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1. INTRODUCTION

Generalized Predictive Control (GPC) is considered one of the most popular Model Predictive
Control (MPC) algorithms in industry. GPC with integral action is derived based on the minimization of a
modified predictive performance criterion. An important advantage of this type of predictive control is its
ability to cope with hard constraints on controls and states. Recently, several predictive control approaches
where proposed to solve EHA Actuators problems. EHA position control systems are very important for the
industrial application of control systems, e.g., aircraft flight control, remote robot position control, due to
their characteristics of fast response, accurate positioning, and so on. Electro-Hydraulicsystems are complex,
nonlinear and difficult to identify and control. A close investigation has suggested that the problems are
mostly related to the nature of hydraulic functions. First of all, in EHA, flexible connecting hoses, large
volume of fluid under compression and trapped air in the hydraulic fluid lead to high compliance. This
paper’s main contribution is modified predictive control designed to enhance position control issue for EHA
plant. The proposed method is using a new matrix combined with optimal tuned move suppression factor.
The GPC method designed and implemented to overcome various control problems in one algorithm [1].
They are capable to stabilize processes with variable parameters. It can also adapt with model order which
changes immediately provided that the input/output data are valuable to allow well-founded plant
identification. Bigdeli and Haeri implemented GPC algorithm for Position Control of an Ultrasonic Motor
(USM). The motor possess heavy nonlinear, and load dependent characteristics such as dead-zone. These
properties have made big challenge for Position and velocity control of the plant. The GPC improved the
performance of the motor for both position tracking and disturbance rejection [2]. The presented GPC
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position control scheme provides damping noise, fast response, and good rejection of uncertainties for
induction motor. The position loop is regulated with a linear GPC controller and the current loops incorporate
the Space Vector Pulse Width Modulation (SVPWM) with PI control [3]. The Investigation has achieved
perfect results based on time delay enhancement for hydraulic position control system (HPCS) using
modified predictive control technique. Both sensor-to-controller (S-C) and controller-to-actuator (C-A)
network-induced delays are modeled as Markov chains [4]. A research group from The University of
Manitoba, Canada applied GPC control to a class of position control of hydraulic manipulator. The
investigated experimental has been done through data connection between the computer and the real plant
through acquisition card. An on-line estimation of time varying plant parameters and identification achieved.
The influence of GPC design parameters was also experimentally studied and observed [5]. MPC advantages
are detailed in [6], [7]. Designing a predictive controller for integrating processes is a big challenging step
because of the number of adjustable parameters (prediction horizon, control horizon, move suppression
coefficient, and the sampling time) that affect the closed-loop performance. The novel analytical method has
been achieved good performance include (set point tracking, overshoot limitation, and disturbance rejection)
based on simulation results for varies processes [8]. The ship dynamic positioning system has some
characteristics such as nonlinear, large delay and strong coupling, which is difficult to structure the accurate
mathematical model and very complicated to model it. So the fuzzy predictive control used to control the
ship dynamic positioning system (SDPS) in three degrees of freedom (DOF) has been investigated and the
simulation results show that the fuzzy predictive control can orient the vessels effectively [9]. An improved
robust model predictive controller (RMPC) is presented based on model reference adaptive system (MRAS)
for three degree freedom satellite. The control designed because of external disturbance is compensated on
the stability and performance of closed loop system. Then the results of proposed RMPC compared to
generalized incremental predictive control (GIPC) andshow that the RMPC method is more robust than the
GIPC method [10]. An Electro-Pneumatic clutch actuator controlled on/off valves using Pulse Width
Modulation (PWM) and Nonlinear Model Predictive Control (NMPC) approach is applied to design an
explicit reference tracking. The performance of the designed controller has better quality in comparison to an
explicit quantized NMPC controller without PWM [11]. The presented article has these outlines:
e Section I: Introduction and background studies of the EHA controlled by predictive control.
e Section II: The experimental setup and identification methods for varies orders of the EHA are
presented.
e Section Ill: The modified predictive control, where the proposed matrix are explained.
e Section IV: The tuning strategy and computations of the control parameters are presented.
e Section V: Simulation design of the proposed controller and comparison with previous study based on
model of position control EHA.
e Section VI: Discussion and conclusion presents in results are summarized and discussed in the light of
our objectives.

2. MODEL IDENTIFICATION OF THE EHA

In EHA system operation, hydraulic actuator causes linear action from different pressure in the
cylinder by pushing against the piston. Generally, the actuator consists of two oil chambers, separated by the
piston. The result of oil flows moving into and out of the chambers driving the piston and generate the
required pressures to move the load of the actuator [12]. A linear type actuation of the EHA system using a
single-ended cylinder and controlled with ON/OFF valve is considered in the experimental design. The
experimental setup and the identification responses of the EHAshown in figure 1.
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Figure 1. (a) Real experimental setup of the EHA, (b) Identification responses of of the EHA

In the system identification process, previously, this EHA process is identified using ARX
identification technique. In this paper the identification described based on curve reaction approximation
techniques.The first order step response system identification methods approximated the parameters based on
the input/output the model is determined by applying non-parametric system identification based on
experimental response for the EHA. The process gain describes based on the steady state effect of the input
change to the change of the output. The dead time can be directly read from the output response [13], [14].
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approximation from an experimental test of the dynamic system and compared with the identified fourth
order system identification in unit step response. Time delay adjusted to be more than zero to achieve a
satisfactory match and simplify the control parameters analysis.
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3. MODIFIED PREDICTIVE CONTROL
The following linear, discrete time, single input/single output ARX model representation by (3):

Az Dy(t) = Bz Dz %u(t — 1) + e(t) 3)
where A and B are polynomials in the backward shift operator z=1as below:

Az D =14+a1z7 4+ az7%2 + -+ apz ™ 4)

B(z™Y) =by+byz7t + byz7? 4 -+ bz (5)
where na > nb, d is time delay, na is number of poles, nb is number of zeros.

The predictive control algorithm consists of applying a control sequence that minimizes a multistage
cost function of the form

Mmax Mcn
](Mmin: Mmax' Mch) = Z 8(])[9“ +j|t) - Il}(t +j)]2 + Z }\ch(i)[Au(t +j - 1)]2 (6)
Mmin Jj=1

where §(t + j|t) is an optimum j-step ahead prediction of the system output on data up to time t. ¥ (t + j)is
the future reference trajectory, M,,;,is the minimum costing horizon M,,,;,, = d + 1, the maximum costing
horizon isM,,,4,, = d + M., and M., known as the control horizon , respectively. 8(j), and A.,(j)are
weighting sequences.

Since the control signal that is actually sent to the process is the first element of vector u (receding
strategy), it is given by:
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Au= (GTG+ W) 6" - f) (7

where G is the dynamic matrix, W, = Al where [ is diagonal matrix, is a vector of the reference trajectory,
and f is a matrix calculated using the Diophantine equation.

In our proposed matrix another strategy effects different type of models such as first, second, and
high order systems, and gives more quality responses compared to the previous study especially in terms of
overshoot. The proposed matrix depends on the suppression coefficient A , the diagonal matrix, and other
values created from the open-loop response of the original system.The proposed strategy is implemented to
different processes to evaluate the performance of a new strategy approach of the modified predictive
method. Let’s assume G is the open loop step response sampling data of the system model as:

G =1[9i+1 Ji+29i+39i+s Ji+s - Gi+n] (8)

where g;,n - Step response coefficients.
The modified matrix dwithin M=6 is:

A
VVpro = E X ® (9)
1/2w
. /_ _ (Givz = 9i+1)(Giss — Gix2)  (Giva = Jix3)(g;1s — giva)Give — Jiss)
(Gis2 — 9ix1) 1/2w Jis1 Givs 0
— . L
= | (glj+3 - gl'+2) Jita 1/2(4) Gi+2 0 Jit3 | (10)
(Gi+a — Gi+3) 0 Ji+3 12w Ji+3 0
(Gi+s — Gira) Gi+3 0 gi+2 1/2w Ji+a
(Gire — Gi+s) 0 Gir2 0 Gi+1 1/2w

4.  TUNING STRATEGY

Model predictive control family mostly used for industrial processes. The GPC performance objective
is very similar to the DMC but is minimized via recursion on the Diophantine identity by Clarke [1], [15].
Nevertheless, GPC reduces to the DMC algorithm polynomial that modified the predicted output trajectory is
assumed to be unity; therefore, the DMC tuning strategy can be directly applied to GPC controller [16].
Another study based on Cooper’s strategy was implemented for Dual Adaption Generalized Predictive Control
(DA-GPC) by [17]. The modified predictive method will have the same prediction horizon equation as
proposed by Cooper [18] in terms of P prediction horizon and will be compared with Cooper’s method. The
tuning procedure for control parameters P, M, and A as follow:
e Prediction horizon P: normally chosen based on a rise time of 95 % of the process steady state. A more

explicit tuning correlation was proposed by [18] for the selection of P as follows:

5 10
P= Int< TdT\/_) + Int (;,—d + 1) (11)

N N

e Control horizon M:In the GPC formulation, selecting a value of the control horizon M > 1 produces a
more robust controller at the cost of increased computation load. Several researchers have proposed to
set the value of (M=1) [1],[15],[19]. Rossiter [20] stated (M=3), Abu-Ayyad [21], [22] stated M =
5 to 10. In this paper comparison will be presented with previous study by Cooper provided analytical
formula for M as follows.

V10
M =~ Int (T‘i ) + Int (T—d + 1) (12)
T, T,

In the modified predictive method the control horizon chosen as (M = 5 to 10).

e The move suppression coefficient A: several researchers enhanced the predictive control based on
proposed tuning methods for tune A. First tuning formula suggested by a team from Department of
Chemical Engineering, University of Alberta Edmonton, Canada [17] as A = A,.. B[1]?. In addition, the
value of A,/ can be calculated based on tuned during operation to improve the overall performance and
B[1] is the nominator polynomial. Banerjee and Shah [23] suggested simple robust tuning guidelines for
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a process under Generalized Predictive Control using frequency response technique where the small gain
criterion provides useful information about the stability and performance of GPC and the system
stability under GPC only if the value of A approximately exceeds 1. Another researchers proposed to
tune the move suppression weight based on the following relationship: A = mP + m. Where m, mare
constants [24]. A new technique based on regression model techniques for optimal A suggested by [25],
Analytical expression for 1 based on Cooper’s derivation is presented as follows:

A= flky. T,]? (13)

f=10LM [MZ(P—3k+1)3 —0.08M3(P — k + 1)2] (14)
. Taq

k= Lnt(lnt(F +1)) (15)

wherek,, is process gain, t4is time delay, T is sampling time.

5. CONTROL DESIGN AND DISCUSSION

Several issues in predictive control tuning become apparent and firstly can be explained when the
strategy is designed and tested on simulation before tested on real time application. These issues related to
the set-point tracking, overshoot, and disturbances. Previous investigations have established that a significant
advantage of MPC over PID controllers is that PID control must be tuned to reject disturbances to have good
control, which is not necessary in many instances when using predictive control strategies [16]. The objective
of simulation design is to modified the predictive control and testing the controller before verify it in real-
time experiment. This is important when dealing with complicated instrument which is not easy to use and
install. The simulation analysis and design helps to reduce the time taken than experimentally in designing,
tuning and upgrading the controller.

Based on the position model step response the plant can be approximated by a first-order plus dead
time (FOPTD) integrating as the process gain k,, = 1.58 and the time delay estimated as 7,=0.05 to get the
value for move suppression. The predictive horizon was P=20, the control horizon was M=5 for Cooper’s
method. The move suppression for the Cooper method is 1=0.15, and for the optimal tuning is 4,,,=0.03,

The tuning value for the move suppression coefficient A,,, is estimated empirically and the
parameter x estimated as x=20. Best performance achieved with A,,, = 0.03where faster reaching to the
setpoint that is clear from the yellow lines to simplify the estimation of the tracking. These tuning values with
their performances based on rise time and settling time are presented in the figures (2-4) and the comparison
analysis of the tuning performance descripes in Figure 5.

/
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Figure 2. Different values of the parameter tuning w based on 4,,, = 0.37
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Figure 4. Different values of the parameter tuning w based on 4,,,, = 0.03
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Figure 5. Analysis of different values of the parameter tuning w based on different 4,,,

The analysis testto evaluate the modified predictive method presented with different values of 4,,,
with varies values of the parameter tuningw as shown in Figure 5. Best modified predictive response
achieved with w = 4 and4,,, = 0.03 because of its fast to reach the set point.

The position model results with 4,,, = 0.15, 4,,, = 0.03and w=4 presented in Figure 6 and the
performanceanalysis in Table 1. All the modified predictive responses are demonstrating the shortest settling
time, rise time and no overshoot. On theother hand Cooper’s method response is unattractive because of its
overshoot and slow tracking compare to the modified predictive method.
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Figure 6. Close loop control responses based on different control schemes with varies A,,,, of the EHA system

Table 1. Comparison Results between the Modified Method and Cooper’s Method for The EHA System.

Simulation 1=0.15 2=0.03
performance ~ Cooper’s  modified  Cooper’s modified
method method method method
Overshoot (%) 4.4 0 45 0
Rise time (sec) 0.30 0.29 0.22 0.19
Settling time(sec) 0.59 0.43 0.40 0.29

6. CONCLUSION

The modified predictive control is chosen as representative model predictive control technique and is
applied to simulation studies of position control model of EHA. The methodology of analysis considers a
dimensionless parameter in order to get general results which could be exercised to any specific real case. The
control performance of the modified controller is compared with Cooper’s method using fast reacting process.
The closed-loop responses are compared and the differences and similarities are explained on the basis of the
structure of the control schemes. The simulation tests for the control parameters in some tuning cases for the
model EHA position control are given to verify the effectiveness of the modified predictive control. The
modified method does not have overshoot, fast to reach the set point, and smoother than Cooper’s method.
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