
Arab J Sci Eng (2015) 40:633–643
DOI 10.1007/s13369-014-1421-z

RESEARCH ARTICLE - SYSTEMS ENGINEERING

Predictive Functional Control with Observer (PFC-O) Design
and Loading Effects Performance for a Pneumatic System

Khairuddin Osman · Ahmad ’Athif Mohd Faudzi ·
M. F. Rahmat · Omer Faris Hikmat · Koichi Suzumori

Received: 17 February 2014 / Accepted: 31 August 2014 / Published online: 5 December 2014
© King Fahd University of Petroleum and Minerals 2014

Abstract Demand for higher accuracy and control systems
is growing rapidly and becoming more important in high-tech
industries. However, precise position control of a pneumatic
cylinder is very difficult to achieve due to the compressibil-
ity of air, nonlinear behavior of the air flow rate through the
valves and the friction force between the cylinder and the pis-
ton of the system. The purpose of this paper was to present
a model and a novel linear process control strategy to design
a position controller for a real-time pneumatic system. This
paper mainly analyzes the horizontal and vertical precision
positioning control under loading effect for pneumatic sys-
tem in real-time experiment. System identification approach
is selected to obtain the plant model. Predictive Functional
Control with observer (PFC-O) design is proposed as con-
trol strategy to improve tracking performance of the pneu-
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matic system. Performance assessment of the controller was
performed in MATLAB. The effectiveness of the proposed
control strategy is verified through real-time experiment with
the plant. The simulation and the experimental results con-
firm that the proposed PFC-O controller shows good control
performance with various load configurations.

Keywords Pneumatic · System identification (SI) ·
Predictive functional control (PFC) · Observer

1 Introduction

Many methods of controller including model predictive con-
trol (MPC) have been successfully used in both industry and
academic communities. MPC has been developed as a pow-
erful algorithm for controlling process plants considering
modeling errors [1–4]. The MPC technology landscape has
changed dramatically in recent years, making it difficult for
the researcher to keep track of the swift progress in academic
research and industrial applications. Major recent develop-
ments include technological and organizational changes,
increased applications and integration of MPC technology
[5,6]. Among the most popular MPC algorithms are dynamic
matrix control (DMC), model algorithm control (MAC), gen-
eralized predictive control (GPC) and predictive functional
control (PFC). All controllers have their own strategies,
advantages and specific applications which assure good
results.

MPC and GPC are widely used in pneumatic systems [7].
A model-based predictive electro-pneumatic valve actuator
(EPVA) lift control algorithm was presented in [8] that signif-
icantly reduces computational throughput. The model-based
predictive control scheme has been developed for exhaust
electro-pneumatic valve actuators to overcome the variations
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in cylinder pressure and force as a function of engine oper-
ating conditions. This strategy contains two main portions:
state estimation of both the displacement and the velocity
based upon displacement feedback and iterative model based
on displacement prediction. The developed feed-forward
control, combined with the closed-loop proportional and inte-
gral control, forms the closed-loop predictive lift control to
accomplish the exhaust valve lift tracking. However, the sys-
tem suffers from instability, and it is difficult to be imple-
mented on a real-time system.

The electro-pneumatic-based pressure control using the
GPC method has been proposed by [9]. Since the character-
istic is time-varying and nonlinear, a third-order controlled
auto-regressive moving average (CARMA) model suitable
for pneumatic actuators is then used for modeling the process
system by using recursive least-squares method with forget-
ting factor to estimate the model parameters. For the proposed
control method, only the system parameters are estimated
(the state parameters are not estimated in this system). The
research focused on long steady-state time response rather
than tracking control development.

Industrial applications of PFC can be found in the defense
sector, automotive, metallurgical industries, miscellaneous
(chemical reactors and distillation excluded) among others
[10]. PFC is based on the same approach with all MPC strate-
gies i.e., prediction of future outputs and calculation of the
manipulated variables for optimal control. Therefore, PFC
is also based on the same principles which uses an internal
model, specification of a reference trajectory and determina-
tion of the control law [11]. The research is motivated, by the
PFC’s high-quality control performance with improved rise
time, precise tracking [12], robust stabilization [7,13] and
fast response [11,14].

Several researchers have studied the robust stability of
model performance and precise positioning systems with
selected weighting functions for the uncertainties consid-
eration [15]. In pneumatic, the friction force and the ver-
tical loading have a great effect on the positioning accuracy
under loading effects with real-time experiment proposed by
Shih and Luor [16]. The research used robust control such as
hybrid fuzzy sliding mode controller with loading compen-
sator and implemented in a microcomputer to control the
position of the vertical pneumatic cylinder under vertical
loading in the study. However, the resulting performance is
unstable because discretization and high overshoot occurs in
experiment analysis.

The development of the pneumatic system at position
accuracy of 0.01 mm used in this research is presented as in
[17–21]. The pneumatic system presents the next-generation
actuator development with new features that provide better
control, higher position and force accuracy, communication
ability and all-in-one mechanism for compact system design.
The pneumatic actuator is equipped with a microcontroller,

which acts as the central processing unit for the system and
performs the local control to suit the requirements of any
related application. However, the existing system implements
only a simple proportional-integral (PI) controller designed
without any verification with simulation [17–20] or real-time
[21]. Moreover, there are other disadvantages such as slow
response, time delay and overshoot issues. The aim of this
research is to substitute the PI controller used in this system
with the PFC-O algorithm designed through simulation and
real-time experiment.

The rest of this paper is organized as follows. In Sect. 2,
the plant operations used in this research are described. Next,
Sect. 3 describes modeling process of the pneumatic system.
Then, Sect. 4 briefly presents the control strategies and exper-
imentation. Section 5 discusses the simulation and experi-
mental results of the tracking performance of the system.
Finally, conclusions are given in the last section.

2 Plant Operations

Figure 1 shows the overall parts of the pneumatic system. The
actuator has 200 mm stroke and can deliver a maximum force
up to 120 N. The pneumatic system is equipped with two sen-
sors. The first is an optical sensor in which a small pitch of
0.01 mm can be detected and the second is a pressure sensor.
Two miniature valves are attached at the end of the cylinder to
control the air inlet and outlet. The selection of these valves
is based on the function of the future application, where the
cylinder will not be driven in stable state (when target posi-
tion is achieved). This will reduce the valve operation where
normal on/off valve will always move to maintain a certain
position. Right and left movements depend on the algorithm
to drive the valve of the second chamber by manipulating the
duty cycle of a PWM signal.

The valves cannot be open movements of the cylinder
which depend on the valves operation. Valves operation is
important for the contraction and extension for the cylin-
der stroke. Figure 2 shows the pneumatic actuator schematic
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Fig. 1 Pneumatic system and its parts
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Fig. 2 Pneumatic schematic
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operations, valves connections and air flow to the cylinder.
In this paper, PWM techniques were used for four operations
as below.

• Valve 1 off. Valve 2 off—cylinder stops
• Valve 1 off. Valve 2 on—cylinder moves right direction
• Valve 1 on. Valve 2 off—cylinder moves left direction
• Valve 1 on. Valve 2 on—no operation

PWM valves must operate one at a time due to the design of
the actuator mechanism which different from conventional
cylinder. Since valve 1 is for inlet and valve 2 is the outlet
valve, same time since this will just disturb the rod position.
So, either both of the valves should be off or exclusively one
of them can be on.

3 Modeling Process

This research will implement system identification (SI) tech-
nique to obtain real-time model for pneumatic system. SI is
used to solve the nonlinear (unknown parameters) and gives
a direct linear model to avoid the drawbacks of going through
linearizing a nonlinear complex mathematical model. It can
be as simple as a ‘blind’ approach using black box model con-
cept to obtain the linear transfer function of the plant system
from the measured experimental data. The friction model-
ing is actually part of the overall model (transfer function)

obtained using SI methods. Using the conventional mathe-
matic derivation methods, cylinder’s overall model will con-
sist the following four series-connected transfer functions
such as valve 1 transfer function (Gv1), valve 2 transfer func-
tions (Gv2), stick-slip friction transfer function (Gssf) and
rod transfer function (Gr), etc. [11]. Since the system identi-
fication data acquisitions were acquired from input and out-
put relation, it automatically takes into account all the models
and all frictions (Gv1, Gv2, Gssf , and (Gr) then, fusions them
all within this model (the SI model). Gssf is definitely some-
how included in the model. One of the limitation using SI
methods is that the obtain position model cannot be subdi-
vided to identify which part of the model is the Gssf . Since
this research specifies a linear model for the system identifi-
cation, hence, nonlinear characteristic of Gssf will automat-
ically be linearized and immerged within the overall model;
that is the system identification procedure uses a recursive
optimization process to calculate the best parameters for a
selected model structure.

Generally, an SI process will go through the following
steps—observation and data gathering (experiment), model
structure selection, model estimation, model validation and
application. The method used is the same as in [22,23], but
in this research, a lower sampling time at ts = 0.01 s, new
continuous step input signal design and a new push-pull
pulse width modulation (PWM) signal generator, is used
to improve the SI techniques for the pneumatic system. It
is identified that smaller sampling time plays an important
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Fig. 3 Continuous step input signal

role in improving the controller performance. In addition, by
choosing lower sampling time, more samples can be taken
for the system identification process for better model para-
meter estimation. Figure 3 shows the design of continuous
step input signal which is applied to pneumatic system for the
system identification. This step signal is specially designed
for the on/off valves of the pneumatic system. It is obvious
from the shape of the signal that the positive run period of
the input signal is slightly longer than the negative one. This
is because the pneumatic cylinder takes more time in exten-
sion than in extraction, and so, this input signal is specially
designed to compensate for this issue. In other words, stan-
dard used signals such as pseudorandom binary sequence
(PRBS) signal or variable step input with different time peri-
ods would not work with such system as it is definite that
the rod of the cylinder will touch one of the two ends of the
actuator. Moreover, the signal amplitude is set to 255 and
−255, not to mention zero also, to force the valve to be fully
opened in their periods. As an 8-bit PWM generator is used,
the maximum value for the signal is 255, which forces the first
valve to have a full opened period, whereas when the signal
is −255, it forces the second valve to be have a full opened
period instead. This new PWM generator is also designed to
mimic the 8-bit PWM modules found on a PSoC microcon-
troller to ease implementation on this platform in the future.
The comparator algorithm between the continuous step input
signal and the carrier wave (saw tooth) signal is generated by
MATLAB Simulink, and it follows the algorithm code which
is presented in the “Appendix”.

Figure 4 shows that model view responses are done
through the system identification toolbox in MATLAB. The
following third-order auto-regressive with exogenous input
(ARX) model in the form of discrete-time open-loop transfer
function was obtained as presented in Eq. (1).

B(z−1)

A(z−1)
= 0.001269z−1 + 0.0004517z−2 − 0.0003498z−3

1 − 1.932z−1 + 1.09z−2 − 0.1577z−3

(1)
From Eq. (1), it can be concluded that the system is stable
because all the poles of the open-loop discrete transfer func-
tion lie within the unit circle of the z-plane as in Fig. 4a.
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Fig. 4 Model views responses. a Poles and zeros. b Measured and
simulated model output. c Model residual

Figure 4b shows the measured and simulated model output
result where part of the input–output signals were used to
validate the obtained model of Eq. (1). Using model selec-
tion criterion, best fitting criteria is 90.7 %, loss function is
0.0123 and Akaike’s final prediction error (FPE) is 0.0125.
The balances of 9.3 % are losses because of nonlinear fac-
tors such as dead zone, friction and air leakage. Based on the
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smallest values criteria of FPE and AIC, this model can be
accepted. In addition, another important criterion to accept
a model is the autocorrelation of residual and cross correla-
tion analysis of the model, which is shown in Fig. 4c. Both
the autocorrelation and the cross correlation lie between the
confidence intervals without any significant dropout, which
implies that the model is highly applicable.

4 Control Strategies and Experimental Evaluation

For state-space feedback controllers, if the states are unmea-
surable, there is a need to design an observer in order for
the controller to work [24]. In this research, observer design
is essential in order to estimate the states of the pneumatic
system model. A state observer is a system that provides an
estimate of the internal state of a given real-time system, from
measurements of the input and output of the real-time system.
It is typically a computer with implemented communication,
and it provides the basis of many practical applications. This
paper proposed the implementation of predictive functional
control (PFC) for a pneumatic system with observer design.
Simulation analysis was done to test the suitability of the con-
troller design, and experimental evaluation was performed to
validate the obtained results.

4.1 Predictive Functional Control (PFC)

Many literature approaches of PFC and other MPC algo-
rithms are designed based on the state-space form of the plant.
The state-space form is preferable for several reasons: easy
generalization to multivariable systems, easy analysis of the
closed-loop properties and allowance for online computation
[11,14]. In this section, the pneumatic model as in Eq. (1) can
be converted into state-space form. The PFC algorithm below
will explain the main algorithm behind of the controller.

The general state-space model can be written as in Eq. (2)

xk+1 = Axk + Buk

yk = Cxk + Duk (2)

For a strictly proper system, D = [0].
xk+2 = Axk+1 + Buk+1

yk+2 = Cxk+2 (3)

By substituting Eqs. (2) into (3), the state-space model is
written as follows:

xk+2 = A2xk + ABuk + Buk+1

yk+2 = Cxk+2

xk+3 = A2[Axk + Buk] + ABuk+1 + Buk+2

yk+3 = Cxk+3

This process is simply an iteration of a one-step ahead pre-
diction, repeated substitutions result can be generalized to

Eq. (4)

xk+n = An xk + An−1 Buk + An−2 Buk+1 + · · · + Buk+n−1

yk+n = C
[

An xk + An−1 Buk + An−2 Buk+1

+ · · · + Buk+n−1

]
(4)

It is clearly seen from Eq. (4) that it is possible to convert the
state-space model to state prediction equation;

⎡
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and output prediction equation;
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This can be achieved by introducing the prediction matri-
ces, P and H . Therefore, the model used is a linear one that
can be obtained as shown in Eqs. (5) and (6)

xk = Pxx xk + Hxx uk−1 (5)

yk = Pxk + Huk−1 (6)

where xk is the state model, uk is the input model and yk is
the measured output model. Pxx , Hxx , P and H are matrices
and vectors of the right dimension, respectively.

The starting point in formulating PFC control law is by
developing the reference trajectory equation. This can be
done by placing the desired closed-loop dynamic into the
reference trajectory. Given the actual set point r , and the
loop set point, w is a first-order lag.

wk+i/k = rk − (rk − yk)�
i (7)
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where i is value of n, yk is the most recent measured output
and � (0 < � < 1) is scalar time constant and a tuning
parameter setting the desired closed-loop poles. Equation (7)
is the predictive essence of control strategy. Indeed, the aim
is to have the set point trajectory closely follow the reference
desired closed-loop behavior. In addition, it must also deal
with the set of coincidence points. This can be achieved by
using the degree of freedom (d.o.f.) to force the equality of
the prediction and the reference trajectory at a number of
points. Therefore, solving the control moves such that:

yk+n = wk+n (8)

where n = n1, n2. . .. These equalities are called coincidence
points. In usual case, there are no more than two coincidence
points. In this paper, we will focus on only one coincidence
point, n1. Thus, at a single coincidence point and using Eqs.
(7) and (8), the control law is determined by

yk+n = wk+n = rk − (rk − yk)� i (9)

Hence, substituting Eqs. (5) and (6) into (9):

yk+n = P xk + H uk − 1 = rk − (rk − yk) � i (10)

Assuming that uk+i = uk , the control law can be formulated
by rewriting Eq. (10) to obtain;

uk = −H−1
[

P xk +
(

rk − (rk − yk) � i
) ]

(11)

uk = −K xk + β rk (12)

where K = −H−1(P − � i yk) and β = −H−1 (1 − � i ).
Now, the prediction algorithm can easily be recognized from
the fixed linear feedback law. Thus, typical posterior stability
and sensitivity analysis can be easily achieved in a straight-
forward manner.

As stated earlier, there is only one coincidence point.
According to [11], the typical procedure with one coinci-
dence point would be as follows:

• Choose the desired time constant, �.
• Do a search for n1 = 1, 2, . . . large and find the associated

control law for each n1.
• Select the n1, which gives closed-loop dynamics closest to

the chosen �.
• Simulate the proposed law. Otherwise, reselect � and go

to step 2.

Optimal parameter tuning is an optimization problem,
which requires implementation of global optimization strat-
egy such as particle swarm optimization (PSO). However, it
is still possible to find an optimized parameter by selecting
the parameter value with an increment of 0.05. This requires
less time than performing the global search. For this research,
the PFC control law and the prediction model of the system
is developed using the following parameters stated at desired
time constant, � is 0.95 and coincidence horizon, n1 is 2.

4.2 Observer

In this research, the plant model is obtained using system
identification technique (as discussed in Sect. 3). Therefore,
the model states are not related to physical parameters. In
such cases and for the real implementation of PFC, an
observer must be designed as the state variable x(ki ) at time
ki is not measurable [24]. The function of the observer is to
calculate the future state by using the values of the current
output of the plant y(ki ) and the current value of the control
signal u(ki ).

For the system in this study, the observer is designed using
the pole-assignment method to calculate the gain Kob. The
following equation is used to estimate the state variable x(ki )

in each time instant:

x̂(ki + 1) = Ax̂(ki ) + Bu(ki ) + Kob(y(ki ) − Cx̂(ki )) (13)

where u(ki ) at time ki is as expressed in Eq. (12). The closed-
loop observer error equation is:

x̃(k + 1) = (A − KobC)x̃(k) (14)

where x̃(k) = x(k) − x̂(k).
It is important to have all eigenvalues of matrix A inside

the unit circle for the observer error to converge to zero.
Therefore, the closed-loop observer poles are selected to be
inside the unit circle i.e., 0.05, 0.04 and 0.001 which gives
the observer the required fast dynamic response. The closed-
loop PFC system with state estimate has two independent
characteristic equations:

det(λI − (A − KobC)) = 0 (15)

det(λI − (A − BKPFC)) = 0 (16)

Adding a sufficiently fast observer will not affect the per-
formance of the PFC controller; Eq. (15) represents the eigen-
values of the PFC control-loop while Eq. (16) represents the
eigenvalues of the observer loop. This shows that the two
sets of eigenvalues are independent of each other. Hence, the
design of the observer will not affect the design of the PFC
controller or vice versa. The PFC with observer (PFC-O)
design structure is illustrated in Fig. 5.

The stability test method for this research is done by
testing the locations of the closed-loop poles. The stability
performance of the closed-loop feedback system are deter-
mined primarily by the location of the poles (eigenvalues) of
the matrix (A − BKPFC). Since the matrices A and BKPFC

are both 3 by 3 matrices, there will be three poles for the
closed-loop system. By using the MATLAB function eig(A−
BKPFC), the desired poles are −0.6200, 0.9721 and 0.5175.
Therefore, the system is stable because all the poles of the
closed-loop system lie within the unit circle of the z-plane.
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4.3 Experimental Setup

The simulation and experimental data for this research are
acquired using MATLAB Simulink. To run the system in
real-time experiment, a national instrument (NI) data acqui-
sition (DAQ) card [PCI/PXI-6221 (68-Pin) board] is used for
interfacing the plant with a computer [25]. From the commu-
nication diagram in Fig. 6, the signal emitted from the circuit
board consists of an analog signal output for valves, an ana-
log signal input for pressure and a signal counter input for
the optical sensor.

5 Results and Discussion

The results are presented step by step for simulation and
experiment. Finally, the results of both are analyzed and con-
cluded to further evaluate the controller.

5.1 Simulation Results

First, the simulation analysis is presented. Figure 7 shows a
comparison of the simulation performances between the con-
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Table 1 Comparison of the simulated performances

Performance index Controllers

PI PFC PFC-O

Overshoot [OS (%)] 31.15 – –
Settling time [TS (s)] 7.19 0.79 0.79
Rise time [TR (s)] 1.43 0.57 0.57
Steady-state error [ess (%)] 0.01 0.01 0.01
Integral absolute error (IAE) 168.6 38.92 38.92

trollers PI, PFC and PFC-O for position step response within
18 s. The PI controller was simulated for comparison reasons
with previous existing research data [17–21] that applied the
same controller (PI), where the value of proportional gain,
Kp is 2 and integral gain, Ki is 1. Clearly, PFC and PFC-O
give better results than PI. This is because PFC provides faster
response with no overshoot. A comparison of the controller’s
responses for step input position tracking for the pneumatic
system is presented in Table 1. The overshoot (OS), settling
time (TS) and rise time (TR) for PFC and PFC-O is improved
compared to PI.

5.2 Experiment Results

Simulation and experiment using PFC-O were carried out to
validate the position model and controller performance. The
designed observer has solved the problem of estimating the
state values in real-time experiment. In addition, the payload
with 1, 5 and 10 kg are attached to the pneumatic plant in
the experiment to test the system capability with two loading
directions: horizontal and vertical. Figure 8 shows the real
experiment setup.

A comparison between the simulation and the experimen-
tal results for position step response, state values and control
signals within 5 s are shown in Figs. 9, 10 and 11, respectively.
So far, the experiment is running without any attached pay-
loads. The performance index of the simulation and experi-
ment is as summarized in Table 2.

The simulation results provide a good performance in
terms of faster settling time (TS) and rise time (TR) with
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Fig. 8 Experimental setup. a Horizontal loads. b Vertical loads
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Fig. 9 Position step responses of PFC-O (simulation vs. experimental)

smaller steady-state error (ess) and integral absolute error
(IAE). The reason that the simulated results are better is
because the transfer function used for the simulation is linear,
which does not contain the nonlinearities found on the actual
systems. Despite the observed differences, the model is still
considered acceptable as it still shows many similarities with
the actual system although there is a slight difference in rise
time between the two both.
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Fig. 10 PFC-O states values (simulation vs. experimental)
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Fig. 11 PFC-O control signals (simulation vs. experimental)

Table 2 Comparison of simulated and experimental performances for
PFC-O

Performance index Simulation Experiment (no load)

Settling time [TS (s)] 0.79 1.12
Rise time [TR (s)] 0.57 0.80
Steady-state error [ess(%)] 0.01 0.12
Integral absolute error (IAE) 38.92 44.90

5.2.1 PFC-O with Horizontal Load

Figures 12 and 13 show the PFC-O experimental results with
horizontal loads for position step responses within 5 s and
multi-step responses within 18 s, respectively. The perfor-
mance indexes of the experiment with loads are as summa-
rized in Table 3. From the table, when the load is increased
from 0–5 kg, no significant changes are observed. However,
at 10 kg, the system has a slower rise time (TR), whereas
there is not much increase in terms of steady-state error (ess)

and IAE.

5.2.2 PFC-O with Vertical Load

Figures 14 and 15 show the PFC-O experimental results with
vertical loads for position single-step responses within 5 s
and multi-step responses within 18 s, respectively. The per-
formance indexes of the experiment with loads are as sum-
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Fig. 12 Experimental position step response for PFC-O under hori-
zontal loads
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Fig. 13 Experimental position multi-step response for PFC-O under
horizontal loads

Table 3 Comparison of horizontal payloads for experimental PFC-O
performances

Performance index Horizontal payloads (kg)

1 5 10

Settling time [TS (s)] 1.12 1.15 1.13
Rise time [TR (s)] 0.85 0.86 0.92
Steady-state error [ess(%)] 0.62 0.63 0.79
Integral absolute error (IAE) 55.60 61.24 62.10

marized in Table 4. From the table, when the load is increased
from 0–1 kg, no significant changes are observed. However,
at 5–10 kg, the system has a higher rise time (TR) and higher
steady-state error (ess) and IAE compared to other cases with
smaller payloads. This is due to the high dynamic forces com-
pared with the horizontal analysis.

Since linear model is used in the control algorithm devel-
opment, it is clear that the inertia effect due to various loads
are taken care of by the controller to achieve its control objec-
tive. The effect of inertia and loading on the system given
can be seen from the experimental results. For vertical load
experiment, the PFC-O controller shows good result from 1
to 5 kg vertical load. However, performance of the system
is affected by gravitational effect for higher loads compared
to horizontal load experiment. During the vertical load test,
load with more than 5 kg plus the gravity effect has made it
difficult for the rise time to achieve the position target. The
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Fig. 14 Experimental position step response for PFC-O under vertical
loads
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Fig. 15 Experimental position multi-step response for PFC-O under
vertical loads

Table 4 Comparison of vertical payloads for experimental PFC-O per-
formances

Performance index Vertical payloads (kg)

1 5 10

Settling time [TS (s)] 1.16 1.55 3.45
Rise time [TR (s)] 0.85 1.02 2.21
Steady-state error [ess(%)] 0.62 0.96 1.49
Integral absolute error (IAE) 60.78 74.63 166.75

position target can be achieved but with higher rise time.
This is due to the maximum load capacity of the cylinder in
vertical setup.

5.3 Discussion

The differences in PFC-O experimental results with hori-
zontal loads and vertical loads are also visible in force analy-
sis. Figures 16 and 17 show the force output of the system
loaded at 0 and 10 kg for both multi-step responses. Force
readings of vertical load experiment are clearly higher than
the force reading of horizontal load experiment. This is due
to the higher load pressure caused when attaching the vertical
loads. It is important here to mention that the force readings
were obtained from the pressure sensor data using mathemat-

123



642 Arab J Sci Eng (2015) 40:633–643

0 2 4 6 8 10 12 14 16 18
-800

-600

-400

-200

0

200

Time (s)

H
or

iz
on

ta
l F

or
ce

 (N
)

0kg
10kg

Fig. 16 PFC-O force outputs during positional multi-step experiment
under horizontal loads
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Fig. 17 PFC-O force outputs during positional multi-step experiment
under vertical loads

ical derivation. Data from the pressure sensor is collected and
converted to force using the following Eq. (17).

F = P1 A1 − P2 A2 (17)

where F is the feedback force, P1 is the pressure of the first
chamber, A1 is the effective area at the first chamber, P2 is the
pressure of the second chamber and A2 is the effective area
at the second chamber. The sensor reading is acquired via
the analog input channel in the DAQ. Thereafter, the voltage
reading is converted to its equivalent pressure value and then
to force value. The values of A2 and A1 and P2 are fixed.
For P2, a pressure regulator is used to ensure maintaining a
0.6 MPa supplied to the second chamber, and an additional
sensor is used to confirm this value. P1 is the only variable
value which is measured by the built in pressure sensor.

The high negative force reading during the initial stage of
the experiment is due to the single or double acting nature
of the cylinder, where one chamber is filled with compressed
air driving the cylinder in the negative direction when the
other chamber is emptied. The force output is increased above
zero to move the cylinder forward. More force is generated
when the system is under load to achieve the target position.
Therefore, this pneumatic system can be controlled using
PFC-O, which worked well as a robust system and that makes
it a suitable controller with good control performance.

6 Conclusion

In this research, the mathematical model of a pneumatic
actuator has been obtained using system identification tech-
nique. The PFC controller for a pneumatic system has been
designed, tested and analyzed. Incorporating the observer
with the PFC resulted in the PFC-O which has the ability
to estimate the states in real time experiment. Considering
the nonlinear characteristics of the pneumatic system for
this research, the results from the simulation and the exper-
iments matched closely, and this is considered as a valida-
tion of the obtained mathematical model. To compare the
performance of the PFC-O controller, the controller results
were compared to previously designed PI controller. The
results showed that the PFC-O controller has better con-
trol performance in terms of settling time (TS), rise time
(TR) and IAE. The results obtained from the simulation and
experiment also showed that the developed model can be
used for future work such as embedding the PFC-O con-
troller on a microchip, which is already implemented on
the pneumatic plant. In addition, the control performance
can be further improved with some control extensions, like
a friction feed-forward control or an observer-based distur-
bance compensation to reduce the effects of parameter uncer-
tainties and neglected nonlinear dependencies in the model-
ing part. Furthermore, a nonlinear model predictive control
approach could be useful for the control design of the cylinder
position.
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Appendix

Algorithm: Comparator
if (input > 0)
{
A = input; //Extend 
B = 0;
}
else if (input < 0)
{
A = 0;
B = -input; //Retract 
}
else // Valves close  
{
A = 0;
B = 0;
}
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