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ABSTRACT This paper describes a new suspension control logic to improve the yaw-roll-pitch motion of
vehicles equipped with electronic controlled suspension (ECS). The proposed suspension control logic can
simultaneously control the yaw rate, roll, and pitch behavior of a vehicle while also offering the ability to tune
the weightings of each degree of freedom (i.e. the yaw rate, roll and pitch control). This algorithm consists
of an integrated vehicle observer (IVO) that estimates the vehicle state, an integrated target generator (ITG),
an integrated vehicle controller (IVC) and an optimal distribution controller (ODC). The ITG determines
the target roll angle, pitch angle, and yaw rate. To achieve these targets, the IVC determines target roll,
pitch, and yaw moments. In consideration of the performance limitations of the ECS system, as well as how
the system has been tuned, the ODC determines the damping forces to be applied at each wheel through
an optimization method. Simulated and experimental tests were conducted to investigate the performance
of the proposed control system, the results indicate that the proposed algorithm noticeably improves the
yaw-roll-pitch motions of vehicles.

INDEX TERMS Integrated motion control, electronic controlled suspension (ECS), integrated target
generator (ITG), integrated vehicle controller (IVC), optimal distribution controller (ODC).

I. INTRODUCTION
Electronic controlled suspension (ECS) is a semi-active
damper system that is generally applied to mass-produced
luxury vehicles, various types of ECS have developed [1], [2].
The ride comfort and handling performance of vehicles with
ECS can be improved by adjusting the damper characteristics
according to the driving situation. ECS has the advantage of
giving a lot of freedom in terms of motion control because
the damper characteristics for each wheel can be controlled
independently. However, the performance of this system is
somewhat limited because ECS is not an active system but
is semi-active [3], [4]. Therefore, many studies have intro-
duced active suspension control methods more widely than
semi-active suspension control methods [5]–[7]. Addition-
ally, most studies on semi-active suspension control have
focused on controlling a single degree of freedom due to
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the limited performance of such systems [8]–[12]. Practical
multi-objective control methods and extreme machine learn-
ing methods have been proposed to improve ride comfort
in vehicles with ECS [9], [10]. In addition to these studies,
methods for robust H infinity control and for robust slid-
ing mode control have also been investigated to improve
ride comfort [11], [12]. A roll control algorithm for sport
utility vehicles based on the steering-input-augmented sky-
hook control strategy has also been introduced [13]. In order
to improve the lateral stability of vehicles, a study into a
method for integrating braking and semi-active suspension
systems has been proposed [14]. In the case of this algorithm,
the semi-active suspension control algorithm was designed
based on the concept of assisting the lateral stability con-
trol by braking. The semi-active suspension system in that
algorithm was used to control the yaw rate of the vehicle.
In another study, an integrated chassis control method for use
with active front steering, a direct yaw moment system, and
active suspension was developed to improve both the lateral
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and vertical dynamics of the vehicle [15]. That algorithm
used active front steering and direct yaw moment systems
to improve the lateral dynamics and used the active suspen-
sion to improve the vertical dynamics. In this way, many
studies that look to control one aspect of vehicle behavior
such as roll angle or yaw rate using ECS systems have been
conducted but no studies have been conducted that look to
control all these behaviors at the same time. The yaw rate, roll
angle, and pitch angle of a vehicle are important factors for
both ride comfort and handling performance, as such, these
behaviors need to be independently controlled in a balanced
manner to achieve desirable overall vehicle dynamics. In this
paper, we present an integrated motion control algorithm that
can control the yaw rate, roll, and pitch behavior of vehi-
cles simultaneously using ECS. In addition, the algorithm is
designed to maximize tracking performance of these behav-
iors or to ensure harmonic performance between behaviors
as needed. The proposed algorithm consists of four modules:
(i) an integrated vehicle observer (IVO), (ii) an integrated
target generator (ITG), (iii) an integrated vehicle controller
(IVC), and (iv) an optimal distribution controller (ODC). The
IVO estimates vehicle speed, tire load, roll angle, lateral slip
angle, and damper speed of each wheel, all of which cannot
be measured directly. The ITG computes the target roll angle,
the target pitch angle, and the target yaw rate for a given
steering angle and vehicle speed. The IVC determines the
roll, pitch and yaw moments to track the target behavior
for roll angle, pitch angle, and yaw rate. The ODC then
computes the ECS damping forces to apply at each wheel to
track the control moments obtained by the IVC. Especially,
the ODC should track the control moments from the IVC,
consider the performance limits of the ECS system, and
ensure that control parameter tuning can be carried out in
various test scenarios. An optimization approach is applied
to the ODC logic to satisfy all these requirements. In order to
evaluate the performance of the proposed integrated control
algorithm, simulated and experimental tests were conducted
on an asphalt road. The vehicle states required for the pro-
posed control algorithm, i.e. such as vehicle speed, damper
speed, tire load, etc., are assumed to be know because there
are many previous studies on estimation methods for these
quantities [16]–[20]. Jin et al. proposed a dual unscented
Kalman filter approach to estimate vehicle states such as
longitudinal velocity and side slip angle and vehicle param-
eters such as inertial parameters [16]. Cho et al. and Reza-
eian et al. introduced methods that used a random-walk
Kalman filter and an unscented Kalman filter, respectively,
to estimate longitudinal/lateral/vertical tire forces [17], [18].
An extended state observer (ESO)was developed by Pan et al.
to estimate a suspension velocity [19]. Li et al. proposed
a new side-slip angle estimation method based on a lat-
eral dynamics model [20]. Since the signals required for
the proposed control algorithm can be sufficiently estimated
using methods outlined in various previous studies, the esti-
mation module, the IVO, will not be introduced in this
paper.

FIGURE 1. Structure of the proposed control system.

FIGURE 2. Target roll and pitch motions.

This paper is structured as follows: Section II describes the
proposed control algorithm. Evaluation results are discussed
in section III. Section IV summarizes the contribution of this
research and introduces future work.

II. CONTROL ALGORITHM
Fig. 1 shows the overall architecture of the proposed algo-
rithm which consists of four parts: IVO, ITG, IVC, and ODC.
The IVO estimates several of the vehicle states necessary
for the proposed algorithm. The ITG calculates the target
roll angle, pitch angle, and yaw rate. The IVC computes the
roll, pitch, and yaw moments. The ODC distributes the ECS
damping forces to each wheel.

A. INTEGRATED TARGET GENERATOR (ITG)
In the ITG, the target roll angle, pitch angle, and yaw rate
of the vehicle are determined based on work introduced in
previous studies.

1) TARGET ROLL ANGLE AND TARGET PITCH ANGLE
In previous studies, two criteria have been defined to deter-
mine the target roll and pitch angles [21].

• Criteria 1 (Target roll angle).
A fast roll response and small roll angle should occur
for a lateral acceleration.
• Criteria 2 (Target pitch angle)
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According to the roll angle, the pitch angle should be
generated according to a given pattern (refer to Fig. 2).

The target roll angle and the target pitch angle are defined
based on these two criteria, as shown in Fig. 2. In more detail,
the target roll angle is found using a predefined map from the
lateral acceleration, the target pitch angle is determined using
a predefined map from the target roll angle.

2) TARGET YAW RATE
In order to define the target yaw rate, a bicycle model is used.
The target yaw rate is computed as a steady state yaw rate
from the bicycle model in [22].

γd =
1

1− m(lf ·Cf−lr ·Cr)v2x
2·Cf ·Cr(lf+lr)

2

vx
lf + lr

δf (1)

where, δf denotes the human driver steering angle; lf and lr
denote the distance from the center of gravity to front and rear
axle, respectively; m denotes the mass of the vehicle; Cf and
Cr denote the lateral cornering stiffness of the front and rear
tires, respectively; Vx denotes the longitudinal speed.
In general, the target yaw rate is determined by applying a

time delay to the steady state yaw rate to match a phase of the
actual yaw rate. However, in order to obtain a fast and direct
yaw response from the driver’s steering input, the target yaw
rate is defined as a steady state yaw rate.

B. INTEGRATED VEHICLE CONTROLLER (IVC)
To track the target behaviors (roll angle, pitch angle, and yaw
rate) from the ITG, the IVC computes the target roll moment
(Mx,tar ), the target pitch moment (My,tar ), and the target yaw
moment (Mz,tar ). Target control inputs are calculated using
PD control.

Mx,tar = Kp,roll · (φtar − φ)+ Kd,roll ·
(
φ̇tar − φ̇

)
My,tar = Kp,pitch · (θtar − θ)+ Kd,pitch ·

(
θ̇tar − θ̇

)
Mx,tar = Kp,yaw · (γtar − γ )+ Kd,yaw · (γ̇tar − γ̇ ) (2)

where, Mx , My, and Mz denote the roll, pitch and yaw
moments, respectively; subscripts p and d below K denote
the proportional and derivative gain, respectively; subscripts
roll, pitch, and yaw below K denote the roll, pitch and yaw
gain, respectively; subscript tar denotes the target motion of
each angle; φ, θ , and γ denote roll, pitch and yaw angles,
respectively.

C. OPTIMAL DISTRIBUTION CONTROLLER (ODC)
The ODC is the core module in the proposed control algo-
rithm. The ODC computes the damping forces needed to gen-
erate the roll, pitch and yaw moments while considering the
limitations of the ECS actuators. Fig. 3 shows a block diagram
of the ODC. This module consists of the 1st unconstrained
optimization module, the control value compensation mod-
ule, and the 2nd unconstrained optimization module.
The 1st unconstrained optimization module computes the

optimal ECS damping force at each wheel without consider-
ing any actuator limitations. The control value compensation

FIGURE 3. Structure of optimal distribution controller.

module derives the ‘‘gain g’’ values to consider the actuator
limitations. Using the ‘‘gain g’’ and the target moments,
the 2nd optimization module determines the final damping
force to be applied by the ECS. The 1st and 2nd optimization
modules are identical. The proposed ODC algorithm has the
following advantages:

• Low computational load
The ECS system has min/max performance limita-
tions. An optimization problem with these constraints
would require an iterative computation not suitable for
real-time computation. However, the proposed ODC
algorithm does not use iterative computation.
• Easy weight assignment between roll/pitch/yaw

motions
Since an optimization method is applied, the weight
tuning between the target moments is easy. The relative
importance of roll angle, pitch angle and yaw rate can
be adjusted as needed during vehicle testing.
• Control performance balancing: Tracking/Harmonic

In this paper, the performance of the proposed con-
troller is determined in two categories: tracking and
harmonic performance. Tracking performance mea-
sures how overall tracking performs for the target
roll moment, pitch moment and yaw moment. Har-
monic performance measures how the roll, pitch, and
yaw moments are tracked in balance with each other,
even if the overall tracking performance is not good.
Fig. 4 shows a conceptual diagram of how tracking per-
formance and harmonic performance are related. Since
the performance limitations of the ECS are obvious,
the damping forces computed in the 1st optimization
module exceed the limits of the system in most cases.
Most of these damping forces used the ECS system to
its limit, so the overall tracking performance for the
target roll moment, the target pitch moment, and the
target yaw moment can be maximized. However, this
approach cannot guarantee balanced tracking perfor-
mance between each degree of freedom. The balance
of control between each degree of freedom (the har-
monic performance) is an important factor when eval-
uating the ride comfort and handling of a vehicle. The
ODC can adjust the performance between tracking and
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FIGURE 4. Performance tuning for adjusting gain g.

harmonic using the ‘‘gain g’’. The ‘‘gain g’’ is used
to adjust the IVC control inputs as the value to con-
sider the performance limitations of the ECS system.
How the performance between tracking and harmonic
is adjusted using ‘‘gain g’’ can be seen in Fig. 4.

1) UNCONSTRAINED OPTIMIZATION MODULE
In order to apply the optimization approach, it is necessary
to derive the relationship between input and output signals.
The inputs are the roll, pitch, and yaw moments from the
IVC, the outputs are the ECS damping force at each wheel.
Since the roll and pitch moments are directly related to the
vertical behavior of the vehicle, the equations for roll and
pitch motion can be determined as follows:

Mx =
tf
2

(
Fb,FL − Fb,FR

)
+
tr
2

(
Fb,RL − Fb,RR

)
My = −lf

(
Fb,FL + Fb,FR

)
+ lr

(
Fb,RL + Fb,RR

)
(3)

where, tf and tr denote the width of the vehicle at the front
and rear, respectively; Fb.∗ denotes the damping force of ∗

= {FL FR RL RR}, i.e. front-left, front-right, rear-left, and
rear-right, respectively.

However, since the yaw moment is indirectly influenced
by the changes in vertical force generated by the ECS, it is
difficult to define this relationship in an equation. In this
paper, the equation of the yawmoment is derived using lateral
force changes according to left and right load transfer. The
lateral force for the load can be defined as follows [22]:

Fy =
(
aFz − bF2

z

)
α (4)

where, a and b denote tuning parameters; α denotes the
tire slip angle; Fy and Fz are the lateral and vertical forces,
respectively.

From (4), the vertical force of each wheel can be defined
as,

Fz,i = Fz,i +1Fz,i + Fb,i, i = FL, FR, RL, RR (5)

where,1Fz,i denotes the vertical force change due to maneu-
vering, i.e. an acceleration or deceleration; Fz,i denotes the
static vertical force.

Substituting (5) into (4), then the front and rear lateral
forces can be written as follows:

Fy,F = Fy,FL + Fy,FR

=

(
e1Fb,FL + e2F2

b,FL + e3Fb,FR + e2F
2
b,FR + e4

)
αf

Fy,R = Fy,RL + Fy,RR

=

(
g1Fb,RL + g2F2

b,RL + g3Fb,RR + g2F
2
b,RR + g4

)
αr

(6)

where,

e1 =
(
a− 2b

(
Fz,F +1Fz,FL

))
, e2 = −b,

e3 = a
(
2Fz,F +1Fz,FL +1Fz,FR

)
e4 = a

(
2Fz,F +1Fz,FL +1Fz,FR

)
− b

(
Fz,F +1Fz,FL

)2
− b

(
Fz,F +1Fz,FR

)2
g1 =

(
a− 2b

(
Fz,R +1Fz,RL

))
, g2 = −b,

g3 = a
(
2Fz,R +1Fz,RL +1Fz,RR

)
g4 = a

(
2Fz,R +1Fz,RL +1Fz,RR

)
− b

(
Fz,R +1Fz,RL

)2
− b

(
Fz,R +1Fz,RR

)2
where, ei and gi (i = 1, . . . , 4) are variables derived during
the calculation process.

From (6), the relationship between the yaw moment and
the damping forces can be derived as follows:

Mz= lf Fy,F − lrFy,R

=

(
e1Fb,FL + e2F2

b,FL + e3Fb,FR + e2F
2
b,FR + e4

)
αf

−

(
g1Fb,RL+g2F2

b,RL + g3Fb,RR+g2F
2
b,RR+g4

)
αr

(7)

From (7), it can be seen that there are squares for the
ECS damping forces. This nonlinear equation is non-convex,
which has disadvantages when it comes to optimization.
To solve this problem, the Taylor series approach is applied
to linearize (6) as follows:

Fy,F (x1, x2)

≈Fy,F (a1, a2)+(x1−a1)
∂Fy,F (x1, x2)

∂x1

∣∣∣∣ x1=a1,
x2=a2

+ (x2 − a2)
∂Fy,F (x1, x2)

∂x2

∣∣∣∣ x1 = a1,
x2 = a2

(8)

where, x1 = Fb,FL(k), x2 = Fb,FR(k), a1 = Fb,FL(k−1), and
a2 = Fb,FR(k − 1).
(8) is the linearization of the front wheel lateral force,

the same approach is applied for the rear wheel lateral force.
In this way, the linear equation for yaw moment is derived as,

Mz≈ lf
(
ηf 1Fb,FL + ηf 2Fb,FR

)
− lr

(
ηr1Fb,RL + ηr2Fb,RR

)
(9)

VOLUME 9, 2021 52467



W. Cho et al.: Integrated Motion Control Using Semi-Active Damper System to Improve Yaw-Roll-Pitch Motion of Vehicle

where, η∗, ∗ =
{
f 1 f 2 r1 r2

}
is derived from (7) and (8).

Using (3) and (9), the cost function for the optimization can
be defined as follows:

min
u

J = uTRu+ sTQs

where,

u=
[
Fb,FL Fb,FR Fb,RL Fb,RR

]
,

s=


Mx −

[
tf
2

(
Fb,FL − Fb,FR

)
+
tr
2

(
Fb,RL − Fb,RR

)]
My −

[
−lf

(
Fb,FL + Fb,FR

)
+ lr

(
Fb,RL + Fb,RR

)]
Mz −

[
lf
(
ηf 1Fb,FL + ηf 2Fb,FR

)
−lr

(
ηr1Fb,RL + ηr2Fb,RR

) ]


Q=diag
[
q1 q2 q3

]
, R = diag

[
r1 r2 r3 r4

]
(10)

where, J denotes the cost to minimize; Q denotes the weight-
ing matrix to control the roll angle, pitch angle, and yaw rate
behaviors with values in the range 0 to 100. R denotes the
weighting matrix for ECS control at each wheel. In this paper,
we set r1 to r4 to be identical because each wheel has the same
actuator.

To obtain the optimal damping force, J is partially differ-
entiated as follows:

∂J
∂Fb,FL

= 2r1Fb,FL − q1tf

Mx −


tf
2

(
Fb,FL − Fb,FR

)
+
tr
2

(
Fb,RL − Fb,RR

)



+ 2q2lf

[
My −

{
−lf

(
Fb,FL + Fb,FR

)
+lr

(
Fb,RL + Fb,RR

) }]

− 2q3lf ηf 1

[
Mz −

{
lf
(
ηf 1Fb,FL + ηf 2Fb,FR

)
−lr

(
ηr1Fb,RL + ηr2Fb,RR

) }] = 0

∂J
∂Fb,FR

= 2r2Fb,FR + q1tf

Mx −


tf
2

(
Fb,FL − Fb,FR

)
+
tr
2

(
Fb,RL − Fb,RR

)



+ 2q2lf

[
My −

{
−lf

(
Fb,FL + Fb,FR

)
+lr

(
Fb,RL + Fb,RR

) }]

− 2q3lf ηf 2

[
Mz −

{
lf
(
ηf 1Fb,FL + ηf 2Fb,FR

)
−lr

(
ηr1Fb,RL + ηr2Fb,RR

) }] = 0

∂J
∂Fb,RL

= 2r3Fb,RL − q1tr

Mx −


tf
2

(
Fb,FL − Fb,FR

)
+
tr
2

(
Fb,RL − Fb,RR

)



− 2q2lr

[
My −

{
−lf

(
Fb,FL + Fb,FR

)
+lr

(
Fb,RL + Fb,RR

) }]

FIGURE 5. Conceptual diagram for ‘‘gain g’’.

+ 2q3lrηr1

[
Mz −

{
lf
(
ηf 1Fb,FL + ηf 2Fb,FR

)
−lr

(
ηr1Fb,RL + ηr2Fb,RR

) }] = 0

∂J
∂Fb,RR

= 2r4Fb,RR + q1tr

Mx −


tf
2

(
Fb,FL − Fb,FR

)
+
tr
2

(
Fb,RL − Fb,RR

)



− 2q2lr

[
My −

{
−lf

(
Fb,FL + Fb,FR

)
+lr

(
Fb,RL + Fb,RR

) }]

+ 2q3lrηr2

[
Mz −

{
lf
(
ηf 1Fb,FL + ηf 2Fb,FR

)
−lr

(
ηr1Fb,RL + ηr2Fb,RR

) }] = 0

(11)

where, Fb,i denotes the optimal damping force of each actu-
ator (i = FL, FR, RL, RR).
Using (11), the optimal damping force for the ECS can be

computed. This approach is used equally in the 1st and 2nd

optimization module.

2) CONTROL VALUE COMPENSATION MODULE
In the previous section, the optimal damping force was calcu-
lated with an unconstrained optimization approach. However,
the ECS system is a semi-active system with very limited
controllable damping force. Therefore, the optimum damping
forces calculated are likely to exceed the performance limits
of the ESC system. It can be seen from Fig. 4 that if this
optimum damping force is used as the final control value,
while the tracking performance might be satisfactory, good
harmonic performance cannot be guaranteed. In order to con-
sider the performance limit of the ECS system and facilitate
adjustments between the tracking and harmonic performance,
the ‘‘gain g’’ is computed in the control value compensation
module. The control moments (yaw, roll, pitch) determined
by the IVC module are scaled to fit the limitations of the
system through ‘‘gain g’’. The damping forces optimizedwith
these scaled control moments do not exceed the limits of the
system. The ‘‘gain g’’ can be computed as shown in Fig. 5
using the damping force from the 1st optimization, the current
damping force, and the min/max damping force values of the
ECS system. Since the ECS system is independently mounted
on each wheel, the calculated ‘‘gain g’’ has a total of four
values. If the maximum of these values is used as the ‘‘gain
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FIGURE 6. Damper characteristics of the ESC system.

FIGURE 7. Simulation results for the double sine maneuver @ 80 km/h.

g’’, the tracking performance can be achieved. Conversely,
when the minimum value is used, the harmonic performance
is achieved. This can be seen in Fig. 4.

III. EVALUATION
To evaluate the proposed control algorithm, simulated and
experimental tests were conducted. In the case of the
simulations, they were performed to show the difference
between the tracking and harmonic performance. The exper-
imental tests for the harmonic performance were con-
ducted to investigate weight tuning between target moments
(Mx , My, Mz). Fig. 6 shows the damper characteristics
of the ESC system used in the simulations and vehicle
tests.

FIGURE 8. Evaluation method (tracking/harmonic performance).

FIGURE 9. Evaluation results (tracking/harmonic performance).

FIGURE 10. Test vehicle configuration.

A. SIMULATION EVALUATION
The computer simulations using CARSIM and Mat-
lab/Simulink were performed to evaluate the tracking and
harmonic performance of the proposed algorithm. A double
sine maneuver on an asphalt road (µ = 0.85) was simu-
lated. The initial speed was set to 90 km/h, constant throttle
input was applied during the simulation. The weights for the
control moments were all equally assigned to 100. The time
history of the steering angle is shown in Fig. 7-(a) while
Fig. 7-(b)∼(d) shows the roll angle against lateral acceler-
ation, the pitch angle against roll angle, and the yaw rate,
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FIGURE 11. Test scenario (70 degree single lane change @ 80km/h).

FIGURE 12. Case 1 results (no control vs roll control).

respectively. The solid black line, the blue solid line, and
the red solid line represent the results from using the full
hard damper setting, the harmonic control prioritized setting
(minimum ‘‘gain g’’), and the tracking control prioritized
setting (maximum ‘‘gain g’’, respectively. As shown in Fig. 7-
(b), the hysteresis width for both the harmonic control and
the tracking control modes is smaller than that for the full
hard damper setting. In addition, we can see in Fig. 7-(c)
and (d) that by using the proposed control method, the pitch
angle follows the target pitch angle and the yaw rate is more
stable.

Unfortunately, these results cannot show the differences
between the tracking and harmonic performance, since the
target moments (Mx , My, Mz) have different values. To show
the difference, the same target moments were artificially

FIGURE 13. Case 2 results (roll control vs roll-pitch control).

applied to the same simulation scenario as above. The per-
formances of each mode were evaluated by comparing the
tracking errors for each target moment and the sum of these
errors. Fig. 8 and 9 show the evaluation methods and results,
respectively. Looking at Fig. 9, it can be seen that the tracking
performance control mode has a smaller overall tracking
error than the harmonic performance control mode, while
the difference in tracking error to each target moment being
large.

B. EXPERIMENTAL EVALUATION
To investigate the weight tuning performance between tar-
get moments using the proposed control algorithm, experi-
mental tests were conducted. The proposed algorithm was
implemented on the dSPACE autobox, an RT3002 unit was
installed to measure the roll and pitch angles. The tests were
conducted using a steering robot to ensure identical driving
conditions. Fig. 10 shows the configuration of the test vehicle.
The test scenariowas a single lane change (SLC)with a lateral
acceleration of 0.6g. The roll, pitch and yaw behaviors were
analyzed as follows:
• Roll angle: roll response to the lateral acceleration
• Pitch angle: pitch response to the roll angle
• Yaw rate: yaw response to the steering angle
In order to analyze the harmonic performance, the min-

imum ‘‘gain g’’, was used. Since roll control is the main
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FIGURE 14. Case 3 results (roll control vs roll-yaw rate control).

TABLE 1. Performance comparison cases.

function of the ECS, the performance is compared based
on this. Table 1 shows the performance comparison cases.
In Case 1, roll control and no control are compared. In the
case of the no control, all dampers are set hard to stabilize
the roll behavior. Case 2 and Case 3 compare the roll-pitch
control and roll-yaw control, respectively, with roll control.
In the last test, Case 4, the roll-pitch-yaw control is compared
with roll control.

Fig. 11 shows the steering angle and vehicle speed during
the tests using the steering robot. 70 degree SLC steering
input at 0.6 kHz was performed at 80 km/h.

Fig. 12 shows the vehicle test results for Case 1. As shown
in Fig. 12-(a), the hysteresis width using roll control is smaller

FIGURE 15. Case 4 results (roll control vs roll-pitch-yaw rate control).

than that under full hard dampers. Roll control allows the
relationship between the roll angle and the lateral acceleration
to be more linear. Fig. 12-(b) describes the pitch angle against
roll angle. The pitch angle shows a positive value because
of the deceleration caused by the steering angle during lane
change. Also, in Case 1, only the roll angle is controlled,
so the pitch angle behavior is not improved. Fig. 12-(c) shows
the yaw rate. In a similar way to the pitch behavior, the yaw
rate response is not improved.

Fig. 13 shows the performance comparison results for
Case 2where the roll control is compared to roll-pitch control.
Fig. 13-(b) shows the pitch angle against roll angle. When
using roll-pitch control, the pitch angle follows the target
value better. However, it can be seen from Fig. 13-(a) that
the peak roll angle value is increased compared to using roll
control. This is because the damping forces that were used
only for roll control are now distributed to control the roll and
pitch. The yaw behavior is the same because yaw rate control
is not performed in Case 2.

Fig. 14 shows the results for Case 3, it shows that the yaw
response is improved and the pitch behavior is not controlled
so shows no improvement. As can be seen in Fig. 14-(a),
the roll angle peak value is increased in a similar way to in
Case 2.

Fig. 15 shows the results for the roll-pitch-yaw rate
control. The results show that the yaw response is improved
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and the pitch angle also tracks the target value well. How-
ever, as the damping forces are distributed to control roll
angle, pitch angle, and yaw rate control, the roll angle is
the large. Also, the performance of the pitch angle and yaw
rate are slightly decreased compared to Case 2 and Case3,
respectively.

IV. CONCLUSION
An integrated vehicle motion control system was developed
to simultaneously control the roll, pitch, and yaw behavior
of a vehicle using an electronic control suspension (ECS)
system. The proposed algorithm consists of four modules:
(i) an integrated vehicle observer (IVO), (ii) an integrated
target generator (ITG), (iii) an integrated vehicle controller
(IVC), and (iv) an optimal distribution controller (ODC).
The ITG computes the target roll angle, pitch angle and
yaw rate of the vehicle. The IVC computes the roll, pitch,
and yaw moments to track the target behavior. The ODC
computes the ECS damping force at each wheel to fol-
low the moments provided by the IVC. The ODC has two
non-constrained optimization modules and a control value
compensation module that consider the ECS system limi-
tations. This module also has the advantage of being able
to easily obtain the desired results in experimental vehicle
tests because the weights for roll, pitch, and yaw control
can be adjusted along with being able to tune the balance
between tracking performance and harmonic performance.
To evaluate the proposed control algorithm, simulated and
experimental tests were conducted. The differences between
tracking performance control and the harmonic performance
control modes were confirmed through simulations. As a
result of the experimental tests, it was also confirmed that the
roll angle, pitch angle, and yaw rate of a vehicle can be con-
trolled as intended according to the setting of the weighting
factors.

The contribution of this paper is the development of a con-
trol logic that can control each combination of roll-pitch-yaw
behavior using ECS. One of the critical issues when devel-
oping the control logic to improve ride & handling (R&H)
performance of vehicles is that it is not possible to define
‘‘best’’ R&Hperformance. The best R&Hperformance varies
depending on the driver because it is a very subjective char-
acteristic. The proposed algorithm is able to provide various
vehicle behaviors through simple parameter tuning. Hence,
in our future work we will try to achieve the best possible
R&H performance by optimally tuning the weighting factors
and the ‘‘gain g’’.
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