as

1

Rcj(ωej)
=

1

Rc0j
+

1

R′
c1j |ωej |

. (17)

In (17), the first and second terms on the right-hand side
represent the eddy current loss and hysteresis loss, respectively
[19]. By applying ωej = pnjV/r, Rcj is expressed as Rcj(V ).

From the above equations, Pin is expressed as

Pin =Pout + Pc + Pi

=2
∑
j=f,r

ωjTj + 2
∑
j=f,r

RjT
2
j

K2
tj

+ 2
V 2

r2

∑
j=f,r

p2nj
Rcj

{(
Lqj

Ktj

)2

T 2
j +Ψ2

j

}
. (18)

III. OPTIMIZATION OF FRONT AND REAR

DRIVING–BRAKING FORCE DISTRIBUTIONS

A. Derivation of Optimal Distribution Ratio

The optimal driving–braking force distribution ratio that
minimizes the input power of the inverter is derived here.
To derive the optimal distribution ratio, the inertia force of
each wheel is neglected in (1) because Jωj

ω̇j � rFj under a
high-μ load. As noted in [20], the denominator of (4) can be
approximated to V when |λj | � 1. Therefore, Tj and ωj can
be approximated as

Tj = rFj (19)

ωj =
V

r
(1 + λj). (20)

By applying the above approximation, Pin is obtained as
Pin(k) [16]. Since Pin(k) is a quadratic function of k, the
optimal distribution ratio kopt satisfies ∂Pin/∂k|k=kopt

= 0.
Therefore, kopt is derived as a function of V and ax [16], i.e.,

kopt(V, ax)

=

V
D′

sNf (ax)
+

r2Rf

K2
tf

+ V 2

Rcf (V )

(
Lqf

Ψf

)2

V
D′

s

∑
j=f,r

1
Nj(ax)

+r2
∑

j=f,r

Rj

K2
tj

+V 2
∑

j=f,r

1
Rcj(V )

(
Lqj

Ψj

)2 . (21)

B. Numerical Calculation

Fig. 6 shows the calculation results of the experimental
vehicle’s motor efficiencies when Rc0j was 300 Ω and R′

c1f

and R′
c1r were 0.13 and 0.053 Ωs/rad, respectively. In Figs. 1

and 6, the front motor had a higher global efficiency than
the rear motor because the former can have a much smaller
internal diameter than the latter. Therefore, the number of turns
of the motor windings and the teeth shape can be optimized
for the front-motor design. Fig. 7 shows the modeling error
of the motor efficiency, which was calculated by subtracting

Fig. 6. Motor efficiency (calculated). (a) Front motor. (b) Rear motor.

Fig. 7. Modeling error of motor efficiency. (a) Front motor. (b) Rear
motor.

Fig. 8. Optimal distribution ratio kopt.

the measured value from the calculated value. In Fig. 7, the
calculation error was within ±5% for most evaluated operation
areas. Therefore, the modeling in this study properly expressed
the motor characteristics.

Fig. 8 shows the calculated kopt. Under a high-μ load, the
normalized driving stiffness D′

s was set to 12. kopt increased
with acceleration and decreased with increased deceleration.
This is mainly because of the influence of the variation in
the slip ratio due to load transfer and copper loss. On the
other hand, kopt increased with vehicle velocity. The range of
kopt was 0.2–0.45. This is because the front motor had higher
efficiency than the rear motor in a wide area of the efficiency
map, as shown in Fig. 1.

IV. EXPERIMENT

A. Test Field and Test Bench

A test field for vehicles owned by the National Traffic
Safety and Environment Laboratory in Japan was used for the
field test, which is shown in Fig. 9(a). This test field has a
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Fig. 9. Test field and bench test environment. (a) Test field. (b) Test
vehicle and RC-S.

1350-m-long straight road, a low-μ load, and a slope. This
field allows experiments to be performed under various driving
conditions. In this paper, no-slope and high-μ road conditions
were employed for the evaluation.

In the bench test, the Real Car Simulation Bench (RC-S)
owned by Ono Sokki Co., Ltd. was used. Fig. 9(b) shows
the bench test environment. In the experiments using RC-
S, driving shafts were directly connected to dynamometers
through a bearing wheel, which is different from the case of a
chassis dynamometer. By changing the vehicle model of RC-S,
experiments can be conducted under various road conditions. In
addition, RC-S can control dynamos with a faster response than
a chassis dynamometer using rollers, which have greater inertia.
Therefore, RC-S is suitable for the bench test of EVs driven by
motors. In this research, the test bench was very useful because
the experiments were not influenced by changes in the wind and
road conditions.

Fig. 10 shows the block diagram of the experimental en-
vironment using RC-S. The motor torque of each wheel was
measured by a torque meter and input to the vehicle model
of RC-S. The velocity and acceleration of the vehicle were
calculated by vehicle dynamics model in RC-S. In order to
control the motors, these values were input to the vehicle
controller.

B. Driving Resistance

For the simulation and bench test, the driving resistance of
the test vehicle was measured in the test field. The driving
resistance FDR can be determined by

FDR(V ) = μ0Mg +
1

2
ρCdAV

2 (22)

Fig. 10. Block diagram of experiment environment.

Fig. 11. Comparison of model and measurement results of driving
resistance.

where μ0 is the rolling-friction coefficient, ρ is the air density,
Cd is the drag coefficient, and A is the frontal projected area.
ρ and A were determined to be 1.205 kg/m3 and 1.2 m2,
respectively. μ0 and Cd were 1.28× 10−2 and 0.863, respec-
tively. These values were empirically obtained. Fig. 11 shows
the measured and calculated driving resistance values. The
measurements were taken five times. As shown in the figure,
the model described by (22) matched the measured values.

C. Input Power for Change in Distribution Ratio

Fig. 12 shows the experimental results of Pin when the
distribution ratio was changed. This experiment was conducted
using RC-S. The inverter input power Pin can be calculated as

Pin = Vdc

∑
j=f,r

Idcj (23)

where Vdc is the inverter input voltage, and Idcj is the front
and rear inverter input currents. Fig. 12 shows the results
when ax and V were 1.5 m/s2 and 40 km/h, respectively,
and −2.0 m/s2 and 40 km/h, respectively. These conditions
were simulated by RC-S. In Fig. 12, the rigid lines represent
the calculation results of the computer simulation; here, the
approximations presented above were not applied. The value
at kopt calculated by (21) is shown as a dashed line. Fig. 12
indicates that Pin is a convex function of k. Therefore, a k value
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Fig. 12. Experimental result of Pin. (a) ax = 1.5 m/s2, V = 40 km/h.
(b) ax = −2.0 m/s2, V = 40 km/h.

Fig. 13. Reference vehicle speed.

Fig. 14. Vehicle speed control system.

that minimizes Pin exists. In the simulation, although there
were errors caused by the approximations of the torque, wheel
angular velocity, copper loss, and iron loss, the case of k = kopt
showed almost equal minimum values, as shown in Fig. 12. The
experimental results indicate that kopt can mostly minimize the
input power, although a little error remains present. Therefore,
the approximations assumed in this study were appropriate.

D. Pattern Driving

To demonstrate the effectiveness of the proposed system,
the driving cycle was evaluated with both the test field and
test bench. Fig. 13 shows the driving cycle, which comprised
two-step acceleration, cruising, and two-step deceleration. The
accelerations were 1.5 and 1.25 m/s2, the maximum vehicle
speed was 60 km/h, and the decelerations were −2.5 and
−3.0 m/s2. The cases of k = 0, 0.1,0.2,0.3,0.4,0.5, and kopt
were evaluated. In the bench test, the driving resistance was set
to the value measured in the field test.

Fig. 14 shows the vehicle velocity control system for de-
termining the vehicle velocity pattern in Fig. 13 during the
field test. This system comprised a feedforward controller and

a feedback controller. These controllers corresponded to the
driver model. The input was the vehicle velocity reference V ∗,
and the average of all of the wheel velocities was used as the
vehicle velocity V in the field test. The value calculated with the
vehicle model was used in the bench test. These controllers gen-
erated the total reference driving–braking force F ∗

all. Then, F ∗
all

was distributed to the reference front and rear driving–braking
forces F ∗

j based on (8) and (9). Represented by the slip ratio,
the reference front and rear torques T ∗

j are given by

T ∗
j = rF ∗

j +
Jωj

a∗x
r

(
1 + λ∗

j

)
(24)

where the second term of the right-hand side represents the
compensation for the inertia torque of the wheels [20]. In
order to consider the stability of the vehicle velocity control
system, the reference acceleration a∗x and slip ratio λ∗

j were
substituted for their measured values. Because Jωj

a∗x/r was
much smaller than rF ∗

j , the second term did not have a large
effect. Therefore, λ∗

j was simply set to 0.05, 0, and −0.05
during acceleration, cruising, and deceleration, respectively.

The vehicle velocity controller CPI(s) was a proportional-
integral (PI) controller that was designed by the pole placement
method. The plant of the vehicle velocity controller is given by

V

Fall
=

1

Ms
. (25)

The pole of vehicle velocity controller was set to −5 rad/s.
Fig. 15 shows the vehicle speed control system for the

experiments using RC-S. The inverters and motors of the real
vehicle and vehicle model in RC-S represent the actual vehicle
plant in Fig. 14. The vehicle model comprised the equations
given in Section II.

Fig. 16 shows the experimental results for the vehicle motion
in the field and bench tests; the results of each test when
k = kopt are shown. Fig. 16(a) shows the vehicle velocity. In
each test, the vehicle velocity followed the reference, similar
to the simulation results. This figure also shows the distribu-
tion ratio. The optimal distribution ratio kopt increased during
acceleration and decreased during deceleration. This result
matched the previous calculations. Fig. 16(c) and (d) shows
the front and rear driving–braking forces, respectively. The
total driving–braking force Fall was distributed based on k.
In addition, the absolute values of the driving force in the
simulation and bench test were equal to that of the field test.
Therefore, the driving resistance model was appropriate, and
the test bench realized the same load as the field test.

Fig. 17 shows the energy consumption in each experimental
test. The energy consumptions during acceleration, cruising,
and deceleration are shown separately. In order to confirm the
reproducibility of the experimental results, the average values
and standard deviations, shown as error bars, were calculated
for the field and bench tests, which were carried out 12 and
8 times, respectively. In the computer simulation and RC-S,
the energy consumption and regenerated energy during each
driving section were minimized and maximized by the pro-
posed system. In the field test, the effectiveness of the proposed
system with regard to the total energy consumption was not
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Fig. 15. Vehicle speed control system and vehicle model of RC-S.

Fig. 16. Experimental results related to vehicle motion of driving pattern (k = kopt). (a) Velocity. (b) Distribution ratio. (c) Front driving force.
(d) Rear driving force.

Fig. 17. Experimental results of pattern driving (comparison of energy consumption). (a) Acceleration 1 (1.5 m/s2, 0–40 km/h). (b) Acceleration 2
(1.25 m/s2, 40–60 km/h). (c) Cruising (60 km/h, 3 s). (d) Deceleration 1 (−2.5 m/s2, 60–40 km/h). (e) Deceleration 2 (−3.0 m/s2, 40–0 km/h). (f) Total.

clear because of the large dispersion for the data. However,
Fig. 17(a) and (e) clearly shows the effectiveness in the case
of large acceleration because the variations in the wind and
road conditions on the energy consumption was relatively small
with a large torque. In the computer simulation results, the high-
speed operation showed worse efficiency than the experimental

results. This is because the simulation model had greater iron
loss than the actual values. A comparison of the simulation
and two tests showed that their energy consumptions roughly
agreed. Thus, the proposed system achieved 9% and 8% de-
creases in the energy consumption during the bench and field
tests, respectively, compared with k = 0.5.



3252 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 5, MAY 2015

Fig. 18. Loss separation model.

E. Loss Separation

To analyze the effectiveness of the proposed system, loss
separation was conducted. Fig. 18 shows the loss separation
model. Pout can be separated as

Pout = PM + PJ + PR + PS (26)

where PM is the power stored as kinetic energy of the vehicle
mass, PJ is the sum of power stored as rotational energy of each
wheel, PR is the loss caused by the driving resistance, and PS

is the sum of the loss caused by the slip of each wheel.
Fig. 19 shows the calculated loss separation for the driving

pattern simulation with k = kopt. The input energy Wx (x was
replaced by c, i, out, M , J , R, or S) was calculated by

Wx =

te∫
ts

Pxdt (27)

where ts and te are the start and end times, respectively, of
integration. In Fig. 19, Wout and WM accounted for most of
Win and Wout, respectively. In the results for acceleration 1 and
deceleration 2, the ratio of Wc was comparatively large because
of the larger acceleration or deceleration. On the other hand,
WR accounted for most of Win during cruising. WJ and WS

were small relative to the other losses in all sections. Although
Wi was smaller than Wc in Fig. 19, Wi should be greater than
Wc at higher speeds. In Fig. 19(f), the total of WM and WJ was
zero. The ratios of WR, Wc, and Wi to Win were about 40%,
40%, and 20%, respectively. WS was very small. The above
results clearly show that the driving resistance and copper loss
accounted for most of the total loss.

F. Evaluation Based on JC08 Mode

The JC08 mode test, which is a major Japanese driving cycle,
was employed for evaluation under more practical conditions.
The average and maximum velocities of JC08 mode were
24.4 and 81.6 km/h, respectively. The driving distance was
8.172 km.

Table III shows the JC08 mode results. The test was con-
ducted once for each of the two conditions k = 0.5 and kopt.
With the proposed system, the cruising range for 1 and 5.6 kWh
(battery capacity of experimental vehicle) were extended by
0.4 and 2.3 km, respectively. These experimental results were
almost equal to the simulation results. During real driving, the
frequency of large accelerations or decelerations is higher than
that of JC08 mode. Therefore, further improvement is expected
under actual driving conditions.

V. CONCLUSION

This paper has proposed a model-based RECS for EVs that
optimizes the front and rear driving–braking force distributions.
The slip ratio of the wheels and the copper and iron losses of
the motors are considered to minimize the energy consumption.
Because the proposed distribution method only depends on
vehicle acceleration and velocity, the distribution ratios during
the acceleration or deceleration processes can be optimized.

A bench test was carried out to realize results with high
reproducibility. The results of a computer simulation, actual
field test, and bench test were compared. The simulation and ex-
perimental results confirmed the effectiveness of the proposed
system. The simulation and bench test results on the energy
consumption matched the field test results.

Therefore, this study verified that the proposed system can
extend the cruising range of EVs and accurately measure the
energy consumption.

This paper only dealt with the case of front and rear distri-
bution. The future work is to extend this method to the case of
four-wheel distribution by combining our previous approach of
left and right distribution [14].

APPENDIX

GENERALIZATION TO THE CASE OF idj �= 0

When the reluctance torque is not negligible, motor torque
Tj and motor loss Plossj can be expressed as

Tj =Kmtjioqj +Krtjiodjioqj (28)

Plossj =Pcj + Pij (29)

Pcj =Rj

(
i2dj + i2qj

)
(30)

Pij =
ω2
ej

Rcj

{
(Lqjioqj)

2 + (Ldjiodj +Ψj)
2
}

(31)

where Kmtj := pnjΨj , Krtj := pnj(Ldj − Lqj), and ωej =
pnjωj . On the equivalent circuit Fig. 5, when the required
torque Tj is given, the driving condition of iodj to minimize
Plossj is as follows [18]:

T 2
j =

AB

C

A :=RjR
2
cjiodj + ω2

ejLdj(Rj +Rcj)(Ldjiodj +Ψj)

B := p2nj {Ψj + (Ldj − Lqj)iodj}3

C :=
{
ω2
ejL

2
qj(Rcj +Rj) +RjR

2
cj

}
(Ldj − Lqj). (32)
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Fig. 19. Calculation results of loss separation during driving pattern simulation (k = kopt). (a) Acceleration 1 (1.5 m/s2, 0–40 km/h).
(b) Acceleration 2 (1.25 m/s2, 40–60 km/h). (c) Cruising (60 km/h, 3 s). (d) Deceleration 1 (−2.5 m/s2, 60–40 km/h). (e) Deceleration 2 (−3.0 m/s2,
40–0 km/h). (f) Total.

TABLE III
CRUISING RANGE (JC08 MODE)

From (4), the wheel speed can be represented by

ωj =
V

r

1

1− λj
. (33)

Here, the definition of rωj > V in (4) is utilized. The wheel
angular speed ω̇oj is obtained by

ω̇j =
ax
r

1

1− λj
(34)

where the approximation of λ̇j � 0 is used because the road
condition is assumed to be constant.

From (5) to (9), the slip ratios λf and λr are represented as

λf (k) =
(1− k)lFall

D′
sfM(lrg − hgax)

(35)

λr(k) =
klFall

D′
srM(lfg + hgax)

. (36)

By substituting (35) and (36) for (33) and (34), we obtain

ωf (k) =
V

r

D′
sfM(lrg − hgax)

D′
sfM(lrg − hgax)− (1− k)lFall

(37)

ωr(k) =
V

r

D′
srM(lfg + hgax)

D′
srM(lfg + hgax)− klFall

(38)

ω̇f (k) =
ax
r

D′
sfM(lrg − hgax)

D′
sfM(lrg − hgax)− (1− k)lFall

(39)

ω̇r(k) =
ax
r

D′
srM(lfg + hgax)

D′
srM(lfg + hgax)− klFall

. (40)

From the above equations and (1), the front and rear torques are
represented as the function of k by

Tf (k)=
Jωf

axD
′
sfM(lrg−hgax)

r
{
D′

sfM(lrg−hgax)−(1−k)lFall

}+
(1−k)rFall

2

(41)

Tr(k)=
Jωr

axD
′
srM(lfg+hgax)

r{D′
srM(lfg+hgax)−klFall}

+
krFall

2
. (42)

Therefore, the motor outputs can also be functions of k as

Poutf (k) =ωf (k)Tf (k) (43)

Poutr(k) =ωr(k)Tr(k). (44)

Next, the motor losses are considered. From (28), the q-axis
currents can be modeled by

ioqf (k, iodf ) =
Tf (k)

Kmt +Krtiodf
(45)

ioqr(k, iodr) =
Tr(k)

Kmt +Krtiodr
. (46)

From (29) to (31), the motor losses Plossf and Plossr are
represented by

Plossf (k, iodf ) =Pcf (k, iodf ) + Pif (k, iodf ) (47)

Plossr(k, iodr) =Pcr(k, iodr) + Pir(k, iodr). (48)

Note that each motor loss can be determined by k and d-axis
current. Therefore, total input power can be modeled as

Pin ( k, iodf , iodr ) = 2Poutf (k) + 2Poutr(k)

+2Plossf (k, iodf ) + 2Plossr(k, iodr). (49)
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The optimal condition to minimize Pin(k, iodf , iodr) is

grad Pin ( k, iodf , iodr ) =0 (50)
∂Pin ( k, iodf , iodr )

∂k
=0 (51)

∂Pin ( k, iodf , iodr )

∂iodf
=

∂Plossf (k, iodf )

∂iodf
= 0 (52)

∂Pin ( k, iodf , iodr )

∂iodr
=

∂Plossr(k, iodr)

∂iodr
= 0. (53)

Equations (52) and (53) correspond with the minimum loss
solution of each motor (32), which can be numerically solved
as the function of k (i.e., iodf (k) and iodr(k)). Therefore, the
optimal k can also be numerically solved from (51). Because
(51) becomes only the function of k, the online calculation cost
can be reduced.
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