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1. INTRODUCTION

Electro-pneumatic control valves used to contrml eonvect the air flow, are categorized upon two
types. First type is servo valves, with high coht@iocuracy and linear behavior yet expensive arith wi
complex structure. Second one is the fast switclongoff solenoid valve with simple structure and
reasonable cost, but presenting the intrinsic neali performance. Thus, PWM is availed to lineathis
valve type to behave as similar as a servo valwetider motivation to PWM is the air compressibili§nce
the pneumatic excitation is used, the system iggsln with too much delay [1], [2]. Hence, in thsimdy,
instead of pure pneumatic system, electro-pneunmficesented to improve the performance. PWM signa
as an input, causes the valve to fluctuate betvogpem and closed states to pass the air throughatkre,
and if needed, be transmitted into the cylinderlves energized by PWM, have comprehensive indlistria
applications, such as electro-pneumatic brake ahdtics [1]. To obtain the dynamic characteristicl a
tracking the desired output, an input-output camton is analyzed [2]. To control cylinder positid®LC
has high reliability, because it is able to simalldte system as many as needed and hence, sagitigith
and reducing the risk of mistake. In addations it adaptive and robust system[4]. However, fersistem
under study, PLC is not a cost-effective controlleence, an AVR microcontroller is employedinto
experimental setup.

This paper is organized as follows: In Section I tlynamic model of system is presented,
considering electrical-magnetic, fluid and mechahsubsystems along with cylinder model. Contrdi@a
strategies based on PI controller with PWM anddrgsiis method, are performed and compared, inioBect
3. Section 4 is dedicated to simulation of systantuding PLC controller. Finally, an AVR embedded o
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experimental setup unit aimplemented and validat in Section 5 Modelled system and experimer
setup contain two 2-valves and douk-acting cylinder with a rod.

2. MODELING SOLENOID VALVE

Valve model consists of four subsystems . 1). Electrical and magnetic blocks institute agt-
force together. In mechanical modelplunger movemwthin valve and in fluid model air flow passii
through the valve are conside!

Electrical Magnetic Mechanical Fluid
Circuit Circuit Circuit Signal
Coil Magnetic F(th Plunger Fluid Ve
it) x{t) MY
— LR —> Circuit > o
Electrical i Fluid
dx/dt
Signal Signal
Electromechanical Subsystem Mechanic-Fluid Subsystem

Figure 1. Overview of solenoid valve block diagr

2.1. Electrical model
This model represents the current passing throbglcoil within valve(i), in terms of the applied

voltage Upwy) and the plunger positio(Xp) and plunger speed )’((p). Consideringthe series topology of
resistance and inductance, corresponding equadi@nsbtained as follov[1], [2]:

X(t) =X pr (1)
Upwi =Rei©+V L0 =Rei® + N LD = reie) + S i), )
He=Hokr ®)

d
UpwM-Re)@u (x - x®)+19 2410 (X0
N?Hche 20, o XO) F e

(4)

d..
a'(t)—

where, Upwy applied voltageg(t) magnetic flux,L(t) inductance of the magnetic circuu., uqcore
permeability and air'sy, relative permeabilityN coil turns| ¢ effective length of magnetic circuit insit

the core Ae crosssection flux anX, the overall air gap including constant and variafzlieies Upwy voltage,
in periodic PWM signal in terms of duty cycle (D9rpa period (T) is developed as folloy

high t<DT
low DT<t<T

®)

UPWMz{

2.2. Magnetic model

This model considers magnetic force applied intoghunger F,,) to open the air path in terms
the current(i) and the plunger positiorXp). Magnetic circuit comprises of the fixed coretwa coil anc
plunger, which is moving bynagnetic force (Fig. [1]. For this circuit magnetic force is obtained us
coenergy theory as below:

W =2 L0 )

=W _ N2pohs? A it)2 )
MO @u, (x - x(1) +10)2
@y (xe =x®) +1¢)
wheraV is the work done in magnetic circl

F
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Figure 2. Magnetic circuit[1]

2.3. Mechanical model
This representation establishes the plunger posfXp) in terms of the magnetic forcF) and the
air pressure force~(,s). Dynamic equations are achievec

mpX(t) = F prs* F m=Kx(t) = F pid —bx(t) (8)

Fprs= (a1—a2) Psup (9)

where,m, plunger mass within valvk valve spring constanEygspring preloadb damping coefficienta,,
a, plunger cross sections dg; pressure into the valve.

2.4. Fluid model

This model presents mass flow rate passing throlbglvalve m) in terms of the plunger positic
(Xp) and the air pressure forcEpfs). Plunger movement provides the required mass fltes to control th
cylinder.

Electromagnetic and mechanical components of thevare usedo control the fluid flow throug!
the valve orifice using the plunger position. Turbuleit flow passing the orifice is modelled by Oréfi
equation (10) (Fig. 3)[5]This relation is composed of two different eqoas for subsonic and sonic flc
regimes [4], [7]. Aghe fluid inside the pneurtic system is compressible, once the 1of pressurd®,is more
than critical ratioof pressurl., , the regime is infrasoniayhere the mass flow is nonlinear in terms
upstream and downstream pressure. Otherwiseinitssnic regime, i.e., mass w is linear as a function «
the upper pressure. In both cases, mass flow bsliaearly in terms of the plunger positi

Upstream Downsiream

T > 3

T, P Imﬂﬂﬂnm P,
. o A -

m U”ww n
Orifice

Figure 3.Flow through the orifice[8]

Standard equations to the mass flow passing tfieesre described ¢

dm_ . _cdcAAvPy
—=m=—0—-— f(Py) (10)
dt VRTair '
p, = Pdown (11)
Pup
y+1
2
n=——)r-1 Pr<p
f(Pr)= y+1 e (12)
2y 2 y+1

m((Pr);—(Pr)T) Pr>Pecr
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v
Por=(2)V ~1= o528 (13)

where, cd discharge coefficiel,,, Pgyown downstream and upstream pressure of the valveit(bopd output),

. . . 2

y specific heat ratio for air, equals to 1Rl, general gas constant 28."5;, Tair System temperature,p
s2°k

constant coefficient designated to orifice crosgienal area,a,, orifice cross sectional areg,, critical

pressure inside the orifice as the speed equdtetsonic speed and Mach number to unity.

2.5. Cylinder model
Equations governed by the pressure dynamics ieylieder chambers, can be obtained through the
thermodynamic analysis based upon energy consenvatid continuity law. Using the ideal gas law:

PiVi=mjRTj, (14)

where, i=1,2 denotes indices to two chests thrabglkeylinder pistonP;, V;, T, andm are pressure, volume,
temperature and the mass on both piston sidesviBgrand incorporating (14) into the energy equatnd

the heat convection term, differential equation) (fiBlds. This is also obtainable by derivifd)/ ¥ = cteand
inserting into (14) [2], [2], [9].

dpj _ RTdm _ yPj dvj
dt Vi dt Vi dt

(15)

Choosing the displacement coordinates origin atstineke beginning, volume of each chamber can be
written as:

Vi=Vo1+AV1=Vo1+ ALY, (16)
V2=Vo2+ Al(L-Y), (17)

where,L cylinder course, y displacement of the cylindestqm, Vy;, Vo, dead volume in the first and second
chest andh; andAsare cross sectional areas of the first and sechest.c
Inserting (16) into (15), equations describing pinessure dynamics is developed as[2], [10], [11] :
dP]_= RT dm yPipg dy
dt  Voi+ ALY dt Vop+ ALy dt’

(18)

dPZ: RT dm2+ VP2A2 ﬂ
dt  voa+A2(L-y) dt  vop+A2(L-y)dt’’

(19)

According to second Newton’s law for the cylindéstpn, movement equation turns out to be:
My = P1A1~P2A2-BY~F { ~PatmArod: (20)

where,M, piston massB, damping coefficientr;, friction force,P,, atmosphere pressure applied into the
cylinder rod and\,q denotes cross section of the rod connected tpisten.

3. CONTROLLER DESIGN

System requirements are indicated as follows P],Energizing the valve with input voltage at t=0
sec, the current is rising exponentially due to Rdture until it meets the desired value, the magrierce
overcome the spring force and the valve plungeingtao move. It takes some time to increase withis
limit resulted from the system delay. After thewals completely opened, it requires the curreritetep the
valve opened, being less the required current teentbe plunger namely as holding current while prim
current is called switching current. To close tladve, it is necessary to fetch the electrical mirif the
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coil. To reduce time to close the valve, at theitn@gg of energizing process, negative voltage nhasted.
Valve control circuit is comprised of a regulatombaintain the holding current and a proposed systaled
Sequence GeneratdB@ to accomplish fetching the current off solenoidia switch to fluctuate between
these two modes, as shown in FigS&is composed of a second order low pass filteRa} (

s
Pulse Xp
Generator .
M/M|—>—|\ =  vALVE a
R i -
Sequence Switeh
Controller
Figure 3. Control valve blockset.
H(s) = 22
(9=— (22)

To implement this filter, an integral loop with tisne constant is employed. To have this sequential
signal periodically, the mechanism performsin eaetiod. This task is done through reset signahéofilter
integrator with the frequency as equal as valvAlfogether, to achieve aforesaid signal, it is aceq to
apply a step signal as an input. Note that the Gorestant must reasonably be chosen low so thatdehe
period ends, this signal is completely settled dokig. 4 demonstrates low pass filter designedrulate

extracting the current off coil.

= A T
F 4 | 45

Input
Integrator

e

Figure 4. Implemented low pass filter.

(15

Reset

3.1. Holding Current Regulator
To track the holding current, two commonly usedutetprs are hysteresis modulation and PI

controller based on PWM controllError! Refer ence sour ce not found..

3.1.1. Hysteresiscontroller
In this method, reference signal is compared tontkasured signal. Once measured value is more

than the reference, it must be switched on to ahisecurrent; in other hand, when the current $s e
desired value, like the previous state, commandsoéipplied to drop off the current. Hence, therentr is
fluctuating around the reference current persitemb prevent the valve from big fluctuating, rééed from
significant sensitivity to the exact value, a loveerd upper bounds are defined, where no signadgeh&s

made as:

1 ias<iref +%
(23)

9= 0 iaZiref N
2

nochange |i a| <%
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where i, i denote measured and desired currenhysteresis bounds amgdoutput signal into solenoid.
This is implementable using a relay with given upged lower bounds (Fig. 5). Simulation resultsaréiing
to hysteresis controller is efficiently obtainedrag. 6.

b 4

()

g

*

Relay
Iref

Figure 5. Hysteresis block diagram.

T

Current
P Osition
Control signal

Current [A], Position [mm], Control Signal [v]

Time [Sec]
Figure 6.Hysteresis simulation results.
3.1.2. Pl controller based on PWM

This approach is compatible with PWM where a cdndignal is compared to a saw-tooth signal
with the valve frequency (Fig. 7).

Saw-tooth
M—

Control signal
dc g

Comperator

Figure 6. PWM block diagram.

PI controller has been availed in pneumatic systEithswhere it has merit to reduce the error
between the desire and measured value resulted thenintegrator nature [12]. On the other hand, the
sensitivity to noise is eradicated in the betteryvim comparison to other principles [12]. The most
challenging problem with PI design is how to turne tcontroller coefficients to present as efficient
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performance as possible. Couple of tuning methoesraroduced in [13]. To present comparison défer
tunning methods, a performance index is considéveshow the efficient performance. Integral absolut
error (AE) has the reasonable view rather than other indic8sas follows:

3= 1|Egt (23)
0

But these approaches suffer from poor performanigenwthe system nonlinearity is significantly
extreme,same as the plant under study. Thus thergt e a methodology to guarantee the proper
performance irrespective from the policies based purely mathematical analysis. Evolutionary
optimization algorithms are preferred to other mation techniques due to robust performance ctibipa
with non-explicit functions, while with analyticaines, difficult to implement this type of optimiiai.
Genetic algorithm@A) is employed to establish optimal parameters.ndugition is ran with a step constant
reference, as showninFig. 7. The step input costdia broad frequency spectrum [12]. Thereforthefe is
a proper system response, the system has acceptgblese for any input, such as PWM signal, regasdl
of its form thud. To implement Pl over the systensaturation unit is used to maintain the dutyleydc)
on the interval [0 1]. Parameters of GA simulatisrgiven in Table 1 . Simulation results based u@én
verify the effectiveness of the proposed stratéggy. ( 8).

Table 1. GA Parameters

» ul —» 1 (D Population 20
Abs Integrator IAE Stop criteria 150
Fitness scaling Rank
Selection function Roulette
I—P@—W VALVE i Crossover function Heuristic
Reference  f Saturation Crossover rate 0.6
Mutation function Uniform
Mutation rate 0.03

Figure 7. PI design based on GA.

Current
— P Osition
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Current [A], Position [mm], Control Signal [v]

| | | | | |
| | | | | |
| I I | | |
0 0.01 0.02 0.03 0.04 0.05 0.06
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Figure 8. Simulation results from PI controller @dsipon GA.
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3.2. Comparison between Pl and hysteresis

From dynamic response point if view, there is nosiderable difference betwe®h and hysteresis
controller. Pl Regarding to switching frequency have applied itite valve effecting significantly on its
deterioration level, less frequency, longer lifadi HencePl controller with constant switching frequency of
PWMrather than hysteresis controller, with variadnhel high frequency, causes valve life time to beyéo.
Therefore PI controller is preferred to hysteresis to feed galv

4. PLC CONTROL

Automation systems applicable in electro-pneumatchnology, composed of main three
components: actuators or motors, sensors or bytamuscontrol devices [4]. A double acting cylinagth
two 3-2, valve is simulated and controlled #RC (Fig. 9) [15], [16]. Note that, length tubes igienough
to result in high pressure dip [4].Sensors andodmsttas the control input and air control valvestes
controller output was designed (Fig. 10) usidDDER programming [17]. Using,aand a proximity
cylinder sensors, a command is sent;taad g as set and reset buttons, respectively to opeaithpath.

o b

]
A
l 'a\r//)‘\ . i

pessurel pressur2

Tl\gw sol2 T\‘

Figure 9.0verall schematic of the system.
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oo— | IN4
) | —_] s
—o— | INe
— ] N7

coum

Figurel0. Input-output card of PLC.

Appling PWM signal into the solenoid of both valves by thedimthe cylinder piston has been
controlled. Furthermore, it provides various sign& each valve to change forward-backward modeafor
cycle. Control procedures are organized as folld®esition sensor reads the cylinder position andsé to
controller input. Then, microprocessor performseassary analyses and commands solenoids to opeiir the
path and move the plunger to track the desire ipositinitially, a PWMsignal with dc= %50 was apgli
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then timers change this signal to control the parsifor 2°°° with keep opening by soll and closing by sol2
(Fig. 112).

Pressure sensors connected to two cylinder inprs,psense pressures behind them and logged.
Once the coil is energized, magnetic force causeplunger movement and open the air stream. Aftetsy
in a bit time, cylinder pressure is increased teaults in piston sliding (Fig. 12). Less pressuméations
cannot move the piston in light of the air compitaltsy and the friction force. Later on, plungerones
back, exhaust valve path is opened and the prebshird cylinder is exhausted to the atmospherk Tlis
procedure follows PWM signal periodically. Parameiaf the simulated system are given in Table 2.

Table 2. PLC simulation parameters
Friction force damping coefficient Exhaust pressureSupply pressure Piston mass Stroke Piston diameter
[N] [Ns/m] [bar] [bar] [ka] [cm] [cm]
7 0.01 1 6 0.5 12.5 5

ANNNANTANNANT 1

10 =

Position o

o 1 1 1 1
o 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time [ms]

Figure 11.position piston cylinder for dc=50% w2lseconds delay.

T

pressure [bar]

| p o
10

— Dressurel

== pressure2

0 16000 18000

O |- —

| 1 |
8000 10000 12000 140
Time [ms]

Figure 12. Pressures PP, for dc=50% with 2 seconds delay.
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5. EXPERIMENTAL SETUP

The system under control is a double-acting simgteeylinder with 125 [mm]. Two fast switching
3-2 way valve is used to control the air flow. Tdie compressor gears up the compressed air to thae
system. Pressure regulator adjusts the pressuiacbehe valve. An AVR controller is used to corttioe
valve position. A drive circuit of the valve is wsé boost the required current for the valve. Aifion
sensor is employed to measure the displacemeiteofytlinder piston. Experiments are conducted uader
pressure of 6 bars. A photograph of the experiniaetap is depicted in Fig. 13.

R A Sl e sl il

Figure 13. Experimental setup

As PLC implementation is not cost-effective, analagto the control policy done in PLC, an AVR
microcontroller is used in the experimental setapAVR system, applying four PWM signals(with dc260
with 2 seconds delay) to the valve driver, therméir piston positionis appropriately controlledn8iation
results of PLC controller are adaptively validatedhe experimental results using AVR, as showirim
14.1t is pointed out that cylinder stroke has eet2.5°" by the position sensor.
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Figure 14. Position piston cylinder and PWM commamexperimental setup for dc=50% with 2 seconds
delay.
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6. CONCLUSION
In this studydynamic model of aelectricalpneumatic system including electrical, magnetiaid,

and mechanical subsystemspiesented. To control valve plunger position, methogies of PI controlle
and hysteresis modulation ameplemented. PI cntroller with constant switching frequenis preferred to
hysteresis containing variable high frequerbecause itesults in longer life time of the valve. Finally,
regulate the cylinder position, a PLC controllesdih on the simulated plant and AVR microcontroller
incorporated into the experimental seare conducted. PLdrsulation result is adaptively validated to 1
experimental setup using AVR.
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