3380

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 4, APRIL 2017
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Abstract—Motion stabilization for electric vehicles with
four in-wheel motors has been extensively studied in recent
years. While most of the previous works have tended to focus on the development of optimization algorithms for driving force distribution, this paper considers a global–local
control scheme: the global controller coordinates wheel and
vehicle motions to generate reference driving forces and the
local controller further controls the generated force commands. Specifically, two approaches with different global
control concepts are proposed. The first approach considers the redesign of weighting factors for a conventional
driving force optimization algorithm, and based on the first
method, the second approach formulates the objective function and equality constraints in a two degree-of-freedom
control framework. As an example, vehicle start off on an
instantaneous split-friction road is employed to verify the
proposed methods in both simulations and experiments.
Index Terms—Driving force, electric vehicle (EV), in-wheel
motor (IWM), motion control.

NOMENCLATURE
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Time constant of driving force observers.
Friction coefficient between the ith wheel and road.
Slip ratio of the ith wheel.
ith wheel’s angular velocity.
longitudinal acceleration rate.
Tread width.
Wheel radius.
Driving force distribution ratio of the ith wheel.
Lagrangian multiplier.
Integral gain for the inner wheel velocity control.
Proportional gain for the inner wheel velocity control.
Driving stiffness of the ith wheel.
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Slope of the μi –λi curve.
Total driving force.
Total driving force command.
Rolling resistance.
Driving force of the ith wheel.
Rotational inertia of the ith wheel.
Nominal value of Ji .
Normal force of the ith wheel.
Vehicle mass.
Driving torque applied to the ith wheel.
Velocity of the ith wheel.
Vehicle velocity.
Desired yaw moment.
I. INTRODUCTION

IMED at motion stabilization, driving force allocation and
control for electric vehicles (EVs) with multiple driving
motors have long been investigated [1]–[4], and most of the
related studies consider the changes in the condition of one
or more wheels, e.g., sudden change in road friction. Utilizing
the advantages of motors, some studies focused on pure antislip control [5]–[7]. However, in addition to wheel slippage
suppression, vehicle motion control is also necessary in some
typical testing scenarios such as split-friction acceleration [8].
For traditional vehicles, the combination of active steering and
differential braking was widely employed as control inputs [9],
[10]. For an EV with four in-wheel motors (IWMs), the actuation flexibility of the wheels enables vehicle motion and wheel
slip to be controlled together by adjusting the driving forces.
For example, Sakai et al. demonstrated that direct yaw control
(DYC) alone could not guarantee the stability of a 4 wheeldriven (4WD) EV on a slippery surface, and, hence, proposed
an antiskid-based DYC [11]. As the vehicle was modeled as a
half car, driving force distribution was not explicitly addressed.
Driving force distribution is critical for vehicle motion stabilization and has been widely studied in recent years. In [12], a driver
assistant system for a 4WD EV was studied by Tahami et al. who
proposed a fuzzy logic algorithm to control both yaw motion
and wheel slip, and simulations show good yaw rate tracking
and accurate wheel slip control when braking on a split-friction
surface. Another study conducted by Wang et al. considered the
control of longitudinal speed and yaw rate on a low friction road,
and formulated a cost function to address both wheel slip and vehicle motion [13]. One of the contributions of this literature was
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Illustration of the research scenario.
Fig. 2.

the derivation of an analytical solution to the control allocation
algorithm. In [14], an optimal torque distribution strategy for a
4WD EV was developed by considering multiple performance
indices such as driving force and yaw moment, and was tested
in slippery road conditions. Some other works considered energy efficiency in the design of objective function, e.g., Abe
et al. designed an objective function to minimize tire dissipation energy [15], and Pennycott et al. considered maximizing the
regenerative power produced during braking maneuvers [16].
These literatures have tended to focus on the development of
driving force distribution methodologies, i.e., on how to generate feedforward control references for vehicle motion stability.
However, as an IWM is attached to a tire, disturbances and
complex tire dynamics inevitably influence the output force,
especially on slippery roads. Therefore, local driving force controllers are indispensable [17], [18]. Considering this, motion
control in split-/low-friction conditions was also performed in
[19] and [20], in which a cost function similar to that proposed
in [13] was constructed to distribute the driving force among
the four wheels. Moreover, the driving forces were further controlled in the inner control loop. However, actual vehicle forces
were not addressed in the optimization, and inevitably the control performances were adversely affected. That is, as the global
distribution algorithm allocates driving forces, actual delivered
forces should be addressed in the global optimization algorithm.
In this paper, a typical testing scenario, vehicle start off on
an instantaneous split-friction road, is considered as an example
to study driving force control. Such a condition is illustrated in
Fig. 1. The uncontrolled driving wheel may experience slip due
to the low friction, and the driving force commands can hardly
be well achieved. Moreover, a sudden decrease of one driving force can generate undesired yaw motion. To accelerate the
vehicle straight ahead without excessive tire slip, three factors
are considered in the driving force control: 1) the wheel-road
contacting conditions change rapidly when the vehicle enters or
leaves the low-friction area, and locally controlling the wheel
dynamics is desirable; 2) the control of wheel slip and vehicle
motion both vary the torque applied to each wheel, and they
should be coordinated to generate the reference driving forces.
Moreover, actual driving forces need to be addressed in the generation of control efforts; 3) considering that an EV with four
IWMs has a distributed structure, the control system can be
formulated in a global–local way, where the local controllers
suppress wheel slip and minimize the difference between the
reference and actual driving forces, and global optimization

Global–local control scheme for an EV with four IWMs.

provides the driving force commands. The remainder of this paper is organized as follows. In Section II, system modeling and
the design of the local driving force controller are presented.
In Section III, by considering vehicle acceleration on an instantaneous split-friction road, two proposed global controllers
are explained together with a conventional controller. Next,
Section IV presents simulation and experimental results. Finally, conclusions and future works are provided in Section V.
II. SYSTEM MODELING FOR LOCAL DRIVING
FORCE CONTROL
As illustrated in Fig. 2, an EV with four IWMs can be considered as a global control system with four local agents, in which
the global and the four wheel controllers exchange reference
and actual driving forces. In this section, basic wheel and vehicle dynamics are introduced for the design of the local driving
force controllers.
A. Vehicle and Wheel Dynamics
The longitudinal motion of a 4WD vehicle can be described
as (1). As this term is small and usually not controllable, it is
neglected in the controller design
M · V̇x = Fall − Froll =

4


Fi − Froll

(1)

i=1

where
Fi = ki · Fall .
For a single wheel, the governing dynamics equation and slip
ratio can be given as (2) and (3), respectively. As the wheel
radiuses of high-speed vehicles are often the same, r is used
instead of ri in this paper
Ji · ω̇i = Ti − Fi · r
λi =

Vω ,i − Vx
max (Vω ,i , Vx )

(2)
(3)

where Vω ,i = ωi · r, and Vω ,i is greater than Vx when accelerating and is less than Vx when decelerating. In Fig. 3, a typical
curve of friction coefficient versus slip ratio is illustrated, and
Fi can be represented as
Fi = μi (λi ) · Ni .

(4)
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Fig. 3.

Typical curve of friction coefficient versus slip ratio.
Fig. 4.

Block diagram of the local driving force controller.

Fig. 5.

Principle of the DFO.

The shaded area of Fig. 3 represents the linear region of the

. Then, Fi can be further
curve, and the slope is defined as Ds,i
represented as (5) by introducing driving stiffness Ds,i [19]
. 
· Ni .
(5)
Fi = Ds,i · λi , where Ds,i = Ds,i
B. Driving Force Control With Driving Force Observer
(DFO)
As previously explained, most of the existing works on driving force distribution and control treated the problems from the
perspective of optimization. However, when a vehicle traverses
on a low-/split-friction surface where the tire slip may differ
from wheel to wheel, desired wheel and vehicle motions are
not achievable without some kinds of driving force control. In
this section, a driving force control method based on DFO is
introduced.
From (2), the angular acceleration of the ith wheel is obtained
as
1
(6)
ω̇i = (Ti − Fi · ri )
Ji
and a state-space formulation can then be constructed for the
four wheels as
ω̇ = A · F + B · T

(7)

T
T


ω = ω1 , ω2 , ω3 , ω4 , F = F1 , F2 , F3 , F4
T

T = T 1 , T2 , T3 , T4


−r −r −r −r
A = diag
,
,
,
J1 J2 J3 J4


1 1 1 1
B = diag
,
,
,
.
J1 J2 J3 J4

Now, the overall control system can be formulated as Fig. 4.
Another formulation of the driving force controller can be
found in [19]. In addition, (8) can be obtained from (2)

i=1

(Ji · ω̇i ) =

4

i=1

Ti − r ·

4


Fi .

4


Ti =

i=1

(8)

i=1

Next, by substituting (1) into (8), the relationship between
the input torque and the output wheel angular velocity can be

4


(Ji · ω̇i ) + M · r2 · ω̇i .

(9)

i=1

For the ith wheel, the dynamics can be nominalized as (10)
based on (9):
Pi (s) =

1
ωi
1

:=
.
=
M ·r 2
Ti
Δ
G ,i · s
·
s
+
J
i
4

(10)

Assuming the wheel velocity is controlled by a PI controller,
the inner loop transfer function of Fig. 4 is derived as
Hi (s) =

where

4


obtained as

KP · s + K I
.
ΔG ,i · s2 + KP · s + KI

(11)

To obtain driving forces for the feedback loops, observers are
needed. In general, there are two types of DFO. One type is
a closed-loop observer such as the observer designed in [21],
but such a method is too complicated to be used online. In this
study, a disturbance observer is employed, and its principle is
illustrated in Fig. 5. The basic idea is to treat r · Fi as disturbance, and as Ti is available and ωi can be measured by a
wheel encoder, r · F̂i can be calculated using (2). Note that the
estimate from DFO not only contains driving force, but also
includes real disturbances. In practice, to suppress sensor noise,
ωi can be processed by a low-pass filter (LPF) with a cut off
frequency of 30 Hz. In the observer shown in Fig. 5, the LPF
is used to guarantee causality, and τ is the time constant. The
driving force estimate is represented as
F̂i =

1
Ti − Jn ,i · ωi · s
·
.
r
τ ·s+1

(12)
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To solve the above problem, first define a Lagrangian function
as
1
T
· (F  ) · W · F  + l · (B · F  − b)
2

L=

(15)

and then, take the partial derivative of L with respect to F  and
l, and set them to zero
∇F  L = (F  ) · W + l · B = 0
T

Fig. 6.

Local driving force controller with DFOs.

∇l L = B · F  − b = 0.
Thus, Fig. 4 can be further represented as Fig. 6 by including
the DFOs, where Ĥi (s) is defined as Hi (s)/s. F  is a vector of
the four driving force commands. Note that the control scheme
introduced above serves as an inner loop in the whole control
system.
III. GLOBAL CONTROL SYSTEM: A CASE STUDY OF
ACCELERATION ON INSTANTANEOUS SPLIT FRICTION ROADS
As previously introduced, a typical scenario to test motion
control performance is start off on an instantaneous split-friction
road. When a driving wheel reaches a low-friction surface, the
slip ratio increases and the driving force is saturated and reduced. This is especially undesired in the case of split-friction
conditions, as a yaw motion is generated if the left and right driving forces are different. Therefore, the four driving forces need
to be adjusted allowing the vehicle to accelerate straight ahead.
Moreover, the slip ratio of each wheel needs to be suppressed.
A. Brief Review of the Conventional Method
Conventional method: In [19], to minimize the slip ratios, a
cost function J1 is defined in (13) as the sum of the squares of
λi . Specifically, as Ds,i is difficult to measure, it is estimated as
D̂s,i using a recursive least squares method

Finally, from (16), the Lagrangian multiplier and the desired
driving forces can be obtained as
l = − B · W · BT

F12
2
D̂s,1

+

F22
2
D̂s,2

+

F32
2
D̂s,3

+

F42
2
D̂s,4

.

min

f =

1
T
· (F  ) · W · F  , s.t. B · F  = b
2

F =



F1 , F2 , F3 , F4

W = diag
B=

1

−d f
2

1

D̂ 2s , 1 ,

1
df
2

1

−d f
2

1

1
df
2

1

D̂ 2s , 3 ,

1

(17)

(18)

Next, combining (1), (5), and (18) yields (19), where D̂s,i is
used instead of Ds,i
ki =

D̂s,i
D̂s,1 + D̂s,2 + D̂s,3 + D̂s,4

.
= ke,i .

(19)

Next, by adding weighting factors ξ 1 , ξ 2 , and ξ 3 into (14),
the objective function (20) can be formulated as
J2 = ζ1 · λ21 + ζ2 · λ22 + ζ3 · λ23 + λ24

ζ1 · k12
ζ2 · k22
ζ3 · k32
=
+
+
2
2
2
D̂s,1
D̂s,2
D̂s,3

ζ4 · (1 − k1 − k2 − k3 )2
2
· Fall
+
.
2
D̂s,4

(20)

To minimize J2 , ki should satisfy ∂J2 /∂ki = 0, thus
yielding
k1 =

ζ2 · ζ3 · D̂s,1 .
ζ1 · ζ3 · D̂s,2 .
= kw ,1 , k2 =
= kw ,2
Δ
Δ
ζ1 · ζ2 · D̂s,3 .
ζ1 · ζ2 · ζ3 · D̂s,4 .
= kw ,3 , k4 =
= kw ,4
Δ
Δ
(21)

where

D̂ 2s , 4

F∗
, b = all∗ .
Mz

· b.

Fall = (Ds,1 + Ds,2 + Ds,3 + Ds,4 ) · λi .

T

D̂ 2s , 2 ,

−1

Proposed method 1: As can be seen in (13), the weighting
factor for each λ2i is set as 1. However, as the slippery conditions
are different for each wheel, they should be weighted based on
some rules [22]. Considering that the road-contacting conditions
of the four wheels may not be the same, a rule is set to equalize
.
the four slip ratios such that λ1 = λ2 = λ3 = λ4 = λi . By
considering (5) of the four wheels, (18) can be obtained as

k3 =

where

·b

B. Proposed Methods

(13)

To avoid undesired acceleration and yaw motion, the total
driving force and yaw moment are considered as equality constraints. That is, having the two constraints satisfied while minimizing the slip ratios is desirable. The objective function with
the two constraints is given as (14), where Mz∗ is zero in the case
of straight driving. To represent commands, F  is used instead
of F as

−1

F  = W · BT · B · W · BT

J1 = λ21 + λ22 + λ23 + λ24
=

(16)

Δ = ζ2 · ζ3 · D̂s,1 + ζ1 · ζ3 · D̂s,2 + ζ1 · ζ2 · D̂s,3
(14)

+ ζ1 · ζ2 · ζ3 · D̂s,4 .
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Proposed global–local control scheme.

TABLE I
SPECIFICATIONS OF THE EXPERIMENTAL SETUP

By equalizing ke,i and kw ,i, the weighting factors can be
obtained as (22). That is, by designing the weighting factors as
(22), the four slip ratios can be equalized

Vehicle Parameters

ζ1 =

D̂s,1
D̂s,4

, ζ2 =

D̂s,2
D̂s,4

, ζ3 =

D̂s,3
D̂s,4

.

(22)

Vehicle mass
Height of center of gravity (CoG)
Distance from CoG to front axle
Distance from CoG to rear axle
Spin inertial of the ith wheel

Finally, the weighted cost function J2 is obtained as (23)
based on (14) and (22)


1
F12
F22
F32
F42
J2 =
·
+
+
+
.
(23)
D̂s,1
D̂s,2
D̂s,3
D̂s,4
D̂s,4
The constraints of this method are the same as those of the
conventional method, and the force references can also be calculated using the conventional optimization approach given in
(15)–(17).
Proposed method 2 (Optimization-based 2DOF control approach). As explained in Section I, disturbances and complex
tire dynamics influence the output forces of the wheels. Therefore, the mismatches between reference and actual driving forces
inevitably influence the longitudinal and yaw motions. Unfortunately, this was not considered in conventional optimization
algorithms. To represent actual vehicle behavior in the control algorithm, signals such as yaw rate can be employed. In
this study, instead of using additional sensors, estimated driving forces are utilized to construct the feedback loops, and the
optimization of an objective function with equality constraints
is interpreted in a 2DOF scheme.
First, reuse the weighted objective function (23) and formulate it as (24) by using the definition of (1):


k12
k22
k32
(1 − k1 − k2 − k3 )2
+
+
+
J2 =
D̂s,1
D̂s,2
D̂s,3
D̂s,4
·

∗ 2
)
(Fall

D̂s,4

.

(24)

Then, by solving the partial differential equation ∂J2 /
∂k|k =k i = 0, optimal ki without considering the constraints

Wheel radius
Tread width
Yaw inertial

850 kg
0.51 m
1.013 m
0.702 m
1.24 kg·m2 (i = 1, 2)/
1.26 kg·m2 (i = 3, 4)
0.301 m
1.3 m
617 kg·m2

Vehicle Structure
Suspension
Controller

Double wishbone
AutoBox DS1103

IWM
Type
Maximum Torque
Maximum Power

Direct drive outer rotor
500 Nm
20 kW

can be obtained as (25). This serves as a part of the feedforward
term in the global controller
ki =

D̂s,i
D̂s,1 + D̂s,2 + D̂s,3 + D̂s,4

.

(25)

As the driving force terms in the equality constraints of (14)
can be given by DFOs, (26) is defined by replacing F  with F̂
as
∗
Fall

−

4


.
.
F̂i = ea , F̂1 − F̂2 + F̂3 − F̂4 = er .

(26)

i=1

Therefore, the two constraints can be interpreted as two feedback loops by using the driving force estimates: one loop to minimize the difference between the delivered total driving force
and the command, and another loop is to equalize the actual
left and right driving forces. The overall control structure is
illustrated in Fig. 7, where ka and kr are the gains that need
to be tuned. Similar to the concept of weighting factor in an
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Fig. 8. Comparison of the three methods (simulation results): (a) Total driving force; (b) differential driving force; (c) slip ratio (conventional method);
(d) slip ratio (proposed method 1); (e) slip ratio (proposed method 2); (f) individual force (conventional method); (g) individual force (proposed method
1); and (h) individual force (proposed method 2).

optimization algorithm, the two gains can be tuned by considering that: 1) if the total driving force needs to be well satisfied,
ka has to be increased, and 2) if it is desirable to reduce yaw
motion, kr needs to be increased.
IV. SIMULATIONS AND EXPERIMENTS
A. Simulations
The simulation scenario is shown in Fig. 1. The vehicle is
assumed to accelerate in front of an instantaneous split-friction
road and the friction coefficients for the high- and low-friction
surfaces are 0.8 and 0.2, respectively. Clearly, the two left wheels
are always on the high-friction road, and the two right wheels
change from the high-friction road to a low-friction surface, and
then change back to the high-friction road. In the simulation, to
better represent actual vehicle dynamics, vehicle plant is considered as a 2DOF vehicle model with the Magic Formula-based
tire model. Based on our experimental EV, the main vehicle parameters used in the simulations are provided in Table I. During
split-friction testing, the total driving force command increases
from 0 to 2000 N, and the yaw moment/differential force reference is zero.

The two proposed control methods are compared with the
conventional method in terms of control performances. For fair
comparison, the local controllers are set to be identical with
a P-gain of 49.6 and an I-gain of 496. ka and kr of the proposed method 2 are set to 1 and 4, respectively. The simulation results are provided in Fig. 8, and the slippery region
is from approximately 1.3 to 2.1 s. Fig. 8(a) and (b) shows
the reference following performances of the three methods,
i.e., whether the two constraints in (15) are satisfied. The elements of the objective function in the conventional method
are equally weighted, indicating that the slip ratios cannot be
evenly minimized. Therefore, the total and differential driving
forces vibrate in the slippery region. Because of the weighting factors, the vibration amplitude in the proposed method 1
is smaller than that in the conventional method. In the case
of proposed method 2, as the actual driving forces are included in the control scheme, the reference tracking performances are the best among the three methods. Fig. 8(c)–(e)
demonstrates the performances of the slip ratio control, i.e.,
indicate to which level the three objective functions are minimized. Clearly, all the three methods can suppress excessive
wheel slip to less than 0.2. As the objective functions of the two
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proposed methods are weighted, the slip ratios can be further
minimized. Note that while the objective function has to be minimized, the constraints have to be satisfied at the same time, i.e.,
a tradeoff exits. Therefore, the slip ratios in the proposed method
2 are slightly greater than those in the proposed method 1. Nevertheless, both the methods can suppress wheel slippage to a
reasonable level. The four distributed driving forces of the three
methods are shown in Fig. 8(f)–(h), which demonstrate why the
proposed approaches provide better reference tracking performance. At approximately 1.3 s, the front right wheel reaches the
low-friction area, and the driving force, therefore, decreases
significantly. In the conventional method, the other three forces
remain unchanged and proposed method 1 increases the rear
right driving force to stabilize the vehicle. By addressing actual
output forces, the proposed method 2 adjusts the two left forces
in addition to the rear right wheel. From approximately 1.9 s,
the front right wheel leaves the low friction surface and the rear
right wheel reaches that area; therefore, the rear right force decreases and the front right force increases. Again, the proposed
approach adjusts the left two forces to guarantee the constraints
to be well satisfied. Note that the driving force distributions and
the slip ratios of the two proposed methods are similar as they
share the same objective function, but the proposed method 2
can further modify the four forces by the actual driving force
feedback.
B. Experiments
In the experiments, an original experimental EV with four
permanent magnet-type IWMs [23] was utilized. The vehicle is
equipped with an onboard dSPACE AutoBox-DS1103 for realtime data acquisition and control, and the algorithms in this
study were implemented using a model-based design approach.
The specification of this vehicle is given in Table I. Owing to
manufacturing differences, the wheel inertias of the front and
rear wheels are not the same, but the proposed methods are also
applicable to EVs with four identical IWMs. The experimental
scenario is shown in Fig. 9. As can be seen, the vehicle starts
from a high-friction road and then enters a split-friction surface.
The low-friction surface is a polymer plastic sheet with water
on it, and the friction coefficient is approximately 0.2. As in
the simulations, the friction coefficients of the two left wheels
are always high, and the friction coefficients of the two right
wheels change from high to low, and then change back to high
again. The total driving force command increases from 0 to
2000 N, and the yaw moment/differential force reference is
zero.
Again, for fair comparison, the local controllers in the experiments were set to be identical, and the gains were chosen
to be the same as the gains in the simulations. The experimental results are provided in Fig. 10, and the slippery region is
from approximately 1.3 to 2.5 s. Fig. 10(a) and (b) shows the
comparison of the total driving force and differential force, respectively; the green lines represent the results using the conventional method. Obviously, the reference tracking performance
is not satisfactory, and the reason can be found in Fig. 10(f).

Fig. 9.

Experimental setup.

In the conventional method, the driving forces of the two front
wheels are almost 0 N on the high-friction road. Therefore, the
total driving force was reduced and the differential force could
not be further adjusted. In other words, the two constraints in
(15) could not be well satisfied. Fig. 10(c) shows the control
performance in terms of the slip ratio. Although the slip ratio
was controlled to be less than 0.2, the rear right slip ratio could
not be further suppressed, and it is different from the other three
on the low-friction surface. This is because the four slip ratio
squares of the objective function are equally weighted, and when
the rear right wheel is on the low-friction surface, its slip ratio
cannot be further minimized as the other three slip ratios are
low. The blue lines in Fig. 10(a) and (b) show reference tracking performances of the proposed method 1, and the vibration
amplitudes of the total driving force and differential force are
smaller than that obtained in the conventional method. The reason can be determined by analyzing the results in Fig. 10(d) and
(g). As shown in Fig. 10(d), the four slip ratios are equalized
because of the weighting factors; as shown in Fig. 10(g), the
start values of the four forces are in the same level, providing
the possibility to adjust the four forces to a certain extent. This is
not possible in the conventional method as the two left forces are
almost zero. The proposed method 2 shares the same objective
function with the proposed method 1, and their slip ratio results
are, therefore, very similar, and can be observed in Fig. 10(d)
and (e). However, they are different in the handling of the two
constraints, i.e., the proposed method 2 can further modify the
four forces by the feedback of actual driving forces, which is
especially important on a low-friction road. Therefore, the red
lines in Fig. 10(a) and (b) that represent the proposed method
2 track the reference as the best among the three methods. In
summary, Fig. 10(a) and (b) demonstrates the reference tracking
performances of the three methods and can show whether the
constraints are satisfied. Clearly, the proposed method 2 is better
than the other two methods because the actual output forces are
employed. Fig. 10(c)–(e) shows the results of slip ratio control
performances, which are the indices that show whether the three
objective functions are achieved. Clearly, all the three methods
can suppress excessive wheel slip, but the rear right slip ratio
with the conventional method is not very satisfactory. As the
objective functions of the two proposed methods are the same,
their slip ratios are similar.
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Fig. 10. Comparison of the three methods (experimental results): (a) Total driving force; (b) differential driving force; (c) slip ratio (conventional
method); (d) slip ratio (proposed method 1); (e) slip ratio (proposed method 2); (f) individual force (conventional method); (g) individual force
(proposed method 1); and (h) individual force (proposed method 2).

V. CONCLUSION AND FUTURE WORK
This paper considered driving force distribution and control
of an EV with four IWMs. As an example, vehicle start off on
an instantaneous split-friction surface was investigated, with the
objective to keep the total driving force following the reference
and to keep the vehicle running straight without excessive wheel
slip. In this study, we studied two global–local control-based
methods by introducing local driving force control. Aimed at
equalizing the four slip ratios, the first method considered the
redesign of weighting factors for a conventional driving force
optimization algorithm. Based on the first method, the second
proposed method interpreted the objective function and equality constraints in a 2DOF control scheme. The feedforward
and feedback controllers were designed based on the objective
function and the constraints, respectively. Moreover, the two
proposed control schemes were compared with a conventional
scheme in both simulations and experiments. As pointed out
in [24], many open issues related to driving force control of
4WD vehicles still exist, and these issues can be considered in
the global–local control framework in future works. In addition,
greater control freedom can be achieved by introducing a steerby-wire technology [25], [26], and the coordination of driving
and steering has to be considered for achieving better control
performances.
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