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Abstract

A practical control scheme is proposed for a one mass rotary system. It was written to demonstrate the controller performance towards
positioning and tracking control. For this system, the Nominal Characteristic Trajectory Following (NCTF) controller is proposed and
improved. The objective of NCTF controller is to make the object motion to follow the NCT and ends at it origin. Generally, the NCTF
controller consists of a Nominal Characteristic Trajectory (NCT) obtained from open loop response and Proportional Integral (PI) com-
pensator. The CM-NCTF controller is proposed for evaluating the motion performance and compare with the conventional NCTF con-
troller. For positioning control, both NCTF controllers demonstrate almost identical positioning performance. However, for tracking
control, CM-NCTF controller demonstrates better tracking performance than the conventional NCTF controller with the smallest motion

error presented. Besides, the robustness of the CM-NCTF controller to the variation load is examined.

Keywords: rotary system; Conventional NCTF controller; CM-NCTF controller.

1. Introduction

Positioning system development has raised the attention of re-
searchers and industry developers, especially for those who seek
for automation development such as robotic field, machine tools,
precision control and manufacturing system. An intended to have
a precise and high speed positioning performance in order to
maintain their product quality and quantity is very important for
industry. Hence, to produce a promising positioning system, there
are few things can be done such as improve the machine mecha-
nism, use an advanced sensor or design a controller. All three
features are important because each of them has significant influ-
ence towards the system. For some reason, the use of an advanced
sensor or improve the machine mechanism may not suitable be-
cause it requires high cost and maintenances.

As an alternative solution, a controller will be proposed to demon-
strate high accuracy, fast response, high speed and robust to uncer-
tainties, parameter variations and disturbance. Positioning system
performance usually affected by nonlinear characteristics such as
actuator saturation, friction and also influences of disturbance or
uncertainties. The saturation that produced by a system actuator
may cause the slow system performance and affecting the system
stability, while too much friction may cause too large steady state
error and limit output cycles near the reference input. Hence, the
designed controller must able to consider all mentioned issues to
possess a promising control performance.

For a practical used in industry, classic controller has been widely
use. It is because classic controller has a simple structure, easy to
design, easy to understand for those who are not familiar with
control field and involves low cost to design. But, this type of
controller might not be sufficient for the system which has high

requirement and high non-linearity. Hence, to improve this classic
controller performance, some researcher comes out with an idea to
hybrid the system with other type of controller such as Sliding
Mode Control (SMC) and Disturbance Observer (DOB) [1]. It
shows that by using by using PID Sliding Mode Control based on
disturbance observer, the chattering problem was improving the
dynamic and static quality of servo system. But, it only simulates
on linear system and not discussing the disturbance rejection per-
formance due to parameter variations which may happened if it
tested on real time system.

The classical controller sometime has met it limitation when the
system required high robustness characteristic and high position-
ing performance. So, there is also another approach done to pro-
duce a good precision positioning system. As an example, for high
positioning performance, a robust digital controller has been de-
signed which consist four element [2]. There is friction compensa-
tor, disturbance observer, feedback controller and also feed for-
ward controller. The controller performance was compared with
another digital tracking controller with friction compensation. The
suggested controller has yield small error compared to the other
controllers and can removed the disturbance and uncertainties, but
it has a complexes design procedure and the system parameter
variation must be known to design it.

Basically, a characterization of external friction disturbances is
beneficial for servo control applications where high precision
positioning is crucial [3]. For that reason, the implementation of
disturbance observer was popular among researchers because it
can reduce the effect of disturbance into the system. Other than
above controller, a disturbance observer [4-7] approach also has
been study well through many research and case study. The devel-
opment of disturbance observer in control field has been formulat-
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ed in many ways either in the transfer function domain or in the
state space domain.

Despite the entire controllers that have been suggested before by
other researchers, most of them require exact and accurate model
parameters which sometimes troublesome the researcher in the
controller design procedures. Hence, the Nominal Characteristic
Trajectory Following (NCTF) controller is proposed for this re-
search. Study on NCTF Controller was done towards various type
of system such as ball screw mechanism [8-9], one mass system
[10], two mass system [11-12], non-contact mechanism [13] and
many else.

All the system listed above required a precise positioning perfor-
mance and robust to parameters variation. For a conventional
NCTF Controller, NCT was constructed with PI compensator. The
NCTF Controller performance is observed through experiments. It
shows that it has an effective positioning performance and robust
to inertia and parameters variation than a classic PID controller
[10]. Same approach was done to non-contact mechanism and it
also shows high positioning and tracking performance. In this
paper, the NCTF Controller structured was improved to get a bet-
ter positioning performance and it is known as Continuous Mo-
tion-Nominal Characteristic Trajectory Following (CM-NCTF)
Controller. Compared to conventional NCTF Controller, CM-
NCTF Controller helps to speed up mechanism movements.

On the other hands, further study was done to reduce the over-
shoot and errors obtain by improving the CM-NCTF Controller.
The controller was improved to Acceleration Reference-
Continuous Motion NCTF (AR-CM NCTF) Controller [14-15].
The proposed controller was examined by using mechanism with
friction, which it has an ability to reduce error and overshoot of
the system. The AR-CM NCTF Controller has showed a better
positioning and tracking performances compared to Proportional
Derivative with Disturbance Observer (PDDO) Controller. It is
also having high robustness when the mechanism mass was in-
creased.

However, sometimes the effect of actuator are not successfully
compensate due to integrator windup happened to the plant [16].
Large position reference that cause this matter happen and to solve
the problem the compensator design for NCTF Controller was add
up with the integrator windup scheme. It shows that by using PI
compensator with anti-windup was more robust to inertia variation
compared to conventional PI Compensator [16].

From previous study, it shows that NCTF Controller have a supe-
rior positioning and tracking performance, increase the system
characteristic and also robust to inertia, friction and multi-mass
application. The controller performance towards nonlinear system
is very wondrous and it has a suitable characteristic to be applied
for a one mass rotary system. This system is a non-linear system
with a classic dynamic problems and it was always used as a
benchmark for testing control theory and algorithm.

In conclusion, since the precision positioning system play im-
portant roles for industrial purposed. This research was focused on
designing robust controller for one mass rotary system in order to
fulfil the desired output. The CM-NCTF controller is used as a
main controller to control the system positioning performance then
compared with the conventional NCTF controller. Different on
performance was analyzed and at the same time solve the control
problem, which involving positioning system.

2. Controller Design
2.1. NCTF Controller Structure

The NCTF Controller is proposed since 2002. The controller
comprises of two important elements which are nominal character-
istic trajectory (NCT) and a PI compensator. The NCT is con-
structed on the phase plane using velocity and displacement result
of an open loop experiment. While, the PI compensator will con-
trol the object motion to reach and follow the constructed NCT.

The reaching phase is occurred when the object motion complete-
ly reaches the NCT by reducing the difference between actual
error rate and NCT error rate control by Pl compensator. For the
following phase, after the object motion reach NCT, it will then
control by PI compensator to follow NCT and ends at it origin.

As for the controller structure for both the Conventional NCTF
and CM-NCTF controller can be seen in Figure 2 and 3. Basically,
both NCTF controller have almost identical structure and control
laws. However, the CM-NCTF controller is improved to rapid up
the object motion and reduce the tracking motion errors.
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Fig. 3: CM-NCTF controller structure
The control law for both NCTF controller is derives in (1)-(3). It
shows the different between actual and virtual error rate for the

conventional and CM- NCTF controller. The virtual error rate is
obtained from constructed NCT.

U(s) = (Kp + K?) U,(s) o)

Error rate for the conventional NCTF controller

ae(s)

Up (s) = E(s)virtual T (@)
Error rate for the CM-NCTF controller

. d(E(s))
Up (s) = E(S)yirtuar — it 3)

From the equation, the CM-NCTF controller is improved by
reducing the tracking motion errors by differentiate directly from
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2.2. NCTF Controller Design

The design procedure of the CM-NCTF controller is similar to the
conventional NCTF controller as shown as below:

2.2.1. System Open Loop Response

The system is driven by stepwise input and the displacement and
velocity result is measured The input amplitude is designed to not
exceed the rated input of the system to avoid the system from

damaged. The selected input must obtain fast and smooth response.

The specification of selected input is 10V in amplitude, and sam-
pling time 0.002 second. Figure 4 shows the open loop response
result.
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Fig. 4: Open loop experiment result

2.2.2. NCT Construction

The displacement and velocity results obtained from open loop
experiment is used to construct the NCT. It is constructed by using
only deceleration phase of displacement and velocity. Figure 4
shows the constructed-NCT with the inclination near origin of is B
=439 s, B is denoted as the inclination of the constructed NCT.

300
| NCT construction
200 ~ = 1.0 I\ . )
z 2 os] 3
= 100 4 = H
= 4 s m
P =.0.5 ] n
= 0 g
,E_ o =104 m — -439% 3
=) Ll Ll Ll
= -100 4 -0.002 u.utmll 0.002
—_ | Error (Had)
-200 -
-300 T 1 T g T ¥ T ¥ T
-20 -10 0 10 20

Errvor (Rad)
Fig. 5: Construct-NCT

2.2.3. Pl Compensator Designs

The Pl compensator is designed by using stability limit of the
system. The first step is to increase the proportional gain to get the
sufficient ultimate proportional gain, u,. The sufficient u,, is ob-
tained when sustain periodic output yield during steady state con-
dition, which will be use to derived the practical stability limit.
Then, the simplified equation for K,, and K; for the compensator is
obtained as shown in (4) and (5).

2¢wnu
szfnr
mh

4)

The suitable value of £ and w,, is obtained from stability limit the
maximize the performance of the Pl compensator as shown in
Figure 6, since NCTF controller does not require the exact param-
eter. Hence the parameter value of the compensator is derived
from h and B parameter obtain from the constructed-NCT. The
object is assuming to followed 2™ order system by neglected the
nonlinear characteristic as shown in (2).
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Fig. 6: Practical stability graph

3. Methodology

The one mass rotary system was used as the test bed to examine
the effectiveness of the NCTF controller for positioning control.
Figure 6 shows physical structure of a one mass rotary system.
The system is driven by DC servo motor and an incremental rotary
encoder with 500 counts per resolutions. The rated voltage for the
DC servo motor is +10V and for experiment, the sampling time
used is 0.002s.

Fig. 7: A one mass rotary system

Table 1: Parameter of a one mass rotary system

Armature inductance, L, 4.70mH

Armature resistance, R, 2.56Q

Back EMF constant, K, 1.83 X 10" 2NmA~?!

Torque constant, K, 1.83 X 10"2NmA~?!

Viscous friction coefficient, B 9.14 X 10~>Nmsrad !

Motor inertia, /,, 7.20 X 10~ 5kgm?

Load mass, m, 0.075kg

4. Positioning Performance
4.1. Positioning Control Performance

The experiment was done using three different positions which are
1 radian, 2 radian and 4 radian input. Figure 7-9 show the posi-
tioning control experiment result for different input displacement.

From the result, it is demonstrating that the Conventional NCTF
controller has almost identical positioning response with CM-
NCTF controller. As the step input increase, both Conventional
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NCTF and CM-NCTF controller, no or slightly overshoot produce
when small step input nor large step input applied to the system.
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Fig. 9: Positioning 4 radian input

To see the robustness of the system, 10 times repeatability was
done for positioning control experiment. Table 2 shows the
positioning control performance for 10 times repeatability. It can
be seen clearly that the result obtained for the conventionanl
NCTF and CM-NCTF controller is almost identical.

Table 2: Positioning performance comparison

Controller Displacement Settling Error Overshoot
(Radian) Time (s) | (Radian) (%)
x 1073

c ional 1 1.07 4.10 0
onveron 2 1.09 5.10 0
4 1.12 6.80 0
1 1.07 3.80 0
CM-NCTF 2 1.09 5.10 0
4 1.12 6.70 0

* 10 times repeatability

Both NCTF controller demonstrate less steady state error.
However, as the reference input increse, the error produce also
increase. It is also shows fast rise time and zero overshoot. From
here, it shows that both NCT controller can perform well for
positioning performance. However, motion control cannot only
relis on positioning response but tracking control performance
need to be considered too.

4.2. Tracking control performance

For tracking control performance, different amplitude and fre-
quency use to evaluate the controller performance. For this case, 1
and 3 radian amplitude with 0.3 and 0.7 Hz frequency used. Figure
10-13 show the tracking motion performance for both NCTF con-
troller.
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Fig. 10: Tracking with frequency 0.3 Hz, amplitude 1 radian
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Fig. 11: Tracking with frequency 0.3 Hz, amplitude 3 radian
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Fig. 12: Tracking with frequency 1 Hz, amplitude 1 radian

From tracking result, it shows that with different amplitude and
frequency, less error yield by CM-NCTF controller. The error
produce is as shown in Table 3 with 10 times repeatability.
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Fig. 13: Tracking with frequency 1 Hz, amplitude 3 radian
Table 3: Tracking performance comparison
Controller Amplitude Frequency Error
(Radian) (Hz) (Radian) x 10~2
1 0.3 7.17
1.0 25.17
Conventional 2 0.3 13.24
NCTF 1.0 64.43
& 0.3 23.47
1.0 103.39
1 0.3 4.03
1.0 5.42
2 0.3 4.38
ChL =l 1.0 10.01
& 0.3 455
1.0 16.42

* 10 times repeatability

For 1 radian amplitude with 0.3 Hz frequency, conventional
NCTF controller produce about 3% larger error than CM-NCTF
controller. But, as the ampliture and frequency increase, the error
produce by the conventional NCTF is increase almost 40% from
the previous result. From overall tracking result, it is clearly shows
that CM_NCTF controller deonstrate better tracking performance
compared to the conventional NCTF controller.

5. Robustness Evaluation

To evaluate the robustness of the system, experiment was done by
using different load to analyze the motion performance. Including
the actual load for the system, two other different mass has been
applied to the system which is 120 and 208g to examine the sys-
tem performance towards mass changing, different amplitude and
frequency use for positioning and tracking experiment. System
performance result with 10 times repeatability is as shown in Ta-
ble 4. From observation, even with different load applied to the
system, both NCTF still demonstrate almost identical positioning
response but when it comes to the tracking performance, CM-
NCTF controller demonstrate a better tracking performance.

Table 4: Performance comparison

Controller Input Load Positioning Tracking
(Radian) Error Error
Frequency (Radian) (Radian)
0.7Hz x 1073
M, 4.10 16.74
1 M, 2.20 15.69
Conventional M, 2.00 18.08
NCTF M, 5.10 39.87
2 M, 1.20 39.91
M, 1.10 41.14
M, 3.80 4.60
1 M, 2.20 4.41
M, 2.00 6.06
CM-NCTF M, 5.10 7.67
2 M, 1.20 8.73
M, 1.00 12.01

* 10 times repeatability

6. Conclusion

For the conclusion, positioning and tracking control experiment
done using CM-NCTF controller demonstrates better response of
all. Even though Conventional NCTF controller demonstrate al-
most identical positioning performance, but it has a bad tracking
result when larger input and higher frequency applied. When dif-
ferent mass applied to the mechanism, CM-NCTF also produce
the smoother response of all and it prove that CM-NCTF control-
ler is robust to parameter variation either frequency, position or
mass changing.
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