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Abstract

In this study design and simulation of controller for piezoelectric pneumatic servo valve is done.
The dynamic model of the valve using analytical approach and the working principle of the servo valve
is analyzed. The pole placement method is used to design a controller using observed variables. The
valve controls the situation and position of actuator. Then for the system, full order state observer and
PID controller based on ITAE (Integral Time Absolute Error) criteria are investigated and the
response of system with these controllers is shown and a comparison is done for different schemes of
controller design and the best design is selected for the system.
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1 Introduction

Position control applications have typically used
one of two actuator technologies. Hydraulic
actuators have speed and force profiles
compatible with many industrial processes but
can present a number of workplace hazards to
personnel. Electromagnetic actuators, on the
other hand, are clean and reliable in their
operation but often require a mechanical
transmission, both to convert high speed and
low torque to a more useful combination and to
convert rotary motion to linear motion. While
linear motors can overcome the need for a
transmission, they can be expensive. Pneumatic
actuators afford the opportunity to design a
positioning system that may be directly coupled
with a load like a hydraulic actuator; is clean and
reliable like electric motors; and is inexpensive.
In recent years, in order to improve the control
performance, several methods, such as feedback
linearization, observer design, adaptive control,
singular perturbation and fuzzy control, have
been investigated in order to design effective
control for different industrial control systems,
such as robots, motors and pneumatic servo
systems and etc.

Recently, pneumatic servo systems have been
applied in several systems, such as pneumatic
robot systems, spherical glass molding machines,
and a precise positioning stage to isolate
vibration. In other words, pneumatic technology
is applied widely in many fields of industrial
production with its advantages as high
transmission speed, non-pollution and so on. At
present, pneumatic technology has become one
of the key technologies in modern control.
Because air has a number of advantages,
including compressibility, high power ratio, and
low heat generation, and also air is non-magnetic
and is a clean energy source. Traditional
aerodynamic control valve uses electromagnet
electrical - mechanical conversion drive and
makes the control signal convert to the
mechanical displacement, then it promotes the
valve spool to achieve the control of access.
However, it has shortcomings, such as large
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volume, low power consumption, slow response
and susceptible to electromagnetic interference.

Typically, however, the response times of
pneumatic components are relatively long,
especially if compared with the typical ones for
electric and hydrodynamic components. In
general, this slowness means that the bandwidth
obtainable
relatively limited. Numerous researchers have

in pneumatic servo-systems is
sought to increase this value to the maximum by
changes to the hardware and the development of
evolved control algorithms.

Pneumatic servo system control methods have
been studied since the 1950s [1, 2]. The
performance of the system improved greatly as
the pneumatic servo valve became commercially
available in the late 1980s [3]. The pneumatic
servo valve is the key element in the system. Its
structure and parameters are important in order
to achieve good performance [4-8]. Recently, the
need for improved controllability of the
pneumatic servo system has increased with the
development of precision manufacturing. That is
high-performance pneumatic servo valve are
needed.

In recent years, piezoelectric actuator has been
applied in production as a new converter, and it
is the device that converts the vibration of
piezoelectric crystal to form the movement or
power which is required by the driven part [9-
11]. These actuators are capable to reach the high
resolution and speed of the positioning object
and possess many attractive features such as a
short response time, a large output power, a
compact size, self braking and good
controllability [12-14]. Most of piezoelectric
actuators are single degree-of-freedom (DOF)
devices: it means that actuators generate a one-
dimensional linear or rotational motion of the
moving part [14, 15]. Only few multi-degree-of-
freedom actuators are developed that are capable
to actuate in many directions [15-18]. Obviously,
the best way is to wuse one-directional
piezoelectric actuator that can move or rotate the
body in any direction.

The displacement generated by the piezoelectric
crystal has a good linear relationship with the
input signal. It has the advantages such as



convenient to control, producing high driving
forces, low power consumption and fast
response. The inversing piezoelectric devices of
piezoelectric materials replace the torque motor
as the pre-amplifier of servo-electric components
which can be achieved the fast, reliable, high-
precision control of output signal [19].

In this report, the situation and position is
controlled by piezoelectric pneumatic servo
valve. In other words for this purpose, a
controller is modeled and designed based on
working principle of piezoelectric actuator. The
method which is used for controller design is
pole placement method. Full order state
observer, controller of type PID based on ITAE
performance index are investigated . ITAE is a
performance index that is a quantitative measure
of the performance of a system. Then response of
system with these controllers is shown in some
figures. For each design the characteristics of
system that include percent overshoot, the rise
time and settling time are compared together
and finally the best design is selected for the
system..

2 Mathematical model of
piezoelectric pneumatic servo valve

Figure 1 shows the schematic diagram of
movement mechanism of a lever-type spool
valve. Referring to the structure, the piezoelectric
stacked heap of laminated piezoelectric
pneumatic servo valve is placed in the top of the
valve body and parallel to the direction of spool
valve movement, so it reduces the length of the
valve and the structure becomes more compact.

Piezoelectric Stacked Heap

-

|

AN

Lever

-~
Spool of Valve
Figure 1: Piezoelectric pneumatic valve motion

mechanism
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According to figure 1, figure 2 shows the
simplified dynamic model of spool movement
mechanism.
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Figure 2: Dynamic model of spool motion
mechanism

From this model, we can get out the differential
equations of motion of the mechanism by
Newton's second law:

m X, + i % + K% =Fy—F
Fl, -F,l,-16=0 1)
m,X, + 1,X, = F,

Where m1 and m:2 are equivalent mass of
piezoelectric stack heap and spool, respectively.

w1 and e are coefficients of damping, Fiand F.
are the force imposed from lever input or output
and Fo is the transduced force from electrical
domain (piezoelectric stack heap). ki and I are
the stiffness of the piezoelectric stack heap and
movement inertia of amplification mechanism. It
has been shown that a piezoelectric actuator can
be modeled as a force generator Fo and stiffness
ki. The generated force is:

F, =dnkv @)
Where dss is the piezoelectric charge constant, n
is the number of layers, v is the applied voltage.
According to the servo valve differential
equation list out the equation of input voltage v
and spool displacement x as:

®)
2 2
I I
1 . . 1 _
m1|—+ m,l, +B X, + 1,1, %, +2k1|—x2 =k,dnvl,
2 2

By doing Laplace transform to the equation (3),
get out the transfer function as:



x(s b
Go(s)= X @
v(s) a,s"+as+a,
Where:
Bo:b_o & Ao:i & AIZM &
a2 a‘2 aZ

A=1+% & A=RC

a,

The transfer function of piezoelectric pile is as
follows:

G ()= 1S -1

V,(s) RCs+1

©)

Where V, is the input voltage. Then the transfer

function of the system will be:
(6)
X(s) _ By

OB 9 TR A AT A

Where:

BO:b—O & Agzﬁ & Alzﬂ &
g d, )

A=1+2 g A=RC

2
The valve cylinder circuit is shown in Fig.3.

F (Force)

U
Q.P
Figure 3: Valve Cylinder Circuit

For the simple system assume that the moving
components have negligible inertia so that, as a
consequence, the piston pressures will remain
constant during transient changes caused by
displacement of the valve. Thus:

Q =KkyX ()
Where:
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P, 2
kg =Cqrd \g m/ ®)

And Ps is supply pressure, d is valve spool
diameter, Co is flow coefficient and o is the fluid
density. For a piston area A, the piston velocity ,
V is as follow:

X
V:%:kQZ )

k
As V :ﬂ , then y:—QIx dt. The load
dt A

force will affect the flow coefficient kQ in

equation (7) because the valve pressure
differences become:

1
R-R=3(R-R)=PR (10

Equation (7) can be rewritten as:

P—P P
=Comx || == | =kox [|[1--2| @1
R A R e

S

For P, =0 (i.e zero force) equation (11) reverts
to equation (7).

The compressibility of fluids is expressed by
bulk modulus, #, which varies with pressure
and as a consequence , either average or local
values have to be used. Bulk modulus is defined
as:

p
-

A
Where the term —— is the volumetric strain in

(12)

the fluid. Finally the transfer function between V
and Q is of the form:

CX
v A (13)

Q k,a+2° s+ Ls?)
.

n n

Where, V is the Velocity of piston and
(14)

0, - 2 AN’ | 52& m_pﬁ_l_C_f Vv,
VAUN 2A\ 2V, 2A\2m B

CX,Cp are flow coefficients , C; is viscous

friction, m b is mass of piston , V. is volume of



cylinder and A is piston area. Friction is usually
considered to compose of coulomb, which is
assumed to be unchanged, and a speed
dependent element that is assumed to vary
proportionally with the velocity. Changes in
piston displacement are the integral of velocity

that can be written asy=—. Thus, from
S
equation (13) we get:
C/
y_ A (15)

Q st(1+2§5+1252)

®, o

n

Equation (15) relates flow rate of fluid to changes
in the valve position with a constant external
force acting on the piston rod.

Therefore the final transfer function of the
system will be given as below:

B, C%\
¢

st(Ag,s3 +AS2+ A+ AO)[1+ 22 +1252]

n a)n

(16)

Vo

3 Controller Design

3.1 Full-order state observer controller design :
The state observer estimates the state variables
using the output and control input value. At this
time, it can be configured only when the system
is observable. X is the observed state vector. Let's
consider the system that is defined in form of a
state-space representation as follows:

X=AXx+Bu
(17)
y=Cx
Where x, is called the state vector, X the

derivative of the state vector with respect to
time, y the output vector and u(t) the input or
control vector. Also A is the system matrix
(nxn), B the input matrix (Nxr), C the output
matrix (M= N) Suppose that X is an estimation
for the state vector x. Then, we have:

X = AX+Bu+K_(y—CX) (18)
The equation (18) indicates the state observer. y
and u are inputs and X is output. The term at the
right end of the Eq.(18) corrects the difference
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between the measured output y and the
estimated outputX . K, works as the weighting

matrix. Even though there is a difference
between the matrix A and B of the actual system
and the model, the influence is reduced by this
correction. Deduct the equation (18) from the
equation (17) to get the error of the observer.
Then,

X—X=(A-K,C)(x-X) (19)
The result is the equation (19). Suppose that the

observer error(X—X) is e, that is to say,

e=(X—X), the equation (20) is arranged like
the equation (20).

é=(A-K_,C)e (20)
If the given system is completely observable, we

can make the eigenvalues of A—K_,C as we

want as selecting K, well.

In this study, for desired and expected
conditions of design, the percent overshoot
(%0OS) and the settling time (Ts) are considered
as the characteristic parameters.

Suppose that the transfer function for second

order system is written as follows:

602

G(s) = L 21
(5) s + 2w, s + ! @)

By using Egs. (22) and (23), for second order
system (Eq. (21)), ¢ and @, are obtained as

follows:

_ —In(%0S /100)
J 7% +(In(%0S /100))?

(22)

4
W, =— (23)

n
¢T,
Then having ¢ and @,, the location of desired

poles should be determined so that transient
response is acceptable and rational. It is apparent
that when the rank of the state observer matrix is
equal to the order of transfer function of system,
then the system is completely observable. The
state observer matrix is as follows:

N = [C CA .. CA”‘l]T (24)

The transfer function of the full order controller
observer is:



U(s)
=Y (s)
The state feedback gain matrix K for this case is
obtained by Ackerman's formula as follows:

K=[0 1B AB..A™B] ¢(A) 26)
Where
O(A)=A"+a A" +.. 4+ 27)

The desired characteristic polynomial is:

=K(sl-A+K,C+BK)'K, (25

(28)
(S+1)(5+v,)..(s+v,) =[sl - (A-BK) = ¢(s)
Where v’s are the desired egienvalues of the
observer. The coefficients of function @(S) are

equal to « s in the @(A).

As a general approximation rule, the observer
poles must be two to five times faster than the
controller poles to make sure the observation
error converges to zero quickly. Having these
poles and applying Ackermann's equation, the

state observer gain matrix K is given by:

(29)
K,=¢'(A)[C CA ... cA™[[00..01
Where ¢'(A)is the characteristic equation for

desired poles of state observer. Then the transfer
function of state observer is gained and the
response of system to the initial condition can be
derived.

3.2 ITAE Performance Index:

For any system, the required system
performance can be specified quantitatively.
Then it is important that a performance index
can be calculated or measured and used to
evaluate the system's performance. The best
system is defined as the system that minimizes
this index. This index is always positive or zero.
To reduce the contribution of the large initial
error to the value of the performance integral, as
well as to emphasize errors occurring later in the

response, the following index has been
proposed:
T
ITAE = [te(t)dt (30)
0

This performance index is designated the
integral of time multiplied by absolute error and
for optimum design, the system is chosen that its
index is the least.
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The PID controller has the transfer function as
follows:

Gc(s)zKP+ﬁ+ Kps (31)
s

To implement such a controller, three parameters
must be determined for the given process:
proportional gain, integral gain, and derivative

gain.
Consider the PID controller as:
(32)
K K,s?+K,s+K
G,(s)=Kp+—+Kys=—2C 1=
S S
Ko(s®+as+b)  Ky(s+2,)(s+2,)

S S

where a =K, /K, and b=K, /K, .
Therefore, a PID controller introduces a transfer
function with one pole at the origin and two
Zeros

In general, we note that PID controllers are
particularly useful for reducing steady-state
error and improving the transient response when
Gc(s) has one or two poles.

Hence, we select the three PID coefficients to
minimize the ITAE performance index, which
produces an excellent transient response to a
step.

The optimum coefficients of the characteristic
equation for ITAE are obtained from Eq. (33)

s* +1.750,5% + 2.150,’s + o, (33)

4 Simulation and Results

Based on the transfer function of the system,
according to the pneumatic servo valve dynamic
model and material properties, the parameters of
the model can be considered as below:
Ki=2.5x107(N/m), Li=5mm, L>=40mm, m:=0.04kg,
m2=0.02kg,  I=5.4x106(kg/m?),  c=3.6x10-(F),
R=50Q,  ds=1.5x10°(m/V),  p2=1000N/(m/s),
0=7.5x10-6(kg/mm?3), n=500

Also for the fluid:

Co = 065p =870, dp = 50 (mm), d =

12(mm), K =0.0012 (m¥/s)/m, 8 = 1.4*10° (N/m?),
m, =250 (kg),V =0.15*10° (m%),A =10 (m?), @,

=273 (rad/s),

C, = 742410  (m¥s)/(N/m?),C, = 16*103

N/(m/s), C, =0.96 (m?/s),{ =0.243



Using these quantities and discussed equations
in previous section, the transfer function of
system is obtained as follows:

Yy _ Num(s)
V, Den(s)

Where:
Num(s) =1.3
Den(s) = s® +2.7s° +36.25* +20.1s> +50.9s2 +1.5s

4.1 Design of full-order state observer

We would like to design the full order observer
controller such that in the unit step response the
maximum overshoot is less than 10% and
settling time is about 0.5 sec. We first design the
controller by finding the desired characteristic
equation.

A 10% overshoot and a settling time of 0.5
second yield &=0.591 and ®, =13.53 thus,

the characteristic equation for dominant poles is

$? +165+183.1=0, where the dominant poles
are located at —8= j10.91. Hence, choose the

desired closed-loop poles at $ =U; (i=1, 2) where
u, =-8+j10.91, n, =-8-j10.91.

Also we choose the desired observer poles at
v, =-35v,=-38

For designing of full-order state observer,
according to described method in previous

section, using Ackerman equation (Eq. (24)) ,the
gain matrix K is considered as below:

K, =[-15625 -18748.43 ~9324.02 - 2479.85 -338.8 - 27.3]
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Unit-Step Response

14

12

0.2

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4
t(sec)

Figure 4: Response to unit step for full-order
state observer

Also the transfer function of control system is
acquired.

U(s) —2.68s°-1s*-1.07s*-1.565" —1.97s+3.13
—Y(s) s°-2.04s°-3s'-1715 -4.96s° -8s-7.41

Having the gain matrix of observer Ke and
transfer function of controller, the response to
initial conditions can be drawn as in Fig. 5.

4.2 Design of controller type PID

We would like to design the PID controller such
that in the unit step response the maximum
overshoot is less than 10% and settling time is
about 0.5 sec.

In order to meet the settling time requirement,
wn is selected. Since Ts = 4/(Ewn) and & is near 0.8,
and wn=10. Then three coefficients are obtained
from Eq. (33) as Kr =214, Ko = 15.5 and Kt = 1000.
Step response for controller type PID is drawn in
Fig. 6. It is seen that the percent overshoot is 30.4
and the steeling time is 77.4 second.
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Figure 5: Step response for controller type PID

Table 1 presents percent overshoot, rise time and
settling time of system for various type of
controller.

Tabela 1: Characteristics of system for various
types of controller

Various

type of Percent Rise Time Settling
Overshoot (s) Time (s)
controller
Full order
state 4.5 0.3 0.7
observer
PID 30.4 6.28 77.4

Comparing the results of design of full order
state observer controller and PID controller, it is
obvious that the best controller for the system is
full order state observer. Because this type of
controller presents the better performance than
the PID controller.

7 Conclusion

In present study, the displacement of
pneumatic actuator is controlled by piezoelectric
pneumatic servo valve. At first piezoelectric
pneumatic valve is modeled and then its
differential equation of motion is derived. Then
for the system, full order state observer and
controllers of type PID based on ITAE criteria are
designed. For these controllers the characteristics
of system that include percent overshoot, the rise
time and settling time, are compared together.
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From this study, we can see that full order
observer controller is more suitable for this
application than the other controllers.
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