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ABSTRACT This study proposes an algorithm to save driving energy in an autonomous vehicle based on
vehicle-to-vehicle technology. Saving the vehicular driving energy can be realized by reducing unnecessary
deceleration and acceleration occurred in road congestion and by reducing the resistance caused by the
internal factors of the vehicle. The algorithm proposed in this study defines cornering resistance, one of
the internal resistance factors of a vehicle while driving, in terms of steering angle. Thereafter, the control
inputs of a vehicle are adjusted to reduce the cornering resistance. In particular, because the target vehicle
is to be a four-wheel independent drive vehicle, there are many control input values such as steering angle
and yaw moment. To simultaneously obtain the desired driving performance and the minimized driving
energy in such a vehicle environment, the control input values are optimally distributed by leveraging model
predictive control (MPC). Moreover, a weighting factor for the MPC to yield appropriate control inputs is
selected by considering the predefined cornering resistance. A simulation setup linked with CarSim-Simulink
is established to verify the reduction of driving energy through the proposed algorithm. The simulation results
evaluate the driving performance, driving safety, and energy-efficient driving in various driving scenarios.

INDEX TERMS Energy-saving driving, four-wheel independent drive EV, cornering resistance, model
predictive control.

I. INTRODUCTION

Electric vehicles (EVs) are popular alternatives to intercom-
bustion because of climate change owing to exhaust emis-
sions and the depletion of fossil fuels. Because an electric
motor drives an EV, faster response and higher accuracy in
vehicle motion control than an intercombustion-based vehicle
are well-known characteristics. [1], [2]. Based on this char-
acteristic of the driving motor in the EV, studies have been
conducted to improve the driving stability and performance as
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well as extend the driving range. In particular, it is essential to
study the energy-efficient driving of electric vehicles because
of the high battery costs and charging times involved.

Existing energy-efficient driving technologies are devel-
oped in various ways. They can primarily be divided into
cases of saving driving energy by using a technology that
handles information outside the vehicle or analyzing internal
factors of the vehicle.

First, in the case of using information outside the vehicle,
studies have employed vehicle networks and communica-
tion technologies such as vehicle-to-vehicle (V2V) or con-
nected and automated vehicles (CAVs) to extend the driving
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range. [3], [4], [5]. In this approach, the vehicle exploits infor-
mation such as traffic lights, traffic congestion, or driving
pattern information of the preceding vehicles. Based on the
information, vehicles enable energy-saving driving by reduc-
ing unnecessary acceleration and deceleration. Furthermore,
research utilizing such external information about vehicles
has a synergy that enhances user convenience and saves
driving energy as vehicle electronic communication-related
technologies is becoming mature.

In contrast to using external information about the vehicle,
an approach using the internal vehicle details has also been
proposed by several researchers.

First, it considers the efficiency and loss of a vehicular
electric driving motor [6], [7], [8]. The study used the fact that
the output power and loss appear differently depending on the
structural characteristics of the electric motor. In particular,
there are many studies on properly distributing the driving
force required for the vehicle to the front and rear wheels
based on the efficiency map of the electric motor [9] [10],
[11]. In these studies, a mathematical model of iron and
copper losses was developed to calculate the driving energy
loss accurately. Moreover, there has been a study on high
energy efficiency by improving the power density in terms
of the mechanical design of the synchronous motor for an
electric vehicle [12]. Although the study based on the effi-
ciency map was successfully applied to vehicles, it may not be
easy to obtain a significant effect in the motor efficiency map
using enhanced motor manufacturing technology. Another
study related to vehicular driving motors to reduce the total
energy consumption is the use of regenerative energy from
the driving motor [13], [14], [15]. However, the study focused
only on the amount of regenerative energy, without a detailed
battery model. Regarding the implementation of battery stor-
age and reuse, research related to battery models, such as
the technology for state of charge, should be conducted in
parallel.

Second, studies have been conducted to reduce the resis-
tance, such as the rolling or cornering resistance generated
by the vehicle’s chassis. Cornering resistance is the resis-
tance acting in the driving direction of the vehicle [16], [17].
This resistance arises from the tire and the ground owing
to the kinematic characteristics of the steering system when
the vehicle is driving in lateral motion. Unlike the rolling
resistance, the cornering resistance does not always act on
the vehicle but depends on the vehicle’s driving direction.
The fact that cornering resistance varies depending on the
lateral motion, including the steering angle, is the starting
point of this study. However, most studies on cornering
resistance have focused on interpreting it. Although certain
studies analyzed the driving energy of a vehicle according
to the steering angle [18] and tire slippage energy [19], the
cornering resistance was not considered in their approaches.

Therefore, this study proposes a driving control algorithm
to improve the driving range by combining the cornering
resistance with V2V technology. To this end, cornering resis-
tance is first defined in terms of the control inputs. Then, the
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amount of control input is adjusted to reduce the predefined
cornering resistance during driving using vehicle network
technology. This differs from the conventional approach to
using the cornering resistance [20] in terms of the optimiza-
tion method.

The rest of this paper is structured as follows: Section II
briefly describes the system of a four wheels driven (4WD)
EV controlled by the proposed algorithm. Section III pro-
poses the driving control algorithm. In particular, an MPC-
based method was designed to properly distribute the control
inputs considering cornering resistance. Several case stud-
ies that compare driving energy, driving performance, and
driving constraints are presented in Section IV to verify the
proposed algorithm. Section V concludes the paper.

Il. STRATEGY OF ENERGY-SAVING DRIVING OF 4WD EV
Here, a concrete example of an effective driving scenario
for the proposed algorithm is presented. The specific driving
scenario may occur on a general road situation. Thereafter,
a mathematical model for the energy inside the vehicle,
specifically the cornering resistance, is derived along with
the vehicle model.

A. CONCEPT FOR ENERGY-SAVING DRIVING USING V2V
TECHNOLOGY

To save driving energy, network technology between vehi-
cles, such as V2V, is utilized. Figure 1 shows a specific driv-
ing scenario that compares the presence and absence of V2V
technology in this study. The road congestion level assumed
in this study corresponds to the C level of service (LOC)
defined in the Highway Capacity Manual [21]. Vehicles may
reduce the speed at the LOC C due to slight congestion,
or lane changes may occur.

In Fig. 1, when driving without V2V technology, the driv-
ing path depends on the driver’s vision information because
the driver may only recognize the former vehicle situation.
In this case, it is assumed that the driver may not know
the entire vehicle situation on the road, such as congestion
beyond the front vehicle. Consequently, the vehicle regulates
its speed to maintain a safe stopping distance from the former
vehicle, as shown in "Path A’ in Fig. 1. The speed pattern
requires more driving energy for the vehicle and causes more
traffic congestion on the road.

Conversely, when driving using V2V technology, the vehi-
cle may drive with appropriate lane changes to avoid traffic
jamming, such as "Path B’, as shown in Fig. 1. The driving
route avoids unnecessary deceleration and acceleration of
the vehicle, thereby saving driving energy and expecting a
ride comfort effect. Moreover, the resistance element gen-
erated inside the vehicle should also be considered during
lane-changing driving to minimize the driving energy.

A typical resistance factor considered when turning a vehi-
cle is the cornering resistance. Therefore, a mathematical
model of the vehicle is necessary to analyze the cornering
resistance during turning.
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FIGURE 1. Autonomous driving using V2V Technology. The road
congestion level assumed corresponds to C level of service (LOC) defined
in the Highway Capacity Manual [21].

B. MATHEMATICAL MODEL OF THE 4WD EV
The vehicle model for the proposed algorithm is a 4WD EV.
The 4WD EV is expressed as a bicycle model, as shown in
Fig. 2. Longitudinal motion is expressed in (1).

May = Fyg — Fcr — Byv, (1

where M is the mass of the vehicle, Fy is the driving force
about the x-axis of the vehicle generated by the four wheels,
respectively. Fcg is cornering resistance; By, and v are the
coefficient of driving resistance and vehicle speed, respec-
tively. Driving resistance, Byv in (1) including the air resis-
tance and tire rolling resistance, is assumed the only function
of the vehicle speed for simplifying the equation.

The lateral and yaw motion dynamics can be derived
by referring to the fundamental vehicle dynamics [22] as
follows:

May, = Mv(B+y)=F; +F), @)
Iy = [yF; — ,F} + M, 3)

where M, is the yaw moment generated by different driving
forces on the right and left wheels [23]. I is the yaw inertia
moment at the center of mass (CoM) of the vehicle. /s and I,
are the distances from the CoM to the front and rear axles,
respectively; F; and F; are the lateral forces of the front
and rear wheels, respectively. Usually, it can be assumed
that the left and right lateral forces on the front wheels are
equal, and thus for the rear wheels. Let the sideslip angle, 3,
and yaw rate, y, represent the state variables. Therefore, the
lateral acceleration, ay, can be assumed as a, = v(B + )
using the kinematic relationship. According to tire dynamic
in [22], the lateral force consists of the cornering stiffness
and side slip angle of the tire, and it is summarized as F’ ly =
—C;B;, i =front, rear. Additionally, the sideslip angle of each
wheel can be expressed as Br=B+ 1y /v—36, B,=B— 1,y /v.
Thus, (2) and (3) can be rewritten as follows:

cf+c,</3 yCr — 1,Cr + MV?
- o 2
%

: C
Mp = v+ “)

1%
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FIGURE 2. Schematic of a 4WD EV. Cornering resistance can be simplified
as a function of steering angle.

¢Q+an

Iy = —(;Cr — ,C,)B — )

i Crd + M.,

where Cy and C, are the combined cornering stiffness of
the font and rear wheels, respectively; § is the front steering
angle. In (1), the cornering resistance Fcg appears during
the cornering driving motion. As shown in the upper part of
Fig. 2, Fcr can be simplified as the lateral force projected
onto the longitudinal direction (x-axis) by the steering angle.
That is, we have

1%R=f?am@5wF%, 6)

By substituting (6) into (1), the longitudinal motion equa-
tion can be rewritten as (7).

M%zwwzfg—@S—mu 7

The lateral kinematics Y of the vehicle is formulated as
follows:

Y) = vg + v, ®)

where the heading angle ¢ is assumed to be a small value
for linearization. Based on (4), (6), (7), and (8), the state
equation is constructed with the state, x=[x4, Y7, ¢, v, B, y]T
as follows, where x; and Y; are the longitudinal and lateral
travel distance, respectively. In addition, the driving force F,
steering angle §, and yaw moment M, are adopted as input u.

X = Ax + Bu, 9
y = Cx, (10
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TABLE 1. Specification of the 4WD.

[ Specifications [ value ]
Weight M 2270 kg
Inertia 1 290 kgm?
Distance from CG-Front wheel [ 1.5m
Distance from CG-Rear wheel [, 1.6 m
Tire radius 74, 0.25m
Front cornering stiffness C'y 110 kN/rad
Rear cornering stiffness C' 120 kN/rad
where,
(000 1 0 0 ]
00v O v 0
000 O 0 1
A=1000 -2 0 0 :
(=Cr=C) (=l G+, Cr =MV
000 0 i N
—lsCs+1,C —I;Cr—1;C
000 o CEGHC) [
[0 0 O]
0O 0 O
0O 0 O
B=1|1 Gb |, C=lsxs.
MU
0 /7:; 0
rCr 1
L0 7 7]

The specification of the 4WD vehicle is summarized in the
Table. 1.

Ill. ENERGY-SAVING DRIVING ALGORITHM

A. OVERALL STRUCTURE OF THE CONTROLLER

The overall driving control algorithm for the 4WD EV is
proposed, as shown in Fig. 3.

First, the “High-Level Controller” determines the lane
change of the vehicle using information such as the speed
of ahead vehicles and traffic jams from V2V technology.
Thereafter, while the driving vehicle still has a certain speed,
the lane change information, that is, the lateral movement
distance, Y;*, and the heading angle, ¢* of the vehicle are
provided to the optimal reference generator. Once ‘“High-
Level Controller” provides the lateral information of the
vehicle for a lane change, the ~’Optimal Reference Control”
calculates Fy, 8, and M, to achieve the given lateral distance
and speed. Notably, M, can be used as an extra input for
the yaw motion of the vehicle through the torque vectoring
technique [24]. Torque vectoring is essential for each wheel
motor to realize the driving force and yaw moment because
the vehicle proposed in this study is a4WD independent drive
type vehicle such as an actuated redundancy system [25].
Although there are many TV technologies [26], [27], in this
study, the same quantity of torque was applied to each driv-
ing motor to achieve the given yaw moment and driving
force for simplicity. In this way, the driving torque t;, where
i =1,2,3,4, and § are introduced into the vehicle system.
Finally, the torque and angular velocity of each wheel w;,
where i = 1, 2, 3, 4 are used to calculate the driving energy in
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High-Level |4 =----V2V information
Controller |«

lY*, v*

Optimal Reference |, Calculating
Generator A Power

r

Fa. M, Mi)| Ti, Wi

A 4
Torque
Vectoring| 7374

Vehicle System

T1, T2,

FIGURE 3. Overall driving control algorithm including optimal reference
generator.

the “Calculating Power”. The following equation calculates
the driving energy E,:

I
E, =/ nTiw; dt, (11)
0

where 7; and w; are the driving torque and speed of each
wheel, respectively. #+ is the time required to conduct the
simulation. For simplicity, the motor efficiency, n, is assumed
as one for simplicity.

B. CONTROL INPUTS OPTIMIZATION WITH DRIVING
CHARACTERISTIC CONSIDERATION

In this study, the travel trajectory and control input for the
vehicle to achieve an optimized trajectory were optimized.
Because the autonomous vehicle is the target vehicle, not only
the motor torques but also the steering angle are considered
as the control input to be optimized. That is, the optimal
reference generator not only determines the reference path
but also reduces the cornering resistance by optimally dis-
tributing the steering angle and yaw moment. According to
(7), reducing the steering angle can mitigate the cornering
resistance. In addition, the yaw moment as well as the
steering angle affects the turning driving characteristics of a
vehicle in the same way [22]. Therefore, if the yaw moment
can compensate for the reduced steering angle completely, the
cornering resistance can be reduced without deteriorating the
driving performance. Moreover, in the case of deceleration,
the yaw moment is related to the driving force; thus, it can
save the driving energy.

In this study, MPC was used to consider various constraints
of the vehicle system. The constrained optimization problem
of MPC can be formulated by referring to a general form of
the optimization problem [28] as follows:

; Hp 2 2
minJ = Y " (ke —xelg + lu-ilz) (12)
X+l =AgxXp +Baug,  k=0...H,—1,
<ur <uy, k=0...H,—1,
s.t UL = Uk =t P (13)
XgL <Xpk <XpH, k=1...Hp,
Xy L <Xyk =Xy H, k= 1...Hp,
where x; fork =0, ..., H,—1 are the predicted states within

the prediction horizon H,,. In this study, a control horizon H,
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FIGURE 4. Considerations for R, Q selection. In particular, the cornering
resistance and yaw motion power are determined by proper R.
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FIGURE 5. The simulation model for the optimal reference generator
using MPC in CVXGEN [29].

is set as the same number as H,. Thus, uy fork =0, ..., H,—
1 corresponds to the predicted control sequence. In addition,
Ag and By are the discretized matrices of A and B in (9) and
can be approximated as follows.

Ag=1+THA,

14
B; = 1T,4B, (14

where I is a 6-by-6 identity matrix and 7 is the sampling
time.
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FIGURE 6. Simulation result for circular driving test. (a) Vehicle trajectory.
(b) Vehicle speed and yaw rate.

Since § and M, are used to generate a lateral motion,
a guide to select Ry and R3 of the weighting factor R
appropriately is needed. To choose the value of R,, the
cornering resistance power should be considered, as shown
in Fig. 4. Similarly, the yaw motion power should be con-
sidered when selecting R3. In general, R, is significantly
larger than R3 because of the physical properties of corner-
ing resistance and yaw motion. Therefore, by referring to
(7) and (6), R» and R3 can be set as Ry = (F; v)?> and
R; = y?. To emphasize the reference tracking, we set
Q = diag(high, high, low, high, low, low), where the refer-
ence signals are: x* = [xg4; Y}; ¢; 0; 0; 017.

In addition to minimizing the driving energy, the proposed
algorithm considers constraints on the states and control
inputs to ensure the driving performance and stability. That is,
the constraints prevent the deterioration of the steering char-
acteristic owing to distributed control inputs. Specifically, the
maximum value of yaw rate x,, was set not to exceed the range
of neutral steering as follows.

—y* SXpk = y (15)

where y* is the desired yaw rate at the neutral steering
condition as follows.

y* = ;5. (16)

The maximum value of side slip angle xg was set for
driving in a stable area as follows.

—B* <xpgir < B*, (17)

where 8* is the desired side slip angle at the neutral steering
condition for the current steering angle. According to [22],
B* can be obtained as follows.

M 2\ L,
R [ e 8. 18
P 201,Cr ) 1 (1%

These two constraints guarantee performance and stability
even when the yaw moment is applied to the vehicle using the
optimization algorithm.
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FIGURE 8. Simulation results for driving scenario 2 with acceleration motion of the vehicle. The steering angle is reduced by 0.7% in this driving

condition.

IV. CASE STUDY WITH DRIVING SIMULATION

A. SIMULATION SETUP

Figure 5 shows the simulation setup used to implement the
proposed algorithm. In the simulation, CarSim represented
the vehicle model, and the CVXGEN-based S-function
builder was applied to realize the MPC formulation. CVX-
GEN employs an interior-point method and it is well known
as a QP solver for numerical optimization problems. This
simulation setup assumes that references Y;, ¢ are obtained
from the “Upper-Level Controller”. Thereafter, the optimal
F4, 6 and M, can be calculated using the S-function builder
for CVXGEN in the Fig. 5.
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B. SIMULATION RESULTS
The proposed energy-saving algorithm is verified using three
driving scenarios.

First, the driving performance of the proposed algorithm is
demonstrated. The key idea of the proposed algorithm is that
the optimal control input, steering angle, and yaw moment
are regulated to mitigate the cornering resistance when the
lane changes. The regulated input, for example, the steering
angle, may imply deterioration in the driving performance.
Therefore, a driving test was conducted on a road with a
double quad arc with a radius of 50 m and the required driving
performance was confirmed.
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0.1 rad(~ 5.7 degrees). (b) states of the vehicle system. (c) Comparison of vehicle trajectory.

Second, the driving energy was compared and verified by
the performance of the proposed algorithm. Therefore, the
driving energy consumption was compared to the double-
lane change. In particular, the vehicle speed under the test
condition was not limited to a constant speed. The speed
conditions, including acceleration/deceleration, were set to
various values.

The third driving scenario is to certify the driving ability
under internal constraints such as state and control inputs.
This study applied MPC to distribute the steering angle
and yaw moment to the optimal values in a given con-
straint situation. Therefore, it is necessary to check whether
energy-saving algorithm is possible even when constraints
change.

104404

The simulation results for each driving scenario described
above are as follows. The weighting factors, R and Q,
without optimization of § and M;, were set as R
diag(17e4,45¢4,1¢9) and QO diag(12e2, 1e3, le —
5,11e2,1e — 5, le — 5), and those with optimization of §
and M, were also set as R = diag(17e4, 65e4, 7e — 6 and
Q = diag(12¢2, 1e3,1e — 5,11e2,1e — 5,1e — 5). The
consequential simulation results are illustrated in Fig. 7 - 11.

1) SCENARIO 1) DRIVING PERFORMANCE IN
DOUBLE-QUAD ARC DRIVING

In this scenario, the vehicle is driven along a double-quad arc
road with a turning radius of 50 m, as shown in Fig. 6 (a).
The vehicle has a constant speed of 50 km/h during the

VOLUME 10, 2022
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driving, as shown in Fig. 6 (b). Although oscillation and
overshoot occur when the turning direction of the yaw rate
is changed (approximately 2, 9, and 13 s in Fig. 6 (b)),
the overall driving performance is reasonable. Because the
yaw rate was stable throughout the entire driving section,
the mean error was below 0.3%. In addition, the driving
trajectory has well tracked the given reference values with
a mean error of less than 0.9%, as shown in Fig. 6 (a). In this
scenario, it must have a substantial Y; value to travel within
a certain radius, which is a driving setting that violates (8)
assumed in this study. The range of the Y; value assumed
in (8) is £3.5 m, which satisfies the lane width of a stan-
dard road. The Y; value set in this scenario is approximately
30 times higher than the standard set value. Even if the driving
condition of the lateral motion does not consider the pro-
posed algorithm, it can be viewed as an advantage of the
proposed driving control algorithm to produce satisfactory
results.

The driving test result in the double-quad arc driving sce-
nario shows that the proposed algorithm can be applied to
the lane change path and typical road environments with an
s-shaped driving path. However, the driving results do not
represent the driving performance in more diverse environ-
ments, such as those involving a uniform circular motion
or J-turn. Nevertheless, it is worth noting that the results
sufficiently satisfy the driving performance and achieve the
goal of this study.

2) SCENARIO 2) ENERGY-SAVING DRIVING AT VARIOUS
DRIVING SPEEDS

First, the case of the lane change at a constant speed is
presented in Fig. 7. The driving force in Fig. 7 (a) is not sig-
nificant and it appears to be sufficient to maintain a constant
speed. In particular, lane changes occur at approximately
4 and 10 s, and subsequently, a change in the driving force
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FIGURE 11. Simulation results with y limitation. (a) Control inputs. (b) states of the vehicle system. It is assumed that the yaw rate (y) is restricted
to a range with -0.35 < y < 0.35 rad/s. (c) Comparison of vehicle trajectory.

occurs. It should be noted that the change in the driving force
is caused by several factors, such as cornering and rolling
resistance. Moreover, the driving force changes during the
lane change are different, as shown in Fig. 7 (a), with the solid
cyan and dashed blue lines. This difference can be explained
by the resistance force, as shown in (6), because the steering
angle changes when the lane changes. Because this resistance
decreases the vehicle speed, a changing driving force occurs
when changing lanes to compensate for this. Therefore, in this
scenario, two types of simulations are compared: 1) applying
the proposed algorithm to reduce the resistance and 2) using
a typical driving algorithm. First, in the case of a typical
driving algorithm, the yaw moment is not generated when
the lane changes, as shown in Fig. 7 (a) by the cyan solid
line. This means that the lane change caused by the lateral
motion depends solely on the steering angle. However, in the
case of the proposed algorithm, the yaw moment appears
instead of reducing the steering angle when the lane changes.
This is because the algorithm reduces the steering angle,
as defined in (6). Subsequently, the yaw moment emerges
to compensate for the reduced steering angle to satisfy the
lateral motion, target ¥; as shown in Fig. 7 (a) with a dashed
blue line. From these results, it can be noted that there is
no deterioration in driving performance even if the proposed
algorithm is applied, such as comparing the yaw rate or the
driving trajectory, as shown in Fig. 7 (b) and (c). The driving
torque of each wheel is well distributed by the ‘“Torque
Vectoring” rule adopted in this study, as shown in Fig. 7 (d).
The remaining cases with acceleration/deceleration condi-
tions are presented in Fig. 8 and 9. The driving force dur-
ing acceleration/deceleration increases/decreases to reach the
corresponding speed. The other parts are similar to the results
for the constant-speed case described above. Based on this,
the driving energy consumed according to each speed pattern
is presented in Table. 2.
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TABLE 2. Comparison of driving energy of the proposed algorithm. The
energy was calculated using (11). The predefined simulation time, #;, was
setto 15s.

[ Vehicle speed || W/O Proposed [ W/ Proposed | Improvement |

Constant speed 56.2 Wh 53.7 Wh 4.4%
Acceleration 89.8 Wh 87.2 Wh 2.9%
Deceleration 22.4 Wh 20.7 Wh 7.6%

The simulation results of the second driving scenario show
how much driving energy the algorithm saves. In particular,
the amount of energy saving was divided according to the
driving conditions: constant speed, deceleration, and acceler-
ation. According to Table 2, the energy saving achieved in the
acceleration period is slightly less than that in the other two
cases because the steering angle reduction is insignificant,
as shown in Fig. 8 (a). In contrast, the energy saving achieved
during the deceleration period is the greatest of all the cases.
Note that this deceleration is not a sudden deceleration that
requires a braking force. Saving driving energy for decelera-
tion that requires a braking force is beyond the scope of this
study.

3) SCENARIO 3) DRIVING TEST IN RESTRICTED VEHICLE
CONDITIONS

The algorithm proposed in this study aims to lower the driv-
ing energy. In particular, to implement this, MPC, which
derives an optimal value from multi-constraints, was applied.
Therefore, in the final simulation, the driving performance
was verified under various constraints to confirm the MPC
performance adopted in this study. Therefore, first, a lane-
change simulation is performed, assuming that the range of
the steering angle is restricted, as shown in Fig. 10. Notably,
the steering angle, might be limited owing to defection
of the steering system or other reasonable failures of the chas-
sis. In Fig. 10 (a), the yellow box indicates the range of the
limited steering angle, and the steering angle generated dur-
ing driving does not exceed the restricted value, as indicated
by the cyan solid line. Although the steering angle is limited,
an additional yaw moment is yielded to maintain the tracking
performance for a given Y;, as shown in Fig. 10 (a). There-
fore, the overall trajectory of the vehicle is well followed
without much deviation compared with the non-restricted
case, as shown in Fig. 10 (c). Tracking performance is
not guaranteed when all steering angles are restricted. The
allowed restriction for steering angle was up to 10%, with a
tracking error of less than 1.2% in the mean value.

The second constraint that can be applied is when the yaw
rate, which is one of the vehicle states, is limited, as illus-
trated in Fig. 11. In this case, the allowable yaw rate is
limited to 10% in Scenario 2, as shown in the yellow box
in Fig. 11 (b). The yaw rate can be restricted because it can
act as a factor that affects the feeling of difference in driving
or riding comfort. As a result of the simulation, the yaw
rate did not generally exceed the limited range, except for
intermittently deviating from the restricted value owing to the
error between the model in (9) and the used CarSim vehicle
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model. In particular, the control input, steering angle, and yaw
moment are adjusted to satisfy the driving trajectory at the
limited yaw rate, as shown in Fig. 11 (a). The results of the
driving trajectory are presented in Fig. 11 (c), with a mean
error of less than 2.2% from the given reference. Therefore,
despite the restricted control input and state of the vehicle,
driving performance was maintained within mean errors of
1.2% and 2.2% compared to the reference value.

The results of the third driving scenario show that the algo-
rithm proposed in this study can be applied even if the steering
angle or yaw rate of a vehicle is limited. Of course, an exces-
sively limited steering angle or yaw rate seriously affects
driving performance and stability. Nevertheless, it can be con-
firmed that the proposed algorithm works within the allow-
able limited vehicle situation. The 10 % limit regarding the
steering angle and yaw rate is a design requirement consid-
ered in this study. On the other hand, areas such as loss of sig-
nificant functions due to severe damage to the vehicle require
additional research and are beyond the focus of this study.

V. CONCLUSION

In this study, cornering resistance was derived by considering
the steering angle to reduce the driving energy for 4WD
independent driving EVs. In particular, the steering angle is
reduced to minimize the cornering resistance, which leads
to the deterioration of the driving performance. This study
adopted a method that increases yaw moment to prevent dete-
rioration in driving performance and reduce driving energy.
A linear MPC was employed to properly distribute the steer-
ing angle and yaw moment, as well as satisfy the driving
conditions. In the MPC, the weighting factors of R and Q were
selected based on the cornering resistance model and yaw
motion model to reduce the steering angle and generate the
yaw moment appropriately. The simulation results indicate
that the driving control algorithm proposed in this study saves
driving energy in three speed patterns. In addition, it was
verified through a double-arc driving scenario with a con-
stant radius that even if the steering angle and yaw moment
were adjusted, the driving performance was not significantly
affected. Finally, in the limit situation of the control input
and state of the driving vehicle, the proposed driving control
algorithm overcomes this and it verifies that the given trajec-
tory is satisfied. In future, various approaches that reduce the
driving energy will be considered by leveraging motor power
efficiency maps and multiple torque vectoring methods.
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