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This paper presents a method to control and identify the servo pneumatic system using a mixed
reality environment. A mathematical model is presented to study the system dynamics and nonlinear
effects of the servo pneumatic system. The auto-regressive moving-average (ARMA) model-based
recursive least squares (RLS) algorithm is utilized to identify the transfer function of the servo
pneumatic system in a real-time environment. The identification of the servo pneumatic system can
be carried out effectively and efficiently using the proposed ARMA model. Furthermore, the high
precision to identify the system with minimum error, and reducing the time in adjusting the
parameters of the control unit. The discrete transfer function of the servo pneumatic system is
identified in real-time from the inputs and outputs data of the system. The identification results
showed that the fourth-order system model achieved the minimum square error with one-step
prediction. The experimental results showed the accuracy and effectiveness of the proposed method.

1. Introduction

Servo pneumatic systems present an alternative to electric
motors and hydraulic systems for industrial applications.
Pneumatic systems are generally clean, robust, and reliable in
operation. Moore and Pu provided an overview of the growth of
servo pneumatic systems technologies [1]. Servo pneumatic
systems are considered non-linear systems due to air
compressibility, external forces, disturbances, and leakage.
Moreover, it is difficult to accurately represent the performance
of servo pneumatic systems. Therefore, linear models about the
operating points of the non-linear servo pneumatic systems have
been presented in [2-5]. The motion control of servo-pneumatic
systems has been improved in a lot of previous studies via
different advanced control techniques [6-9]. PID controller is
widely used in servo pneumatic positioning systems. Recent
studies have dealt with different control methods for precise
pneumatic positioning in real-time such as PID-based controller
[10-15], fuzzy control [16, 17]. Kamaludin, et al. investigated the
stability of a PI controller in a servo pneumatic positioning
application [18]. In this paper, a method to identify and control
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electro-pneumatic servo drives in a real-time environment is
presented. The Auto-regressive moving-average (ARMA) model
is employed to identify the transfer function of the system. PID
controller gains are optimized and applied to the simulated model
and experimental system.

2. System Description and non-linear mathematical model

The pneumatic system consists of an electro-pneumatic servo
drive and pneumatic cylinder subjected to the load. Figure 1
illustrates diagrammatically the relationship of the cylinder’s
chambers and the inlet connections.

2.1 Modeling of pneumatic valve and actuator

Development of a model for a pneumatic valve and actuator
requires mathematical relations for the mass flow rate through the
valve, the pressure, volume, and temperature of the air in cylinder
chambers, and the actuator load dynamics. A typical arrangement
of a five-port valve used to control an actuator is shown in Figure
2. The actuator is positioned horizontally so gravity effects can be
ignored.
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Figure 1: Schematic diagram of the pneumatic experimental system.
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Figure 2: Servo-pneumatic systems.

The control valve inputs are the compressed air supply and
spool displacement of the valve and the output is the compressed
air flow to cylinder chambers.

mg = CdCoWaXaf(Pa' Ps:Pe) (1)
my, = CqCoWp Xy, f(Py, Py, F) (2)

Where Cq is the discharge coefficient, W is the port width of the
valve, Xap is the spool displacement of the valve, P is the
supply pressure, P, is the exhaust pressure, P, is the chamber A
pressure, P, isthe chamber B pressure.

Psf (Pg/Ps)
f(ParPs'Pe) =%

Ppf(Pe/Pp)

f(Po, By Be) ==

,chamber A is a drive chamber (3)

,chamber A is a drive chamber (4)

f(Py,Ps,P) = %, chamber B is a drive chamber (5)

a

f(Py,P,PR,) = %, chamber B is a drive chamber (6)
And

f(P) {1! Patm/Pu<Pr< Cr
T =

1/2 (7)
[P — PV, C, <P <1

Where T is the supply temperature, T, is the temperature of
chamber A, Ty, is the temperature of chamber B and P. = P4/P,
is the ratio between the downstream pressure and upstream
pressure through the orifice.

The specific heat ratio of the air K is used to calculate the
critical pressure.

K
6= (). = ) ®)

The relationship between the cylinder inlet and outlet
pressures and mass flow rates can be calculated by the following
equations.

B, = K [ P '+RTS i ] 9
“ T2 rxtnyl Ty e )

And
P, = K [P ;BT ] 10
bW+l Y T, ™ (10)

Where x is the piston position, L is the stroke length, —L/2 <
x < L/2,A is the equivalent residual length of the pneumatic
cylinder generated by the connecting tube and components, R is
the universal gas constant, A is the ram area.

The relationship between the pressure difference and the
motion of the piston is given by:

¥ = —[AgPy — ApPy — Ko — F(x)] (12)

Where v is the velocity, v is the acceleration, M is the payload
mass, K¢ is dynamic friction coefficient, F.(x) is the position-
dependent resistance force. The system parameters used in this
study are listed in Table 1.

3. System identification

System definition is a mathematical tool and algorithm that
builds dynamic models from measured input and output data. The
algorithm of the system identification iterative process is shown
in Figure 3.

3.1 ARMA model and recursive estimation algorithm

ARMAX model structure is defined as follows:

X®) +a Xt —1) + -+ ap, Xt —ny) = b Xs(t —1ny) +
ot by, Xo(t —m—np + 1) +e(t) tee(t—1) +
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Cne(t —me)

(12)
Table 1: lllustrate system parameters.

SIN Symbols Value Description unit
1 P 6 Working supply pressure N/m?
2 Pe 1 Exhaust pressure N/m?
3 Patm 1x10° Atmospheric pressure N/m?
4 Xab 4 x10°° Valve spool displacement m
5 Wap 0.0062 Port width m
6 T 293 Supply temperature K
7 Ta 293 Chamber A temperature K
8 Ty 293 Chamber B temperature K
9 Cq 0.8 Discharge coefficient |  -----
10 Cr 0.528 Flowconstant |  ----
11 Ck 3.864 Flowconstant | -
12 K 1.4 Ratio of specificheat |  -----
13 R 287 Universal gas constant J/(kg.K)
14 D 0.042 Cylinder diameter m
15 d 0.016 Rod diameter m
16 L 0.26 Stroke length m
17 A 0 Residual length m
18 Kt 78 Dynamic friction coefficient Ns/m
19 Fr (X) 83 Static friction force N
20 M 1.9 Payload mass kg

| Purpose |
L
¥
| Physical Modeling |
1
v
| Experiments |
| Data Examination |
1
L ]
| Model Structure Selection |
| Model Estimation |
w | Validation |

Figure 3: Algorithm for modeling and system identification.

Where X(t) is the system output, a; ...a,, , by ... by, cq ...C, are
the updated parameters, n, is the system poles, n, —1 is the
system zeros, n. is the previous error terms, n, is the number
of input samples that occur before the inputs affecting the
current output, X(t — 1) ...X(t —n,) are the previous outputs,
Xs(t — ng)... Xs(t —ng—ny, + 1) are the previous inputs, e(t),
e(t — 1), e(t —n,) White noise disturbance values.

Xs [System Input) X (System Output)

Physical system -

L — ]
X ARMAX + o
v ODEL X (Model Qutput)

Figure 4: Auto-regressive moving-average (ARMAX) model.

Error Eft)

+

The estimated system output X is a function of the previous
outputs, current input, previous inputs, and model parameters.
The objective is to detect a linear model that gives a predicted
output X equal to the system output X. The least square error
between the real output and the predicted output can be described
by the following equation:

Error = E(t) = 3 B1L.(R(0) — X(1))’ (13)
where E(t) is the prediction error, Xs is the system input, X is
the system output. They are used to calculate the estimated
output. Auto-regressive moving-average (ARMAX) model is
shown in Figure 4.

4. Experimental test rig

The experimental test rig is integrated from mechanical and
electronic components with a computer interface with high
computational accuracy. The main components of the test rig are
the proportional valve, double-acting cylinder, air service unit,
potentiometer, rack and pinion, compressor, data acquisition card.
The pneumatic system consists of a pneumatic power supply of
2.5 HP connected to the air service unit. The servo pneumatic
valve was a 1/4-inch port, while the pneumatic actuator had a
piston diameter of 42 mm, rod diameter of 16 mm, and the stroke
length of 260 mm. The rack and pinion mechanism is attached to
the piston of the cylinder, a rotary potentiometer of 5 kQ is fixed
on the pinion gear with a voltage source of 5 V, which is utilized
to detect the piston motion. All input and output signals were sent
and received with the computer via a National Instruments (NI)
DAQ card with a sampling rate of 250 kS/s. A photograph of the
test rig of the Pneumatic System is shown in Figure 5.

N
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Double acting cylinder
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i
N - ﬁ" w 7
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Air service unit

Figure 5: Photograph of the test rig of the pneumatic system.
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5. Mixed-reality environment for the controller parameters
identification

The mixed reality environment is usually based on the
operation of the real system in conjunction with the simulation
model as shown in Figure 6. The system identification method is
used to acquire the system model accurately through the actual
system inputs and outputs. Then, the offline optimization of the
system controller will be performed on the system model to apply
it to the real system.

Real system
__________________ DAQ Card
- ~
/ \
! potentiometer \ 4
1 ‘ "
i
N

Cylinder

Pneumatic servo
valve

\ §
. Air Supply

Matlab/Simulink

Figure 6: Mixed reality environment.

6. Experimental results

The online identification was performed on the real system by
a set of experiments using the ARMA model under the impulse
input signal. Figure 7 shows the Simulink model of the real
system with ARMA model.

d Y
______________ ARMAX
i

i REAL SYSTEM |
| Au M
, DAQ Card ! Aot
| | input mode! esimator
' NIDAQDevl ||

H

NIDAQ Devl
USB-6221

UsSB-6221
piston displacement

impuse function

|
|| Lookup Table
|

Analog Quiputto seNO  Analog Input from Potmion mb/l

feedback from potentiometer

Figure 7: Simulink block diagram of the real system with
ARMAX.

6.1 The effect of prediction orders on the system model

Several experiments were performed using third, fourth, and
fifth orders to explain the effect of the model orders in the system
model response. Figure 8 shows the comparison between the
actual response and the third order response under one step
prediction. The square error in the predicted model was 9.34e ¢
cm and standard deviation of 0.001532 cm. therefore, the
resulting transfer function is:

1.557 72”2 + 0.4883Z + 0.020353
Z"3 + 0.32635Z”2 + 0.055097 Z + 0.01184

H(z) =

Figure 9 shows the comparison between the actual response
and fourth order response under one step prediction. The square
error in the predicted model was 9.29e® cm and the standard
deviation of 0.001527 cm. therefore, the resulting transfer
function:

1.5265Z"3 + 1.2318Z"2 + 1.1036 Z — 0.0030112
"4 + 0.82665Z7Z"3 + 0.77581Z"2 + 0.041607 Z + 0.027019

H(z) =

Actual Output (Red Line) vs. The Predicted Model Output (Blue Line)
I
— Actual Output
I \ == == The Predicted Output | —

1 05 0 05 1 15 2
Time (sec)

Dispalcement (cm)

x10 Error In Predicted Model

RN =
: g Y

1 05 0 05 1 15 2
Time (sec)

Figure 8: Comparison between the actual response and third order
response under one step prediction.
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Figure 9: Comparison between the actual response and fourth
order response under one step prediction.

rror

Figure 10 shows the comparison between the actual response
and fifth order response under one step prediction. The square
error in the predicted model was 2.14e® cm and the standard
deviation of 0.00232 cm. therefore, the resulting transfer function:

1.5317 Z"4 — 2.8807 Z"3 + 1.4205Z"2 — 0.074304 Z — 0.0049132
5 — 1.8633Z"4 + 0.93297 Z"3 — 0.10507 Z*2 + 0.032798 Z — 0.00267

H(z) = 7
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Figure 10: Comparison between the actual response and fifth order
response under one step prediction.

The servo pneumatic system model was represented by four
state variables according to the load dynamics equation 11.
Therefore, it can be seen that the fourth-order system model
achieved the best representation of the actual system with the
least squared error.

6.2 The effect of the number of step predictions on the system
model.

The experiments were performed using the fourth order
model with different prediction step sizes. The effect of the
number of step predictions was investigated using one, five, and
ten steps. Figure 11 shows the comparison between the actual
response and fourth order response under five step prediction.
The square error in the predicted model was 3.31e” cm and the
standard deviation of 0.001716 cm. therefore, the resulting
transfer function:

1.5222 7”3 — 1.1576 Z"2 + 1.0276Z + 0.024444
4 — 0.74429Z"3 + 0.69887 Z*2 — 0.00086195Z + 0.024871

H(z) = 7

Actual Output (Red Line) 5. The Predicted Madel Outpt (Blue Line)

—— Actual Output
= === The Predicted Output

Dispalcement (cm)
I

1 05 0 05 1 15 2
Time (secs)

x10° Eror I Predicted Model

/A =0

5 9
i \/

1 05 0 05 1 15 2
Time (secs)

Figure 11: Comparison between the actual response and fourth
order response under five step prediction.

Figure 12 shows the comparison between the actual response
and fourth order response under ten step prediction. The square
error in the predicted model was 3.31e® cm and the standard
deviation of 0.002884 cm. therefore, the resulting transfer
function:

1.5084 Z*3 — 0.1845Z”2 — 0.98753Z — 0.043927
4 — 0.10416 Z"3 — 0.62197 Z*2 — 0.046606 Z — 0.023213

H®) =

Actual Output (Red Line) vs. The Predicted Model Output (Blue Line)

— Actual Output
== == The Predicted Output

Dispalcement (cm)
beaseesont

1 05 0 05 1 15 2
Time (secs)

Ertor In Pregicted Model

o ‘ - Enm[

] | -
N \

| v
001 Y

1 05 0 05 1 15 2
Time (secs)

Figure 12: Comparison between the actual response and fourth
order response under ten step prediction.

It can be seen that the minimum square error between the real
system and the predicted model was with the one-step prediction
model. There was a noticeable delay in tracking the response of
the system with the five and ten step prediction models due to the
nonlinearity of the system. Table 2 shows a comparison between
the actual output and predicted model output with the different
prediction orders. The result showed the fourth order ARMAX
model under one step prediction was achieved the minimum
square error. Therefore it was used for the offline PID controller
adjustment.

Table 2: Comparison of the square error of different prediction
orders under one step prediction.

Transfer Statistical criteria
function Signals
order Minimum | Maximum Sg#g:e 3;3?;?;?]
. Real output -0.007084 14.64 1.037
Third _ -06
order | Predicted model | -0.004885 1464 | 9:34e 1.037
Error -0.007972 | 0.007137 0.001532
Fourth Re_al output -0.005816 14.56 1.031
order Predicted model | 0.005549 14.56 9.29¢-% 1.031
Error -0.009141 | 0.005538 0.001527
Fifth Rgal output -0.01976 14.4 1.02
order Predicted model -0.01974 14.4 2.14e% 1.02
Error -0.009149 0.01243 0.00232

Ziegler-Nicholas method is used for the tuning of the

controller parameters, after several trial and error run, the
controller gains are K,=16, K;=6, and K¢=0.001. The optimized
PID controller was applied to the servo pneumatic system to
investigate the system performance as shown in Figure13.
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Figure 13: Real servo pneumatic system.

Figure 14 shows the comparison between the simulated,
predicted model and real system position response due to step
input 6 cm. It can be seen that the predicted model can track the
actual output of the system with better accuracy than the
simulation model. Figures 15 and 16 show the comparison
between the simulated model position and real system position
with different demand positions. The result showed that the
predicted system model has a good match with the actual output
response with minimum error.

T T T T T T T T T
Demand position
16 / 4
14 =
The Predicted Model Output
120 ‘ -
B Simulation response
o
c 1N T
i)
8 08H 4
o
0.6H A
04 /Rea\ System Position —— Real System Position
""" The Predicted Model Output
02 | ; | ; | | ; Simulation response
0 1 2 3 4 5 6 7 8 9 10

Time (secs)
Figure 14: Comparison between the simulated, predicted model and
real system position response due to step input.

T T T T T T T T T

WL Demand pcsmon\ /S\mulaled Model position i

Real System Position g

Position (cm)

Demand position
===+ Real System Position
Simuiated Model position

L L L L L L L
o 1 2 3 4 5 6 7 8 o 10

Time (sec)
Figure 15: Comparison between the simulated model position and
real system position with demand positions.
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—— Demand position
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Figure 16: Comparison between simulated model position and real
system position with multiple position profiles.

7. Conclusions

In this paper, a mixed reality environment is used to identify
and control the servo pneumatic system. The auto-regressive
moving-average (ARMA) model-based recursive least squares
(RLS) algorithm was proposed and implemented in a real-time
environment. Online identification was utilized efficiently using
the suggested method. The results showed that the proposed
method is an easy, accurate, and robust method to control and
identify the servo pneumatic system. The experimental and
simulation results showed a good matching with the demand
different positions. Moreover, the suggested method used to
control the servo pneumatic system showed good performance in
tracking multiple position profiles.
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