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ABSTRACT Vehicle attitude is one of the most important factors affecting ride comfort, safety, and handling,
and it is influenced by road conditions, driver’s maneuvers, and other factors. It is usually achieved by
pumping methods (air suspension, hydro-pneumatic suspension, and so on). However, the nonlinearities,
hysteresis, and uncertainties in the adjusting process caused by the gas property and the valve characteristic
will increase the difficulty of controller design. And frequent use of the pump for continuous adjustment also
affects the life span. This paper develops an active suspension based on Motor-driving compacted Double-
gas-chamber Hydro-Pneumatic Strut (MDHPS) and verifies the possibility of attitude control with a simple
PID controller. The controller is built based on the quarter-car model with the MDHPS model and the optimal
values are identified through the Ziegler—Nichols method and Genetic Algorithm (GA). Finally, to investigate
the attitude control effect of MDHPS, the full-car model is established based on the co-simulation of Carsim
and Matlab/Simulink. The anti-roll and anti-pitch properties based on the proposed height adjustment method
are evaluated under different working conditions. Through the comparison between the active and passive
methods, it has been shown that the proposed method can greatly improves vehicle performance. The
improvement rate of the Root Mean Square (RMS) for both roll and pitch angles exceeds 50.46% under
different working conditions.

INDEX TERMS Active suspension, attitude control, Carsim-Simulink co-simulation, hydro-pneumatic strut.

I. INTRODUCTION

The vehicle attitude is essential in determining the com-
fort, safety, and handling of driving. It is usually influ-
enced by various factors, including road surface conditions,
driver’s maneuvers, and so on [1]. Considering the increasing
demands for ride comfort and handling, the attitude deflection
of vehicles should be better controlled. In the vehicle struc-
ture, the suspension system is the supporting component to
provide ride stability [2] and is mainly divided into passive
suspension, semi-active, and active suspension. Traditional

The associate editor coordinating the review of this manuscript and
approving it for publication was Chaitanya U. Kshirsagar.

passive suspension [3], with its fixed structure, cannot be
adjusted during the working process. The semi-active suspen-
sions [4] focus on the adjustment of damping and stiffness
coefficients and cannot realize the attitude control. Conse-
quently, a number of active suspensions with different kinds
of methods to achieve attitude control through height adjust-
ment of each strut have been developed, such as the pumping
method [5], [6], magnet synchronous linear motor [7], and
conventional mechanical structure [8].

Pumping is the most common method to achieve height
adjustment. It has been investigated by many researchers,
and it is usually realized by two different approaches: air
suspension [9], [10] and hydro-pneumatic suspension [11].
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Yin et al. [12] investigated an air suspension system to adjust
the stiffness and body height of the suspension system by
regulating the internal air pressure through an air pump.
Wang et al. [13] focused on the parameters’ adjustment of
hydro-pneumatic suspension under different road conditions
through pumping. Considering its working principle, the
pumps, solenoid valves, pressure sensors, and other complex
components are required [5], which require a large space and
are not conducive to compact design [ 14]. Besides, to achieve
continuous height adjustment, a high-frequency adjustment
process should be conducted, which will significantly affect
the span life of the pumping system [7]. In addition, the
high precision control of pumps and solenoid valves should
be adopted to avoid the high impact during the adjusting
process [15]. However, according to the working principle,
the system’s response speed is limited by the inflation and
deflation process.

The adjusting of the pumping system is usually conducted
by inputting or outputting the extra mass of air and/or
hydraulic oil, the nonlinearities of air property and the valve
characteristic will lead to uncertainties and added difficulties
to the controller design in the adjusting process. It should
be emphasized that as the extra mass of air and/or hydraulic
oil pumping input/output the system, the total volume (gas
or hydraulic oil) of the whole system cannot be constant,
and then the system’s dynamic properties (especially stiffness
property) will change with height adjustment [16]. Therefore,
advanced controllers are usually utilized in the previous
research on pumping systems [16], [17]. Such as Long et
al. [6] considered the hysteresis characteristic of the sys-
tem due to the phenomenon of overinflation, overdeflation,
and frequent inflating and deflating in electronically con-
trolled air suspension systems. A PID control strategy with
a state-preview height control strategy was established [6];
Prassad et al. [18] proposed a linear quadratic regulator
(LQR) with Particle Swarm Optimization to improve the
non-linear system of air suspension; Rui [19] presented
an adaptive sliding-mode control method for the nonlinear
dynamical characteristic of electronically controlled air sus-
pension in the presence of parameter uncertainties; Sun et
al. [20] utilized a hybrid model predictive controller (HMPC)
based on online mixed-integer quadratic optimization to solve
the control problem of vehicle height adjustment of electron-
ically controlled air suspension; Zhou et al. [21] focused on
cooperative control to avoid the characteristics of variable
stiffness and low vibration frequency of interconnected air
suspension. However, it can solve the problem of inflation by
utilizing the advanced controller and high-precision solenoid
valves, but the rate of deflation is still limited by the working
principle.

Considering the above, the main purpose of this research
paper is to develop a Motor-driving compacted Double-gas-
chamber Hydro-Pneumatic Strut (MDHPS). As no extra mass
of air in/out of the system, the stiffness property of the
strut will be constant and/or predicted during the height
adjustment procedure. Additionally, the research explores the
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TABLE 1. The physical parameters of the mdhps prototype.

Definition DESCRIPTION Value
Awmc Area of Main Chamber (MC) 3117.2mm?
Arod Area of the piston rod 1590.4mm?
Auc Area of Annular Chamber (AC) 1526.8mm?
Age Area of Gas Chamber (GC) 883.5mm?
Asce Area of Secondary Gas Chamber (SGC) 3117.2mm?
Auce Area of Adjustable Gas Chamber (AGC) 1256.6mm>

p Density of the oil 797kg/m’

Cy Flow coefficient 0.7

nis Number of orifices between MC and AC 2

an Area of orifice between the MC and AC 8.04mm?>
Vasco Maximum volume of GC 224000mm’®
VsGco Maximum volume of SGC and AGC 385000mm?
Dpo Maximum length of 4, 104mm

possibility of attitude control for a full car using a simple
controller. Firstly, based on the mathematic model, which
has been established and verified by experimental data in
the previous study, the PID controller is built based on the
quarter-car model with the MDHPS model and the opti-
mal value identified through the Ziegler—Nichols method
and Genetic Algorithm (GA). And then, the established
methodology was applied to a full-car model, which is
established based on the co-simulation of Carsim software
and Matlab/Simulink. The anti-roll and anti-pitch properties
based on the proposed height adjustment method were eval-
uated under different working conditions, including bump
excitation, acceleration, brake, and double lane-change track
operation conditions. Through the comparison between the
active and passive methods, it has been shown that the pro-
posed method can greatly improves vehicle performance.

Il. STRUCTURE AND WORKING PRINCIPLE

In this section, the working principle associated with the
structure design of the proposed Motor-driving compacted
Double-gas-chamber Hydro-Pneumatic Strut (MDHPS) is
introduced. The prototype and experimental platform of
MDHPS are illustrated in Figure. 1. The proposed MDHPS
consists of two parts: Main body and Driving part. The Main
body includes Gas Chamber (GC), Secondary Gas Chamber
(SGC), and Adjustable Gas Chamber (AGC), which are all
filled with nitrogen. Since the gas volume of SGC and AGC
are connected, the change of AGC volume achieved by the
movement of Regulating Piston (RP) driven by the stepper
motor through the ball screw (Driving part), will affect the
volume/pressure distribution in the Main body, and then the
suspension strut height (H). The internal of the piston rod
is connected to the Main Chamber (MC), allowing the oil
to flow freely between these two chambers. The designed
parameters of the MDHPS prototype are listed in Table 1.

Ill. ESTABLISHMENT OF THE MATHEMATICAL MODEL

A. FUNDAMENTAL MODEL OF THE PROPOSED MDHPS
SYSTEM

As the detailed modelling procedure and its function has been
established and verified in the previous study, for the sake
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FIGURE 1. The experimental platform and schematic of the proposed MDHPS.

of the article’s completeness, the key modelling steps (parts)
will be summarized based on reference [22] in this section.
The output force of the MDHPS can be expressed as:

F = Pyc - Auc — Pac - Aac + fpr - sign(x) (D

where Pysc and P4c represent the pressure of Main Chamber
(MC) and Annular Chamber (AC), respectively; Ayc and
Ayc represent the area of MC and AC, respectively; fpr
represents the friction, as shown in Figure. 1; x represents the
velocity of Main Piston (MP). From Eq. (1), it can be found
that the output force consists of three parts as:

1) SPRING FORCE
Based on the ideal gas law, the gas pressure can be expressed
as [23]:

(Pio+ Po) - Vig = (Pi+ Py) - V{'; (i = GC or SGC) (2)

where P;p and P; represent the initial and working pressure of
i chamber, respectively; P, represents the atmospheric pres-
sure (0.1MPa); V;o and V; represent the initial and working
volume of i chamber, respectively; n represents the polytropic
exponent (n = 1.2 [22], [24], [25]). The volume of the GC
(Vgce) and the sum volume of SGC and AGC (Vgg¢) can be
calculated as:

Ve = Veeo — Ace - xFp 3)
Vsce = VsGeo — Asce - xsp — Aacc - by 4

where Agc represents the cross-sectional area of GC; xpp
represents the displacement of Floating Piston (FP); Asgc
and A4 c represent the cross-sectional area of SGC and AGC,
respectively; xsp represents the displacement of Secondary
Piston (SP), respectively. The direction of movement of the
pistons during compression is defined as the positive direc-
tion. The relation between compression displacement (x) of
the MP, xpp and xgp can be calculated as:

Apc - x = Agc - XxFp + AsGe - Xsp (5)
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2) OIL DAMPING FORCE
The oil damping force can be expressed as [26]:

IPuc = Pacl = (@3- p) [12: (Ca-m3 -] (6)

where Pyc and P4c represent the pressure of MC and AC,
respectively; C; represents the flow coefficient (C; =0.7
[27]); n3 and a3 represent the number and cross-sectional
area of damping orifices, respectively; g3 represents the flow
from MC to AC, which can be expressed as:

q13 = q1 — q12 = Ayc - (& — xsp) — Agc -xrp - (7)

where ¢ represents the flow out of MC; g, represents the
flow from MC to the inside of the piston rod; xsp and xgp
represent the velocity of SP and FP, respectively.

3) FRICTION FORCE
The friction force (fpg), which can be described by the con-
tinuous zero-velocity crossing friction model as [28]:

for = —pk - Fe-cr- ®)
|
0 x| < vo
e =1 & —vo)/i—vo) vo<Ikl<w &)
1 ] = v

where py represents the coefficient of kinetic friction and is
set to 0.1 [28]; F, represents the normal reaction force; vy
and v; are the given tolerances for the velocity. The floating
pistons’ friction is ignored in this paper. The gas/oil pressure
in MDHPS can be expressed as:

Pcc = Pyc = Page (10)

where Pgc, Page, and Pyc represent the pressure in GC,
AGC, and MC, respectively. The parameters of the friction
force between the piston rod and the cylinder can be calcu-
lated through Eq. (1). According to the experimental data, the
parameters of the friction model are set as: F. = 1000, v; =
0.1, and vo = 0. The main purpose of this paper is to develop
an active suspension based on Motor-driving compacted
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FIGURE 2. The schematic diagram of the seven-degree-of-freedom
full-car model.

Double-gas-chamber Hydro-Pneumatic Strut (MDHPS) and
to verify the feasibility of attitude control with a simple PID
controller. The established model has been validated in the
previous research [29]. For the sake of clarity, the verification
process is omitted in this paper.

B. SEVEN-DEGREE-OF-FREEDOM FULL-CAR MODEL

The schematic diagram of the seven-degree-of-freedom full-
car model is shown in Figure. 2. Table 2 summarizes all
physical definitions of the full-car model with MDHPS based
on a standard C-class and hatchback in Carsim software.

In Figure. 2, xyjr, Xurf, Xur, and X, represent the dis-
placement of unsprung mass of the left front, right front, left
rear, and right rear tire, respectively; Xy, Xy, X5, and Xg
represent the displacement of sprung mass of left front, right
front, left rear, and right rear tire, respectively; Xy, Xprf, Xpir,
and x,,, represent the road surface contour fluctuations of left
front, right front, left rear, and right rear tire, respectively; x,
represents the displacement of sprung mass; ¢ and 6 represent
the roll angle and pitch angle, respectively. The displacement
symbols shown in Figure. 2 represent displacement changes
relative to the initial position.

TABLE 2. Structural parameter values of full car model.

Parameter DEFINED Value
1, Distance between front axle and vehicle 1.015m
center of mass
I, Distance between rear axle and vehicle 1.895m
center of mass
I Distance between left axle and vehicle 0.8375m
center of mass
Iy Distance between right axle and vehicle 0.8375m
center of mass
My Sprung mass of the full car 1270 kg
My, My Unsprung mass of left and right front 88.6 kg
suspension, respectively
Mylyy My Unsprung mass of left and right rear 544 kg
suspension, respectively
I Roll inertia 536.6kg'm?
I Pitch inertia 1536.7kg'm?
kur, ke Front axle tire stiffness 268N/mm
Feurp, Koy Rear axle tire stiffness 268N/mm

According to the principles of Newtonian mechanics and
vehicle system dynamics, the seven-degree-of-freedom full
car model can be presented mathematically as (11), shown at
the bottom of the page, [30], where Fg,(x, x) represents the
output force shift from the force at the initial position under
applied sprung mass; X, represents the acceleration of the
sprung mass. The displacement of the endpoints of the sprung
mass above the four wheels can be expressed as [3]:

Xsif = Xes — lasin(0) — lgsin(e)
Xgpf = Xes — lasin(0) + lesin(g)
Xslr = Xes + Ipsin(0) — lgsin(ep)
Xsrr = Xes + Ipsin(0) + lesin(g)

(12)

Considering the attitude control of the vehicle with the pro-
posed MDHPS can be simplified to independent adjustment
of each strut, the quarter-car model will be established for
controller design.

C. QUARTER-CAR MODEL

Figure. 3 illustrates the schematic diagram of the quarter-car
model with MDHPS.

+Fsn Xurr — Xsrr s Xurr — Xgrr)

—~IpFsp Xurr — Xsrr s Xurr — Xsrr)

—leFop Curr — Xsrrs Xurr — Xorr)

Mylr Xulr =

Myrr Xurr =
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1§ = LaFn (Xuip — Xsif s utf — Xsif ) — LeFsn (Xurf — Xoof s Xurf — Xsrf) + LaFsiy Gutr — Xstr s Xutr — Xsiy)

msjulljécs = Fy (xulf — Xslf » J.Culf - J‘Cslf) + Fs (xmf — Xsirf» ).Curf - )‘Cslf) + Fgp Cutr — Xsir» Xutr — Xsir)
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Y

Muip Xty = —Fsh (Yugp — Xsip s Xty — st ) — kuty (%t — Xty
MurfSurf = —Fsi (Xurf — Xsrf s Yurf — Xsif ) = kurf (Xurp — Xrf )
—Fg (xulr — Xslr» ).Culr - ).Cslr) - kulr (xulr - xrlr)

—Fyp Xurr — Xsrr s Xurr — Xorr) — kurr (Gurr — Xprr)
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FIGURE 3. The schematic diagram of the quarter-car model with the
MDHPS.

TABLE 3. Structure parameters of the quarter-car model.

Parameter UNIT Value
k. N/mm 268
my kg 221
m, kg 54.4

TABLE 4. The gain parameters of the controller based on the z-n method.

Parameter Value
K, 3.78
K; 13.40
Ky 0.15

In Figure. 3, mg and m,, are the sprung mass and unsprung
mass, respectively; x; represents the displacement of sprung
mass; x, represents the displacement of unsprung mass; x,
represents the displacement of input excitation. The equation
of motion of the quarter-car model with MDHPS can be
expressed as:

MmgXs — Fop (X — Xg, Xy — %) =0
My Xy + Fapp (6 — Xg, Xy — Xg) + ki (x, — x,) =0
(13)

Table 3 summarizes the quarter-car model parameters.
The initial pre-charging pressure of gas chambers are set to
1.0MPa. The initial compression of MP (x;,;) can be calcu-
lated by combining with Eqs (1)-(5) and (11) as:

Pgco+P
Xini = [(1— ————") " (Vo +Vsaeo)
N ‘g/Arod +P,
— hp-Aaccl/Ard (14)

IV. CONTROLLER DESIGN
In this section, the PID controller will be built and the opti-
mal value will be identified through the Genetic Algorithm
(GA) and Ziegler—Nichols (Z-N) method subjected to the
quarter-car model with MDHPS.

Firstly, the gain parameters of the PID controller are
defined based on the Ziegler—Nichols (Z-N) method [31], [32]
under step test and summarized in Table 4.
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FIGURE 4. The result with PID parameters identified through the Z-N
method under the positive-negative step test. (a) xs (b) hp.

Figure. 4 illustrates the result of x; and the correspond-
ing control value (k) with the PID controller under a
positive-negative step test.

There is a large overshot of x; shown in Figure. 4(a).
To improve the adjustment performance, the values of PID
parameters will be optimized using the Genetic Algorithm
(GA). The boundaries are set based on the tripe of the value
calculated through the Ziegler-Nichols method. The designed
optimization problem is:

Design
Values K, K;, and K,
(DV) :
. . ts
Objective  1p\ g / - le(n)\dr
function : 0
Boundaries  K,(0 — 11.34); K;(0 — 80.43); K;(0 — 0.45)

15)

where 7, represents the simulation time; e(t) is the error
between the target and x,. The Integral Time-weighted Abso-
lute Error (ITAE) is selected as the objective function.
100 individuals are randomly generated as the initial pop-
ulation and the number of iterations is 100. The roulette
wheel selection method is utilized to select. The probabil-
ities of crossover and mutation are set as 60% and 1.5%,
respectively. The optimization procedure is repeated at least
10 times to guarantee the convergence of the optimum. The
PID parameters obtained through the optimization procedure
presented in Eq. (15) have been summarized in Table 5.
Figure. 5 illustrates the result and control value with modified
parameters under a positive-negative step test [33].

The result shows that it can achieve the height adjustment
with a smaller overshot. Figure. 6 illustrates the control block
diagram of the above process.

To investigate the parameter sensitivity analysis to demon-
strate the impact of these parameters on system perfor-
mance [34]. The effect of the step response of PID controller
with varying gains is shown in Figure 7.
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TABLE 5. The modified parameters of the pid controller through genetic
algorithm.

Parameter Value
K, 5.114
K; 15.631
K4 0.334

25
20| 1
|
ey 7
E 10 LY =\
=
5 10 10.2 15
0
(a)
5 10 15 20 25
Time(s)
100 |
®)
80
E 60
£
S0 |
20
0
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Time(s)

FIGURE 5. The result with PID parameters identified through the genetic
algorithm under the positive-negative step test. (a) xs (b) hp.

Boundaries (X,,, T;, T,))
Genetic Algorithm J& = = = = = = = = = = Ziegler-Nichols method
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K;, K,

1K, K,
Target~Error—~2' 1" —d X.
PID controller |—~| MDHPS model I—'l Quarter-car model |—4—>
hb F&'I)
X I«"u-&

FIGURE 6. Control block diagram of the height adjustment system.

As can be observed from Figure. 7, the different val-
ues of PID parameters affect the system’s performance.
In Figure. 7(a), the different values of K, affect the response
speed. A higher K}, results in a larger change for a given error,
which can make the system respond more quickly to distur-
bances. However, if K}, is set to 1.5 times the original value,
it can cause the system to overshoot the setpoint and become
unstable, leading to oscillations. In Figure. 7(b), K; helps
to eliminate the steady-state error, which is the difference
between the desired setpoint and the actual output after the
system has reached a new steady state. A higher K; can reduce
the steady-state error, but the higher value makes the system
overly sensitive to noise and disturbances, potentially leading
to instability. In Figure. 7(c), K4 anticipates future errors by
examining the trend of the error. A higher derivative gain can
help to reduce overshoot and improve stability by dampening
the response, but the higher value makes the system overly
sensitive to measurement noise and can cause oscillations or
instability.
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To verify the feasibility of the attitude control for MDHPS,
the fundamental model and controller established in the pre-
vious section are combined with Carsim software and carried
out in this section. The suspension’s performance will be
evaluated under various working conditions, such as bump
excitation, acceleration, braking, and double lane-change
track operation conditions. In order to verify the effectiveness
of the control under the same parameters, the performance of
the MDHPS with control will be compared to that without
control in the following sections. The motor output character-
istics are limited within the motor rating during the working
process. Figure. 8 shows a block diagram of co-simulation
between CarSim and Matlab/Simulink. The C-class road
excitation is selected as input excitation in the Carsim soft-
ware. Figure. 9 illustrates the control block diagram of a
full-car system with Carsim software.

V. RESULT AND DISCUSSION

A. PITCH TEST

The road condition of speed bumps and driving operation
of acceleration and brake will both cause the pitch motion
and affect the stability and ride comfort of the vehicle.
To evaluate the anti-pitch property, a bump excitation test and
driving operation of accelerate and brake are conducted in this
section.

1) BUMP EXCITATION TEST
The small bump, which is the typical road condition of
the Carsim software, is used as a bump excitation test.
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The vehicle speed is maintained at 40 km/h during testing.
The ground elevation is shown in Figure. 10.

Figures. 11-15 illustrate the pitch angle, car body vertical
acceleration, Xgf, Xgf, Xsir, Xsrr, cOmpression displacement,
hp, and Dynamic Tire Load (DTL) with/without the control.
Table 6 presents the maximum, minimum, and Root Mean
Square (RMS) values of DTL and pitch angle.

It can be seen from Figure. 11(a) that the active control of
MDHPS can provide a good anti-pitch property, in which the
RMS value of pitch angle is improved by 56.24%, as shown
in Table 7. It can be observed from the Figure. 11(b) that the
acceleration becomes worse. The reason is that the control
index of the designed controller is to minimize the strut height
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during working. The body acceleration will be improved in
further study through the damping adjustment. As shown in
Table 7, the RMS values of DTL for the front and rear tires
were almost unchanged, indicating no significant difference
in vehicle road adhesion. The DTL of the front and rear tire,
as shown in Figure. 15 is equal to zero around 1.00s and 1.25s,
which means that the vehicle has jumped due to a speed bump
and stabilizes quickly. Consequently, MDHPS with active
control does not affect road-holding property and it enhances
the vehicle’s body attitude and handling capabilities.

2) DRIVING OPERATION OF ACCELERATE AND BRAKE

The vehicle accelerates and then begins to brake after 5s. The
vehicle speed and the ground elevation of the front and rear
axles are shown in Figure. 16.
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FIGURE 12. The comparison of xs of different axles with/without control
under bump excitation test. (a) front tire (b) rear tire. Solid line (black) -
with control; dashed line (red) - without control.

T T T T T T T T
N
wf \ 3 X,
~
' o
L VvV, Y g 1
0 T T T T T T T T T
10| -
0 v 75 4
10 i
20 1 i 1 1 1 1 1 L L '
1 12 14 1.6 1.8

0 0.2 0.4 0.6 0.8

Compression displacement(mm)

Time(s)

FIGURE 13. The comparison of compression displacement of different
axles with/without control under bump excitation test. (a) front tire

(b) rear tire. Solid line (black) - with control; dashed line (red) - without
control.
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FIGURE 14. The hp under bump excitation test. Solid line (black)-front
axle; dashed line (red)-rear axle.
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FIGURE 15. The comparison of DTL with/without controller under bump

excitation test. (a) front tire (b) rear tire. Solid line (black) - with control;
dashed line (red) - without control.

Figures. 17-21 illustrate the pitch angle, X, Xgpf , Xstr> X577
compression displacement, control value of 4, and Dynamic
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TABLE 6. Comparison of maximum, minimum, and rms values for bump
excitation test.

Growth rate

EVALUATION INDICATORS PASSIVE Active (0/ )
0
Maximum 0.969 0.424 56.24
Pitch angle (deg)  Minimum -0.564 -0.390 30.85
RMS 0.273 0.132 51.65
DTL of front tire Me.lx.lmum 8.331 8.290 0.49
(KN) Minimum 0 0 0
RMS 4.790 4.820 -0.63
Maximum 5.488 6.900 -25.73
DTL of rear tire Minimum 0 0 0
(KN) RMS 2.769 2.801 -1.16
100
80
3E @
QE
FE 40
20
0
0 5 10 15 20 25
Time(s)

FIGURE 16. The input signal of vehicle speed under driving operation of
accelerate and brake.
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FIGURE 17. The comparison of pitch angle and car body vertical
acceleration with/without control under driving operation of accelerate
and brake. (a) pitch angle (b) car body vertical acceleration. Solid line
(black) - with control; dashed line (red) - without control.

Tire Load (DTL) with/without the control. Table 7 presents
the maximum, minimum, and Root Mean Square (RMS)
values of DTL and pitch angle.

It can be seen from Figure. 17(a) that the active control of
MDHPS can provide a good anti-pitch property, in which the
RMS value of pitch angle is improved by 71.96%, as shown
in Table 7. There is little difference in acceleration data,
as shown in Figure. 17(b). As for the DTL of vehicle road
adhesion shown in Table 7, the RMS values of DTL of the
front tire and rear tire have no significant difference between
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FIGURE 18. The comparison of xs of different axles with/without control
under the driving operation of accelerate and brake. (a) front tire (b) rear
tire. Solid line (black) - with control; dashed line (red) - without control.
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FIGURE 19. The comparison of compression displacement of different
axles with/without control under driving operation of accelerate and
brake. (a) front tire (b) rear tire. Solid line (black) - with control; dashed
line (red) - without control.
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FIGURE 20. The hp under the driving operation of accelerate and brake.
Solid line (black)-front axle; dashed line (red)-rear axle.

them. Consequently, MDHPS with active control does not
affect road-holding property and it enhances the vehicle’s
body attitude and handling capabilities.

B. ROLL TEST

In the double lane-change track operation, the vehicle is
driven from one lane to another and back to the original
lane according to ISO 3888-1 [35], which can evaluate the
handling and anti-roll properties of the vehicle. The placing
of cones for marking the double lane-change track in this test
is shown in Figure. 22. In this process, the vehicle’s driving
speed is set to 50 km/h and 80 km/h, respectively.
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Time(s)

FIGURE 21. The comparison of DTL with/without controller under driving
operation of accelerate and brake. (a) front tire (b) rear tire. Solid line
(black) - with control; dashed line (red) - without control.

TABLE 7. Comparison of maximum, minimum, and rms values for driving
operation of accelerate and brake.

Growth rate

EVALUATION INDICATORS PASSIVE  Active %)
()
Maximum 1.872 0.525 71.96
Pitch angle (deg) ~ Minimum -1.748 -0.190 89.13
RMS 0.963 0.063 93.46
. Maximum 5.444 5.417 0.50
DTL ‘Egﬁ]‘;nt U Minimum  4.085  4.010 1.84
RMS 4.679 4.681 -0.04
DTL of rear tire Maximum 3.227 3.219 0.25
(KN) Minimum 1.971 1.989 -0.91
RMS 2.684 2.680 0.15
)
£F
2L
S Z 1, Base circle of cone
2

w
in

2.0,

Distance(m)

FIGURE 22. Placing of cones for marking the double lane-change track.

1) 50 km/h

Figures.23-27 illustrate the roll angle, xyr, Xgr, Xsir, Xorr
compression displacement, /; and DTL with/without the
control under 50 km/h. Table 8 presents the maximum, mini-
mum, and RMS values of roll angel and DTL.

Figure. 23 illustrates the enhanced anti-roll property of
MDHPS with active control during the double lane-change
maneuver. The active control has significantly improved the
RMS roll angle by 79.28%, as listed in Table 8. The DTL,
a key factor in vehicle road adhesion, shows negligible RMS
value differences of 0.04%, 0.04%, 0.15%, and 0.15% for
the left front, right front, left rear, and right rear tires in
Table 8, respectively. Therefore, the active control does not
deteriorate for road holding, and can greatly improve the
safety and anti-roll properties, avoiding the rollover under
steering conditions.
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FIGURE 23. The comparison of roll angle and car body vertical
acceleration with/without control under the double lane-change track
test at 50 km/h. (a) roll angle (b) car body vertical acceleration. Solid line
(black) - with control; dashed line (red) - without control.
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FIGURE 24. The comparison of xs with/without control under the double
lane-change track test at 50 km/h. (a) x5 (b) X5, () Xsfr (d) Xsrr. Solid
line (black)-with control; dashed line (red)-without control.
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FIGURE 25. The comparison of compression displacement with/without
control under the double lane-change track test at 50 km/h. (a) xg¢

(b) Xgrf (c) Xgfp (d) Xsrr. Solid line (black)-with control; dashed line
(red)-without control.

2) 80 km/h
Figures.28-32 illustrate the roll angle, xyr, Xgr, Xsirs Xrr
compression displacement, control value of Aj, and DTL
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FIGURE 26. The hp under the double lane-change track test at 50 km/h.
(a) front tire (b) rear tire. Solid line (black)- left axle; dashed line (red)-
right axle.
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FIGURE 27. The comparison of DTL with/without control under the
double lane-change track test at 50 km/h. (a) left front (b) right front
(c) left rear (d) right rear. Solid line (black) - with control; dashed line
(red) - without control.

TABLE 8. Comparison of maximum, minimum, and rms values for double
lane-change track test at 50 km/h.

Growth rate

EVALUATION INDICATORS PASSIVE  Active

(%)
Maximum  1.684  0.349 79.28
Roll angle (deg) Minimum -1.703 -0.351 79.39
RMS 0636  0.113 82.23

Maximum 5918  5.833 1.44

I?rzit‘;;h(ekﬁ? Minimum 3422 3.454 -0.94
RMS 4694  4.692 0.04

. Maximum ~ 5.902  5.826 1.29
foafgihiéﬁ;“ Minimum ~ 3.410  3.448 111
ont tire RMS 4694 4692 0.04
Maximum 3.391 3.267 3.66

DTL zfg?ilf)ﬁ T Ninimum 1885 2.008 -6.53
RMS 2679  2.675 0.15

. Maximum 3.381 3.264 3.46

DTL of theright  Minimum ~ 1.877  2.004 -6.77
rear tire (i) RMS 2679 2.675 0.15

with/without the control under 50 km/h. Table 9 presents the
maximum, minimum, and RMS values of roll angel and DTL.

Figure. 28 illustrates the enhanced anti-roll property of
MDHPS with active control during the double lane-change
maneuver. The active control has significantly improved the
RMS roll angle by 50.46%, as listed in Table 9. The DTL,
a key factor in vehicle road adhesion, shows negligible RMS
value differences of 0.04%, 0.04%, 0.15%, and 0.15% for
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FIGURE 28. The comparison of roll angle and car body vertical
acceleration with/without control under the double lane-change track
test at 80 km/h. (a) roll angle (b) car body vertical acceleration. Solid line
(black) - with control; dashed line (red) - without control.
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FIGURE 31. The hp under the double lane-change track test at 80 km/h.
(a) front tire (b) rear tire. Solid line (black)- left axle; dashed line (red)-
right axle.
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FIGURE 29. The comparison of xs with/without control under the double
lane-change track test at 80 km/h. (a) xg¢ (b) Xsr (€) X5f, (d) Xsrr. Solid
line (black)-with control; dashed line (red)-without control.
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FIGURE 32. The comparison of DTL under the double lane-change track
test with/without control. (a) left front (b) right front (c) left rear (d) right
rear. Solid line (black) - with control; dashed line (red) - without control.

TABLE 9. Comparison of maximum, minimum, and rms values for double
lane-change track test at 80 km/h.

EVALUATION INDICATORS PASSIVE Active  Growth rate (%)
Roll angle Ma}xﬁmum 4317 2.590 40.00
(deg) Minimum -4.331 -2.685 38.00
RMS 1.736 0.860 50.46
DTL of the Maximum 6.902 6.863 0.57
left front tire  Minimum 2.486 2.370 4.67
(kN) RMS 4710 4.708 0.04
DTL of the Maximum 6.984 6.852 1.89
right front Minimum 2.434 2.369 2.67
tire (kN) RMS 4.710 4.708 0.04
DTL of the Maximum 4.291 4.127 3.82
left rear tire Minimum 1.163 1.329 -14.27
(kN) RMS 2.756 2.736 0.73
DTL of the ~ Maximum 4.290 4.082 4.85
right rear tire Minimum 1.154 1.303 -12.91
(kN) RMS 2.757 2.735 0.80

FIGURE 30. The comparison of compression displacement with/without
control under the double lane-change track test at 80 km/h. (a) xgf

(b) Xgrf (c) Xgfp (d) Xsrr. Solid line (black)-with control; dashed line
(red)-without control.

the left front, right front, left rear, and right rear tires in
Table 9, respectively. Therefore, the active control does not
deteriorate for road holding, and can greatly improve the
safety and anti-roll properties, avoiding the rollover under
steering conditions.
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VI. CONCLUSION

This paper develops a Motor-driving compacted Double-
gas-chamber Hydro-Pneumatic Strut (MDHPS), which can
independently achieve the height adjustment based on the
constant stiffness property without change of dynamic output
characteristic. It can provide a constant output characteris-
tic during the adjustment process, which can simplify the
controller design. To verify the attitude control validity of
MDHPS with a simple PID controller, the optimal parameters
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of the controller are identified through the Ziegler-Nichols
method and Genetic Algorithm (GA) subjected to a quarter-
car model. Finally, to verify the feasibility of MDHPS
with a simple controller for attitude control, the full-car
model is established based on the co-simulation of Carsim
and Matlab/Simulink. The anti-roll and anti-pitch properties
are evaluated under different working conditions, including
bump excitation, acceleration, brake, and double lane-change
track operation conditions. The comparison between the
active and passive shows that it can greatly improve the
anti-roll and anti-pitch properties with no significant differ-
ence in dynamic tire load. The improvement rate of the Root
Mean Square (RMS) for both roll and pitch angles exceeds
50.46% under different working conditions.

It should be noted that the feasibility testing of attitude
adjustment with MDHPS has been directly controlled by the
movement of the adjusting piston (%) in this study. In further
studies and applications, it is crucial to consider the motor’s
characteristic, including the acceleration and deceleration
curve, correspondence of maximum velocity and torque with
a lead of the lead screw. Based on the MDHPS can achieve
independent attitude control, the ride comfort factors such as
body acceleration will be improved through combined control
with a common damping control method in further study.
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