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Abstract

This paper presents a practical implementation for a new formula of non
PID (NPID) control. The purpose of the controller is to accurately tra
preselected position” reference of one stage servomechanism syster
possibility of developing a trafiersfunction model for experimental setup
elusive because/of the lack of system data. So, the identified model ha
developedyvia gathering experimental input/output data. The performance
enhanced nonlinear PID (NPID) controller had beerstigated by comparin
it with linear PID, controller. The harmony search (HS) tuning system had
to determine the optimum parameters for each control technique based
effective objective function. The experimentalitcomesand the simulation
resuts show that the proposed NPID controller has minimum rise time
settling time through constant position reference test. Also, the NPID con
faster than the linear PID control by 40% in case of variable position refe
test:

1. Introduction

The latest “progress 0f machine tools is to
develop high“speed spindle and feed drives
which lead to high performance and reduce the
machining cycle times [1]. Moreover, the
development offeed drives with an adequate
dynamic response and good performance
became essential in many industrial applications
[2]. The purpose of servo control systems is to
maintain the stage follows a preselected position
profile along complicated trajectories high
feed speeds [3]. The machine tool with
traditional feed drives uses the proportional
position control which leads to high fluctuation

in the stage and large tracking errors at high
speeds [4]. The tracking error is eliminated using
high performance €ed drive motors with
advanced control techniques [5]. However,
friction on lead screw and guides, cutting force
disturbance, and changes in the wpi&ce mass

in linear drives are obstacles to achieve good
contouring accuracy at high feeds [6]. The
requrements for high speed and accurate
contouring have led to the investigation of
efficient control algorithms in recent years [7].
Several of common industrial applications have
utilized the traditional Proportiondtegrat
Derivative (PID) controllers fo processes
control [8]. The PID controller algorithm is
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simple and has acceptable performance formosts t udi e s

of the common systems which make it used for
several decades. The behavior of PID controller
is highly sensitive by determining its parameters
[5]. Until now, there is not a definite ideal
method to select the proper PID controller
parameters for a certain system [9]. In the last
period, the researchers avoid this problem using
the optimization techniques for instance, Genetic
Algorithm (GA), Ant Colony Optimization
Particle Swarm Optimization (PSO), and
Harmony Search (HS) optimization to find the
optimum parameters of PID controller away
from the rough methods (Ziegiblichols
method) which cannot guarantee the proper
selection for those parameters [10The
optimization techniques cannot carry out it
practically in real time where it takes a long time
to find the optimum solution. So, most of the re
search resort to simulating the actual system
using an accurate mathematical model for
building the tunig system [11].

Most of the real systems are nonlinear_systems
but, the nonlinearity percentage tolerances\from
system to another [12]. It is kmown that the
mechanical systems have cemplex nonlinear
behavior because of friction “and, backlash
problems [13]. Br example, the “one, stage
servomechanism system. So, the traditional PID
controller with linear parameters cannot achieve
high performance for this type of systems [14].
Also, the PID controller,still has fixed gains
which are not enough te deal with high
complicated dynamic systemsy[15].

The recent research proceeded to design
nonlineary, PID contrel to” overcome the
nonlinearity »and uncertainty of system. The
nonlinear "PID, (NPID) controller contains
nonlinear gains ineorporated with the fixed gains
of PID oontroller [13]. These nonlinear gains
enjoy the advantage of high initial gain to attain
a fast dynamic response, followed by a low gain
to prevent an oscillatory behavior [14]. The
present studies pyoose a nonlinear gain (one
scalar gain) which will mdiply with the output

of linear PID control [16]. So, this paper presents
a new formula for NPID control where the
nonlinear gain is a vector gain which contains
three values special to the proportional, integral
and derivative gain. Also, Most of the oemt
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don't present
the NPID control parameters [15]. Moreover, the
previous research is limited to simulations
without practical implementation. This study
presents a practical methodology to design a new
form of nonlinearPID control. It is known that
MATLAB Simulink is a powerful tool to
simulate and design most of the control systems
but it is not suitable and reliable with the real
time implementation of control systems [17]. So,
this study uses MATLAB_Simulink only for
purposes of control design and.the obtained
results from simulation wwill “be  executed
practically by LABVIEW software/using NI
6009 DAQ cardf Several parameters of the
exper i mentgal setup ar
research resorted to |using the system
identificaion techniques (linear and nonlinear
least squares methods) to develop an identified
model whiCh will be used in control design. The
optimum, parameters of the proposed controller
had been obtained offline using harmony search
optimization technique basexh a certain cost
function.

The paper is arranged as follows: Section 2
illustrates the system modeling and
identification. The enhanced nonlinear PID
controller is involved in Section 3. Section 4
shows the experimental results. Lately, Section 5
presentghe conclusion

2. System modeling and identification

2.1 Systemmodeling

This section presents the differential equations
which describes the dynamic behavior of one
stage servomechanism system. The structure of
one stage servomechanism systershiswn in
Fig.1. The stage is loaded on linear guides and
screw shaft. The rotor of DC motor is coupled
directly with screw shaft. The DC motor rotates
the screw shaft while the nut converts rotary
motion to translational motion and drives the
stage. The g®d and position of the stage are
determined by a rotary encoder coupled with
screw shaft.

obvi

e

n
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4 is the table massd is the maximum mass

/o for the workpiece an@is the maximum vertical
-— / 0C Motor - Gearbox force.
Leadscrer
Y - a a Q0O (6)
Eq (7) demonstrates the lost static torque due to
bearing friction where‘ is the friction
coefficient of bearingsQ is the leadscrew
/ diameter, O is the maximum feeding foe and
Leadserew Lead serew "Ois preload force in the thrust bearings.
support support "y _ < 0 0 (7)

Fig. 1. The structure of lead screw drive systgr@]. )
The required torque‘te,overcome feed forces can

The DC motor model can describe from Eq(1) to P€ calculated asithe follows.

Eq(3) whera) is thearmature voltageY is the Y —0 (8)
armature resistanc®is armature curreni) is
the inductance of motor windings, is the back
emf constant, is the rotor speedyY is the
motor torquep is the torque constant, is the
total equivalenmoment of inertia as seen by the
motor,d is the viscous damping coefficient and
"Y is the total static torque refleeted in the lead
screw shaft.

Yo o 28 07 1) The moment of inertia of table amwdorkpiece

The total equivalent moment of inertia as seen by
the motor) depends o) the moment of
inertia‘ of, table and workpiece reflected on the
lead screw shaff) is the lead screw inertia and
Uy, motor shaft inertia.

- 0 9)

0 —=

Y 00 Q20 ® can be determined based on mass table
, " " a and maximum mass of workpiece&

Yo 61 Y €) P

as shown in Eq (10).
There are three sources;for the total static torque . . .
a a — (20)

reflected in the lead screw shaftY() as in Eq o _
(4) wher€'Y s thé static torque,contributed by Th.e lead screw moment inertia is determined
using leadscrew mass as Eq (11).

the friction in the guidewaysy is the torque
lost in bearings due to frictiofiy is the torque

required to avercome the feed forces. v o -a — (11)

Y 'Y 'Y Y 4 . . .

“) Eq (1) will be reorganized to obtain Eq (12)
In the case of a’gear between the motor shaft and
the lead screw shatft tfi¥ will be determined as 0 (12)
follows wherel is the gear reduction.
Yo = )

Also, Eq (3) will be reformed to result Eq (13)

Eq (6) illustrates the static torque due to
guideways friction where™Q is pitch of lead 1 - (13)
screw,’ is the friction coefficient in guides,
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Eqgs (12), (13) are used to build the DC motor To obtain the transfdunction between and”Y

model incorporated with servomechanism

system as shown in Fig. 2.

W

v

iy

Fig. 2. Block diagram of dc motor model
incorporated with servomechanism system.

"Oi 0 i Oi "Yi (14)
To find the transfer function betweenand
assumesY 1t as demonstrated in Fig. 3 will

result the following transfer function.

. K; 0
(Les 1 R;) (Jes +B)

KD 4

Fig. 3. Block diagram of dc motor model
incorporated with servomechanism system without
load.

(15)

assume® Tt as shown in Fig. 4 will result
the following transfer function.

& 1 0
>
JeS+B
K L K
t € ) (€
L,S +R,
Fig. 4. Block »diagram of dc motor model

incorporatedswith Servomechanism systenvat
TL

(16)

The actual position table can be calculated using
Eq (17).

A — - a7)
2.2. Systemidentification and experimental
setup

The lack in model data parameters are problem
to obtaina mathematical model for a certain
system [19]. So, the purpose of system
identification fabricatesan approximate model
system using experimental input / output data.
The method to develop a model involves three
basic steps. The first step is the input and output
data will be collected from the experiment. The
second step, many of candidate models kgl
developed. The third step is selecting an
appropriate model from the set of candidate
models.
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The general linear transfer function of such a w
system may be written as follows:

QoMM sdn Q (20)

Where & is a measured output value,
o . QoMo 8 g is a function of the
vt @ (18 independent variabk® and the
Vi w8 w 8 E parameters) o /8 8 & , andQ is a random
error.

Where o 8 R arethe estimated parameters
of the approximate transfer functidhis known

that the nonlinear system cannot be represented
exactly by linear models. The accuracy of the @ Qw Q
model can be increased by increasing the order
of the linear system. However, eft there is a
limitation that increasing order cannot improve
the model accuracy sufficiently. Therefore, it is
necessary to explicitly add the nonlinearities into
the system.

This model can be rewritten in a short form by
ignoring the parameters,

(21)

The nonlinear equation [can4oe analyzed in a

Taylor series around the parameter values,

— Y&
(22)

In this paper, we try using the nonlinear ARX  \yhere(j stafids fdr the initial values and 1 is

" QR ==V

model structure to model sudystems where

AR refers to autoregressive part and X to the

extra input.A nonlinear ARX model can be
understood as an extension of a linear madel
shown inFig. 5.

Nonlinearity estimator

Nonlinear

function —‘
Regressors y

u(t), u(t-1), y(t-1),...
Linear

function

Fig. 5. The structure of a nonlinear ARX model.

Assume nonlinear function has twmknown
parameters) M ¢ Q.

T wp Q Q (19)

the prediction.

N7 o

Yo Qp ®f andYo O OF

(23)

Assume’ the initial values abj and @y and
substitute (22) in (21) will result:

®w Qw Yw Yw Q
(24)

or in matrix form

O 0 Y6 0 (25)

Where 0 is the matrix of partial derivatives
of the function evaluated at the initial values j.

TR T A

x T o T 'Rw

v 88 888 (26)
T dw T "dw

Where n = the number of data points

The relationship between the nonlinear equation 'N¢ Vector {H} consists of the differences
and the data can be described as the following P€tween the speed measurements and the
form. function values.
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G Qo 3
6 06
o 8888 (27)

w Qo 4-

The vector Y8 consists of the changes in the
parameter values,

o 5_
Yw
o Y&
Y6 888 (28)
Yo
Subjecting linear leastquares theory to
equation (25)
6-
0 O 0 0 Yo (29)
¥ 0 0 o 0 @0)
For {AB}, which can be

upgraded values for the parameters, as in

DF o YO

0F wr YO (31)
Wherewy anday  are the new values of
andw.

This steps repeated until the estimated

parameters have, a satisfiedyerror between the 4 |

actual output and model outpulThe main
components of one stage table servomechanism
experimental setups illustrated irFig. 6as the
following.

1- One Stage Tablelt consists of a DC motor

driving a lead'serew on which a sliding block
is installed. The DC motor has nominal speed
1800 rev/min, and armature voltage 90 V.

2- Optical Encoder: An encoder is an electrical
mechanical devicthat can monitor motion or
position. The Optical Encoder is provides
position feedback signals (100 pulses per
revolution).

N XXX XX

Limit Switches: Two magnetic limit switches

detect when the sliding block reaches the start

or end position.

Motor Driver: The DC Motor Drive controls

the DC Motor ElectréMechanical Module,

Model 3293.

A data acquisition card (DAQ) NI USB

6009:it has the following specifications:

e 8 analog inputs (:Bit, 10 kS/s).

e 2 analog outputs (1Bit, 150 S/s).

e 12 digital I/O.

» USB comection, no extra power supply
needed.

Push Buttons, Toggle Switches, and

Lights: they useto operate the DC motor

drivergmanually.

Computer: used to perform the control

algarithms and‘receive and send the signals

fromghg NDAQ) Card. o

deter mi ne

Optical
encoder ./

Motor
driver

il

Push buttons,
toggle switches
and lights

Fig. 6. Onestagetableservomechanisrmactual

setup.
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3. Enhanced Nonlinear PID Control

It is well known that the transfer function of the

linear PID controller isO i ) O i.

Whereb ,0 andv are fixed gains. These
gains can be defined as follows. is the
proportional gainwhich attempt to reducthe
error response® is theintegral gainand its
role dampenthe steadystate errarQ is the
differential gairwhichdecreasthe overshoot of
system also, it ensureshe system stability
[20],[21].

In spite of linear fixed parameters PID
controllers are often suitable for controlling a
simple physical process, the demands for high
performance control with different operating
point conditions or environmental parameters
are often beyond the abilities of simple PID
controllers[22],[23]. The performance of linear
PID controllers can be &anced usingsseveral
techniques which will be developedto deal with
sudden disturbances and complex systems for
example, the PID settining“methods, neural
networks and fuzzy logic strategies, and other
methodq24],[25].

Among these techniques, nonlinear PID (NPID)
control is presented as one of the tnos
appropriate and effective methods for industrial
applications. Thesnonlinear PID (NPID) control
is carried out/in two broad categories of
applications. The first eategory is particular to
nonlinear'systems, where NPID control is used
to absorb the nonlearity. The second category
deals with linear systems, where NPID control is
used to obtain® enhanced performance not
realizable by a linear PID control, such as
reduced overshoot, diminished rise time for step
or rapid command input, obtained better tragki
accuracy and used to compensate the
nonlinearity and disturbances in system
[26],[27]. The NPID controllers have the
advantage of high initial gain to achieve a fast
dynamic response, followed by a low gain to

Vol. X, No. X, XXXX

avoid unstable behavior. In this study, the
traditional linear PID controller care enhanced
by combining a sectdsounded nonlinear gain
into a linear fixed gain PID control architecture.
The proposed enhanced nonlinear PID (NPID)
controller consists of two parts. The first part is
a sector bounded nonlinear gain ‘Q while, the
semnd part is a linear fixedain PID controller
(U ,0 andy ). The nonlinear gaie Q is a
sectorbounded function of the" error e(t). the
previous researches have been considered the
nonlinear gaih  'Q as a one scalar yvalue.

The new in this research, the“ene’scalar value of
0 Q will be replacedWwith a row vector can be
expressea@s

0 Q A0 Q V%@ 0 'Q asshown

in Figi 7 which will lead to improving the
performance of nonlinear PID controller where
the values of nonlinear gains will be adjusted
according to the error and the type of fixed
parametersy ,0 andy ).

The proposed form of NPID control can be
described as follows.

00 0 U QIO

6 0 Q6 Qo 0 O Q8—
(30)

Where 0 Qb Qoe® Q are

nonlinear gains. The mdinear gains represent
any general nonlinear function of the error which
is bounded in the sector 00< Q<0 '‘Qmax.
There is a wide range of choices available for the
nonlinear gainb Q. One simple form of the
nonlinear gain function can be debedl as.

Q L 'Q

0

(31)
Where'Q ph;hos
. Q & 0
Qa0 & 0 (32)

The nonlinear gaim 'Q is lower bounded by
0 Qmin = 1 when e = 0, and uppeounded
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by 0 Qmax ch0 Q ). Therefore,
‘Q stand for the range of deviation, and
describes the rate of variationof Q.

Nonlinear proportional gain

>

kn1

Proportional gain

—

Nonlinear integral gain

Integral gain
1/5 i

Nonlinear derivative gain

-
I Derivative gain
»l—vs

Fig. 7. The enhancednonlinear PID controller
structure.

—

>

kn3
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The critical point in the PID and NPID
controllers are selecting the proper parameters to
be appropriate for the controlled plant. There are
different approaches to find the parameters of
PID controller for instance, try and error and
ZieglerNichols methd but, most of these
approaches are rough roads. In this paper, the
harmony search optimization technique will be
used to obtain the optimal values of both PID and
NPID controller parameters according to the
objective function as shown Exq(33) [28].

0

(33)

Where'Q is the steady state erras, is the
overshoot of systenwresponse,is the settling

time andosis the rise timeAlso, this objective
function®is ablefto compromise the designer
requirements using the weighting parameter
value (B). The parameter
reduceover shoot and steadate error. If this
parameter is adjusting smaller than 0.7 the rise

The one stage servomechanism system needs twotime and settling time will be reduced. Harmony

cascaded controllers, the first controller is the
speed controller while, the second controller is
the position controller. Usually in position
controller the integral part will be eliminated to
be the output of position controller reference to
speed controller.

‘00

Fig. 8illustratestheblock diagram for the overall
harmony search tuning systemsing the
enhanced nonlinear PID controller.

search (HS) was suggested by Zong Woo Geem
in 2001 [29]. It is well known that HS is a
phenomenomimicking algorithm inspired by
the improvisation process of musicid88]. The
initial population of Harmony Memory (HM) is
chosen randomly. HM consists of Harmony
Memory Solution (HMS) vectors. The HM is
filled with HMS vectors as follow

Ul
; (39
1

Table1 demonstrates the valuesthe obtained
parameters using the harmony search tuning
system.



Harmony search tuning

system
A A
Reference - - Stage Stage
position N NPD NPID speed Identified model | speed position
;Q- position —>@—> controller » of one stage » Integral p
T error | controller I servomechanism

Fig. 8.Closed loop system witharmory search tuning system.

Table 1. The obtained parameters of each eontrol technique.

Positioncontroller
Controllertype Speedcontroller
(witheutintegral part)

0 0 ) 0 0 0 0 0 0 0
NPID controller

1045 0.67 0.0045 "0.93 5056 0.96 0.0067 0.034 5.054 0.0456

0 0 0 ] 0
PID controller
26.1677 1.7924 47.4250 23.0674 0.7043
4. Experimental andsimulation results The NI DAQ Card generaterandom signal
ranges from-5V to +5V with sample rate 50
4.1. Identified model validation millisecondsasillustratedin Fig. 10 where his

signalwill be asinput to the DC motor drive.
This section demonstrates the practical steps to
develop identified model for one stage
servomechanism system prototypéso, Fig. 9
shows the components connection between each
part through the experimenfhe candidates
identified models will be investigated by
comparing the output of each identifiectbdel
with actual experimental data. In the beginning,
we collect the experimental input / output data.

The speed of DC motor will fluctuate with
change the generated signal. The positive mnge
of voltage signal willmakethe DC motor speed
fluctuate in the forward direction while the DC
motor speed has fluctuated in reverseciion
through the negative rangeof voltage This
continuous change in input signal will make the
speed of one stage table fluctisgieoportionally

as illustrated irFig. 11
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Fig. 12demonstratethe actual position of one  of the input signal. The data will be collected and
stage table through the exjpeent. It can be stored in excel sheet file and then tdaa will
noted that the tablgosition increases in positive  be used to fabricate identified model for one
ranges of the input signal to DC motor driver stage servomechanism system.

while the position decreases in negative ranges

One stage table

-90-90V

Table

":lc oupling & : Lead screw

Power A DC motor oY
supply driver oo il

Motror

N Optical encoder
" feedback

Output signal
(-5-5V)

Encoder pulses —

100 pulses per/ rev
NI DAQ 6009 card

r4Y

Data
b collecting

Computer

Fig. 9. Bla€k diagram of experimental setup servomechanism system.

Linear speed of table (inch/sec)

NI DAQ card voltage output (V)

. . . ! 0 5 10 15 20 25
0 5 10 15 20 25 Time (sec)
Time (sec)

Fig. 10. The random input signal tc motor driver. Fig. 11. The linear speed of servomechanism table.
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Table 2. The Mean square error of identified malel

No. Systemidentificationmethod Meansquareerror
Linear identified system
1 (Second order) 0.1973
2 Nonlinear identified system 0.05912

Table position (inch)

‘ 1‘0 1‘5 2‘0 2‘5
Time (sec)
Fig. 12. The position okervomechanism table.

0 5

Fig. 13 demonstratess comparison between the
actual stagespeedsof servomechanism system
with the output of two candidates identified
models. The first identified model presents a
second order system while the second identified
modé includes a nonlinear ARX modelt is
obvious that the nonlinear ARX identified can
simulate the behavior of actual .€xperimental
setup comparedo the second order identified
model.

T
Actual speed of table

—+==Identified model (second order model) ||
— ~ ~ *ldentified model ( ARX model)

Linear speed of table (inch /sec)

1‘5 ZID 2‘5

Time (sec)
Fig. 13. The linear speed of one stage table
servomechanism’ for actuaxperimental setup and

identified models.

Finally, it can be summarized that the nonlinear
ARX identified model can represent the one stage
table servomechanism signifieantly. So, this

model will be used to help us_ter€an, design and
implement the enhanced  nonlinear PID

controller.

4.2. Performanceof proposed controllers

This séction demonstrates the dynamic analysis
of one stage serwvomechanism system prototype
using the 'enhanced nonlinear PID control and
linear PID control based on harmony search
tuning system. To ensure the robustness of the
enhanced nonlinear PID contseveral tests will

be /performed such as fixed table position

reference and variable table position reference.
These tests will be applied on the identified

model (simulation results) and one stage
servomechanism system prototype (experimental
results). he purpose of proposed controllers to

follow a certain position reference trajectory in a

short time with good accuracy.

Fig. 14 shows the performance of one stage
servomechanism drive system with each control
technigue at a constant preselected position
reference test where the reference of stage
position will be adjusted to 7 inches. The

proposed controllers will be applied to the

identified model (simulation results) and the

experiment setup (experimental results). The

Table 2 demonstrates the mean square error of gtage hegins moving from the zewsjiion to the

each identified model. It can be noted that the
nonlinear ARX identified model has the

position reference. The behavior of stage from
zero position to the position reference depends on

minimum mean square with respect to the second {h¢ type of each control technique. It is noted that

order identified model.

the performance of nonlinear PID controller is
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better than the PID controller where thelNP the simulation andthe experimental results
controller can reach the position reference because of the noise, system uncertainty, and NI
rapidly compared to the PID controller. Also, the Card time delay. Both simulation results and
simulation results expected the behavior of each experimental results are summarized in Table 3.
control technique without using the actual

experimental setup. Small differences between

Table 3. Controllertechniques performance.

Controllertype Risetime  Settlingtimey,  Overshoot
Identified model 2.6625 3.3963 1.1772
Linear PD—-PID controller Experimentatetup 19810 Te5o4 o
. Identified model 1.5492 2:4466 0.6991
Nonlinear PD- PID controller Experimentabetn {5958 5 1905 o

Fig. 16sshows the_performance of each
contral teghnique at different commands of
reference position test where the position
reference will" be changed through this
experiment. It can be noted that the nonlinear
PID), controller can follow the position

ot S s s psin i reference rapig compared to the PID

o

Table position (inch)
w £

Y Y A HS-based PD-PID control (identified model)
1o —— HS-based PD-PID control experimental setup) 1 controller where the proposed NPID control
f" ===-=-HS-based NPD-NPID control [ldentllﬂed model) . )
LLS oo NED WRD conel egrinensl se) is faster than the PID control with percent
0 1 2 3 4 5 6 . . i
Time (sec) 40% approximately which will lead to save

Fig. 14. The response of each control technique at a the machining time cycles and increase the
constant reference ppsition applied to the identified productivity.
model and the experiméntal setup .

Fig. 17 demonstrateshe speed controller
output for each control type appliedh the
identified model and the experimental setup
at different commands of position reference.
It is clear that the simulation results and
practical results are identical approximately.
Moreover,the shuttering will appear when
the stage reaches the required position
reference command because of the noise and
the friction between the nut and the screw.

The spéed controller output for each control
typewas shown iriFig. 15througha constant
reference positiomppliedon the identified
model and the experimental setlips clear
that the simulation results and practical
results are cloSe. Also, theressuttering at
steady state in each control technique due to
the noise and the friction.
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5. Conclusion

IS
=

A LABVIEW implementation for a new
form of nonlinear PID (NPID) control was
presented to achieve higlerformance

motion control of one stageervomechanism

system. Firstly, an identified model was
HlE R LR implemented via cadicting the experimental
—voT T T—— 7 inputioutput data and entering it to

=6 | === HS-based PD-PID control (experimental setup)

== HS based NPD NPI cono denfied mode) MATLAB system identification toolbox.
g TR Secondly, the harmony/search_optimization
Time (sec) was used to obtain the,eptimum valuds o
Fig. 15. The output of each control technique at a  controller parameters based on a certain cost
constant reference position appliedthe identified function. Lastly, the sirulation results
model and the experimental setup. would be executed inh real time by
LABVIEW software. Also, the performance
T of an enhanced NPRID.eontroller compared to
L the linear” PID} controller to ensure the

¥ robustneéss  Processing experiments

~

Speed controller output (V)

8

[

o
.

o
e

£ A demonstratethat the enhanced nonlinear PID
s A\ controller is more robust and can
ga— 1 accommodate rapidly the position error
= s ks potln compared tothe linear PID control. The
G = S b P10 convl (e st enhanced NPID control has minimum rise
M o e NPDAPD cotrl xprmtt ot and settling time which will reduc¢he
S S machining cycles times in industrial

Fig. 16. The response of each control techniguesat ProCESSes.
different commands of reference position applied to
the identified model and the experimental setup. References
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