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Abstract: The goal of this paper is to enhance a practical nominal
characteristic trajectory following (NCTF) controller that is specifi-
cally designed for two-mass point-to-point positioning systems. A
nominal characteristics trajectory contained in the NCTF controller
acts as movement/motion reference and a compensator is utilized
to force the object to detect and follow the reference/desired tra-
jectory. The object must follow and track closely and should be as
fast as possible. The NCTF controller is designed with two different
intelligent based compensator approaches which are fuzzy logic
and extended minimal resource allocation network. The proposed
controller which is NCTF are compared with the conventional pro-
portional integral compensator. Then the results of simulation are
discussed for the positioning performances. The inertia variations
due to the effect of the design parameters are also assessed to
see the robustness of controllers. The results show that the NCTF
control method designed from an intelligent based compensator
has a better positioning performance in terms of percentage of
overshoot, settling time, and steady state error than the classical
based compensator.
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cal method, mechanical vibration, nominal characteristic trajectory
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1. Introduction

The precision positioning systems along with electrome-
chanical drives, sensors and a controller are broadly em-
ployed in many industrial machines applications, such as
semiconductor systems, computer numerical robot systems
and control machining. There are particular devices of
mechanical tools in multi-mass systems that particularly
contain low natural frequency of vibrations which is also
known as resonant frequency. Due to this characteristic, the
limited amplitude but small elastic deflection of gears and
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rotating shaft might get enlarged. The examples of me-
chanical elements in multi-mass systems are long shafts
with less stiffness, large roll inertia, machine tools spindles
and gear boxes. Besides, the oscillation has an effect on the
load. As a result, there might be some problem occurring
on the systems. Thus, the systems will become unstable,
poor in positioning accuracy and possibly damaged [1].

Moreover, the point-to-point (PTP) control system is of-
ten applied to mechanical elements having friction and ex-
hibiting spring-like behavior [2] in a narrow working band.
These nonlinearities, i.e. friction and saturation which usu-
ally becomes the root cause for actuators in all devices
having comparative motion occur in all mechanical sys-
tems. As a result, the motion in the mechanism will be in-
terrupted and it will lead to steady state error and make
the system to be unstable [3]. There are many approaches
that have been demonstrated costly in order to improve
the mechanism elements for precise and great positioning
achievement [4].

Therefore, numerous controller architectures acquired
are developed and suggested in PTP positioning systems
including proportional integral derivative (PID) [5], robust
PID controllers [6], predictive controllers [7], time opti-
mal controllers [8], sliding mode controllers [9], and dis-
turbance observer controllers [10]. Since transient perfor-
mance of the control systems [11] is very important in
many control applications, various methods are proposed
in the literature to address the transient performance of the
control systems, e.g. robust control with adaptation mech-
anism [12], low and high gain controls [13], fixed-order
control [14], to name just a few. Most of the results fo-
cus on the solvability of the investigated issues while the
transient response of the closed-loop system is not well ad-
dressed.

To enhance the transient response of the closed-loop



1222 Journal of Systems Engineering and Electronics Vol. 28, No. 6, December 2017

system for the tracking control problem, composite nonlin-
ear feedback (CNF) control was first proposed in [15] for
a class of second-order linear system with input saturation.
The applications of the CNF control method are also de-
scribed in the literature, such as, servo position system [16]
and direct current (DC) motor system [17].

Nevertheless, the conventional controllers have some
difficulties to keep the response without getting an over-
shoot because of their limitations on the robustness of the
performance and the higher positioning. On the other hand,
to determine the exact model plant of the advanced con-
trollers, it needs a longest period of time to identify its pa-
rameters. Rapid reaction and less overshoot are attractive
in most of the tracking control difficulties. Nevertheless, it
is well known that rapid reaction results in a huge over-
shoot. Hence, most of the control design structures have to
compromise among these two transient response indices.

From the previous study in 2001, a nominal characteris-
tic trajectory following (NCTF) control was designed and
implemented succesfully in order to encounter the prob-
lem occurring in the previous study. A single-mass ro-
tary positioning system [18 —20] was successfully imple-
mented. Besides, the NCTF control can be employed in
many practical applications problems and the comprehen-
sive knowledge of the theoretical circumstanses as it is a
practical controller. The advantages of the NCTF control
design method are flexible, straightforward, and simple in
implementation as well as easy to understand. Since it is
a simple system design, the parameter and the mathemati-
cal model of the system are not required as this controller
only depends on the simple open-loop response of the
system [21].

An NCTF control has been implemented in real mecha-
nisms and it has been reported to have a better position-
ing performance than the classical PI/PID controller for
a single-axis motion system [22-26] and for a two-mass
system [27], and to be more robust under parameter vari-
ations [28,29]; and it has been successfully implemented
with mechanisms having friction [30,31]. The best com-
parative study on NCTF control strategies for motion sys-
tems can be found in [32,33], where single- and two-mass
positioning systems used with linear and rotary systems are
explained. To the best of the authors’ knowledge, there has
been no comparative study of NCTF control for multi-mass
system for PTP positioning systems, which is discussed in
this paper.

The NCTF control concept designed in [34] and [35,36]
are extended for distinctive compensator design ap-
proached in a rotary motion system emphasizing on two-
mass to achieve precise and accurate control performance.
Then, the robustness and the positioning of the system are

compared by using three different types of compensators
designs which are fuzzy logic (FL) control, proportional
integral (PI) control, and extended minimal resource allo-
cation network (EMRAN) control.

The main goal of this paper is to broaden the application
of the NCTF controller as well as to compare the effective-
ness of the positioning performance of the NCTF control
by using different types of compensator design. Next, the
designation of the NCTF controller is improvised on its
design of nominal characteristic trajectory (NCT) in order
to see whether multi-mass positioning systems can adapt
with the NCTF controller or not. This study also explains
a vibration dilemma raised by the mechanical resonance of
the plants and proposes its simple solution with a practical
and systematic design method. The efficiency of the pro-
posed controller and its design approach are demonstrated
through simulation results.

This paper will be structured as follows. The system
model and the basic concept of NCTF control are described
in Section 2. Meanwhile in Section 3, the PI, FL, and
EMRAN compensator designs are studied and well ex-
plained. Section 4 gives the results of the simulations of
movement control accomplishment of the proposed NCTF
control system. The results are analyzed and distinguished
based on positioning motion and robustness performances.
Last but not least, Section 5 describes the conclusion and
the possible future work.

2. Scheme and control theory
2.1 System scheme

The model of the system is defined in [1] to derive all the
unit measurements, and the international system of units
(SI) is used for entire physical quantities and valid for en-
tire notations. In this paper, the simulation is done by using
the exact parameters from the real object [1].

The exact block diagram of the plant for the simulation
purposes is also described in [1]. In this model, several dis-
turbances are taken into account, such as friction and satu-
ration. Therefore, whether the controllers can adapt for
high precision positioning systems or not can be seen by
enhancing the NCTF controller design. Hence, a multi-
mass motion system could satisfy the high precision po-
sitioning systems since the controller is more likely to be
reliable, accurate and effective.

The transfer function form of the simplified model of the
two-mass positioning system is written in the fourth-order
system:

0u(s) a wi

Gols) = = K PTG wr T (1)

where K, (r, o, and wy indicate the variables of the sim-
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plified plant which needs to be resolved. Fig. 1 shows the
open-loop responses for single-mass and two-mass in or-
der to clarify that two-mass contains the vibration effect.
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Fig.1 Open-loop response of single/two-mass systems

2.2 NCTF control theory

The basic structure of the NCTF control mechanism is il-
lustrated in Fig. 2. There are two main subsystems in this
plant, which are a nominal characteristic trajectory and a
compensator. The NCT is a chosen path that is built from
uncomplicated and fast open-loop response. Other than
that, it is not a necessarily required mathematical model
while the compensator is designed based on the parameters
acquired from the NCT. The significant target of the com-
pensator for NCTF approach configuration is to produce
the desired motion in order to track the target trajectory so
that the object movement will stop at the desired point.

NCTF controller
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Fig. 2 General block diagram of NCTF control system

The scenario mentioned above is perhaps examined
from the phase plane (e, ¢’) illustrated in Fig. 2. The signal
u,, is adopted as a signal input for the compensator so that

the actual object motion will follow exactly the targeted
NCT without failure. Therefore the value of u, can be
zero. This criteria will reflect the aim of the compensator in
NCTF where the actual object motion is controlled by the
NCTF method so that the signal u,, is equal to zero. The
fundamental concept of the NCT controller can be found
in [21] and [28].

A DC motor acts as an actuator to the system. The func-
tion of the actuator is to drive the plant or object to reach
the desired NCT. It is also known that, the actuator/motor
specification characteristic when it ends from its maximum
velocity or ultimate input, will influence and deteriorate the
final accuracy and efficiency of the PTP positioning per-
formance. Hence, this actuator behavior is needed to de-
sign the NCTF controller. In order to achieve the required
actuator characteristics, performing an easy open-loop ex-
periment or real-time response is a practical and simple
method.

3. Controller scheme
3.1 NCT structure

The stepwise input is used for an open loop performance
to control the actuator in order to create the NCT. Subse-
quently, the real object vibrates because the effect forms
its mechanical resonance. Hence, the output responses for
the feedback on the real object movement are determined
in terms of load velocity and displacement illustrated in
Fig. 3. All the output performances are built from the orig-
inal rotary systems along with a low stiffness shaft. As op-
posed to the single-mass system, there is no vibration ef-
fect, and thus the NCT can be easily determined as shown
in Fig. 4.
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However, the effect of vibration in two mass systems
must be eliminated in order to determine the trajectory of
NCT. Besides, the product from the system of the object
responses should be normalized. In this paper, a smooth
moving average filter (MAV) is executed from [37]. To
determine the NCT, the averaged outcome object perfor-
mances of the plant are employed as shown in Fig. 5.
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Fig. 5 Signal input and averaged object response

From Fig. 5, the MAV is applied in the system to get the
averaged response due to its easiness. By estimating the
number of points from the object performances, the MAV
is obtained to get each point of the averaged operation. The
following equation is stated as below:

1 (M—-1)/2
el,av(i) = M Z 91(2 + ])
j=— (M—-1)/2
1 ! (M-1)/2 : 2
Ol,av(i) == M Z 91(71 +])
j=—(M-1)/2

In MAV concept, the filter parameter M is the number
of points in the average. In order to get a good averaging
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result, the number of points M is set to be equal to the
number of points in one cycle of the vibration as follows:

3

Ws

M =
Wfd
where w, represents a sampling rate and w y4 represents the
vibrating frequency of the object responses in rad/s. In this
MAV, index i is the point in the average signal, while in-
dex j is the running point. It is also known that MAV is a
convolution using a very simple filter kernel.

In order to determine the NCT motion, there are two
criteria to be considered, which are averaged responses of
displacement and velocity. Meanwhile for the PTP motion
approach, we would like to get faster desired output with-
out an overshoot and the object motion must stop at a cer-
tain position without any error. Therefore, the deceleration
process is shown by the curve A in Fig. 5 whereas Fig. 6
represents the NCT determination in which the maximum
velocity h is applied in the system. To determine the height
of the stepwise input, the maximum velocity and the de-
celeration process are considered. There are two valuable
parameters in the NCT, which are the inclination of the
NCT close to the origin m, and the maximum error rate
h. These parameters observed are illustrated in Fig. 6 and
used in order to design a compensator since both parame-
ters are connected to the dynamic behaviors of the actual
object.
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Fig. 6 NCT of the two-mass system

Since the actual output responses in the two-mass sys-
tem have the vibration effect, thus NCT cannot be con-
structed from the actual responses due to high oscillation
from the system. Therefore, we need to use MAV to ave-
rage the actual output responses in order to construct the
NCT. The NCT does not include the vibration effect since
it depends on the averaged output responses that minimize
the order of the system. Therefore, the following second
order equation can be written as

O1av(8) _ !
U(s) s(s+ «)

“
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where o and K define the simplified averaged object vari-
ables. These parameters are linked to h and m in the data
of NCT that are well elaborated in [21] for a single-mass
motion system.

For the PTP motion system, the structure of the NCTF
control system only works under the following two condi-
tions. First a DC motor acts as an actuator of the object,
and second, the reference input 6, is constant since it con-
trols the motion system, and its derivative 6,, = 0, which
produces the error, e = 6, — 6;, and the reaction of NCT
which is given by the value of A is connected with hypoth-
esis of the final value for the steady-state velocity due to
the input actuator which can be given as h = Ku,..

3.2 Vibration elimination

A shaft acts as coupling among the motor and the ob-
ject mass can have very low stiffness functioning like a
spring which may cause an oscillation or vibration at the
resonance frequency, resulting in an unstable system in a
two-mass rotary system. The averaged position response in
(4) does not represent the real two-mass system as in (1).
Hence the vibration effect on the system cannot be elim-
inated because the NCT parameters determination is not
effective in the system in (1) without a filter. Hence a fil-
ter is used in the compensator structure design. The simple
and effective method which is an anti-resonance notch fil-
ter (NF) [38] is used in order to compromise along the tor-
sional resonance in the system in (1). The transfer function
of the NF is given by the following equation:

Cor(s) = Kae(s® + 2Cwys + w})
nf\8) = (82 + 2¢owos + w2)

)

A notch filter consists of a pair of complex zeros and
a pair of complex poles as illustrated in (5). The complex
poles, which are characterized by w, and ¢, are used to
create an additional resonance, where if the magnitude of
the real value of the poles is large enough, it will result in a
well damped response. These complex poles are also used
to increase the gain margin of the overall system. On the
other hand, the purpose of the complex zeros defined by w
and (; is to cancel the resonance poles of the system that
eliminate the vibration caused by mechanical resonance.

In order to cancel out the resonant frequency of the sys-
tem, the ratio between (¢ and (, is employed to determine
how deep the notch of the NF is. The last parameter of NF
is the gain K. used in the steady state condition when
the transfer function of the NF becomes one. In this paper,
perfect cancellation of the resonance poles by NF is not
necessary since NF can adequately reduce the effect of the
vibration as long as the zeros of NF are close enough to the
original plant poles.

From the system parameters in [1], the poles and zeros
are located on the s-plane, as shown in Fig. 7, which il-
lustrates that the system is unstable without the controller
from the system’s root locus. Fig. 8 shows the effect of
the implemented NF that makes the overall system become
stable by the cancellation of the complex zeros marked by
B to the poles marked by A caused by the mechanical re-
sonance of the plant.
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Fig. 8 Pole-zero cancellation of the notch filter

Another effect of the NF on the plant in order to elimi-
nate the vibration and reduce the magnitude of oscillation
can be seen through the time domain analysis as shown
in Fig. 9. It should be highlighted here that complete can-
cellation of the system’s resonance poles by the NF is not
necessary, because as long as the zeros of the NF are near-
est to or approaching the original poles of the system, the
NF can sufficiently decrease the vibration/oscillation ef-
fect, and therefore improve the system response. In this
work, we do not focus detail on the design of the NF be-
cause this can be found in [1]. Therefore, we will use the
same design parameters for the NF for all the compensator
structures throughout this paper.
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3.3 Compensator design

Since NCT in Fig. 6 has been designed based on averaged
output responses as described in subsection 3.1, the sim-
plified object model of (4) is expressed in the state-space
equation:

d |6 0 1 0 0
o) =0 ]3]+ o) @
It is such an important aspect when the motion system
characteristic is near to the reference position because the
system stability and accuracy depend on their characteris-
tics as explained in the NCTF control concept. In Fig. 6,

the inclination of the NCT close to the origin is connected
to the simplified object parameter « as

% =m. @)
The NCT inclination close to the origin is constructed
when the actuator/input to the object/target is zero (u = 0).
Thus, (6) becomes
o
w=
For the case of PTP positioning system, 6,. is constant
and the positioning error is given by e = 6,. — 6;, hence,
(8) can be translated to

—a. ®)

de
o= )

Therefore, from (7) and (9), we attain

(10)

o = —1m.

The value of the utmost error rate of the NCT is con-
nected to the steady-state velocity of the object because of
input actuator u,.. Through formulation of the final value
theorem, the steady-state velocity is given as Ku,.. Then,

h=—-Ku,. (11)
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Thus, K can be conveyed as

K=
Uy

12)

Since the object is performed based on real time open-
loop experiment, the simplified object model includes the
effect of friction. This friction feature induces the maxi-
mum error rate of the NCT and the inclination of the NCT
near the origin.

3.3.1 PI compensator

The following PI controller is adopted in this work because
it does not involve complex mechanism and is created from
the object variables linked to h and m in the nominal tra-
jectory that have been simplified, which is given by

Gri(s) = <u> .

S

From Fig. 2, the common NCTF configuration is de-
signed toward a block diagram of the stable closed-loop
control system though the trajectory is linear which hap-
pens when the object is close to the root that acquires in-
clination o« = —m as illustrated in Fig. 10 and Fig. 11. The
signal u,, indicates the error among the desired NCT with a
real object motion as illustrated in Fig. 11. The consecutive
equation in phrases of error and error rate can be written as

13)

(14)

Uup =€+ ae = ae — 0.

NCTF controller

Two-mass | 01(s)
system

Fig. 10 Linearized NCTF control system at small error e
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Fig. 11 Linearized of simplified NCTF control system at small
error e

Based on the simplified object model in (4), with the PI
compensator parameters K, and K;, the NCTF controller
in Fig. 2 can be linearized in order to obtain the transfer
function near the origin of the closed-loop system as

0i(s) a aKK,s+aKK;

0.(s) - (s+a) (s> + aKKps + aKK;) (15)
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By defining a K K, = 2¢w,, and aKK; = w2, (15) is
rewritten in the following form:
0i(s) «

6,(s)  (s+a)

G(s) (16)

where

2wns + w2
82 + 2Cwps + w2’

G(s) =

In the case without any motion error, G(s) = 1, thus,
(16) yields

a7

=Gra) (18)

For motion systems, (18) can be revised in time domain

as follows:
e+ ae =0. (19)

From (14), the parameters gain of the PI controller can
be written in the form of natural frequency w,, together
with damping ratio ¢ as shown in the following equation
(20). When the real object motion pursues the targeted
NCT where the subsequent equation is used without hav-
ing an error given by G(s) = 1, where the signal u,, will
be zero.

2Cwn, 2Cwn
== 20
p aK mh (20)
w? wiu,
;=2 =17 21
aK mh 2D

3.3.2 FL compensator

There are two inputs and one output given by the standard
fuzzy compensator configuration as illustrated in Fig. 12
in which u, stands for the output while the two inputs are
denoted by the input signal u,, that reaches about the path,
and the second fuzzy input signal represents the integration
of uy, that is u;. The triangular-form fuzzifier of the fuzzy
compensator known as the Mamdani method is used in this
paper. This type of method consists of crisp parameters in
pair of fuzzy input and fuzzy output. The entire variables
inside the fuzzy compensator are adopted only primarily
based on the NCT specifications because the approach of
NCTF is straightforward.
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= ase 2
.2 bS]
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h=| S e

u; N Inference 2
J’ i = S—— . 1] ©
= mechanism a

Fig. 12 Fuzzy compensator scheme

Membership function: Fig. 13 shows the membership
function of the fuzzy compensator u,, along with trian-
gular configurations which are negative (N), zero (Z) and

positive (P), acts as a membership function. The dimension
of the input signal is indicated by +/h of the course where
the signal u,, is indicated in (14) since the fuzzy signal w,,
can be bounded by the length of the minimum and max-
imum h representing an output velocity of the plant. For
the Z membership function indicated by the subsequent
equation, e, represents the error margin of the resolution
encoder, while ¢, denotes the error rate near to e,..

P, = E£(ér + aey). (22)
1.0
N P
05
Z
0 1
—h 0 h
u,/(rad/s)
0.50
Z
0.25 |-
0 |
—(é,tae,) 0 (é,+ae,)
u,/(rad/s)

Fig. 13 Membership function of fuzzy input u,

The range of fuzzy input u; max (see Fig. 14) for the se-
cond input signal is imitative from the subsequent equa-
tion:

€
m 1
Ui max = J upde = ~Ah. (23)
0 2
1.0
N P
0.5F
Z
“Uimax 0 Uimax

u/(rad®/s)

Fig. 14 Membership function of fuzzy input u;

The variable values of A and h are obtained through the
NCT as defined in Fig. 6. In the end, the fuzzy compensator
output u, as illustrated in Fig. 15 includes three fuzzy sin-
gleton forms N, Z, and P along the dimension of minimum
and maximum of input w,» whereas the input rate about mo-
tor actuator £u,. is represented in the real applications.
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Fuzzy rule: The fuzzy compensator is used in order to
produce and force the target motion to follow and track
the trajectory reference as fast as possible. Therefore, the
fuzzy compensator can contribute positive input to the sys-
tem actuator provided that both inputs u,, and u; are posi-
tive and vice versa.

To accomplish the following phase obligation, yet w,, is
negative or positive and u; is zero, the input of the plant ac-
tuator should be negative or positive. This is to ensure that
the object motion strictly pursues the desired NCT. The tar-
get of the motion control is expected to stop at the origin
of the phase plane in the final phase by setting the fuzzy n
puts which are w,, and u; to zero, the actuator supposed to
be zero also when u,, is negative or positive and u; is pos-
itive and negative accordingly. Table 1 outlines the fuzzy
rules aiming for easy understanding.

Table 1 Fuzzy rules

Load Up
object N Z P
N N N z
u; 4 N 4 P
P V4 P P

Fuzzy inference and defuzzification: Fuzzy interface is
implemented for the fuzzy compensator scheme by using
the Mamdani fuzzy model through the min-max method.
Hence, the fuzzy control output u, is calculated as

Py = TN fhyy, MAX by, | (24)

where j1,,;, and p1,; are the degree of membership functions
of the fuzzy compensator inputs u,, and u; accordingly, and
Lo Tefers to the degree of the membership function of the
fuzzy control output u,. While in the defuzzification pro-
cess, a fuzzy input value is converted back from the lin-
guistic variable into the crisp fuzzy control output value
given by the center of gravity equation:

|| (wpuc
A (25)

’ j ()

Journal of Systems Engineering and Electronics Vol. 28, No. 6, December 2017

where u} represents the defuzzified output, u, refers to
the output variable, and ., (u) represents the aggregated
membership function.

Fuzzy gain K y.: The fuzzy gain aims to grant the fuzzy
inputs u, and u; with small values in order to fire the fuzzy
rule. This fuzzy gain Ky, has correlation to NCT parame-
ters while pursues

K= —. (26)

3.3.3 EMRAN compensator

A quick learning can be achieved with the minimum re-
source of distributing the network and it also may be as-
signed as an online or true time based learning algorithm.
The radial based function network (RBFN) is used in this
paper as an alternative way of a standard neural network
because it has a problem of dimensionality. In order to train
the network, the EMRAN algorithm is used. The number
of neurons of the RBFN will gather to or diminish until the
relevant result is achieved throughout the training. The pa-
rameters are improved using a strategy of “conqueror takes
it all”. It indicates that the most energized neurons on pa-
rameters of RBFN are improved or updated and the others
will remain constant. With the only success neurons that
will be improved, it can make the process minimize the to-
tal of the computational load time, and finally can lead to
crucial decrease in the numbers of the parameters that are
required to be improved online.

A fundamental scheme of the RBFN model together
with the Gaussian function as modified to the current sys-
tem is shown in Fig. 16. The number of hidden nodes a
in the RBFN are appointed for the input, mapping u, to
the output control law u,,. The center position p; is for all
J hidden neurons, o; is the width for Gaussian action va-
lues, and «; is the relation weight which survives between
the output layer and the jth hidden lager.

Hp Hn

|
v

Hidden layer Output layer

Input layer

Fig. 16 Structure of radial basis function network

The RBFN output is disposed through the following
equation where b is a bias:
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h
Un = flup) =b+ Zajgoj(up). 27)

j=1

Here, Gaussian function ¢; of the jth hidden neuron
stated in the consecutive mode is

— .12
05(u,) = exp <_|up 2u3|> 08)

gj

where || - || designates the Euclidean norm.

The distribution of the new hidden neurons is the pro-
cess in the EMRAN algorithm learning. When there are no
hidden neurons, ; = 0 and the RBFN process starts. The
RBFN emerges in terms of three major specifications for
each of the input and output training data u, and u,, that
are well-informed. The three main equations are

e =6, — 0] > e (29)

[up,i — pjll > ez (30)

€rms,i = M Z es > €3 ( )
n=i—(M-1)

where the desired displacement and actual load displace-
ment output are #,- and 6; at each time index i separately
in which e refers to the current estimation error standards,
where it must be huge enough compared to the threshold
and the error threshold illustrated by €1, €2, and €3 that are
required to be appointed appropriately by a trial and error
method of the user.

The remaining nodes will be determined by whether the
nodes are not acceptable to get the network outputs that
will assure the error indication ¢ is stated in (29). The
new node summed is far enough from all the current nodes
that can be assured when (30) is used. The implementa-
tion of (31) is used to verify and resolve whether existing
nodes convene the required mean squared error specifica-
tion or not, and reduce the effect of error in the network
growth for the past M outputs. A new hidden neuron can
be summed up to the network when all the three equations
are contented.

An adaptive rule is implemented via the above three
specifications in real time, so that the RBFN parame-
ters w can be modified. Thus, the error between the de-
sired displacement and the real displacement (6, — 6;), is
minimized throughout the training process. The extended
Kalman filter (EKF) will be employed when the equations
(29)—(31) are not fulfilled because only the hidden neu-
rons or “winner’ neurons are selected. As a result, the value
of center 1; and width o; will be enhanced through the
EKF. In this paper, a clear approach from [39] has been
selected to explain the function of EKF by modifying the

weight in EMRAN. Next, the parameter of the network of
radial basis function w* = f(u*,0*,b,a*) is improved
for the EKF as a referring equation :

wi =wl_, + K (6, —0)). (32)

From (32), K} shows the Kalman filter gain matrix, as ex-
plained in the following:

K; =P/ B[R, + B{"P_,B]]"" (33

where R,; is the variance noise measurement, whereas P;*
represents the error of the covariance matrix, and B} ex-
presses the Gaussian function f(u,, ;) gradient matrix con-
sidering the network parameters w* where w;_; can be
determined with the following equation:

B = Vi f(up). (34)

Generally, the parameters of RBFN w* are trained on-
line in terms of the actual parameters of the plant. Ne-
vertheless, in this paper the focus will be on the simulation
process. Hence, the parameters given in [1] will be utilized.
To train the RBFN, the square-type signal is selected with
many types of inputs and practiced. When the training ope-
ration is completed, the last weight of the RBFN is kept
and will be reused again in order to stimulate the feedback
control law u,,. The process is rerun until the process is
adequate enough for the three main growth networks.

4. Result and discussion
4.1 Scenario description

The most important part of this study is the application of
a high-precision positioning system which is a functional
method for researchers and engineers so that a simple and
easy controller can be created. The NCTF control concept
states that the controller is assembled by a clear and easy
open-loop response of an actual system; so it will involve
the nonlinearities, i.e. actuator saturation and friction that
show the actual behavior of the plant.

The proposed NCTF controller described and expressed
is applied for two-mass rotary PTP positioning systems
through 30° and 90° step input of simulation that rep-
resents the required output. There are two states where
the parameters of the mechanism are used throughout the
simulation process. The first state is enlarging the inertia
of the load and the second state is by the normal load that
is the nominal object parameter as illustrated in Table 2
in attention to analyze the potency and robustness of the
suggested compensator in the NCTF controller scheme.
Both potency and robustness of the positioning are ana-
lyzed within the four aspects which are steady state error,
percentage of overshoot and settling time. The time is set
within 5 s for the system to undergo the simulation process.
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Table 2 Object parameter comparison 2 30 | o om mmm s et
!
Load object Load inertia % 20 :‘ |
Nominal load/kg-m? J; = 14.17 x 1076 E I
o ]
Increased load inertia 2 Ju 4 10
5 X Jl =
g 0 1
—
4.2 Simulation results 10005 10 15 20 25 30 33 40 43 5.0
Time/s
By referring to the simulation results from Fig. 6, the sim- 3
ple open-loop response is shown. On the other hand, NCT _
gives the inclination and the highest error rate which are ?D
81.169 s—! and 156.8 rad/s respectively with the input ac- = ZS
tuator to the system which operates at 12 V. Because of me- g
chanical resonance, the load object responses will vibrate. o opts e —
The vibrating frequency w4 is given as 40 Hz. In this pa- 0 05 1.0 15 20 25 3.0 35 40 45 50
. . L. Time/s
per the Roth-Hurwitz stability criterion is used to calculate
. —— :NCTF-PI; ----- :NCTF-FL; --- :NCTF-EMRAN.
the NF parameters so that a stable and continuous closed- o
: ) (a) Step response 30
loop system can be obtained, as a result of constraint to be
satisfied [21]: 2
20owo = —av. (35) 0
. -2
Thus, 0.7 Hz and 40 Hz of the numerical factors for -
the numerator of NF ((; and wy) are chosen while 0.9 Hz ?é -4
and 60 Hz of the denominators (, and w,) of NF are cho- T 6
<
sen respectively. From (20) and (21), the gain parameters 25‘ -3
for the PI compensator produce K, = 4.79 x 10~! and & 10
K; = 2.65 x 10~! separately with the design parameters
for ¢ and w,, selected as 9.5 and 10.5 respectively. As for -1z
the FL compensator based on (26), the fuzzy gain produces -14
Ky, = 3.25. 2 -1 0 1 2 3 4 5 6
A different load object that starts from the nominal iner- Error/rad
. . . ——= :NCT; — :NCTF-PI; ----:NCTF-FL;
tia J; has been operated on the plant. Later, we increase it — — : NCIF-EMRAN,

by two times (2 x .J;) and five times (5 x .J;) with continous
friction at the highest friction factor Tfy,q.. A comparison
of the controllers is presented in the Figs. 17—-20 in which
the controllers are evaluated in terms of positioning as well
as the robustness of performances where the step input to
the system is set for 30° and 90°. The motioning perfor-
mances for both nominal and enlarged load object inertia
rely on settling time, percentage of overshoot and position-
ing accuracy that are illustrated in Table 3. |
From the results tabulated in Table 3, for the step in- 0 05 10 1520 2530 35 40 45 50
put of the nominal load object of 30° and 90°, the NCTF- Time/s
EMRAN generates the minimum percentage of overshoot
than NCTF-PI and NCTF-FL. Meanwhile NCTF-FL gives
the fastest settling time among the three controllers. Every
controller requires zero error in which NCTF-PI gives the
small error of 0.08° for 30° step input in terms of steady-

(b) Object motion for 30° step input

Fig. 17 Step response comparison of nominal object (30°)

—_
(=3
S

A -

D o0
oSO
. ——

[y}
S

Load displacement 6
N
(=)

0

Control signal u/V

state analysis. The nominal object inertia is increased by
five times as shown in Fig. 19 and Fig. 20. From the re-

sults we can see that the NCTF-EMRAN controller allows 00510 15 20,23 30 3.5 40 45 350
the smallest percentage of overshoot and is tailed by the — :NCTF-PI; --- :NCTF-FL; - - :NCTF-EMRAN.

remaining controllers which are NCTF-FL and NCTF-PI. (a) Step response 90°
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5
0

=5
-10
-15

Error rate/(rad/s)

—40 e
-3 -2-10 1 2 3 4 5 6 7
Error/rad

---:NCTF-FL;

— : NCTF-PI; - - : NCTF-EMRAN;
:NCT.

(b) Object motion for 90° step input

Fig. 18 Step response comparison of nominal object (90°)
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Time/s
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(a) Step response 30°
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Error/rad
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(b) Object motion for 30° step input
Fig. 19 Step response comparison of increased inertia object (5 X
Ji) (30°)
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Error/rad
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(b) Object motion for 90° step input

- — : NCTF-EMRAN;

Fig. 20 Step response comparison of increased inertia object (5 X
Ji) (90°)

Besides, during the time that object inertia is increased
by two to five times, the NCTF-FL takes the shortest
time to settle down the vibration compared to NCTF-PI
and NCTF-EMRAN. This scenario can be seen clearly in
Table 3. Furthermore, NCTF-PI has a severe response
compared to NCTF-FL and NCTF-EMRAN in case of the
positioning accuracy for increased inertia. Still, although
the control signal is saturated, the response is stable for all
types of NCTF controllers and in contrast, when PID con-
trollers are used, the results are in unstable responses as
shown and described in [21] for increased object inertia.
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Table 3 Positioning performance comparison of increased load in-
ertia

.Loafi I"IZ,‘“/ Compensator Overshoot/% Sc.:ttlmg Steady—scfate
inertia  (°) time/s error/(°)
PI 0.01 0.761 0.08
30 FL 0 0.230 0
g EMRAN 0 0.270 0
PI 6.4 0.335 0
90 FL 0.5 0.201 0
EMRAN 0.05 0.210 0.01
PI 6.9 0.910 0.07
30 FL 1.2 0.420 0.06
EMRAN 0.5 0.440 0.04
2><Jl
PI 7.2 0.440 0.45
90 FL 2.0 0.350 0.10
EMRAN 1.24 0.401 0.05
PI 339 1.290 0.14
30 FL 10 0.50 0.08
5xJ, EMRAN 6 0.450 0.10
PI 8.5 0.765 0.52
90 FL 6.0 0.505 0.1
EMRAN 1.3 0.505 0.14

Moreover, the NCTF control concept in Section 2 that is
explained in the discussion can be shown in Figs. 17-20.
The object motion is required to follow the trajectory
shown by the NCT and terminated at the origin for all
types of the NCTF controller. The proposed controllers
which are NCTF controllers are robust to inertia variation
since it is already proven by the results with different in-
put targets. Even though most of the positioning perfor-
mances are much better when using the NCTF-EMRAN
controller, it also has a few weaknesses in the design part
of the controller. Some disadvantages found in the design
and iteration process cost more time in the simulation so
that it can control the systems. Therefore, it can be seen as
non-practical in real application implementations. There-
fore the EMRAN iteration process is not highlighted in this
paper.

4.3 Experimental results

The stepwise input is applied to the object. The input to the
actuator u, is 12 V. The experiments are handled in two
conditions only: with normal load and with increased load
inertia as displayed in Fig. 21 and illustrated in Table 2.
Normal object is defined as the two-mass experimental ro-
tary positioning with the nominal object parameter.

Additional
load

Fig. 21

Nominal and increased object inertia
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As simulated, first, we operate the system starting with
nominal inertia; then, we increase it by five times and ten
times with constant maximum friction. We analyze and
estimate the controllers based on positioning and robust-
ness performances for 30° and 90° step input to the sys-
tem as shown in Figs. 22 -25. Table 4 demonstrates the
controllers’ positioning performances for nominal and in-
creased load object inertia in terms of percentage over-
shoot, settling time, and positioning accuracy. An average
of 20 similar experiments is conducted.

For nominal load object as shown in Fig. 22 and Fig. 23
for 30° and 90° step input, and from Table 4, the NCTF-
FL and NCTF-PI controllers give the smaller percentage of
overshoot compared to NCTF-EMRAN. However, NCTF-
EMRAN has the fastest settling time between the two con-
trollers. As for the steady-state analysis, all the three con-
trollers denote some error with NCTF-PI showing a small-
est error of 0.02° for 30° step input. Next, when the ob-
jectis conducted for 90° step input, NCTF-EMRAN shows
the smallest overshoot with the smallest steady-state error,
while NCTF-FL shows unstable performance due to the
design of the fuzzy rules. The results shown in Fig. 24 and
Fig. 25 express the increment of the nominal object iner-
tia for ten times, and NCTF-EMRAN produces the minor
percentage of overshoot and followed by the NCTF-FL,
whereas NCTF-PI gives the unstable output performances.

40

30} |

20¢ | .

10 1

Load displacement 6,

Control signal u/V
I

-3 . . . .
0 1 2 3 4 5
Time/s
—— :NCTF-PI; ———-:NCTF-FL; — — : NCTF-EMRAN.

Fig. 22 Step response 30° comparisons of nominal object
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Table 4 Experimental positioning averaged performance
comparison

Load Input/ Settling ~ Steady-state

Compensator Overshoot/%

inertia  (°) time/s error/(°)
PI 0.01 0.74 0.02
30 FL 0.01 0.26 0.04
g EMRAN 0.1 0.24 0.10
PI Unstable
90 FL 44.8 0.201 0.02
EMRAN 24.8 0.210 0.01
PI 6.9 0.82 0.02
30 FL 7.2 0.44 0.10
EMRAN 10.5 0.42 0.12
5 x Jl
PI Unstable
90 FL 50.4 0.350 0.04
EMRAN 24.6 0.401 0.02
PI 28.8 1.04 0.04
30 FL 30.2 0.85 0.14
EMRAN 45.6 0.64 0.16
10 x Jl
PI Unstable
90 FL 56.8 0.505 0.04
EMRAN 26.4 0.505 0.02

In addition, from Table 4, it can be seen that when the
object inertia is increased by five and ten times, NCTF-
EMRAN produces the rapid settling time compared to the
other two controllers. However, NCTF-EMRAN demon-
strates poor steady state error when object is driven in 30°
step input which results in different (best) performances in
90° step input. Moreover, in terms of the positioning accu-
racy for increased inertia, NCTF-PI has a worse response
compared to NCTF-FL and NCTF-EMRAN particularly in
90° step input. However, in large input position, NCTF-PI
yields unstable response either for nominal or increased
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object load. For intelligent based controllers, the response
is stable, even if the control signal is saturated.

Unlike the intelligent based method, for the two-mass
rotary system, the NCTF-PI controller results in a vibrat-
ing response with a frequency of 40 Hz particularly in 90°
step input. This vibration is caused by mechanical reso-
nance of the system. Thus, the proposed NCTF controller
effectively attenuates this vibration problem and is much
more robust to inertia variations compared with the NCTF-
PI controller. The NCTF controller shows a stable response
as well as good performance in positioning accuracy when
the object inertia is increased. Moreover, the controller re-
sults in a positioning accuracy close to the sensor resolu-
tion which is 0.036 rad when it is carried out by experi-
ment.

5. Conclusions

This paper designates a practical control approach for mo-
tion system application using the two-mass rotary position-
ing systems. First, the NCT is determined from the load
responses. The vibrating responses are averaged applying
a simple MAV filter in order to exclude the influence of the
vibration on the NCT. Then, the proposed compensators,
i.e. PI, FL, and EMRAN, with NF, are constructed and es-
tablished through the NCT parameters and the object re-
sponses information with the aim of forcing the object mo-
tion to reach the NCT as fast as possible, and to control the
object motion in order to follow the NCT as closely as pos-
sible and stop at the origin. The NF is selected in order to
cancel the vibration frequency created by the mechanical
resonance of the system.

Throughout the simulations and the experiment that has
been carried out, the results of the propose controllers
are evaluated and compared in terms of their positioning
with load variations. The robustness of the controllers is
also well evaluated and explained. The simulation confirms
that NCTF-EMRAN and NCTF-FL show improved mo-
tion performance in terms of percentage of overshoot, set-
tling time, and positioning accuracy than the conventional
NCTEF-PI controller. However, NCTF-PI is easier and sim-
pler in terms of controller design than the other two con-
trollers.

Finally, an appropriate control method for fuzzy rules
design needs to be considered. An adaptive neuro-fuzzy
inference system controller needs to be considered as an
alternative controller instead of using an EMRAN as a con-
trol approach.
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