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Abstract. Aiming to improve the precision of vehicle height control for hydro-pneumatic
suspension system, having deeply considered the nonlinear factors existing in the lifting and
lowering process, we derived the equations of hydraulic pressure in the cylinder and air pressure
gradient in the accumulator. Based on these mathematical descriptions, a nonlinear quarter car
hydro-pneumatic suspension model was established. The nonlinear model was globally linearized
and discretized, and a model predictive control was designed in the linear domain. The simulation
results show that the designed controller is able to solve the overshoot problem existing in the
lifting and lowering process of hydro-pneumatic suspension and improves vehicle height control
precision and quality obviously.

Introduction

Hydro-pneumatic suspension, due to its elastic property of nonlinear variable stiffness and oil
flow rate control according to the driving situations, can effectively improves vehicle ride comfort
and handling stability [1]. The oil in the cylinder and the air in the accumulator are in parallel. Due
to the compressibility of air and the hysteresis of proportional solenoid valve, overshoot
phenomenon will be caused in the lifting and lowering process.

In this paper, height control in the lifting and lowering process was studied. For the nonlinear
factors of charging and discharging, the oil pressure gradient equation in the cylinder and the air
pressure and volume gradient equation in the accumulator were established. Then model predictive
controller is designed by linearizing and discretizing the vehicle height adjustment nonlinear model.
By comparing the response of vehicle height under different controllers, it is fully verified that the
model predictive control algorithm can effectively solve the overshoot problem and its control
effect is better than other control strategies’.
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Fig. 1 structure of hydro-pneumatic suspension system
Dynamic model of hydro-pneumatic suspension. Structure of hydro-pneumatic suspension
system is shown in Fig. 1. Vehicle body is supported by a hydro-pneumatic suspension actuator. By
controlling the direction of electromagnetic valve and the opening of proportional solenoid valve to

adjust oil flow rate in the charging and discharging process, it can realize vehicle height control [2].
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In equilibrium state, by doing force analysis of hydro-pneumatic suspension system, the Kinetic
equation is available as follows.
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Where M, M,-sprung mass and unsprung mass, Zi, Zp-displacement of sprung mass and
unsprung mass, A;-effective area of cylinder piston, Pn-oil pressure in the cylinder, C-equivalent
damping coefficient.

By modeling air compressing process in the accumulator, we can obtain from air adiabatic
equation that

PV, =PV,” @)
Take derivative of time in the Eq. 3.
VA == Vi IjA (4)
Pan?

Where n-heat ratio is constant, and we usually take 1.3, Po, Vo-air pressure and volume in
equilibrium state, P,, V,-instantaneous air pressure and volume.

Furthermore, the volume of oil flowing into (or out of) the accumulator is equal to the reducing
(or increasing) volume of air.
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Air pressure gradient in the accumulator can be obtained from Eq. 4 and Eq. 5.
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In the process of charging and discharging, there exists a relative movement of cylinder and
piston. Oil volume is obtained as follows.
Vh :Vh0+A1(Zl_ZZ) (7)
Set Q-total flow rate through proportional solenoid valve, Q;-flow rate flowing into the cylinder,
Q2-flow rate flowing into the accumulator, hy,ve-proportional solenoid valve’s actual opening.
Considering the compressibility of oil, pressure increment of oil is equal to the product of
relative value of volume and volume compressibility factor [3].
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In the vehicle height adjustment process,

Q=C,A /Z(Pup—Pd) (12)

Dynamic model of system. Based on the hydro-pneumatic suspension system model and the
proportional solenoid valve model, we established the dynamic model. It can be expressed by the

following state equations [4].
x(t)=f(x(t),u(t)) (13)

y(t)=9(x(t)u(t)) (14)



Where the inputu = [h,,,. ], the state vector x =[z,,2,,2,,2,, B, Pa,Va] -
According to the equations (1), (2), (6), (8),

fi=%=X, (15)
, 1
f2:X2:M_[X5A1_C(X2_X4)]_g (16)
1
f,=%=X, @an
_ 1
f4:x4:M_[—XSAi+C(x2—x4)-Ktx3]—g (18)
2
fszx :,BQl_Ai(Xz_X4) (19)
f Xs
f, = 5|gn x —Xg C WA 77 (20)
2
f, =% =—sign(x;—%;)C A, |X— (21)
P
Besides, the Eq. 10 can be expressed as
A =AX (22)

Control Algorithm

Since the system model is nonlinear, the model needs to be linearized and discretized before the
design of model predictive controller. The main feature of model predictive control is explicitly
dealing with constraints of the controlled object on the basis of known model. Through online
rolling optimization which take the characteristics of the system into account, output the optimal
controlled variable to the controlled object so that the deviation of controlled variable and target
value becomes as small as possible, and it meets expected target ultimately [5].

The main constraint conditions of hydro-pneumatic suspension system is the controller's output
value. It means that the input value of proportional electromagnetic valve varies from 0 to 1.

0<h<1 (23)

Set predictive width as N, control width as N¢, and N,>N¢ [6]. The system quadratic rolling
optimization target of the reference trajectory matrix Y (k) and model prediction output matrix Y (k)
can be written as

Je=Y ()=Ye (], +[AU ()], (24)
y(k+1]k) Yeer (K+1]Kk) Au(k|k)
Y (k)= : Yo (K)= : , AU (k)= :
y(k+N; k) Yeer (K+ N, [K) Au(k+ N, -1/k)

Where Q, R-weighted matrix of output variables and control variables, AU(k)-increment matrix
of predictive control. The weighted matrix R is to suppress the control increment from too severe, in
order to prevent the system going beyond limits [7].

Prediction equation of y can be written as y(k + j|k)=C(t;)x(k+j|k), j=1..,N . Then

we can get
Au(k[k)
y(k+jlk)=adx(k)+Tu(k-1)+G, z (25)
Au(k+N—1]k)
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Then Eq. 24 can be represented as the following constrained optimization problem.
. 1
min J, =§AUT HAU (k)+ fTAU (k)+const, H =2(G,'QG, +R), f =-2G,QE (k)

As shown in Eq. 23, it is the constraint condition. It is a typical quadratic programming problem
and the optimal control vector increment matrix AU(k) is obtained [8].

According to the rolling optimization principle of predictive control, the controller solves the
constrained optimization problems online at each sampling time, but it just outputs the first of the
optimal control vector to the controlled object model. And during the next sampling time it solves
the constrained optimization problem again so as to realize rolling optimization. The structure of
MPC system is shown in Fig. 2.
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Based on the model predictive controller, we studied the effect of control algorithm via
MATLAB/Simulink simulation. The main parameters are shown in table 1.

Table 1. Main parameters for height control system

Symbol Value Units
m, 1000 [kg]
m, 100 [ka]
K, 1000000 [N/m]
A 0.0028 [m?]
P, 6000000 [Pa]
V, 0.001 [m®]
P, 4852457 .46 [Pa]
V.o 5.6549¢-004 [m°]
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A, 3.1416e-006 [m?]
A, 7.0686e-006 [m?]
Y 6.9x10° [N/m?]
C 5000 [N/m]
K, 1

w 15 [rad/s]
& 0.7

P, 3.4660e+006 [Pa]

The response of vehicle height during the lifting process is shown in Fig. 3. The MPC
controller’s sampling period T is 0.001s.

The Fig. 3 shows that there exists a big overshoot in the lifting process under switch control for
the compressibility of air in the accumulator. PID control 1 can effectively solve the overshoot
problem, but its adjustment response speed is slow. In order to increase the response speed of PID
control 1, PID control 2 is developed, but it will cause a certain overshoot. In contrast, the model
predictive control can effectively improves the precision and response speed of vehicle height

control.
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Fig. 3 vehicle height in the lifting process

Conclusion

According to the dynamic model of hydro-pneumatic suspension system, the height adjustment
model was established. Through online rolling optimization, vehicle height can be forecasted. By
outputting the control signal of optimal opening of proportional solenoid valve, we control the
charging and discharging processes to achieve expected target height. The simulation results show
that model predictive controller can solve the overshoot problem quickly and steadily compared
with the switch control and PID control, improving the quality and precision of vehicle height
control.
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