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This paper is concerned with the problem of predictive function control (PFC) for a class of hydraulic vibration servo control
systems. Our aim is to design a new advanced control strategy such that the control system can track trajectory in a fast and
accurate way. For this end, the mathematical model of the hydraulic vibration servo control system is firstly studied. By analyzing
the nonlinear, time-varying, and model structure uncertainty features of the objects, the desired control strategy is presented based
on PFC. Finally, the simulation results show that our proposed method is effective and can be used to improve the tracking speed,

accuracy, and robustness.

1. Introduction

Servo system is a kind of vibration which can make the actu-
ators change rule and the action of vibration control system
according to the input signal. Hydraulic control has many ad-
vantages, such as quick response speed, high precision of vi-
bration, and online-adjustable vibration parameters. It is not
surprising that hydraulic control has been widely used in
many areas, for example, the engineering construction, me-
chanical processing, agricultural machinery, and other indus-
trial and agricultural production processes [1, 2]. By using
crushing, piling, drilling, the work of hydraulic engineering
machinery and screening, grinding, polishing, dusting, cast-
ing production technology of hydraulic vibration equipment,
and so forth. Due to the complexity of working environment,
hydraulic servo vibration systems are a kind of typical
unknown uncertainty systems, where exist the large internal
parameter changes and external load disturbance. A foun-
dational question is, how to establish accurate mathematical
model? Such a question has increased the difficulty of the con-
trol system design. In this case, the conventional linear time-
invariant combination of PID control scheme is not suitable
owing to the lack of the ability of quick disturbance rejection

and difficulty of coordinating the contradiction between
speediness and stability and achieving the robustness of the
system [3, 4].

It is well known that predictive control is suitable for the
case, when the controlled object is not easy to build accu-
rate mathematical model and also has complex industrial
production process, such as petroleum, chemical industry,
metallurgy, and other areas of the process industry [5]. With
the development of the theory and application aspects, pre-
dictive control technology has made great development [6-
9]. Predictive functional control (PFC) method [10-12] is
developed on the basis of the principle of predictive control
of a novel predictive control algorithm. In view of the advan-
tages of model predictive control, it enhances the regularity of
input control by introducing basis functions to improve the
quickness and accuracy. The adaptive predictive functional
controller has been designed based on the stability of the
Laguerre model to solve the induction motor efficiency.
By solving optimization problem of the maximum torque
current ratio control [10] and employing feedforward com-
pensation decoupling design idea, the considered system is
decomposed into two with measurable disturbances of single
into a single subsystem. The simulation experimental results
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F1GURE 1: Block scheme of predictive function control (PFC).

show that compared with traditional PI current controller, the
controller has high tracking precision, fast response speed,
strong anti-interference ability, and the good control effect.

Time delays are frequently encountered in a variety of
dynamic systems [13-16]. For the large pure time-delay sys-
tem, there was a kind of inner loop PI control and outer loop
using a scale factor self-tuning fuzzy incremental predictive
functional control strategy, which was applied to the circuit
and the main form of the object in general controlled object in
[11]. A large number of simulation experiments indicated that
this method was better than the other methods; even in the
severe model mismatch case, it still has very strong robustness
and anti-interference ability. In [12], Kautz function approx-
imation was used to get the characterization process state
space equation of object; an adaptive predictive functional
controller based on Kautz was designed. In [17], the design
method of the typical predictive functional controller of servo
control system was given by employing the basic principle
and characteristics of predictive functional control. However,
to the best of our knowledge, by using the PFC method, there
are few attempts that have been made to cope with the rapid
servo system. Such a question has not been fully studied.

In view of the above analysis, this paper deals with the
problem of hydraulic servo vibration control in engineering
practice. Based on the analysis of the mathematical model
of hydraulic servo vibration control system, the controlled
object of nonlinear, time-varying, and uncertainty model
structure, and characteristics of control system for quick
tracking research, an optimal control scheme is presented
in light of the predictive functional control algorithm. The
effectiveness of the given PFC method is verified by MAT-
LAB simulation which is applied to the effectiveness of the
hydraulic servo system of vibration control.

2. Predictive Functional
Control Algorithm Design

Predictive function control belongs to model predictive con-
trol. Compared to the traditional model predictive control,
it not only has three basic characteristics (forecasting model,
rolling optimization, and feedback correction) of generally
predictive control but also has its own characteristics. In
order to emphasize the control input, each moment added

control input is structured and seen as a linear combination
of a number of preselected basis functions. By using the
known processes of these basis functions, the weights of the
objective function can be obtained from the optimization
calculation of basis functions to get the corresponding control
amount. In the hydraulic vibration servo system, operating
quantity is the hydraulic servo valve opening and the output
is the displacement of hydraulic piston rod. By changing
the opening of the hydraulic servo valve to regulate the
amount of oil hydraulic cylinder, the output displacement
hydraulic piston rod is controlled. In this paper, the design
of PFC control project such as Figure 1, show that PFC major
compositions include: choice of basis functions, the reference
trajectory prediction model, error compensation, and rolling
optimization of several parts.

2.1. The Choice of Basis Functions. In the hydraulic servo
predictive functional control algorithm, the control input
mechanism is an important factor affecting system perfor-
mance [18,19], and consequently the role of the newly added
control can be described as a linear combination of a number
of basis functions:

N
ulk+i) =) w,f, @), M
n=1

wherei = 0,1,...,P - 1and f, (n = 1,...,N) are basis
functions, y, are the linear combination coeflicients, f, (i)
mean the value of the base functions when ¢ = iT, and P rep-
resents the length of time domain prediction optimization.
The selection of basis function is based on the nature of the
controlled object and the requirements of desired trajectory.
For example, the base functions often take a step, ramp,
or exponential function. Depending on the selected basis
function, the output response of the object is calculated by
means of off-line.

2.2. Model Predictions. The output displacement of hydraulic
servo predictive model predictive function control y,, (k)
is composed of model free output displacement y, (k) and
model output displacement function y;(k). Model free out-
put represents the output of the model, which is determined
by the control measured amount in the past instead of
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the current time and the future. The expression is given as
follows:

y1 (k) = F (x (k). )

In this expression, F means the mathematical expression
of object prediction model and x(k) means the information
which is known at time k. Model function output y5(k)
stands for the new model response after adding controls at
the present time, which is another part of the output. In the
hydraulic servo predictive functional control, controlling the
structure of the input is both the key to ensure the control
performance and the difference between the model predictive
control and other control methods. The displacement output
of future model function can be expressed as

N
yrk+i) =Y w,g,0G), i=1...,P, 3)
n=1

where g, (i) is the model output by f,,(i); displacement model
output of hydraulic servo can be calculated by the following
formula:

Vi (k) = yy (k) + yg (k). (4)

2.3. Reference Trajectories. Predictive functional control is
the same as MAC, in the control process making the pro-
cess output tracking reference trajectories gradually prevent
dramatic changes of controlled quantity and overshoot phe-
nomenon. For the hydraulic servo control system, reference
trajectories can be as a first-order exponential form like

y(k+i)=clk+i)= A (c(k) -y, (k). ()

In A = e“/T) T, represents the sampling period, T, means
the reference trajectories time constant, and c(k) is the value
set.

2.4. Rolling Optimization. Optimization objective of hy-
draulic servo predictive model predictive function control
can be expressed as

J= min<|i[yr (k+h,) ¥ (k+h,~)]2},
(6)

i=P,
Vpk+i) =y, (k+i)+e(k+1i),

where P, and P, are, respectively, the minimum and max-
imum of the optimizing time domain, y,(k + i) represents
the forecast process output displacement of hydraulic servo,
e(k + i) is the future error of the process displacement, and
Y (k+1) is the displacement output of the model at time k +i.

2.5. Error Prediction and Compensation. Because of the
actual control process model mismatch affected by nonlinear
characteristics as well as other uncertainties, the displace-
ment of the predicted value will deviate from the actual
value. In the control system, the displacement error between

hydraulic servo object and model input is sent to the pre-
dictor. Therefore it will be found as the feedforward, which
is input to reference trajectory for compensation. And the
future forecast displacement error is

e(k+i) =y (k) =y, k), 7)

where y,,(k) represents the model output displacement at
time k.

For the next »n+i times prediction of displacement error in
PFC algorithm, in order to improve accuracy, the polynomial
fitting error is employed which is estimated based on a known
time value:

A
en+i)=en)+ Zel (n)il
I=1

L
=y, (M =y, )+ Y i, (i=12,..,L).
I=1
(8)

Among them, e(n+1) is the displacement prediction error
between hydraulic servo system and model at time n + i; it
is composed of a corrected error and error at time #. This
process (L > I, > 1,L > I, > 1,L > 1,) is called self-
compensation.

In PFC control algorithm, prediction horizon length P,
basis function f, (i), and time coeflicient of reference trajec-
tories A are the important parameters of controller designed.
The choice of basis functions can broadly determine control
accuracy, stability and robustness of the control mainly
determined by the range of the prediction horizon, and the
reference trajectories major impact on the dynamic response
of the control system. For the impact of the system, a different
design has different emphases. Therefore, it can quickly
adjust the parameters according to the specific performance
requirements to shorten the setting time which is a major
advantage of the PFC control.

3. The Mathematical Modeling of
Hydraulic Servo System

Hydraulic servo vibration system is the use of the variations in
the oil pressure flow to deliver hydraulic energy and directly
produce piston reciprocating cycle. Variation of pressure in
the oil flow is dependent on the hydraulic vibration equip-
ment in the process of vibration motion parameters (such
as velocity, acceleration, and amplitude) or liquid parameters
(such as pressure, flow, etc.) change as a feedback signal
to control. Due to the advantages of high control accuracy,
stiffness big, fast response speed, high speed startup, inverse
kinematics, and so forth, the hydraulic control system can
form of light weight, small volume, accelerating ability, quick
action, and high control precision of control system, to drive
the high power load. Therefore, the hydraulic servo system
has been more and more widely used in the agricultural
engineering machinery and equipment and production. The
hydraulic servo system of the vibration control block scheme
is shown in Figure 2.



4 Abstract and Applied Analysis
Disturbing force The external

load

transfer

function

+ g . . N
Input Controller —>| The servo—>| Servo * Vibration Displacement
displ - : controlled output
placement amplifier valve
object

Displacement sensor

FIGURE 2: Block scheme of the hydraulic servo control system.

3.1. Basic Equation of Hydraulic Servo Valve. The hydraulic
servo valve is an extremely complex closed-loop control
system, which usually is as the input signal. According to
physical characteristics to establish the output flow of lin-
earized equation for [17]

QL = sto - KCPL’ (9)
where Q,,, = K, I. and I, stands for the input current signal,
Qo is the servo valve light flow, K, is the servo valve static
flow of amplification coefficient, K, stands for the pressure
of the servo valve flow amplification coeflicient, and P; is for
load pressure.

In view of the characteristic analysis of the hydraulic
system, the servo valve has often the very high response char-
acteristics; the dynamic can be ignored when compared with
the hydraulic power components, so we can approximately
regard it as a proportion of link [14]. Consider

sto _ K

SV
e 10
I 1+ (s/wg) (10)
3.2. Basic Equation of Servo Amplifier and Displacement Sen-
sor. We can approximate the servo amplifier and displace-
ment sensor link as proportion link; then

I = K,U,
11
y=Kx,.
By Laplace transformation,
Y = K.X,, (12)

where y is the actual measured output by displacement
sensor, K, stands for displacement sensor amplifier gain, K,
stands for power amplifier amplification gain, and U is the

output of the controller instructions.

3.3. Determining the Transfer Function. The flow gain of ser-
vo valve is as follows:

(13)

The transfer function of the servo valve is as follows:

Qw K

_ sV

IC - (Sz/wSZV) + (ZESV/wSV) s+ 1 ‘

Gy (s) = (14)

For transfer function of cylinder piston displacement output
X, for

1/A,
s((s?/wp) + (2&,s/wy,) +1)°
For transfer function of external disturbance load FL input to

the transfer function of cylinder piston displacement output
X, for

A _
L -

Gy (s) =

(15)

T (Kce/Aiy) (1 + (Vl/4ﬁeKce) S)
s (2 /w?) + (2&,s/wy,) +1)

(16)

Thus, determining the system block diagram is shown in
Figure 3.

Note that Ky = A s. So, the system open loop transfer
function is

G () = K,Gg, ()G, ()
- 1/AP
- s((s/w}) + (2&,/wy) s+ 1)

x K, K, K.

4. Simulation Result and Analysis

The hydraulic vibration, which makes use of liquid pres-
sure, realizes vibration object sinusoidal movement up and
down in the power system and servo valve for pressure
control. Because of the larger vibration and impact, hydraulic
vibration which is suitable for high temperature and high
pressure, such as underwater environment, not only can
be used for drilling, crushing, piling, and drilling, such as
hydraulic pressure road engineering machinery homework
tasks, but also can be used in farm, furrowing delisting, crop
cultivation and harvesting, and water conservancy irrigation
and agriculture engineering field [20, 21]. However, such
hydraulic vibration mechanical equipment generally requires
the hydraulic control system to drive the controlled according
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FIGURE 3: Block scheme of the hydraulic servo system.
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FIGURE 4: The amplitude and phase frequency characteristics of the servo system.

to the given amplitude, frequency, and the sine of the up
and down reciprocating movement. This paper selects the
continuous casting mould hydraulic vibration technology as
an example for discussion [22]; calculation results of related
parameters can be obtained as follows: A, = 7.91 x 107 m?,
K, = 0.001A/V, K, = 2.5 x 107> m’/(s-A), ), = 38 rad/s,
{, = 0.25, and K, = 200 v/m. Put them into formula (17),
using model conversion function tf2ss(num,den) of MAT-
LAB, we can get the state space model for

2.8349 -2.735 0.9002 1
x = 1 0 0 x+|0]|u
0 1 0 0 (18)

y =[0.0005 0.0019 0.0005] x.

Through the study of the amplitude-phase frequency
stability analysis of system, we obtain the system phase
frequency bode diagram as shown in Figure 4.

As is shown in the figure, we can draw that the crossover
frequency w, = 44.2rad/s, phase margin y = 79.8°; when
phase frequency, through 180", w, = 230rad/s, amplitude
margin Kg(dB) = 7.14dB. We can also conclude that the
system dynamic performance is poorer and the precision of
tracking curve is not high when crossing frequency w, is
small.

In order to study the tracking performance of hydraulic
servo vibration system, this paper selects the sine signal
R(t) = 7 * sin(57t) as a set point trajectory; the validity of the
method of PFC can be verified via the MATLAB simulation
to compare the control effect of PID and PFC. As shown in
Figure 6. When using traditional PID controller to control,
taking Z-N method [23], the PID gain parameters k, = 9.7,
k; = 2.5s, and k; = 0.4s. In view of the servo vibration
system state space model [23], using MATLAB simulation
tools, writing M file simulation program, PFC simulation
prediction optimization time domain is 20, the reference
trajectory of time constant Tr = 2 ms, and sampling time is
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The comparison of control results between PFC and PID
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FIGURE 6: Comparison of PFC and PID control simulation results.

0.6 ms. Selecting index function f,,(i) = i* " as basis function,
linear combination number is 2. After the simulation under
the control of predictive function, we get the results in Figures
5and 6.

In Figure 6 there are the nonsinusoidal velocity response
curves of the hydraulic servo system and error curve obtained
by PFC and PID control. From Figure 6, as to traditional PID
controllers, the output of the system can track the change of
the input signal, but there is a certain phase lag and short
of waveform completely tracking precision of the system
requirements. But the displacement output settings obtained
by using predictive functional control are better able to track

the trajectory and its control effect is better than conventional
PID control methods.

5. Conclusion

In this paper, hydraulic servo vibration system is the specific
research object, aiming at the existence and the uncertainty
of its larger internal external load disturbance and parameter,
based on further study of the characteristics of the hydraulic
servo control system. And the predictive functional control
method is applied to hydraulic servo vibration system.
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The simulation result indicates that the hydraulic servo
system, based on the good control quality of predictive func-
tional control such as fast dynamic response, small overshoot,
and strong stability, can effectively achieve rapid location
tracking. Its control system dynamic and static quality and ro-
bustness in the case of time-varying parameters and antijam-
ming capability are superior to the conventional PID control
method. The parameter uncertainty has good robustness,
with high value of engineering application.
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