HIGH TECHNOLOGY LETTERSIVol. 29 No. 21 Jun. 2023 | pp. 159-165

doi;10. 3772/j. issn. 1006-6748. 2023. 02. 006

Output feedback control and parameters influence analysis of
active suspension electro-hydraulic servo actuator”

ZHANG Wei( 7k ff), ZHAO Dingxuan®, GONG Mingde
(School of Mechanical Engineering, Yanshan University, Qinhuangdao 066004, P. R. China)
(Key Laboratory of Special Carrier Equipment of Hebei Province, Yanshan University,
Qinhuangdao 066004, P. R. China)

Abstract

The hydraulic servo actuator of heavy vehicle active suspension is investigated to clarify the corre-
lation between system parameters and the control characteristics of active suspension hydraulic servo
system. Accordingly, a nonlinear physical model of electro-hydraulic servo active suspension system is
built. Compared with the conventional nonlinear modeling, the model in this study considers the asym-
metry of working areas caused by single rod hydraulic cylinder in the suspension system. In accordance
with the model, a nonlinear output feedback controller based on backstepping is designed, and the ef-
fectiveness of the controller is proved based on the experimental platform. The dynamic response curve
of the electro-hydraulic servo control system under the change of parameters is generated based on the
simulation model. The sensitivity of electro-hydraulic servo control performance to the change of system
physical parameters is investigated, and two evaluation indexes are proposed to quantify and compare
the effect of all physical parameter changes on position control system. As revealed by the results, the
position control characteristics of suspension actuator are more sensitive to the changes of flow gain of
the servo valve, system supply oil pressure and effective working areas of cylinder, and the two evalu-
ation indexes are over 10 times higher than other physical parameters.
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0 Introduction

Active suspension technology is a method to en-
hance suspension performance, and it is capable of ac-
tively controlling the energy increase or decrease of
suspension system through actuator' '*'. With the accel-
erated integration of electronics, information, materials
and other technologies with the vehicle industry, auto-
motive products are developing to intelligence and high
technology'®’ | which also brings more possibilities to
automotive active suspension technology. For instance,
using active suspension to control body attitude can
provide a stable body platform for special vehicles to
perform tasks'**’ | attitude control of turning vehicles

7] In accordance with the

to improve vehicle safety
road profile estimation technology, the vehicle body
height can be adjusted in advance to increase the traf-

ficability'®'.

To ensure the attitude control of the vehicle, the
suspension actuator is required to achieve the displace-
ment required by the target attitude quickly and accu-
rately. The electro-hydraulic servo actuator is applied to
the active suspension system of heavy vehicles due to
its high power weight ratio and fast response speed'”’.
However, numerous nonlinear factors exist in the hy-
draulic system, consisting of the strong nonlinearity of
the servo valve flow output and the uncertainty of sys-

[10-13

tem physical parameters ! To solve the above prob-

lems, some control methods have been applied, inclu-
14-16]

, auto disturb-

[18-20]
1 ,

ding adaptive backstepping control'
ance rejection control'”' | sliding mode etc.
These methods employ model feedforward, disturbance
observation, parameter estimation and robust control to

[21-22] , while

solve the nonlinear problems of the system
effectively enhancing the tracking performance of the
electro-hydraulic servo system. Most of the above stud-
ies aim at the electro-hydraulic servo system with sym-

metrical hydraulic cylinder, and the controller should
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measure the signals such as displacement, speed, and
pressure. However, the electro-hydraulic servo suspen-
sion system has a compact structure, so it can only
adopt a single rod hydraulic cylinder. Furthermore, due
to the limitation of mechanism and volume, it can only
measure the position signal, thus further increasing the
design difficulty of the controller.

In addition, less literature has paid attention to
the sensitivity of different nonlinear factors to the posi-
tion control performance of electro-hydraulic servo ac-
tuator. Different nonlinear links have different effects on
the position control performance of hydraulic servo ac-
tuator. The effect of parameter change on control per-
formance was investigated in Ref. [ 23 ] through sensi-
tivity analysis. However, the analysis in the paper is
based on PI controllers, which is difficult to apply with
complex mathematical models and high order control-
lers due to the difficult derivation process of the sensi-
tivity equation. In Ref. [24 ], a feedback linearized
controller was designed for a hydraulic servo system,
and the effect of four parameter changes on the control
performance of the system was explored, whereas it did
not set the parameter changes to the same value. Thus,
the effect of the four parameters on the control perform-
ance cannot be compared horizontally. No control meth-
od can compensate for all nonlinear factors. Quantita-
tive analysis of the effect of the physical parameters of
the system on the control performance, targeted optimi-
zation controller design takes on a ecritical significance
in enhancing the position control performance of the
suspension hydraulic system.

To solve the above problems, the nonlinear physi-
cal model of the electro-hydraulic servo system of the
active suspension is built, an output feedback control-
ler is designed based on backstepping, and experimen-
tal verification is conducted. The correlation between
the change of suspension actuator system parameters
and system control characteristics is studied based on
the nonlinear physical model and nonlinear output
feedback controller. The evaluation index is set to
quantitatively analyze the sensitivity of physical param-
eters to displacement tracking performance. This study
provides a reference for the controller design and pa-
rameter matching of active suspension electro-hydraulic

servo system.
1 Dynamic model

To explore the suspension system of vehicle, a
lumped parameter mathematical model is built to ex-
press the dynamics. Fig. 1 illustrates the suspension
system configuration with unsymmetrical hydraulic cyl-

inder. The displacement refers to the only measurable

signal of the suspension system.

o
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Fig.1 Schematic of the suspension actuator

The dynamics equation for this cylinder is written
as

my = P\A; - PyA, - By + f(p) (1)
where, m and y denote vehicle body weight and the
displacement of the load; P, and P, represent the pres-
sures in cylinder rodless cavity and rod cavity; A, and
A, are the equivalent working areas of cylinder without
rodless cavity and with rod cavity respectively; B de-
notes the viscous friction coefficient of liquid medium;
and f(¢) expresses modeling error and other disturb-
ances.

Neglecting the external leakage, the flow continuity
equation can be written as

oV
q1=A]y+[71Pl+cl<P1—P2)+d,<t> (2)

v
q2=A2y—3—2Pz+cl<P1—P2>1+d2<t> (3)

where, ¢,denotes the supplied flow rate to the rodless
cavity; ¢, is the return flow rate of the rod cavity; V,
and V, are the effective volume of the two cavity; B, re-
presents the effective oil bulk modulus; C, expresses
the internal leakage coefficient of the cylinder due to
pressure; d,(¢) and d,(t) represents modeling error,
unmodeled pressure dynamics, other disturbances, and
o0 on.

The correlation between flow rate and the spool
valve displacement of the servovalve can be described
as

g =kuls(u) /P, -P, +s( —u) /P, —-P,] (4)
¢ =kuls(u) /P, -P, +s( —u),/P.-P,] (5)

where, & and u denote the flow gain and input voltage
of the servo valve, P, and P, represent the supply pres-
sure and return pressure of the hydraulic,and the func-
tion s(u) is defined as
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s(u) ={(]) = (6)

Defining the status of the suspension system as x
= [xl

Eqs(1) = (5), the nonlinear dynamic model of sus-

%, x] = [y v PL/m]T. According to

pension system can be written as

X, =X,
. b
x2=x3—;x2 +/(1) (7)
Xy = 0%, + @y +g(xy, u) +q, +d(t)
where,
A A B.
Py =P A, -PA,, 6=( —Vi—vz);,
_PsBeCt(Al _AZ)
h"= m(Al +A2) ’
_ _23(’,0): + _2ﬁPCIA2
CTVIA +A) TAV (A +A)
L’kls
g(xy, u) =B7'-
m /A, +1

[s(u) JAP, —mx; +s( —u) /AP, +mx, ]
modeling error and other disturbances are attached to
f(t) and d(t), respectively.

Eqs(1) — (5) suggest that the vehicle suspension
system has model able nonlinearity (e. g., the flow
output nonlinearity of the servo valve and the asymme-
try of the hydraulic cylinder). Moreover, the vehicle
suspension system also has some parameter uncertain-
ties (e. g., B, affected by temperature and dissolved
gas content, as well as C, varying with the wear degree
of the seal). To facilitate the design of observer and
controller, the nominal value of parameters is taken as
system parameters. Interference arising from parameter
changes is incorporated into f(¢) and g, +d(t).

2  Control strategy

2.1 ESO design
To design the observer, ¢, + d(t) is extended as
a novel state variable. Subsequently, Eq. (5) is written

as

X =X,

. b
Xy = X3 _;xz +/(1)

(8)
Xy =0%, + x5 +g( x5, u) +x,

xy =58(t)

In accordance with the observer design method in-

Refs[25]and [26], an ESO is constructed as

%y =%, —4w, (%, —x,)

b

. . . , -
%y =23 =%, — 6w, (x, —x))

Xy =8%, +g(x;, u) +exy +x, —dwy(x, —x,)
9‘64 = _Wg(;cl - )

(9)
where, w, denotes the observer gain, which can be
changed to adjust the bandwidth of one observer.

Let &, =x —x/w}" denote the scale estimation er-

ror, the dynamic of the state estimation error can be
expressed as

: ey +a(is,
8:w0318+32n(82)+33 y(&,, &5) +g( x5, u)

w, w;
v, A0 (10)
Wo
where ,
-4 1 9 0 0 0 0
-6 01 O 1 0 0
B, = -4 0 0 1’B2_0’B3_1’B4_0
-1 0 0 O 0 0 1

If B, denotes Hurwitz, there exists a positive defi-

nite matrix P, so it yields:

B/P+PB, = -21 (11)
The Lyapunov function is selected as
1
V, = ?8T8( 12)

According to Refs[25] and [26], the derivative

of Lyapunov function can be written as

V, =w,e'e +¢'PB, (ﬂ—t) _bgz) +&'PB, A (L)

3
w,  wym w,

(13)

+8'|'PBS(5“)032 +¢’W(2)33 +g( x5, u))

2
Wy

2.2 Backstepping controller design

The task of the command filter is to solve the dif-
ferential explosion problem of the backstepping method
and reduce the computational effort. Design error varia-
ble e, =x, —x,,e, =x, —a', ,e; =%, —a,, where x, is
the desired displacement. a;and «, are virtual control
quantities, obtained by means of a command filter,
which is modeled as

h,=h,
h, = _w?hl -2¢w,(h, —a;)

where, h, and h, denote the virtual control quantities o,

(14)

and their derivatives, respectively; £ and w, represent
the filter bandwidth and damping of the filter to be de-
signed; @, — a; can be made sufficiently small by adjus-

ting the parameters to be designed.
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Define error compensation variables z; =e; —p, ,z,
=e, —p,,where p, = —kip, +a, —a;,p, = —k,p, +
o — 0,

Set k; as the feedback gain, and design the virtual

control function based on the state estimation as follows.

a, = —kie +x, P2

(15)

o, = —ky(x, _Pz)"'%xz_d’l
Set z; = e, and bring it into Eq. (8)
Zy=0n, +ony +g( %y, u)u+x, -, (16)
Based on Eq. (9), the control law can be ob-

tained as

_ 1

_g(xs ,u)

[ —6%, —ry —ax, +a', —ky (x5 —a’y) ] (17)

The Lyapunov function is selected as

vV, = %zrrz (18)

The time derivative of Eq. (18) is written as
V, = - klz?
wybz;8, + wé(gp +kze; + Wyzse, + 2,f(1) +

wqb_%%& (19)

u

2 2
= kyzy — kyz5 + 2,2, + 2,2, + guzy +

where, g = g (x;, u) — g(x;, u). According to the
definition of g(x,, u), it is bounded by the left and
right differentiation at w = 0 and differentiable every-
where in other ranges, so it can be considered to meet
the Lipschitz condition. Subsequently, it can be consid-
ered as g$c‘£3 |.

The Lyapunov function is selected as

V=V, +V, (20)

In accordance with Eqs(12),(13),(18)and(19),

the following equations can be yielded :

V=V, +V,<ZAZ' + o (21)
where Z =
[‘z|‘, ‘22‘, ‘23‘, ‘31‘, ‘82‘, ‘83‘5 ‘34‘]T9
A, 0 A,
A=|0 wy-y-1 0 ,
0} 0 (wo-y-1)1
_ n, n, ]
1 0 -= -—=
k, 5 0 2 2
_ — 2
Al_ _17 kz_L O ’A2_ 0 O -
0 0 k _
3 _0 0 >
b 2
n1=w0(k2—;)w0,n2=wo(g0+k3)+c‘umax y N3 =
14 Lo, 3
w,0, 0'—(2+2w(2) m+2wgdm’li_‘PBi y Iy =Wy,

1,6 e ‘u Y !
T+
w, w(z) m 2P

y=1

Adjusting the parameters so that the matrix A is
positive definite and set A as the Eigen values of the
matrix, the following equation can be obtained accord-

ing to Ref. [27].
V(1) <V(0)e ™+ (1 -eC"™) (22)
T
where 7 =21, (A)min(1, 1/A(P)). This proves that

the system compensation tracking error and the state

min

estimation error are bounded, and similarly the track-
ing error is bounded according to the definition of com-
pensation tracking error.

3 Simulation and experiments

An experimental platform is built to verify the per-
formance of the designed control strategy. As depicted
in Fig. 2, the experimental platform consists of a bench
with guide mechanism, a hydraulic cylinder of the
same specification as a certain vehicle suspension, an
inertial load, a servo valve with a bandwidth over than
70 Hz, a displacement sensor, a combined power
source (quantitative pump and accumulator ) , safety
and auxiliary components, as well as a measurement
and control system. The sampling period is 1 ms. The
physical parameters of the experimental platform are
listed in Table 1, and the complete description of the

experimental platform can be found in Ref. [28].

R B —

Directional
Valve

Hydraulic
actuator s

Fig. 2 Suspension electro-hydraulic servo

actuator experimental platform

To be close to the engineering practice, the command
signal will be designed as the unit step response signal
of the first-order system with adjustable parameters.

x = (1) (23)
where x, denotes the target value of the step signal and

t, is the time constant. According to the displacement
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limit of the actuator of the suspension experimental plat-
form, take x, = 0.1 and set the time constant as ¢, =
0.01. The controller parameters are set to k;, = 1600,
k, =2100, k, =150. To examine the control effect of
output feedback controller (OCFC) , proportional inte-
gral (PI) controller is selected for line comparison,
and its parameters are set as k, =300,k =210. As de-
picted in Fig. 3, PI controller and OCFC controller
make the cylinder displacement track the command sig-
nal. Since the OCFC controller adopts feedforward com-
pensation based on dynamic model and state estimation
based on observer, the OCFC controller has less jitter
and better dynamic performance when the oil cylinder
is about to reach the target position. As depicted in
Fig. 4, OCFC controller makes the cylinder reach
steady state at 0.3 s, 0. 19 s ahead of PI controller.

0.12
<. X4 —— PI — OCFC

Displacement/m
= = =
(=l =) [=} —_
= (=} [ [=1
s Rl S DR T

P
%

=
=
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Fig.3 Comparison of position tracking between

two controllers
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Fig.4 Tracking error curves of two controllers

To evaluate the effect of physical parameters on
the control performance of suspension actuator, this
study reduces each parameter by 20% separately, and
compares the change of displacement signal before and
after the reduction of each parameter. Some physical
parameters in the suspension test bench (e.g. , 8,).B
is difficult to be changed quantitatively. Accordingly,
the way of digital simulation is used, and the parame-
ters of the mathematical model are set with reference to
the real value of the suspension experimental platform.

P, A, C, and ana-

Select parameters 8,, B, m, k,,

lyze the effect of parameter changes on the control
effect. The selected parameters cover all physical pa-
rameters of the suspension actuator control system. Pa-
rameters A, , A, and n jointly represent the equivalent
working areas of cylinder, and there is a known mathe-
matical relationship. To simplify the analysis, only pa-
rameter A, is selected for discussion.

To observe the hydraulic cylinder position tracking
change caused by 20% change of each parameter, the
motion trajectory x, =0. 1(1 —e "*"") is used. The re-

sults are illustrated in Figs 4 and 5.
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Fig. 5 Comparison of position tracking curve before
and after 8,, B, m, C, change
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Fig. 6 Comparison of position tracking curve
before and after k,, P,, A, change

As depicted in Fig. 5 and Fig. 6, when the respec-
tive parameter changes by 20% , the cylinder displace-
ment can rapidly track the command signal, thus fur-
ther verifying the robustness of the controller. As re-
vealed in Fig. 5, after 20% of the change of parameters
B., B, m and C,, the displacement curve of the cylin-
der is consistent with that before the change of parame-
ters. The change of the curve can be identified only af-
ter the tracking curve is locally enlarged, thus sugges-
ting that the small-scale perturbation of the above four
parameters has a slight effect on the control perform-
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ance of the system. As depicted in Fig. 6, parameter
k,, P, and A, significantly affect the displacement of
hydraulic cylinder. The reduction of parameters &, and
P reduces the dynamic characteristics of the system
position tracking process, while the reduction of pa-
rameter 3 enhances the dynamic characteristics of the
system position tracking process. The above phenome-
non is consistent with the objective law and further con-
firms the accuracy of the simulation analysis.

To analyze the effect of various parameters on cylin-
der displacement, two performance indexes are defined.

(1) The maximum value of the absolute value of the
displacement difference before and after the parameter
change serves as the index to evaluate the peak value of
the impact on displacement tracking, which is defined as

M, = max {1 () =5 () [} (24)

i

where N denotes the serial number of the signal sam-
pling point;x’, is the displacement of the oil cylinder
after changing the parameters.

(2) The cumulative value of displacement error
before and after parameter change serves as an index to
evaluate the impact on the overall tracking process,
which is defined as

M3 (D) - () | (25)

In accordance with the definition of performance
index and the displacement response data of the respec-
tive parameter, the corresponding values of 1 and 2 can
be obtained and represented by histogram, as presented
in Fig. 7. Fig. 7 indicates that when the parameters
change by 20% , the peak value and cumulative value of
the influence on displacement tracking are different. &,
P, and A, have the most significantly effect on the dis-
placement tracking process. The peak value M, of the
three parameters on displacement tracking is higher than
0.002, the cumulative value M, is higher than 0.2, and
the two evaluation indexes are over 10 times higher than
other physical parameters. The M, value of the flow coef-
ficient k, of the servo valve reaches 0.0041, and M,
reaches 0.4800. Other parameters have light effect on
the displacement tracking process.

5 106
105
104 .
103
102
101

0.0
Fig.7 Comparison of M, and M, values of

various parameters

4 Conclusion

In this study, the nonlinear mathematical model of
hydraulic suspension actuator system is built, and the
asymmetry of suspension cylinder and parameter uncer-
tainty are considered. To solve the problem of actuator
position tracking of hydraulic suspension, an output
feedback controller based on backstepping is designed.
Command filtering is employed in the controller to solve
the complex differential calculation problem of back-
stepping. Based on the experimental platform of suspen-
sion actuator, OCFC and PI control methods are com-
pared to verify the effectiveness of the controller. Two
performance evaluation indexes are designed, and the
correlation between the change of seven physical pa-
rameters and displacement tracking performance is
quantitatively analyzed. As revealed by the results, the
flow gain of the servo valve, system supply oil pressure
and effective working areas of cylinder have a great in-
fluence on the position control characteristics of the
suspension actuator. Focusing on increasing the identi-
fication accuracy of the above three parameters can en-
hance the position control performance of the suspen-

sion system.
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