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Abstract

In order to improve the ride comfort and safety of engineering vehicle, the 1/4 vehicle semi-
active hydro-pneumatic suspension dynamic model was established, and analysed the
nonlinear characteristics of the hydro-pneumatic suspension spring force and damping force.
For the nonlinear characteristics of the system, the suspension system nonlinear model
accurate linearization was realized by the accurate linearization method based on the
differential geometry theory. The LQG controller that applied to linear system was designed
by applying the optimal control theory, and the weighted coefficient of LQG control
performance index was determined by analytic hierarchy process (AHP). At last, the system
control model was simulated in MATLAB/Simulink. The results show that: the ride comfort
can be improved significantly by semi-active hydro-pneumatic suspension than passive
hydro-pneumatic suspension, and the handling stability and running safety can be also
improved.
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1. Introduction

The engineering vehicles are always working under complex road
conditions, which requires high performance of suspension system. The
hydro-pneumatic suspension can transfer pressure by oil and take the
gas as the elastic medium, so the suspension has the characteristics of
variable stiffness and variable damping. It can meet the requirement of
handling stability and running safety, and now has been applied to most

engineering vehicles [1].

High pressure pipeline of semi-active hydro-pneumatic suspension
was used to connect with the electromagnetic proportional control valve
in external of hydro-pneumatic spring, so the suspension can output
adjustable damping force by adjusting the valve orifice area [2]. So study
on the semi-active control method of hydro-pneumatic suspension can
give full play to the vehicle performance and improve the working
efficiency. But the stiffness and damping of the suspension has very
obvious nonlinear features [1-3]. For the nonlinear system, the
linearization processing to it is the more effective way, such as the Taylor
series expansion method and differential geometry method. Taylor series
expansion method 1s a classical linear method, the model can be
expanded near the equilibrium point, the high-order was abandoned,
obtain the larger error linear approximation. The accuracy linearization
method that developed on the basis of the differential geometry, to make
the nonlinear system through a state transformation and feedback, so the
accuracy linearization of all or part dynamic characteristics of the system
can be realized, the complex nonlinear system problem was transformed
into linear system problem [4, 5]. Because of the extensive application of
control theory in the vehicle, the vehicle performance is improved greatly,

such as the LQG control, which has been developed relatively mature in
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linear control field, through determine the index weighting coefficient,
system state variables and control variables weighted matrix, provides
some design space for the designer [6]. But the determination of index
weighting coefficient always depend on trial method or designer’s
experience [7-9], can not meet the requirements of engineering [10, 11].
Studied the determination of LQG controller weight coefficient by the
analytic hierarchy process, realized the weighted coefficient online
control, it relatively has universality. Because of the complex of the road
has high requirements of suspension safety performance and its
controller, and AHP can meet the design requirements by the weighted

coefficient online control according to the importance of indicators.

Therefore, the accuracy linearization method was selected to realize
linearization of the nonlinear model, and the LQG controller was
designed for linear system in this paper. The body acceleration,
suspension dynamic travel, tire dynamic displacement, suspension power
consumption, and control energy as the performance evaluation index of
LQG controller, and AHP was used to determine the weighting coefficient
of LQG controller.

2. Characteristic Analysis of Hydro-Pneumatic Suspension

2.1. System dynamic model

The mono-tube hydro-pneumatic suspension was used in this paper,
the model of the suspension is shown in Figure 1. In the Figure 1, m is

the sprung mess; m,, is the unsprung mass; K; is the stiffness of tire; z;
is the displacement of sprung mess; z,, is the displacement of unsprung

mess; and z . 1s road input displacement.
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Figure 1. 1/4 vehicle model of hydro-pneumatic suspension.

And the dynamic differential equation of system can be established

as follow:
mpZs = — Ky(zg — 2,,) — Cg(24 — 2,,) — AF,
myZy = Ks(zs —2,) + Cs(25 — 2) ey
~Ky(z —24) + AF,

where K is the nonlinear stiffness of hydro-pneumatic suspension; C; is
the nonlinear damping; C,(2, — 2,,) is uncontrollable damping force; AF

is the damping force produced when the oil flows through the damping
valve, it is the controllable damping force, and the condition of Equation
(2) should be met

AF  AF(z4 —z,) > 0,

AF = @)
0 AF(zg —z,)<0.
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The state vector can be defined as

Y:[és Rs “Rw Rw ~Rg 2.'s_'é'w]T

T
=[y1 ¥2 ¥3 ¥4l

So the general form of semi-active hydro-pneumatic suspension

nonlinear system can be expressed as Equation (3)

X = F(X)+ G(X)u + nw,
3
Y = h(X)+d(X)u,

o T. 4.
where u = AF;n=[0 0 0 -1] JWw = 2g;
GX)=[-1/my 1/m, 0 0];

dX)=[-1/m, 0 0 0]";

AT | - Kgxg [ my — Cy(x —x3) [ my, ]
fa stS/mw +Cs(x1 _x2)/mw _Ktx4/mw
f3 X — X9
Lfal L X9 J
[— Kgxg [ my, — Cg(xy —xg)/ my |

X3
h(X) =
X4
L X1 — X9 i

2.2. Stiffness and damping model of hydro-pneumatic suspension

The stiffness of hydro-pneumatic suspension can be defined by the

Equation (4) [5].
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YAP, V},’

| _ 4
de| v, + Axg /1] @

where V), is the volume of working chamber in the static equilibrium

position; A is the effective area of the piston; ! is the lever ratio of

suspension; P, is the pressure of working chamber in the static

equilibrium position; and y is the air polytropic exponent.

The damping of hydro-pneumatic suspension can be defined by the
Equation (5)

dFy, pA§x3 sgn X

= = , 5
dx  C3[A; + Ayl - sgn i3)/ 2] ®

C, =

where C; is flow coefficient; A; is orifice area; Ay is check valve flow
area; Ag is the area of outside oil chamber; p is fluid density; and

1 JEI3 >0
sgn xg = .
-1 JEIB <0

From the Equations (4)-(5), we can see that the stiffness and damping

of hydro-pneumatic suspension has obvious non-linear characteristics.
3. Accuracy Linearization of Hydro-Pneumatic Suspension

3.1. The differential geometry theory

The general form of single input and single output nonlinear system
can be described by Equation (6)

X = F(X)+G(X)u,
(6)
Y = h(X),

where X € R" is the state variable; F and G are the smooth vector field
of R, with continuous derivatives of order infinity; ¥ € R is the output

variable; h(X) is a sufficiently function; and u € R is the input control

variable.
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For all the x in the neighbourhood of x = x(, the Equation (7) can be

established by an integer r, so the integer r is the system relative order.

The Equation (7) can be as follow:

LoLEh(X) = 0, 0<k<r-1,
(7
Lol th(X) + 0,

where L is Lie derivative functional operator, which can be described by
Equation (8)

oF
LgF = Z-G. ®)

When r is the relative order of Equation (6), the state feedback
transformation can be described by Equation (9)

1
u=—————|Lph(X)+v| 9
Lo Ly h(X) | |
3.2. Accuracy linearization of system model

According to Equations (7)-(9) to analysis each variable of original

system.
Let hy(X) = x;, when k = 0, then
Lyh(X) = m(X) = xp;

ohy (X) _ 1
X G(X)_—m—b.

LgL%hy (X) =

So the relative order is 1.

1 _ oh(X) _ —Kgxg  Cy(x —x9)

7l
C LMY g Oy xg) - mynr.
0
LoL9hy (X)
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Similarity, we can get
When hy(X) = xq, the relative order is 1,
ug = - Koxg — Cy(x; — x9) — Kyxg — my,vo.
When h3(X) = x5, the relative order is 2,

myKyxy mymy,
ug = - Kgxg — Cg(xp —xg) + - V3.
my, + my, my, + my,

When hy(X) = x4, the relative order is 2,
uy = - Koxg — Cg(xy —x9) — Kpxg — my,vy.
Through comprehensive analysis, the system semi-active control rate
can be described by Equation (10)
u=-Kuxg—Cy(x; —x9)— Kyxg —v. (10)

The Equation (10) put in Equation (3), we can get the output
equation of system state equation

X = AX + Bv + nw,
(11)
Y = CX + Dv,
where A is state matrix, B and n are input matrices, C is output matrix

and D is transfer matrix.
4. System Controller Design

4.1. LQG controller design

The integral value of weighted square sum of body acceleration,
suspension dynamic travel, tire dynamic displacement, suspension power
consumption, and control energy as the target performance index </ of
LQG controller. The expression can be described by Equation (12)

T Q1x1 +qoXx3 +<139€42
J = lim — dt, (12)

Tso T
+qq(x - x2) + PV

where ¢q1, 99, q3, ¢4, and p are the weighting coefficient of performance

index, respectively.
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Equation (12) can be transformed into the form of Equation (13)

. 1 (7T T T
Jz%ganJ'O Y70y +vT p,Jaz. (13)

where Qo = diaglg; g2 g3 94]; p = [p].
The equation Y = CX + Dv put in Equation (13), we can get

Equation (14)

T
J = Jim o [ X" oX + v Ry + 2X7 Nvlas (14)
T T Jo

where Q = CTQOC is the weighting matrix of state variables;
R = p+DTQOD is the weighting matrix of control variables; and

N = CTQOD is the weight of cross terms.
From the Riccati equation (15), we can get P
PA+ATP-(PB+ N)RYBT'P+NT)+g9=0. (15)

Then v = —-RY(BTP + NT)X = KX is the semi-active optimal control

rate, put in Equation (10), we can get the final nonlinear state feedback.

The diagram of control system is shown in Figure 2.

w . Accuracy
- Nonlinear linearization Linear X
suspension = svstem -
- System y
u
Nonlinear state _ V K - LQG
feedback

Figure 2. The diagram of control system.



190 Zhaolong Cao / IJAMML 1:2 (2014) 181-196

4.2. The determination of LQG controller weighted coefficient

Analytic hierarchy process is a method of multi-objective
programming and decision making, we can use it to determine the

subjective weights of each evaluation index [10, 11].
4.2.1. Determination steps of weighted coefficient by AHP
(a) The construction of evaluation index comparison matrix H

Let h;; as the importance comparison value of index i and j, the

comparison table of the relative importance of each index is shown in
Table 1.

Table 1. The comparison value of index importance

Equal Slightly Most Very
Index i/j Important
important important  important important
hij 1 3 5 7 9

If the two index relative importance between the two comparison
value, then the value 2, 4, 6, 8 should be taken. So, we can get the

subjective weighted comparison matrix H by the Table 1.

(b) Calculate the multiply vector M

n
The elements of M are: M; = Hhij‘
j=1

(c) Calculate the vector V
The elements of V are: V; = Mil/n.

(d) Calculate the regular vector V of vector V.

The regular vector V can be described by the Equation (16). The

elements of V are the weighted coefficient of each evaluation index.

V=17/Zn:
=1

<

(16)

i°
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(e) Check the consistency of the comparison matrix

The consistency of the comparison matrix should be checked by the
Equation (17)

Rc = (xmax - n)/RI(n - 1)’ (17)

n
where A, = Z[(HV)L /nV;]; Ry is the random consistency index of
i=1

comparison matrix H, and the value of R; is shown in Table 2. When

n=5 Ry =12.

Table 2. The value of random consistency index Rj

n 2 3 4 5 6 7 8 9

Ry 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45

When R < 0.1, through the test of consistency, otherwise consistent
correction of matrix H should be carried out by the method in reference
[12].

4.2.2. The finally determination of weighted coefficient

Because of the big difference between the unit and the magnitude
order of each evaluation index, when compare its relativity, the same
scale quantitative proportion coefficient of the evaluation index should be
obtained by the passive suspension [11]. So, the performance standard
deviation o; in a particular condition of passive suspension can be
chosen. Suppose that the same scale quantitative proportion coefficient of
body vertical acceleration standard deviation o; is 1, then the same scale

quantitative proportion coefficient f; of another performance index can

be determined by Equation (18)

6%X1=Gi2><ﬁi, 1=1,2, ..., n (18)
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Let the subjective weighted proportion coefficient of body vertical

acceleration is 1, then the subjective weighted proportion coefficient vy;
and the final weighted proportion coefficient q; of another performance

index can be determined by Equation (19)

Vo =Vi /i
i=1,2 .., n (19)
q; =B; xv;

5. Simulation Analysis of System

The first-order filtering white noise can be used as the road input
24(t) = = 2nfyz4(t) + 21y Gou w(t), (20)

where f,/Hz is the lower cut-off frequency; G,/ (m® - cycle™) is the road
roughness coefficient; u, is the vehicle speed; w is the Gauss white noise

distribution, the mean value is 0 and the noise intensity is 1.
According to the complex of the working road, we define u, = 10m/s,

Gy = 256 x10_6m3/cycle, and fy = 0.1Hz. Through the simulation

analysis in Matlab/Simulink, the performance comparison of hydro-

pneumatic suspension and passive suspension can be shown in Figure 3.
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Figure 3. The performance comparison of two suspension.
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The comparison of each performance standard difference passive
suspension and semi-active hydro-pneumatic suspension can be shown in
Table 3.

Table 3. The comparison of each performance standard difference

Suspension type Z5/(m- 5—2) (24 — 2z )/m (2 — 2g)/cm
Passive suspension 8.243 0.105 1.54
SAS 4.734 0.082 1.12

From Table 3, we can find that the body acceleration, suspension
displacement, and tire dynamic displacement of semi-active suspension
are reduced 42.6%, 21.9%, and 27.3%. The performance of suspension has

been improved a lot, and it can meet the requirement of engineering.

6. Conclusion

In this paper, the nonlinear characteristics of hydro-pneumatic
suspension spring force and damping force has been analyzed. The state
feedback accuracy linearization nonlinear transformation of engineering
vehicle semi-active hydro-pneumatic suspension has been realized by
accuracy linearization method based on differential geometry theory.
Optimal control rate of linear system can be got by LQG control theory,
and then the whole nonlinear state feedback of nonlinear systems can be
got. According to the requirements of ride comfort and safety, the LQG
controller performance index weighted coefficients are determined by the
analytic hierarchy process, the on-line control of weighted coefficients are

realized, with the more universal and practical.

Through the simulation analysis, the body vertical acceleration can
be reduced greatly, improved the ride comfort. And the comprehensive
performance of the engineer vehicle can also be improved, can better

meet the security requirement.
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