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Abstract

Engine-variable pump-variable motor drive system is a complex nonlinear system. In order to

improve system response speed and stability, a sliding-mode variable-structure control based on a

feedback linearization theory is analyzed in this research. A standardized system model is established

and linearized by the feedback linearization theory, and the input dimension is reduced through the

relationship between variables which has simplified the linearization process. Then the sliding-mode

controller using an exponential reaching law is designed and the Lyapunov stability of this algorithm

is verified. The simulation results show that the sliding-mode variable-structure controller based on

the feedback linearization theory can improve system response speed, reduce overshoot and achieve

stronger robustness, so the vehicle speed control requirements can be satisfied well.

Key words: feedback linearization, sliding mode control, exponential approach law, robust-

ness

0 Introduction

The hydraulic driving system has been widely used
in the area of the loading machinery, due to the advan-
tages of convenient arrangements and high power densi-
ty. The technique has been improved rapidly!'?', es-
pecially in recent years. However, for the engine-vari-
able pump-variable motor drive system, most of resear-
ches have been focusing on the control of single or bi-
variate variables. Even for the bivariate variables sys-
tem, it is the variety of the single variable drive sys-
tem. As for the bivariate variables control system in
which the variable motor is controlled by the variable
pump, it is equal to the method that the variable pump
controls the constant motor or the constant pump con-

41 In the process of the flow

trols the variable pump
controlling, only one regulating mechanism works,
which leads to great loss of excess flow and low speed
of the system. The advantages of the system, such as
the fast response and the strong ability with load are
limited.

The engine-variable pump-variable motor drive
system is a three inputs single output nonlinear system.
There have been many researches aiming at the nonlin-
ear system both at home and abroad: The Takagi-Segu-
no (T-S) fuzzy model is adopted by Golea and Schul-

te®”) to estimate the state of system and the dynamic

changes, which can achieve asymptotic tracking of the
reference model and the estimation of asymptotically
stable state. But the parameters’ convergence speed is
slow and the results are not ideal. For the parameters’
uncertainty and disturbance of MIMO system, Cai'*
carried out tracking control and proposed a continuous
robust adaptive controller based on adaptive control law
and dynamic robust control mechanism. For a class of
nonlinear MIMO systems, Li'’! proposed the hybrid in-
direct and direct adaptive fuzzy output tracking control
and designed H-infinity control and variable structure
control to suppress the influence of the external disturb-
ance and eliminate the fuzzy approximation error;
Chang'"*" also made comprehensive use of the nonlin-
ear H-infinity tracking control algorithm, a variable
structure method and the adaptive control technology to
construct a hybrid adaptive robust H-infinity tracking
controller, which can be applied to a wider range of
class of nonlinear MIMO system with highly uncertain
factors.

In view of the research above, this article chooses
the needs of response speed and anti-interference
ability of the vehicle as the start point, which aims at
improving the system’ s response speed and stability.
The feedback linearization of differential geometry theo-
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ries helping build the sliding-mode variable structure
controller is applied for the research.

1 System model
1.1 Model’s construction
The tandem engine-variable pump-variable motor

drive system is chosen as the study object. The config-
uration of the system is shown in Fig. 1.
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1-engine 2-variable pump 3- slippage pump 4-oil filter 5- fuel tank 6-
overflow valve 7 8- check valve 9 10- safety valve 11-variable motor 12-
clutch 13- main reducing gear 14- hub reduction gear

Fig.1 Configuration of the drive system

The overall model which has been established in
Ref. [11] is chosen as the research foundation of the
sliding- mode control rate. An electric proportional dis-
placement control method is adopted to control the vari-
able pump and variable motor. For convenient calcula-
tion, the displacement control model can be simplified

as follows:
t,V, +V, = ki
Vm = meax - mG (l)
thmk + mG = kmim

where V and V, are the displacements of the variable

m

pump and motor respectively (m’ ), V.

mmax

and V,, are
the maximum and controlled displacement of motor
(m’), t, and t, are the time constant(s), k, and k,
are the proportionality coefficient (m’/(rad - mA) ),
and i, and i,, are the controlled electric current(mA).

Taking the leakage of the motor into account, the
flow continuity equation of variable pump and variable
motor, and the torque balance equation of variable mo-
tor are as follows:

V,
=w V +C‘mp+'3f0p (2)

m’ m

prP - Clpp

pV

o =J.o, +Co, +T, (3)
where p is the system pressure(MPa), C_ and C,, are
the total leakage coefficient of pump and motor
(m’/(N +s), B, is the hydraulic oil elastic modulus
(Pa); w, and w,, are the rotational speed of the pump

and motor(rad/s) , V, is the total volume of high pres-

sure chamber of the variable pump(m’), J,_ is the rota-
tional inertia of vehicle (kg + m*), C, is the damping
coefficient(N « m/(rad/s)) and T, is the load torque
(N-m).

Combining the above three equations, following
equation is got;

Vp = - LI/p + k—pip
tP tP
- 1 k..
mG = - ‘. mG + Zlm
( )
p == G +Vf““ Bep —'861;:"'( Vi = Vi) + [;pr v,
wnax. ~ Vi C, T,
®, = I D - Zwm - E
(4)
1.2 Model standardization
Taking the state variables: x, =V , x, =V, x;

=p, %, =w,,, Eq. (4) can be simplified as follows:

% = - ax, + bllp

X, = — a,x, + byl

(5)

By = = 3% QX% — GsXy t+ A% 0,

Xy = Ay%; — AgX,X3 — AgX, — d

1 k, 1 k.,
Where, a, = ’ bl =T, P bz = L
tp tp tm m
( )
Clp + Clm Be CuBe , (14 — &’ (15 — Be meax , . —
VO VO VO VO
ﬁe meax 1 Cv TL
[ A T I A

From the above equation, it can be seen that both
the third and the fourth equations contain multiplied
items of state variables, which is the essential nonlin-
earity. Besides, it is a three inputs (i,, i,, w,)-sin-
gle output ( w, ) system.

Eq. (5) can be written as follows for the follow-
ing convenient calculation ;

{i‘ = f(x) +glip+g2im+g3wp (6)

y =, = h(x)
where, f(x) = [fi(x) fi(x) fi(x) fi(x)1,
Hi(x) ==ax, L(x) == ay,, f[1(X) =-ax; +
axy%4-asxy, fo(x) =
(b, 0 0 01", g, =
[0 0 am, 0]

A7%5-Ag %, X5-Ao%,-d, g =

(0 b, 0 01", g =

2 Feedback linearization

2.1 Feedback linearization design theory

The feedback linearization ( mainly focusing on
the feedback linearization method based on the differ-
ential geometry theory) is a method that transforms co-
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ordinate appropriately and back feeds the state of sys-
tem to realize exact linearization of state or input/out-
put, by which the complex nonlinear problem can be
converted into comprehensive problem of a linear sys-
tem. It is a kind of global linearization method, which
can not only simplify the design of controller, but also
help the controller to ensure the global stability!'>""*.
The research is carried based on the single input-single
output system to pave the way for the system which is
studied in this paper. As for the following single input-
single output systemm’m is got:
{X =f(x) +g(x)u (7)
y = h(x)
where, x € R" is the state victor, u € R' is the input
of the system, y € R’ is the output of the system.
Calculating the derivative of y: if u (input) does
not appear before the y —1 time derivation but appears
at the y time, and the higher order derivative of u ap-
pears with the increasing of the derivation order, theny
is the relative degree of system. It represents the num-
ber of the integrator. That is

A
yi(’/i) = L}‘hi + 21 Lg].(L}rlhi)uj (8)
=
where L;h means that h is the Lyapunou function of f.
That is: Lh(x) = 24f(x).

If v = n, then the precise feedback linearization of
the system can be realized. In this case, the appropri-
ate coordinate transformation z = @(x) is chosen to
convert the system to the form of the following integra-
tor in series:

2 = Az + B (9)
o 1 o0 - 0 O
o o 1 - 1 0
where, A = | : : : D,
0 0 0 0 1
0 0 O 0 0
0
0
B = :
0
1

The feedback linearization control input of the
original system is as follows:
_ - Lih(x) +p
L,L h(x)
If v < n, the system can be realized with only y

(10)

order feedback linearization, and the former y state can
still be linearized with the method of type Eq. (7),
but for the rest of the (n — ) state, it should be en-
sured that input variable u does not appear in the new
state equation at the time of coordinate transformation.

Now, the original system has been converted to the y
order linear system whose input is u and output is y'”’
= p. The controlled input is
Y
_ —th-(lx) + 0 (11)
L,L7 h(x)
2.2 Feedback linearization of the system
Calculating the derivative of the outputy = x, =
h(x) to look for the relative degree of the system:
y =, = fi(x) (12)
Y= Ry = aphy - aghhny - agids — agd,
= agnafy (X) + (a7 = agn, ) f3(X) = agfy(x)
- aghyx;1, = F(x) + G(x)1, (13)
The relative degree of system: y = 2 < n = 4,

which means partial linearization of the system. Ac-
cording to Section 2. 1, the controlled input of the par-
tially linearized system is

. 1
= - 14
Lm G(x)( F(x) +M) < >
The output of the system is
y =0, =u (15)

According to the flow continuity equation of the
motor, for the motor expected speed w;,, w,V,n, =
.,V is got. Combined with Eq. (4), the following is
got:
ip _ mea;c nkmlm . Zm <16>

o1

The best working speed of engine mapped by the
power can be got while the dynamic process of engine
is not considered that the engine desired through the
control relationship between engine and variable pump
introduced in Ref. [11]. And the power that the en-
gine desired is determined by the load. The best speed
is chosen as the input of engine to achieve the match
between the engine and the load.

3 Design of variable structure control algo-
rithm

Sliding-mode variable structure control is essen-
tially a kind of special nonlinear control method. The
response time is short and it is not sensitive to parame-
ter variations and disturbance because of its unfixed
system structure. Considering the vehicle operation re-
quirements of response speed and anti-interference
ability, this paper selects the sliding mode variable
structure control algorithm for control system. Also,
the chattering problem aroused by the sliding mode
control switch characteristics are weakened due to the
compressibility of oil and damping effects caused by the
hydraulic pipeline’ s elastic.
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3.1 Switch function and reaching law design

First, the switch function is chosen to ensure that
the dynamic sliding mode can be stable asymptotically
and has good dynamic quality;

s=e’+cle+02fedt (17)

where e = w,, — w;, is the error, it is the difference be-
tween actual speed and expected speed of the motor. ¢,
and ¢, are the positive constant.
Calculating the derivative of the Eq. (17), the
following is got:
s =etcetce =, —0,tce+ce
= U -, +ce+ce (18)
In order to restrain the approach trajectory of
movement point in state space and weaken the chatte-
ring of sliding mode surface, Gao put forward the con-
cept of reaching law. In this paper, a sliding mode
controller is designed using the exponential reaching
law. For the moving point in the index approach, ap-
proximating the switching surface is a progressive
process, so it is difficult to ensure the point reaching in
time. In order to ensure the reaching speed not zero
but &£ when s is zero, which can help it reach the desti-
nation in limited time, a constant reaching item should
be added, which is shown as follows
s(t) =-¢qs(t) — esgnls(1)) (19)
where, sgn( - )is the signal function,e >0,q >0.
According to Eqs (18) and (19), the sliding-
mode controller is deduced :
W= @ - 6 - e - esnCs(1) - gs(1) (20)

3.2 Stability validation of controller
The constructed Lyapunov function is shown as
follows ;

1.

V = B (21)

Calculating the derivative of the Eq. (21) and
combining Eq. (19), it has;
V=s-s =s(u — o, +ce+ce)
= s( = esgnls(1)) - qs(t))
=-¢g|s|-¢ <0 (22)
It is concluded that the system is stable because

V.V <O.

—

4 Simulation and results analysis

Take one 2t load of wheel loader for the parameter
matching platform (the vehicle’ s basic parameters are
shown in Table 1), the selected motor with reduction
ratio can meet the loader torque requirements in limited
conditions. The drive system simulation is carried out
with the help of Matlab/Simulink. The response time

of oil pump and hydraulic valve are ignored in the
process of the simulation. The simulation parameters
are as follows; ¢, =20, ¢, =1, £=30, ¢ =50.

Table 1 Basic parameters of the whole vehicle
Parameters/ Component Parameters value/Type
Mass of whole vehicle (kg) 6800
Maximum speed (km/h) 29
Engine 4DW93-84E3

Double reduction ratio 5.413 / 4.875

Variable pump H1P115A3

Variable motor 51C110

4.1 Simulation and analysis of sliding-mode con-
troller’ s effect

PID control is a common method in the classical
control theory. The method and theory are simple and
easy to be implemented. The mainstream position is
still occupied by the PID control method in the engi-
neering application, as well as all kinds of mechanical
control. In theory, the sliding-mode variable structure
controller designed in this paper is better than PID con-
troller with its fast response speed and anti-interference
ability, which can ensure that the system recovers a
stable state with the parameter perturbation and exter-
nal disturbance. The sliding-mode controller is more
applicable for the time-varying load and the complex
road conditions in terms of the engineering vehicles. In
the following part, the control effect of the sliding-
mode controller and conventional PID controller will be
compared by simulation and analysis. The critical ratio
method is adopted for the PID controller’ s parameter
setting.

When the load is 300 N - m, the sliding-mode
variable structure control method is adopted to analyze
the expected speed of different motors and the speed
saltation. Compared with traditional PID control meth-
od, the system response speed can be got, as shown in
Fig. 2 and Fig. 3.

From Fig.2 it can be seen that, with the control
of the sliding-mode variable structure: when the motor
speed is 100 rad/s, the regulating time of system is
0.305s and the overshoot is 0.39% ; When the expect
motor speed is 200rad/s, the regulating time of system
is 0.306s and the overshoot is 0.42% , which indi-
cates that the proposed design of variable structure con-
trol in this paper is a good implementation of variable
pump controlling the variable motor and expected motor
speed tracking. And they have basically the same per-
formance. Besides, the control method keeps the same
performance for different speeds, which means that the
controller has stronger robustness for different motor
speed.
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Fig.3 System response under expect motor speed saltation

Compared with the traditional PID control meth-
od, the response and the adjust time of the system
speed up 47.31% and 47.51% , and the overshoot
amount of the system is reduced by 54.65% and
44.74% , which indicates that the sliding mode con-
troller can improve the system response speed, reduce
the overshoot of the system and realize the desired re-
sults.

As can be seen from Fig. 3, when the system run-
ning to 1.5s, the motor’ s speed increases suddenly to
200rad/s, the speed of the sliding mode variable struc-
ture control restores stability within 0.24s. But the
speed under the PID control restores stability after
0.52s; when the system running to 3s, the motor’ s
speed drops suddenly to Orad/s, the speed of the slid-
ing mode variable structure control restores stability
within 0.25s. However, the speed under the PID con-
trol method restores stability after 0.528; the results
show that: compared with PID control, the sliding
mode variable structure control system has stronger an-
ti-jamming ability, it can help the system recover to a
stable state quickly under disturbances.

4.2 Simulation and analysis of load robustness
When the motor expected speed is 200 rad/s,

simulation and analysis of the load saltation are carried

out. Set that; when the system running to 1.5s, load

torque increases from 200N + m to 300N - m, then
drops to 100N + m at the time of 3s. The results are
shown in Fig. 4.

250 ; y 500
200 —MSliding-mode control e
S I PID control g
35 150 iy Lo 1300 &
£ i i E
=3 3 ! ! o
8 — i 1200 &
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50 I | 100
0 1 ! I 1 0
0 1 2 3 5
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(a) System response under load saltation
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(b) Enlarged drawing of system response under load saltation at 1.5s
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(c) Enlarged drawing of system response under load saltation at 3.0 s

Fig.4 System response under load saltation

As can be seen from Fig. 4 (a), speed of system
converges to the expected speed within 0.307s under
the sliding-mode variable structure control, which is
faster than PID controller. What’ s more, obvious
speed fluctuation does not appear with the variable load
condition after converging to the expected speed.

From Fig. 4 (b) and (c), put it in perspection,
when the system running to 1.5s, the motor’ s speed
suddenly increases from 200N - m to 300rad/s, the
speed of the sliding mode variable structure control re-
stores stability within 0.22s. But the speed under the
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PID control restore stability after 0. 48s; when the sys-
tem running to 3s, the motor’ s speed drops suddenly
to 100N + m, the speed of the sliding-mode variable
structure control restores stability within 0.24s. How-
ever, the speed under the PID control restores stability
after 0. 65s. Besides, the speed has relatively large
fluctuations under the PID control system when the load
changes suddenly, which means that the sliding mode
controller is more sensitive to disturbance caused by er-
ror signal, and it can inhibit the speed fluctuation
caused by load mutation well.

The results of the analysis above show that both
two control methods can achieve variable pump’s con-
trol to variable motor, as well as tracking the expected
motor speed. But from the overall point of view, the
sliding mode variable structure control method is obvi-
ously better than that of PID control in terms of re-
sponse time and resistance to disturbance, and the for-
mer has strong robust performance under variable load

conditions.

4.3 Simulation and analysis of the vehicle run-
ning state

In order to observe tracking effect of vehicle run-
ning speed and the performance of the controller in
load mutation cases of the sliding-mode controller de-
signed in this chapter, typical condition of acceleration
and deceleration is selected to carry out the simulation.
The simulation conditions and the load are shown in
Fig.5. System response results are shown in Fig. 6 and
Fig. 7, respectively.

From the system status presented in Fig. 5 ~ Fig. 7,
it can be seen that; when the load increases, the hy-
draulic system pressure increases, too. The motor dis-
placement will be increased to maintain the system
pressure, namely the motor speed will be reduced, and
the variable pump’ s displacement will be increased to
adapt to the changes of the status of the motor. The
speed of engine will also increase to output more power
to adapt to the vehicle load operation requirements;
when the load decreases, the pressure of the hydraulic
system is reduced, and the motor’ s displacement will
be reduced with the speed increases. The displacement
of the variable pump and the engine speed will be re-
duced to adapt to the demand of vehicle under low
load, which shows that the controller can realize the
supply and demand relations between vehicle and load.
The working conditions and the system response results
are as follows.

Besides, the tracking effect of the expected motor
speed is pretty well from Fig.7. The tracking error is

controlled within +3rad/s. Put it in perspective,
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Fig.5 Simulation condition and motor load
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Fig.6 Simulation results of system states

Fig. 7(b) shows the system response when the vehicle
is starting. The response time can be controlled within
0.5s, and the system has good tracking effect after
0.5s. Fig.7(c) shows the system response when the
vehicle running from even speed to accelerating condi-
tion. The vehicle restores stable state after 0. 3s fluctu-
ations. Fig.7(d) shows the system response when the
vehicle running from accelerating condition to even
speed. The vehicle restores stable state after 0. 2s fluc-
tuations. Fig.7(e) shows the system response when
the vehicle starts decelerating. The vehicle restores
stable state after 0. 2s fluctuations.

Considering all the above system response of vari-
ous circumstances comprehensively, it is concluded
that; the design of sliding-mode variable structure con-
troller based on the feedback linearization theory in this
paper has the advantages of fast response speed and
small steady-state error. And the vehicle running speed
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Fig.7 Motor speed tracking results and tracking errors
control performance can also be satisfied well.
S Conclusions

(1) Based on the nonlinear engine-variable
pump-variable motor drive system, the system is linear-
ized by the feedback linearization theory. And the slid-
ing-mode variable structure controller is designed based
on the exponential reaching law. Besides, the Lya-
punov stability of the system has been proved critical-
ly.

(2) Simulation results show that the sliding-mode
variable structure controller based on the feedback lin-
earization theory can improve the response speed, re-
duce system overshoot and it has stronger robustness
compared with PID controller. And the vehicle running
speed control performance can also be satisfied well.
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