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Abstract
Purpose – Intelligent pneumatic actuator (IPA) is a new generation of actuator developed for Research and Development (R&D) purposes in the
academic and industrial fields. The purpose of this paper is to show the application of optical encoder and pressure sensor in IPA, to develop a real-time
model similar to the existing devices, and to assess the position control performance using a proportional-integrative (PI) controller and a bang-bang
controller in real-time.
Design/methodology/approach – A micro optical encoder chip is used to detect cylinder rod position by reading constructed laser stripes on a guide
rod, whereas a pressure sensor is used to detect the chamber pressure reading. To control the cylinder movements by manipulating pulse-width
modulation (PWM) cycles, two unit valves of two ports and two positions were used. A PI controller and a bang-bang controller are used with suitable
gain value to drive the valve using PWM to achieve the target actuator position.
Findings – The results show the experimental results of the closed-loop position tracking performance of the system using a data acquisition (DAQ)
card over MATLAB software.
Originality/value – This paper presents a real-time model used to replace the microcontroller-based system from previous IPA design. The paper
proposes two control strategies, PI and bang-bang, to control position using encoder and pressure reading.

Keywords Control systems, Control technology, Actuators, Pneumatic cylinders, Optical encoders, Pressure sensors, PI controller,
Bang-bang controller

Paper type Research paper

1. Introduction

Thedevelopmentof pneumatic systemshasbeenanattraction in
recent years. This system is widely used in industrial and
commercial applications due to its lower cost, compact size, high
power-to-weight ratio, reliability, lowmaintenance, and because
it is fast and accurate (Dan et al., 2007; Ahn and Yokota, 2005;

Rahmat and Kamaruddin, 2012). Currently, pneumatic

technology combines with many types of sensing array, which

consists of sensing elements that ideally respond to a form

of stimulus such as pressure, force, heat, displacement, etc.

(Benhadj et al., 2000). A comprehensive review of current-

production and emerging state-of the-art automotive sensor

technologies is presented by Fleming (2001). There are nearly

50 different types of automotive sensors that have widespread

applications and are expected to have a significant future

impact on automotive systems development that include
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a pneumatic system. In addition, various responses from

pneumatic actuators were obtained, such as position, stiffness,
viscosity, speed, velocity, etc. which depend on the type of

controller design strategy (Ali et al., 2009; Rahmat et al., 2011).
The pneumatic servo system is often used in industrial areas.

Some researchers prefer to design the controller and investigate
the possibility of eliminating pressure sensors in a pneumatic
servo actuator through the use of a nonlinear state observer.

A potentiometer sensor is used for measuring the position. The
proposed observers, along with a robust controller (Gulati and

Barth, 2005, 2009; Jianhui et al., 2003), can be implemented
without the expensive pressure sensors. Application of the

magnetic encoder sensor to measure the displacement in a
pneumatic servo system is proposed by Qi et al. (2007) for the
unmanned helicopter. In this method, the decoding circuit

based on the coordinate rotation digital computer (CORDIC)
algorithm is designed and integrated in one-chip FPGA

with other control circuits. The advantage of this system is a
faster response speed because of its higher frequency

characteristic of magneto resistance. Moreover, the structure
of a magnetic encoder is very simple and able to endure great
impacts and shocks, making it easy to miniaturize. In addition,

themagnetic encoder is very suitable to apply in a servo system,
which needs high reliability and stability in the mal-condition.
There are pneumatic actuators that use encoder sensors in a

robotic system. The sensor state of development in robot

manipulators for determining the position using pneumatic
actuators are reviewed by Chua et al. (2003). In industrial

robots (Brown et al., 2001), a typical end effector (which has a
camera with a precision optical encoder), illuminator, and
force sensor are mounted on the end of a 100-mm arm to

facilitate picking parts. The encoder, a Gurley Model 8,710
with 9,000 optical lines, produces 720,000 counts per

revolution with 20:l interpolation of the sinusoidal output
used. This corresponds to a tangential resolution of 0.9mm at
the gripper mounted on a 100mm radius arm. The signal from

a pressure sensor is used for controlling pressure through a
three-way, normally closed solenoid valve. The design of a

magnetic resonance imaging (MRI) compatible pneumatic
actuator regulated by using a piezoelectric valve for image

guided robotic intervention is proposed by Wang et al. (2010).
The system consists of a personal computer (PC), a servo
board, a converter, two piezoelectric pressure regulated valves

(Hoerbiger, model PRE-I), two pressure sensors (Omega,
model PX309-100G5V), a force sensor (Futek, model

LSB200), and an encoder (US digital, model EM1-0-500).
The linear optical encoder provides a resolution of 2,000

counts per inch (0.01mm precision) with quadrature mode,
which is sufficient for the 0.1mm accuracy requirement.
A combined pneumatic actuator with muscle techniques

implemented on a robot is proposed by Misuraca and
Mavroidis (2001) and Schroder et al. (2003). This research

describes the design, control, and testing of a human muscle
enhancer (HME) system and intelligent soft arm control

(ISAC) system. The HME is a pneumatically actuated quick
connecting exoskeleton system that is attached to the foot and
hip area of the body. Control of the system is achieved by using

optical encoders at the knee joints and Myo-Pneumatic (MP)
sensors implanted into the shoes and outer garments of the

human. A PID controller with fixed gains used the HME
cylinder to counteract the weight cylinder to provide the

desired knee angle positions. The electronic system includes a
miniature programmable logic controller (PLC) that receives

analog and digital signals. The ISAC is the modification of a

physical static model and the extension with a dynamic part for
pneumatic actuators. For the position control of a joint, driven

by two artificial muscles, a physical actuator model is designed
and used as the basis for subsidiary torque control. It is known

that such actuators contain a high nonlinearity, including a
hysteresis. External pressure sensors (Futek P4010) are

placed as close to the muscles as possible to measure the real
muscle pressures and to eliminate time delays or pressure loss
because of long tubes. To measure the resulting torque, two

force sensors (Futek L2353) are connected between the end of
the muscles and the test bed frame. Experimental torque PID

and a cascade controller test bed verify the quality of themodel.
Air muscle techniques expanded to a novel approach in the

development of a palpation pneumatic haptic device by
Cheng et al. (2012). The use of an innovative pressure variant

approach to pulse-width modulation (PWM) valve control
mitigated the common issue of a dead band and modeled the
zero flow rate over the operating pressure range (0-8 kPa).

This system used Solenoid valves (model 820 NC 2/2) with a
speed circuit achieving a maximum on/off frequency of

500Hz. A WPS-50-MK30-150 wire encoder from
Micro-epsilon is mounted within the air bladder to read the

displacements. Finally, an absolute pressure sensor
MPXH6250AC6U from Freescale is mounted internally

and calibrated to maximize the operating range between 0 and
15 kPa above atmospheric pressure. These sensors are
sampled by a 12-bit analog to digital converter (ADC) and

an equipped microprocessor (Microchip, PIC18F4550) at
1 kHz, and streamed back to the PC over a USB interface.

The pneumatic fuzzy controller showed sufficient accuracy, a
steady state, and dynamic performance.
A new type of pneumatic step motor (PneuStep) is proposed

by Dan et al. (2007). PneuStep is the first pneumatic stepper

and the first fully MRI-compatible motor. Optical encoding is
added to the motor to monitor or control its motion. Common
stepper motion control cards use PID algorithms with various

feed-forward terms and saturation functions to calculate
stepping frequency and direction based on encoder feedback.

The advantage of the new motor is its simplicity of control in
precise motion. However, some of PneuStep’s drawbacks

include its discrete positioning and that it may only serve a
certain class of applications.
Intelligent actuator is a new field of research that integrates

actuators, microprocessors, and various micro sensors. These
actuators have communication abilities and local control

functions and reduce the number of cables connected, as
well as having more delicate and high performance actuator

motions. An intelligent linear actuator and its control
system was developed by Boulenger et al. (2001). The

research presents a very compact multi-sensory linear
actuator and its control system. The key element of the

linear actuator system is the DLR patented planetary roller
spindle drive (PRSD). With a volume of 50 £ 50 £ 104mm
(length £ width £ height), it can output more than 100Kg of

force and achieve a displacement of 5000 with a resolution of
2mm. A compact microcontroller based stand-alone system

enables the actuator to perform using three cables for RS232,
five cables for RS422, serial communication with a PC, and

two cables for the power supply. The development of an
intelligent actuator with construction of a servo mechanism is
presented by Suzumori et al. (2005). This research is done on

intelligent actuators that can control positions and speed.
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This newly enhanced intelligent actuator can control positions

of the actuator rod by using a built-in encoder. The actuator is

133mm long and its stroke is 40mm, with a maximum
positioning resolution of 338mm. A servo system is established

to control the position where high speed positioning control

and convergence in any position is realized. An active link
mechanism has been developed for physical human-machine

interaction (Ochi et al., 2004). Active link mechanisms are
highly integrated and enhanced by intelligent actuators. The

intelligent cylinder has four chambers for realizing a high

ratio of expansion and contraction by applying air pressure
to each chamber. The intelligent cylinder realizes a length

measurement function to detect guide rod stripes by two
optical encoders (AVAGO technologies, AEDR-8300) and a

light emitting diode (LED). The system applies three

communication protocols – USB, SPI, and I2C – and is
controlled by a programmable system on a chip (PSoC) chip.

A control system is built for the active icosahedrons, where the

key element is the control program implementing the drawing
of a virtual model on display and control of active links. The

active icosahedrons realized dynamic interaction with virtual
objects in PC, showing the potential of the devices as a haptic

interface. Based on the research project from Suzumori et al.
(2005) and Ochi et al. (2004), a new intelligent pneumatic
actuator (IPA) has been developed by Faudzi et al. (2009,

2010a, b, 2008) and Faudzi (2010) to overcome the limitations

of existing devices, which are low in accuracy and force. This
IPA is applied to a pneumatic actuator seating system (PASS)

as an application. The unique features or capabilities of IPA
are as follows. First, the all-in-one concept in designing the

actuator with the best selection of sensors and valves, making

it a novel development of a pneumatic actuator. Second, the
microcontroller acts as the brain for driving the system and

performs the control objective to suit any related applications.

Another specific operation of this research will be explained in
detail in Sections 2 and 3.
The aim of this research is to show the application of optical

encoder and pressure sensor in IPA, to develop a real-time

model similar to the existing devices, and to assess the position

control performance using a proportional-integrative (PI)
controller and a Bang-bang controller in real-time. The PSoC

microcontroller-based system from previous IPA design will
be replaced with the developed real-time model. The real-time

model is expected to be used for future work, such as in

developing system identification (SI) model, a testing
experiment with load, a validation process, and a comparison

with the simulation system.
The rest of this paper is organized as follows. In Section 2 the

selected plant system architecture used for this research is

described. Section 3 describes sensing devices and plant
principles. Then, Section 4 describes experimental setup.

Section 5 explains the controller strategies using PI and
Bang-bang controllers. After that, Section 6 discusses the

experimental results of the closed-loop tracking performance of

the system. Finally, conclusions are given in the last section.

2. System architecture

The systemarchitecture of an IPA(Faudzi et al., 2009, 2010a, b,
2008; Faudzi, 2010) is equippedwith aPSoC circuit board, two

valves, a pressure sensor, an optical encoder, and a laser stripe
code on a guide rod. In a single device, a miniature valve is

attached at the end of the cylinder and a microcontroller

board consists of PSoC as the central processing unit that is

fixed at the top of the actuator. The intelligent aspect of this

actuator is that it can decide the output target based on the

feedback inputs with real-time communication capability. The
actuator has a 200mm stroke and can give force up to 100N.

The 0.169mm laser stripe pitch can give high accuracy for

position control. The laser stripes will be detected by an optical
reflective surface mount encoder chip, which is placed at the

bottom part of the PSoC circuit board. Figure 1 shows the

overall parts of the IPA.

3. Sensing devices and plant principles

The IPA (Faudzi et al., 2009, 2010a, b, 2008; Faudzi, 2010)
has two important sensing devices, which are a pressure
sensor and an encoder sensor encapsulated on the actuator.

The pressure sensor is used to check the chamber pressure to

perform the control action of the actuator, as shown in

Figure 2. KOGANEI (PSU-EM-S) is used and its signal cable
is connected to PSoC for reading pressure data. A pressure

reading is possible for further force, compliance, and viscosity

control where the algorithms apply pressure data in

calculation.
An optical reflective surface mount encoder chip, as shown

in Figure 3, is mounted on the bottom part of the PSoC circuit
board. This encoder chip consists of three parts: a LED

light source, a photo detector integrated circuit (IC), and

optical lenses. The lenses focus LED light onto the code stripes

Figure 1 Intelligent pneumatic actuator and its parts

Optical encoder

PSoC Circuit board 
Valves

Pressure
sensor

Laser stripe
code on
guide rod

0.169 mm

Source: Faudzi et al. (2009, 2010a, b) and Faudzi (2010)

Figure 2 Position of valves and pressure sensor on the actuator

Valve 2

Pressure sensor

Valve 1
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on the guide rod and reflect light on the photo detector IC.

From the top left block diagram in Figure 3, the chip has two

photo detectors with a quarter-phase difference to detect

the direction and moving distance of the actuator rod. The

encoder detects the linear displacement and directions of

the actuator rod with illuminating light on the code stripe. This

signal reading is sent to the PSoC for further data processing.
An IPA is a linear double acting cylinder (KOGANEI – HA

Twinport cylinders), driving pneumatic actuators with two air

inlets and one exhaust outlet. The principle of an IPA for extract

and contract movements of the actuator can be controlled by

manipulating the pressure in chamber 1. The method of

controlling the actuator movements is by supplying constant air

pressure to chamber 1 at 0.6Mpa (P1) while regulating air

inside chamber 2 from (0-0.6) MPa (P2). Extract and contract

movements depend on the algorithm to drive the valve using the

PSoC PWM duty cycle in chamber 1. A pressure sensor is

connected to PSoC for pressure data reading. The chamber

pressure is the input for the control action of the cylinder. The

pressure sensor reads the pressure in chamber 2 andwill be used

to calculate force, Fd, using equation (1) below:

Fd ¼ P2A2 2 P1A1 ð1Þ

where P1 and P2 are pressure data and A1 and A2 are cross-

sectional areas in chambers 1 and 2. Assume that P1 (constant

0.6MPa),A1, andA2 are known values. By reading the pressure

in chamber 2 (P2), force data, Fd, can be known. The cylinder

applies two valves (two ports, two positions) for driving the

cylinder. The valves are attached at the end of the cylinder, as

shown in Figure 2. The selection of these valves is based on the

function of the PASS as an application, where the cylinder

will not be driven in a stable state (achieved target position).

This will reduce the valve operation where a normal on/off valve

will always move to maintain a certain position. The method of

controlling the valves is by using the PWMduty cycle driven by

PSoC.
Figure 4 shows the IPA schematic operations, valve

connection, and air flow to the cylinder. Below are the

possible movements of the cylinder that depend on the valve’s

operation:
. Valve 1 off. Valve 2 off – cylinder stops.
. Valve 1 off. Valve 2 on – cylinder extract.
. Valve 1 on. Valve 2 off – cylinder contract.
. Valve 1 on. Valve 2 on – no operation.

By controlling only the air inlet in chamber 1, the controlling

mechanism is much easier to apply than controlling both

chambers. Valve 1 will control the extract while valve 2 will

control the contract. IPA uses the same drivers on the existing

system, but the experimental techniques used are different and

without control by PSoC. This technique will be explained in

detail in Section 4.

4. Experimental setup

The experimental setup consists of installation, testing, wiring,

communication figure, analysis input-output sensor responses,

and implementing the system with real-time techniques. The

installations are hardware and software. Through experimental

setup, the hardware and PC communicate using a data

acquisition (DAQ) card over MATLAB software.

Experimental setup for this research consists of a national

instrument (NI) DAQ card PCI/PXI-6221 (68-pin) board

connected with the PC motherboard, a PCI slot, and SCB-68

M series devices with a SHC68-68-EPM cable connector.

Figure 5 shows the real experiment setup connection.

Figure 3 The block diagram of the encoder (top left), the encoder chip (top right)

Optical encoder

Note: Position of the encoder chip mounted at bottom side of the PSoC board (bottom)
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MATLAB and NI-DAQmx 9.1.7 software were selected as
appropriate software to the NI devices, which are able to
communicate between hardware and software. NI-DAQmx
9.1.7 is software that will monitor the hardware and measure
the PXI-board connection in the proposed system. The device
manager requires a confirmation before running the systems.
NI-DAQmx 9.1.7 software is used to monitor the testing
panel with SCB-68 M series devices according to the analog
and digital values for the input or output. The values have
been set at a test panel (interface), which can be compared
with other measurement devices, such as multi-meter,
oscilloscope, etc. The test panel ensures that the sated value
is accurate and safe for testing or debugging hardware signals.
Test panels also provide the lowest possible and direct access

to the actual signals being read or generated by a device.
Figure 6 shows the NI-DAQmx 9.1.7 test panel monitoring
interface.
The technical merit of this work is the modified new wiring

and communication setting in real-time. The new modified
wiring connects the circuit board and sensors to a SCB-68
series devices terminal, where analog and digital input or
output is successfully connected. Figure 7 shows the new
wiring instruction and includes the pin configurations.
Figure 8 shows the schematic circuit using a Simulink

MATLABcommunicationfigure betweenahardware plant and
the PC. From the communication diagram in Figure 8, the
signal emitted from the circuit board consists of an analog signal
output for valve 1, an analog signal output for valve 2, an analog

Figure 4 Intelligent pneumatic actuator schematic operations

Circuit board
with encoder

Pressure
sensor

Laser strip code m

0.6 MPa

Right directionLeft direction

Chamber 2 Chamber 1

Fd

Ff

A2, V2

P1P2

F

A1, V1 Mp, Ar

xs2 xs1

Cylinder

Valve 2 Valve 1

Fc2 Fc1

Load

0.6 MPa

Figure 5 Real experiment setup connection

Personal Computer
(PC)

PCI/PXI-6221
(68-Pin) board

SCB-68 M series
devices

Plant (IPA)

SHC68-68-EPM
cable
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signal input for pressure, and a signal counter input for the
encoder. PXI-6221 is used for the connection and the sample
time has been set uniformly at 0.1 s in Simulink MATLAB.
Analysis of input-output responses is part of the testing

process. After the experimental setup, observation of the input-
output responses is focused to ensure it functions properly,

especially the signal from sensors. Basically, a constant voltage
value (2-5V) is connected to the manual switch analogue
output valve 1 (inlet) and valve 2 (outlet) to control the rod
actuator movement (position) in manual. The constant voltage
value (2-5V) is connected to manual switch counter input
functions as a reset in the initial condition position. The input

Figure 7 Wiring instruction to SCB-68 M series devices terminal
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counter also functions to read the position in mm. Figure 9

shows the input and output responses.

5. Control strategies

This research proposed two controller designs. The first

design is the PI controller and the second design is the Bang-

bang controller; both are the same controllers implemented in

the existing research (Faudzi et al., 2009, 2010a, b, 2008;

Faudzi, 2010) to analyze the sensor’s performance. The block

diagram for real-time experiment of a PI controller and a

Bang-bang controller are shown in Figure 10. The concept

design of real-time PWM is to control the valves duty cycle.

The pulses are generated by comparing a triangular carrier
waveform to a reference signal, similar to the microcontroller

behavior architectures. This reference signal is preferable

compared to the original step signal in order to capture the
dynamic characteristic of the system. The signal is generated

using two same frequencies based on maximum operating
frequency (width actuator movement) to step signals for

valve 1 (references) and valve 2 (inverse signal valve 1).

5.1 PI controller

This research uses a discrete PI controller where it considers

the basic ideal PID controller written in the continuous time

domain form:

Figure 8 IPA Plant in Simulink MATLAB
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UðtÞ ¼ Kp eðtÞ þ 1

Ti

Z t

0

eðtÞdtþ Td
d

dt
eðtÞ

� �
ð2Þ

Sampling time of discretization is Dt. The integral term can be

considered discrete via a trapezoidal approximation:Z tk

0

eðtÞdt ¼
Xk
i¼1

eðtiÞDt
" #

ð3Þ

where e(ti) is the error of the continuous time system at the

ith sampling instant. Thus, the discrete time control laws or

positional algorithm becomes:

UðtkÞ ¼ Kp eðtkÞ þ
Dt

T i

Xk
i¼1

eðtiÞ
 !

ð4Þ

The parameters of PI can be obtained from the calculation

based on Ziegler-Nichols’ tuning method and manual
adjustment using MATLAB.

5.2 Bang-bang controller

The Bang-bang controller is known as an on-off controller or

Hysteresis controller. It is a controller that switches abruptly
between two states. The formulation for the states is according

to the plant used. A simple rule is used in order to determine the

state. The rules are tabulated in Table I. From the table, it is
observed that by varying the gain value will give a different

response. Therefore, in order to achieve the desired response,
the selection of the gain value must be appropriate. The rules

depend on the error of the signal, as in equation (5) below:

E ¼ yðtÞ2 rðtÞ ð5Þ

where E is error, y(t) is the output response at time,t, and r(t) is
the reference. The control input is u and k is gain. When the

error is greater than zero, the control inputs will respond to
reduce the error until it is zero and vice versa.

6. Results and discussion

Experimental data of position control for sine wave and

square response tracking were done using both PI control and

Bang-bang control at sampling time, ts ¼ 0.001. Advantages

selected for the sampling time are small because performance

of the continuous controller is better and approaches real
conditions of microcontroller architecture. PI control is used

with a suitable gain value to drive the valve using PWM to
achieve the target actuator position. Figures 11 and 12 show

the experimental results of a sine wave and step response

position tracking by using the PI controller. For Bang-bang
control, a dead zone is set before and after the target value.

In the dead zone the valve is off, while in other areas the valve
is driven in full ratio. For left and right direction position

tracking, only one valve is driven at a time. Figures 13 and 14

show the experimental results of a sine wave and square
response position tracking by using the Bang-bang controller.

The result for PI control shows great performance during sine

wave tracking, while the Bang-bang control is better in
tracking the square response. Both controllers give 0.169mm

position accuracy. For the Bang-bang control, during rod
expansion and contraction the movements are fast and better

compared to PI control. In addition, with PI control there is

also high overshoot for both input tracking and high integral
absolute error (IAE) for step responses analysis. Comparison

for position step responses tracking between PI controller and
Bang-bang controller is shown in Figure 15. Table II shows

the differences between PI controller and Bang-bang

controller analysis results.
A pressure sensor is used to check the pressure in chamber 2

during the control action of the actuator.FromFigures 11 to 14,
the performance of the pressure sensor reading for the PI

controller and the Bang-bang controller show the pressure
inside the chamber is oscillating to maintain 0.5MPa. The

0.5MPa represent the stability value of pressure when

achieving the target position. This is shown in equation (1)
where the force, Fd will be equal to zero during the stable state.

Thus, the equilibrium value for chamber 2 during the stable

state is 0.5MPa. However, this result depends on the
performance of the position control situation. For instance, in

Figure 12 during time t ¼ 20, 40, 60 and 80 s, the valves try to
adjust the air inside the chamber to achieve the target position

giving changes to the pressure reading. During the stable state

(when target position is achieved), the pressure reading shows
constant 0.5Mpa value. Therefore, the pressure sensor can be

used to confirm the position stability. Pressure sensor reading
can also be used to calculate a force reading using equation (1).

Nevertheless, force reading will not be discussed in this paper.

7. Conclusions

A real-time model was developed using DAQ system that

represents microcontroller function in existing device. An

optical encoder and a pressure sensor have been successfully
applied in the real-time model as feedback sensors in the close

loop system. Optical encoder was used to give the cylinders
stroke displacement feedback for position control while

pressure sensor was used to check the chamber pressure

during the control action of the actuator. The performance of
position control of an IPA system using a PI controller and a

Bang-bang controller has been analyzed. Then, to compare
the PI and Bang-bang controller performance for position

control, the criterion for measuring the response is identified.

The most common are to compare the percentage overshoot
(%OS), dead time (TU), peak time (TP), settling time (TS),

rise time (TR), percent steady state error (%ess), and IAE.

Figure 10 Block diagram for real time experiment of PI and Bang-bang
controllers

PI or Bang-bang
Controllers

2/2 Valvexr PWM

Pressure
Sensor

+

–

Counter

P

Encoder
Sensor

x

Table I Rules for Bang-bang controller

Error Control input

E > 0 u ¼ 2 0.385*u*k
E < 0 u ¼ 0.385*u*k
E 5 0 u ¼ 0
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Figure 12 Square wave tracking using PI control
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Figure 13 Sine wave tracking using Bang-bang control
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Figure 11 Sine wave tracking using PI control
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Lastly, pressure sensor reading was used to confirm the
stability state of the IPA system during position tracking. The
results obtained from the experiment showed that developed
real-time model could be used for future work, such as in
developing SI model, a testing experiment with load, a
validation process, and a comparison with the simulation
system.
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