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Abstract

A pneumatic actuator is highly nonlinear, which makes the precise position control
of this actuator difficult to achieve. In order to achieve precise control, selecting a
suitable model structure is a prerequisite before control estimation. This selection
of the model structure is based upon an understanding of the physical systems. In
this paper, the black-box model is chosen as a system identification model for
modeling position control of an Intelligent Pneumatic Actuator (IPA) system and a
variety of parametric model structures. The parametric model structure, such as
ARX, ARMAX, Box-Jenkins, output-error structures, and Hammerstein available in
the black-box model, is used to assist in modeling the IPA system. The results
indicate that Hammerstein had the best performance for modeling position control
of the IPA system with the best fit 94.95. Also, the results show that ARX, ARMAX,
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INTRODUCTION

The pneumatic actuator is one form of actuator widely used in industry. The pneumatic
actuating mechanism provides the benefits of a high power-to-weight ratio, lightweight,
comparatively low cost, smoother maintenance and more straightforward construction than
other actuators [1]. Research on pneumatic devices have also been studied solve their
nonlinearities, which, due to air compressibility, are high friction forces, dead band, and dead
time [2]. In comparison, the main disadvantages of pneumatic actuator systems also find it
more difficult to model position control and develop the controller for the system.

The development of an intelligent actuator is a benchmark for advancement in the field of
control systems engineering science, as stated in [3]. Suzumori et al. [4], whose works
centered on controlling the position and speed of the actuator, first implemented an intelligent
actuator system with the development of a servo mechanism in 2005. In 2010, Faudzi et al.
[5] developed a new actuator called Intelligent Pneumatic Actuator (IPA) to address the
shortcomings of poor precision and force control systems. This actuator incorporates the
actuator, microprocessor and sensor in one device.

Many studies have been carried out over the last decade to model the whole pneumatic
system. An analysis of previous studies outlined two popular models for the pneumatic
method by researchers; one theoretical (first principle) and the experimental [6, 7, 8, 9, 10].
The second approach to modelling the pneumatic system would concentrate on this analysis.
A highly functional solution and easy to work with the complicated system or process are why
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the second approach is preferred [11, 12]. In addition, there are a few model constructs in
system identification that can be used to describe the system [13].

Therefore, the purpose of this analysis is to model the IPA Method using ARX, ARMX,
Box-Jenkins, output-error, and Hammerstein model structures and compare them based on
best fit and Final Prediction Error (FPE).

METHOD

A physical view of the intelligent pneumatic actuator (IPA) system used in this research is
shown in Figure 1. The IPA device operates well with five main components; the optical
sensor, the laser rod, the pressure sensor, the on/off valves, and the programmable chip
(PSoC) control board. Each of these components has its own function and is intertwined with
each other. For example, to detect the position of the cylinder stroke based on the position
reading provided by the laser stripe rod, an optical sensor that has been placed on top of the
cylinder will be used [14, 15]. Other elements, such as the pressure sensor and the on/off
valves, also play significant roles in regulating the system. These two elements were primarily
used to control the inlet and exit air of the cylinder in order to perform the extension and
retraction of the stroke of the cylinder. The action of the IPA machine cylinder stroke depends
on the function of the on/off valves. When the off valve is activated, the stroke is retracted.
The stroke is extended when the valve is activated.

Figure 1. The intelligent pneumatic actuator (IPA) system [7]

Experimental Design and Data Collection

Figure 2 displays the experimental setup for this research that was used to collect the input
and output data. Using the National Instrument (NI) Data Acquisition (DAQ) card PCI/PXI-
6221 (68-Pin) board, SHC68- 68-EPM cable, and SCB-68 M series modules, the intelligent
pneumatic actuator system and personal computer (PC) (equipped with MATLAB software as
the platform) interact.

An experiment in real-time was performed using a pneumatic actuator system, and 1500
input and output data measurements were taken from that experiment. The sample time (Ts)
used for input and output data processing is 0.01s. Figure 3 shows the plot of input and output
data.

82 M. N. Muftah et al., ARX, ARMAX, Box-Jenkins, output-error, and Hammerstein models for ...



p-1SSN: 2774-602X e-ISSN: 2774-6038

PCI/PXI-6221 (68-Pin)  SHC68-68-EPM
board cable

SCB-68 M series
devices

Figure 2. Process of collecting input and output data [16]

Input and output signals

200 . .

S0t ’

0 200 400 600 800 1000 1200 1400 1600 180D
Time
Figure 3. The plot of input and output data

Model structure selection and estimation

There are a few structures of the parametric model that can be used to describe the system,
such as AutoRegressive with Exogenous Input (ARX), Auto-Regressive Moving Average

with Exogenous Input (ARMAX), Output Error (OE), and Box-Jenkins (BJ) model.
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AutoRegressive with Exogenous Input (ARX) Model

The ARX model shown in Figure 4 is the easiest model to integrate a stimulus signal.
Moreover, the estimation of the ARX model is the most effective method of polynomial
estimation since it is the product of the solution of linear regression equations in analytics.
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Figure 4. ARX Model Structure
The ARX model structure can be written as in (1):
B(q)
y(k) = —Zsu(k) +—e(k) €y

Alq)
where y(k) is the output at time k, u(k) is the input at time k, and e(k) is the error signal at
time k.

1
A(q)

AutoRegressive Moving Average with Exogenous Input (ARMAX) Model

The ARMAX form, in comparison to the ARX model, involves disturbance dynamics.
ARMAX models are helpful if you have dominant disturbances, such as at the input, entering
early. The ARMAX Model Structure is depicted in Figure 5.
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Figure 5. ARMAX Model Structure
The ARMAX Model Structure as in (2):

y(k) = 5 8u) + 58 e(k) @)

Box-Jenkins (BJ) Model

The Box-Jenkins (BJ) configuration offers a complete model of disturbance properties
modelling independently from device dynamics. When have disruptions come late in the
process, the Box-Jenkins model is beneficial. Figure 6 shows the Box-Jenkins Model
Structure.
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Figure 6. Box-Jenkins Model Structure

The BJ Model Structure as in (3):
(p C(q)
y(k) = s ulk) + ke (k) 3)
Output-Error (OE) Model
The model configuration Output-Error (OE) explains machine dynamics individually. The

disruption properties are not modelled using parameters. The OE Model Structure is shown in
Figure 7.
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Figure 7. OE Model Structure
The OE Model Structure as in (4):

y(k) = 28 uk) + e (k) @

Hammerstein Model

The basic structure of a Hammerstein model consists of a static nonlinear block and linear
dynamic block in a cascade [17, 18], as illustrated in Figure 8. The Hammerstein Structure as
in (5):

_ 7-a5@
y(e) = 2742 (i) + () 5)
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Figure 8. OE Model Structure
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Model validation
The validation process is the next step after an appropriate model estimate and structure is
selected. In this stage, the validity of measured and desired data was tested under a validation
criterion. In order to show the accuracy of the estimated model relative to the real plant, better
fitting parameters were used. According to Ljung [13], the model would be approved if the
best fit is 90% or higher.
_ norm(y —y)
t=100|11 ———F——|" 6
fi [ norm(y — y) & (6)
where y is true value, ¥ is approximate value and y is mean value.
It may also be necessary to accept or deny those received models using Akaike's Final
Prediction Error (FPE). The collection of the model from different orders can be made based
on the smallest FPE value.
(1 +ny/N)
FPE =V ————F— 7
(A —na/M) @
where V is loss function, na is number of approximated parameters, and N is a number of
samples.

RESULTS AND DISCUSSION

The research introduces models for the Intelligent Pneumatic Actuator (IPA) system using
the system identification method. The purpose of this analysis is to model the whole IPA
system using ARX, ARMAX, Box-Jenkins, output-error, and Hammerstein model structures
and compare between them.

The MATLAB System Identification Toolbox provides information about the models (i.e.
discrete-transfer function, fit to estimation data, FPE, MSE, etc.). For example, the discrete-
time of ARX, ARMAX, Box-Jenkins, output-error and Hammerstein models are shown in the
(8), (9), (10), (11), and (12), respectively.

AZ M) =1-2997! +2981Z%— 09917 2~

ARXModel:  p7-1) — 0118771 — 023522 + 0.1169 Z-> (8)
AZ 1) =1— 286171 + 2723772 — 0861473

ARMAX Model: B(Z™1) = 0.1899 Z~! — 0.23391Z~2 + 0.1493 Z~3 9)

C(Z1) =1 — 1.1817Z"" + 0.18417Z% — 0.003272 23

B(Z™1) = 0.2463Z7 1 —0.1306 Z™2
C(Z7H)=1-0.1806 Z"! — 0.02334 Z72

BJ Model: D(Z"Y) =1 — 1.1877Z"" + 0.887~2 (10)
F(Z1) =1 — 1.598Z! + 0598472
B(Z™') = 0.1899Z~! — 0.3391Z~% + 0.1493 Z~3
OE Model: z") * (11)

F(Z71)=1-2861Z"1 + 27237272 - 0.8614773
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Measured and simulated model output

200

Best Fits
loe331: 91.78
bj22221:91 .24

larx331:90.75

L8] 200 400 600 &00 1000 1200 1400 1600 1800
Time

Figure 9. The output fittings for a developed ARX model

From the model output shown in Figure 9, it is apparent that the Hammerstein model is
similar to the actual plant and give the highest best fit value. Compared to Hammerstein
models, the losses of 9.25 % of ARX, 7.22% of ARMX, 8.22% of BJ, 9.29% of OE, and
5.05% of compared to Hammerstein models are most likely caused by dead zone, friction, air
leakage, etc. in IPA system.

Model output in terms of the percentage of best fit and final prediction error (FPE) is
summarized and reported as shown in Table 1.

Table 1. Model Validation Values

Criteria ARX ARMX BJ OE Hammerstein
Best Fit (%) 90.75 91.22 91.24 91.78 94.95
FPE 0.04293 0.03073 0.03641 33.97 18.81

Each model has been tested in the best fit and final prediction error in order to confirm
acceptance. Table 1 indicates that all models have provided the best fit, but the Hammerstein
model has succeeded in producing a better fit than other models. This condition shows that
the models ARX, ARMX, BJ, OE and Hammerstein effectively reflect the actual IPA scheme
used in this analysis.

CONCLUSION

This paper introduces versions of the Intelligent Pneumatic Actuator (IPA) model using
ARX, ARMAX, Box-Jenkins, Output-Error, and Hammerstein models. The model of the IPA
system used in this analysis was developed using an experimental method known as the
system identification technique. The effects were evaluated based on the most acceptable
output. The most significant finding from this research is that, relative to other models, the
analysis of the simulation outcome based on the Sl technique shows that the percentage of
best fit for the Hammerstein model structure is 94.95 %, which is greater than ARX, ARMAX,
OE, and BJ. In comparison, with the best fit of more than 90%, ARX, ARMAX, OE, and BJ
have decent performance. Future analysis of the appropriate controller to improve the
transient response of the IPA positioning system will be considered as the next stage of this
study.
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