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Abstract This study examines roll stability control for
vehicles with an active roll-resistant electro-hydraulic
suspension (RREHS) subsystem under steering maneu-
vers. First, we derive a vehicle model with four degrees of
freedom and incorporates yaw and roll motions. Second,
an optimal linear quadratic regulator controller is obtained
in consideration of dynamic vehicle performance. Third,
an RREHS subsystem with an electric servo-valve actuator
is proposed, and the corresponding dynamic equations are
obtained. Fourth, field experiments are conducted to
validate the performance of the vehicle model under
sine-wave and double-lane-change steering maneuvers.
Finally, the effectiveness of the active RREHS is
determined by examining vehicle responses under sine-
wave and double-lane-change maneuvers. The enhance-
ment in vehicle roll stability through the RREHS
subsystem is also verified.

Keywords electro-hydraulic suspension, roll stability,
LQR, experiment

1 Introduction

According to statistics from the US National Highway
Traffic Safety Administration, rollover crashes contribute
33% to the total number of fatal deaths in the USA,
although they account for only 3% of all passenger car
crashes [1]. Vehicle rollover accidents are among the most
common fatal causes of human death [2]. Consequently,
vehicle roll motion control has become a prevalent
research topic [3—6]. Vehicle suspension, which minimizes
the vibrations of occupants caused by road disturbances, is
the most important system for vehicle roll stability
enhancement. Various strategies have been applied to
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vehicle suspension systems, and these can be generally
categorized as passive suspension (optimization of the
suspension system) [7-9], semi-active suspension [10—-12],
and active suspension [13—16]. Enhancing the roll motions
of vehicles with active suspension systems is crucial.

Considering the importance of suspension systems in
enhancing ride comfort and holding capacity, various
suspension systems have been developed over the decades
[17-20]. Among them, the electro-hydraulic suspension
has received extensive attention from industrial and
academic circles. Du and Zhang [21] introduced an
electrohydraulic suspension for vehicles with actuator
constraints. Choi et al. [22] presented a fuzzy controller for
electro-hydraulic suspension systems with preview infor-
mation on road disturbances. Sun et al. [23] used electro-
hydraulic suspension to improve vehicle ride comfort
without sacrificing road holding capacity with limitations
in vehicle parameter uncertainties. These studies have
revealed that electro-hydraulic suspension is mainly used
to enhance vehicle ride comfort. However, the application
of this type of suspension in vehicle roll motion control has
not been investigated.

For decades, researchers have exerted effort to enhance
vehicle roll motion by using various control strategies.
Kim [24] developed an electrically actuated roll control
system to enhance vehicle roll behavior under parameter
perturbation. Yim [25] used previewable information on
steering input to design a static output feedback linear
quadratic regulator (LQR) controller to avoid extreme roll
motion situations. Huang et al. [26] developed a state
derivative-induced LQR controller to reduce the rollover
risk of heavy articulated vehicles. Imine et al. [27] used a
twisting-sliding mode scheme to ensure roll stability via an
active steering assistant system. Dal Poggetto and Serpa
[28] utilized a gain-scheduled LQR controller to reduce the
possibility of vehicle rollover. The mechanisms through
which vehicle velocity influences the controller gain were
also investigated. Sun et al. [29] developed an active
stabilizer bar in consideration of fast-varying sprung mass.
Pourasad et al. [30] and Marzbanrad et al. [31] improved
vehicle path following, roll, and handling performance
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simultaneously by using LQR controllers and fuzzy logic
respectively. These studies have improved vehicle roll
motion behavior with various control schemes. However,
the application of electro-hydraulic suspension to the
enhancement of vehicle roll motion still needs to be
improved.

The integration of electro-hydraulic suspension and
active controller can effectively enhance vehicle perfor-
mance [32-34]. However, the majority of relevant studies
mainly used one servo-valve to actuate one hydraulic
suspension, and this usage consumes much energy. In this
study, a cross-linked hydraulic suspension uses only one
servo-valve to actuate two hydraulic suspensions; thus,
less fuel is used. In addition, due to the natural merit of the
cross-linked shape, the proposed electro-hydraulic suspen-
sion can effectively enhance vehicle roll stability without
affecting other aspects, such as bounce and pitch motions.
An active roll-resistant electro-hydraulic suspension
(RREHS) subsystem controlled by the LQR scheme is
also proposed to enhance vehicle performance. The
primary contributions of this study are as follows: (1) An
active RREHS subsystem is proposed, and (2) a vehicle
model with four degrees of freedom (DOFs) and
incorporates yaw and roll motions is developed and
validated via field experiments.

The rest of the paper is organized as follows. In Section
2, the 4-DOF vehicle model and the LQR controller for
generating roll-resistant moments are presented. In Section
3, the RREHS subsystem with an electro-servo valve
actuator is introduced. In Section 4, vehicle model
validation is conducted via field tests using a fully electric
vehicle prototype. The effectiveness of the RREHS
subsystem with an optimal control scheme is also
investigated under sine-wave and double-lane-change
maneuvers. Section 5 presents the main conclusions.

2 Vehicle model and LQR controller

A vehicle model that incorporates yaw and roll motions is
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formulated. Then, the LQR control scheme utilized to
actuate the electro-hydraulic suspension is provided.

First, a 4-DOF vehicle model is utilized to characterize
lateral and roll motions. The vehicle is assumed to run on
an even road surface to simplify the modeling. Therefore,
the wheel motions can be simplified as the average roll
angle displacement of unsprung mass ¢,, as shown in
Fig. 1(b). The vehicle sideslip angle at the center of gravity
(CQG) B, yaw angle y, and roll angle ¢ are the three other
DOFs, as shown in Fig. 1. For brevity, the following
assumptions are established: (i) roll angles ¢ and ¢, are
small enough, and (ii) the vehicle’s longitudinal velocity v,
is considered to be constant.

From Fig. 1, the dynamic equations on vehicle yaw
motion can be derived as follows:

(ms + 2muf + 2mur)vx 2(muflffmurlr) ,B + l//
2(’nuflf _murlr>vx Izz W
i 4 ..
F i + mshos¢
= ; " : (1)
M,

where m; is the sprung mass, mys and m,, are the front and
the rear unsprung masses, respectively, /; and /. are the
lengths from CG to the front and rear axle, respectively,
L, = I, + 2my (i 4+ 6}) 4+ 2my, (12 + £2) is the yaw iner-
tia of the vehicle, A, is the height from vehicle rolling
center to CG of sprung mass, F,,; pertain to the lateral tire
forces generated by the Dugoff tire model [35], and
M.=[ly, Iy, —I, —L]F,, is the yaw momentum with
Fyu:[Fyula Fyu2> Fyu3a Fyu4]T-

The suspension deflections and relative velocities can be
obtained in consideration of vehicle geometry. The
suspension forces (F) generated by the original mechani-
cal suspension can be derived as follows:

F, = CST(¢_¢U) +KST(¢—¢u>’ (2)
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Fig. 1 4-DOF vehicle model. (a) Lateral representation; (b) vertical representation of half-vehicle.
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where Ks: diag([ksfs ksﬁ ksr’ ksr])7 Cs: diag([csf’ Csts Csrs
csr)), ks and kg, are the stiffnesses of the front and the rear
suspension, ¢grand ¢, are the dampers of the front and the
rear suspension, respectively, and T=[ 1y, f, —t,, £,]" is the
geometry transformation matrix, and # and ¢, are the half-
track widths of the front and the rear axle.

Then, the moment balance of sprung mass along the
longitudinal axis can be obtained as

[s(.i) + msghosSinﬁb7””’561)}}105(:’05(]5 + TTFS +u(t) =0,
3)

where [ is the roll inertia of sprung mass, a, = v, + v,y is
the lateral acceleration, and u(¢) is the active roll-resistant
moment generated by the RREHS.

The force balance of the unsprung masses can also be
obtained as

MuZu + Cs(Zu*T(ﬁ) +I(S(Zu*T(:b) + Ct(Zufzg)
+K1(Zufzg) =0, 4)

where Mu: diag([mufa Myt, My, mur])> Ct: diag([ctfa Ctts Cors
cyl), K= diag([kis, kg, ki, Kic]), cip and ¢, are the dampers of
the front and the rear tyre, respectively, ki and k. are the
vertical stiffnesses of the front and the rear tyre,
respectively, Z,= T, is the vertical displacement of the
unsprung masses, and Z,=0 is the road input vector for
wheels.

Equation (4) can be further rewritten by left-multiplying
T as follows:

Iuésu + Cs (¢u7¢) + ks(qbu*qb) + ct(;bu + ktqﬁu*u(t) = O’
)

where I, = 2my¢t? + 2my,t* is the equivalent roll inertia of
unsprung mases, ¢, = 2t%csf +28cy, k= Zt%ksf + 282k,
¢ = 28¢y + 2t2¢y, and ky = 28k + 262k,

By defining x = [qﬁf by, Dus D, qbu] T, the state-space
model for the subsystem in Egs. (3) and (5) can be derived
as follows:

x(t) = Ax(t) + Byw(t) + Bu(t), 6)

where w(f)=a,—g¢ and
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The main objective of this work is to design a linear
quadratic controller to improve vehicle dynamic perfor-
mance [36], which generally consists of the following
aspects:

(1) Roll stability: Vehicle roll stability is generally
characterized by the lateral load transfer ratio, which is
affected by sprung mass roll angle and lateral acceleration.
However, lateral acceleration cannot be minimized when
the longitudinal velocity and path curvature are prescribed.
We can minimize the roll angle of vehicle sprung mass ¢ to
help improve vehicle roll stability.

(i1)) Suspension deflections: Excessive suspension
deflections may deteriorate vehicle ride comfort and even
cause structural damage. Considering that only the front
axle is equipped with electro-hydraulic suspension, the
suspension deflections at the front axle, which are
proportional to (¢— ¢,) in this work, should be minimized
to avoid vehicle performance deterioration.

(iii) Vehicle safety: A firm uninterrupted tire-terrain
contact is a prerequisite for vehicle lateral stability, which
is generally characterized by ¢, in this work. Therefore,
the tire-terrain angle difference should also be minimized.

The maximum value of the actuator output forces should
be constrained so that the actuator input voltage is
physically limited.

On the basis of these analyses, the quadratic cost
function and the hard constraint on actuator force can be
formulated as follows:

J = f ;VTdet+ f ;uTRudt, (7)

|u|<umaxa |¢_¢u|<¢maxa (8)

where @ and R are the known positive-definite matrices
with weight coefficients in y and u in their diagonals
respectively, u,,, 1S the upper bound of control input, ¢,;.«
is the maximum roll angle allowed, and y = Cx, where

1 1 00
C=|1 0 00
01 00

With these analyses, we define the controller gain as K
=—R'B"P, where P satisfies the Riccati function:

A"P+PA-PBR'B'P+C"OC = 0. ©9)
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Then, external force u(f)= Kx(f) is derived and generated
with the electro-hydraulic actuator through Eq. (11), and
the actuator outputs can be obtained with Egs. (16) and
(17). In consideration of vehicle performance, the weight
matrices are set as

10° 0 0
=10 105 o, R=10"" (10)
0 0 1

3 Electro-hydraulic suspension

Figure 2 shows a diagram of the proposed RREHS
subsystem, which consists of a servo-valve (or propor-
tional valve) hydraulic actuator, two cylinders, and several
oil pipes.

Vi P P2V

Visl | P2 Pif |V

T

Fig. 2 Schematic of the electrohydraulic actuator.

The spool valve of the electronic servo-valve is
controlled by electric current to produce displacement z,.
Oil supply high pressure py is generally stored outside the
electronic servo-valve, and the moving spool valve
distributes high-pressure oil to two oil circuits [37].

The chamber section area differences in the two
hydraulic cylinders are assumed to be negligible in this
work. Thus, the vertical force generated by the RREHS
subsystem acting on the vehicle system is equal to zero,
and roll moment u(¢) from the RREHS subsystem can be
formulated as

u(t) = (p1—p2)Acth— (P2 —p1)Acty = 2ApActy.  (11)

where p; and p, are the pressures of pipelines, 4, is the
piston area, #, is the length of chambers, and Ap is the
pressure difference between top and bottom chambers.

The fluid quantities for each oil circuit can be derived as
follows:

d d
P (Vi + V) + A (Vlt + Vap) (il
= Ql 7Cip(pl *Pz) 7Cepp]’
(12)
d d
@ (Voo + Vi) + (VZt + Vib) ftz

= 0, + Cip(p1 —p2) — CepP2s

where f, is the effective bulk modulus of the oil, C,, and
Ci, are the external and internal leakage coefficients of the
cylinders, respectively, O; and Q, represent the flow
quantities of spool valve, V;; and V>, represent the volume
of the top chamber of left and right cylinder, respectively,
V1, and V5, represent the volume of bottom chamber of left
and right cylinder, respectively.

The volumes in each chamber can be determined with
the relative displacements of the cylinders as follows:

Vie=Vio +A4c(zs1 —201)> Vib = Vao—Ac(261 —2u1)>

Ve = Vio + 4c(Z2 = 202)> Vap = Vao—Ae(z—202)> (13)

where Vg and V5 are the initial volumes in the top and
bottom chambers, respectively, z; and zy, are the vertical
displacements of the cylinders block, and z,; and z,, are
the vertical displacements of the piston rod.

With Egs. (12) and (13), the dynamic equations in the
two oil circuits can be formulated as

d
E(Ac(zsl —2y1) —Ac(22—212))

1 d
+E(V10 + Vao + Ac(261 —2u1) —Ac (200 —22)) é?tl
=0 7Cip(p1 7p2)7ceppls

| (14)
E(AC(ZSZ _Zu2> _AC (ZSI _Zul))

dp,

1
(Vo + Voo + Ac(z2 —20) — A (Zslfzul))w

B

= 0 + Cip(p1 —p2) — Ceppa-
With Eq. (14), we derive

d 1 d
2Aca ((Zsl 7Zu1)7(zs27zu2)) + (Vlo + Vzo)a(l?l *Pz)

Be
1 y y d
+E( C(Zsl _Zu1>_ c(Zs2_Zu2))a(p1 +p2)
=01-0,-(2Cy, + Cgp) (1 —p2)- (15)
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Considering that p;+ p2=ps, za=—4P, zo= P, zu=
—tehy, and z=tep,, we can further rewrite Eq. (15) as

d 1 d
*4Actfa (p—y) + A (Vo + Vzo)a(ﬁ -p2)

+ (2Cip + Cep)(pl 7p2)
=01-0,. (16)

For simplicity, we assume that the displacement of spool
valve z, is directly proportional to electric voltage u. (%),
namely, z,= k,u,(t), where k, is a known scalar.

The flow quantities in the two circuits can be presented
as [38]

0 = kyuy (s(uy) /s —p1 + 5(—uy) /D1 —Pr)5

(17)
0> = kyuy(s(—uy)\/Ps— P2 + 5(ty) /P2~ Pr),
where
— ke Cowy |2 _ ) ow=0 18
ku = Ky Lgw ;a S(uv) - 0, " <0. ( )

where Cjy is the discharge coefficient, w is the spool valve
area gradient, and p, is the return pressure which equals to
the atmospheric pressure generally.

4 Experiments and simulations
4.1 Model verification and numerical simulations

In this section, the proposed vehicle model is validated
against experimental test results. A novel fully electric
vehicle prototype is utilized to conduct various maneuvers,
as shown in Fig. 3. The parameters of the vehicle model in
the simulations, which will be illustrated in the next
section, are identical to those of this vehicle, as listed in
Table I in the Appendix. Table II shows the parameters of

Fig. 3 Fully electric vehicle on a concrete pavement in the
experimental tests.

the servo-valve electro-hydraulic actuator.

The experimental setup and corresponding devices are
depicted in Fig. 4. A wheel torque meter is utilized to
record the wheel steering angle with a steering ratio of
17.5. A velocity recorder, namely, RACELOGIC VBOX
3i, is used to obtain vehicle velocity v, with the GPS
navigation system. An inertial measurement unit (IMU)
sensor is utilized to record yaw rate y, roll angle ¢, and
lateral acceleration a,. These signals are then transferred to
a laptop for further signal post-processing.

The two different types of maneuver, namely, sine-wave
and double lane change, are executed to validate the
vehicle model by comparing the test and simulation results.
The vehicle speeds are 40 and 80 km/h. The results are
shown in Figs. 5 and 6.

Figure 5 shows the vehicle response comparisons at
sine-wave maneuver. Considering that transient responses
for the beginning and end of the sine-wave maneuver
cannot be used to characterize vehicle performance,
defining an effective time interval would be helpful.
Here, the effective time interval starts at 3.9 s and ends at

Wheel torque meter
(SOHGOH TR 60)

Velocity recorder
(RACELOGIC VBOX 3i)

[ Field tests

Laptop

Vehicle IMU sensor
(OXFORD RT3100)

a,, dy/dt, ¢

Fig. 4 Experimental setup.
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Fig. 5 Comparisons of simulation and experiment results at sine-wave maneuver: (a) Sine-wave steering angle, (b) yaw rate, (c) lateral
acceleration, and (d) roll angle of sprung mass.
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Fig. 6 Comparisons of simulation and experiment results at double-lane-change maneuver: (a) Sine-wave steering angle, (b) yaw rate,
(c) lateral acceleration, and (d) roll angle of sprung mass.
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11.1 s. Figure 5(a) shows the tire steering angle transferred
from the steering wheel via the steering system that is
utilized as the input of the subsequent simulations. Figure
5(b) shows that the yaw rate of the simulation fits that of
the experimental result well, except that the peak values of
the latter are smaller than the former. The reason for this
result may be the filter embedded in the IMU sensor, which
cuts off the signal peaks. Figure 5(c) shows that the lateral
accelerations of the two signals are close to each other.
Figure 5(d) indicates that the two roll angle responses fit
well, but steady shift exists after the steering maneuver is
finished.

Figure 6 presents the vehicle responses of double-lane-
change maneuver, which is used to compare the aperiodic
dynamic characteristics with those of the sine-wave
maneuver. Figure 6(a) shows the tire steering input for
the experiment and simulation. Figure 6(b) shows the yaw
rates for the two maneuvers. The figure reveals that
although discrepancies exist in the transient behaviors of
the two maneuvers, the general response tendencies are the
same. The discrepancies may be attributed to the tire
transient properties and several chassis apparatuses, such
as rubber bushes, which are not formulated in the proposed
vehicle model due to their complicated dynamic character-
istics and minor importance in vehicle responses compared
with suspension devices. Figure 6(c) shows that the
simulation and experiment results have almost the same
lateral accelerations. Figure 6(d) reveals that the roll angles
in the simulation and experiment fit well. Thus, we
conclude that the simulation results match the experi-
mental results well, thereby validating the proposed
vehicle model.

4.2 Validation of the control scheme

Simulations are conducted under the two steering
maneuvers to validate the proposed control scheme and
investigate the effectiveness of the LQR controller with
electro-hydraulic suspension. Vehicle responses, including
suspension deflection zg, at the left-front station, roll angle
¢, lateral load transfer rate (LTR) [39], and tire-terrain
contact force Fi.; at the left-front station, are compared and
analyzed. Meanwhile, the dynamic responses of the
electro-hydraulic suspension, including roll-resistant
moment u(?), electric voltage u,(¢), oil pressure p;, and
flow quantity Q; at the two oil circuits, are also derived.
Figure 7 shows the vehicle dynamic responses under
sine-wave maneuver for uncontrolled and controlled
schemes. Figure 7(a) reveals that during the effective
time interval, the suspension deflection is reduced by more
than 30.7% with the RREHS subsystem. Figure 7(b)
illustrates that the roll angle response is decreased by
29.2% or more with the proposed controller. Figure 7(c)
indicates that LTR is decreased by over 10.7% during the
effective time interval, which implies that vehicle roll
stability is effectively enhanced. Figure 7(d) shows that tire

force is reduced by 1.1% at the left-front station. Therefore,
vehicle performance is improved by the electro-hydraulic
suspension.

Figure 8 shows the dynamic responses of the electro-
hydraulic suspension. Figure 8(a) indicates that a roll-
resistant moment is imposed on the vehicle when the
vehicle performs turning maneuver to enhance vehicle roll
stability. Figure 8(b) shows the electric voltage required by
the servo-valve to generate the desired roll-resistant
moment. Figure 8(c) depicts the oil pressures of the two
oil circuits in the RREHS subsystem, which can be derived
with the desired moment u(f) and suspension geometry.
Figure 8(d) shows the fluid flow quantities at the two
circuits.

The vehicle and servo-valve responses under double-
lane-change maneuver are also investigated, as shown in
Figs. 9 and 10. In Fig. 9(a), the suspension deflection is
decreased by 24.1% att=3.01 s and by 46.7% at t=3.75s.
Figure 9(b) shows that roll angle ¢ is decreased by more
than 25.5% during the time interval [2.8, 4.0] s. In Fig.
9(c), we can observe that the LTR value is reduced by
28.9% at t=3.68 s, whereas it is only reduced by 0.6% at
t=2.97 s. Figure 9(d) shows that the maximum tire force is
slightly decreased.

Roll-resistant moment u(?) is derived in Fig. 10(a). The
corresponding electric voltage u,(f) required by the servo-
valve is shown in Fig. 10(b). Figure 10(c) shows the
obtained fluid pressures at the two fluid circuits of the
RREHS subsystem. Figure 10(d) displays the fluid
quantities Q; at the two circuits.

5 Conclusions

This study proposes a roll-resistant electro-hydraulic
suspension to enhance vehicle roll stability when a vehicle
is performing steering maneuvers. A 4-DOF vehicle model
is proposed to investigate the integration of lateral and roll
dynamics. Then, an RREHS subsystem is developed to
enhance vehicle roll motion, and an LQR optimal control
scheme is used to derive the roll-resistant moment. In
addition, the vehicle model is validated against field
experiment results. The effectiveness of the optimal
control scheme is verified by implementing the scheme
on the RREHS subsystem. The following conclusions are
derived from the results. (1) A 4-DOF vehicle model that
incorporates yaw and roll motions is derived and validated.
(2) The optimal controlled RREHS subsystem can be
utilized to enhance vehicle performance effectively,
especially roll stability, under sine-wave and double-lane-
change steering maneuvers.

Considering the differences in theoretical equations,
numerical models, and engineering applications, validation
of the equation through experiments is recommended. In
our future work, the proposed controller will be experi-
mented on by using a real vehicle.
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Fig. 7 Vehicle responses under sine-wave steering maneuver at 40 km/h: (a) Suspension deflection z, at the left-front station, (b) roll
angle ¢; (c) lateral load transfer rate, and (d) tire-terrain contact force Fy.;.
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Fig. 8 Dynamic responses of the electro-hydraulic suspension under sine-wave maneuver: (a) Roll-resistant moment u(f), (b) electric
voltage of the servo-valve, (c) oil pressures at the two hydraulic circuits, and (d) flow quantities at the two circuits.
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Fig. 9 Vehicle responses under double-lane-change steering maneuver at 80 km/h: (a) Suspension deflection zg, at the left-front station,
(b) roll angle ¢; (c) lateral load transfer rate, and (d) tire-terrain contact force F\.;.
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Fig. 10 Dynamic responses of the electro-hydraulic suspension under double-lane-change steering maneuver: (a) Roll resistant moment
u(?), (b) electric voltage of the servo-valve, (c) oil pressures at the two hydraulic circuits, and (d) flow quantities at the two circuits.
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Appendix

Table I Vehicle parameters

Variable Value Description

mykg 1934 Sprung mass

IJ(kg-m?) 560 Roll inertia of sprung mass

L./(kg-m?) 1640 Yaw inertia of the vehicle

Iuy}/(kg-m2) 10 Rotation inertia of the tire

mydkg 63 Unsprung mass in the front axle

my/kg 57 Unsprung mass in the rear axle

cs/(N- S'm’l) 2000 Damping coefficient of front suspension
co/(N-s-m ) 2200 Damping coefficient of rear suspension
c/(N-s-m ) 100 Damping coefficient of the front tire
ce/(N-s-m ™) 100 Damping coefficient of the rear tire
kg/(N-m™") 36800 Spring stiffness of front suspension
kg/(N-m™) 33800 Spring stiffhess of rear suspension
k/(N-m™) 278000 Front tire vertical stiffness

ko/(N-m ) 265000 Rear tire vertical stiffness

lfm 1.33 Length from CG to the front axle

I/m 1.62 Length from CG to the rear axle

tym 0.81 Half-track width in the front axle

t/m 0.81 Half-track width in the rear axle

hos/m 0.43 Height from vehicle rolling center to CG of sprung mass
hoo/m 0.11 Height from vehicle rolling center to chassis bottom
lsw 17.5 Steering ratio

Table I Parameters of the servo-valve electro-hydraulic actuator [33]

Variable Value Description

Ap/m? 0.0013 Section area of the hydraulic cylinders
Vo/m® 3.77%x107* Vo= V1io+ Vao; total oil volume in each cylinder
ps/MPa 6.0 Supply pressure

k/(m?-s) 2.5 Valve flow gain coefficient

kp/(m5 NTsh 42x10 M1 Total flow pressure coefficient

Cp 0 Cip=2Cip+ Cp; total leakage coefficient of the RREHS subsystem
BJ/(N-m?) 6.89x10° Effective bulk modulus of the oil
kJm-A™") 0.0239 Servo-valve gain
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