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Dual-Actuated Vibration Isolation Technology for a
Rotary System’s Position Control on a Vibrating
Frame: Disturbance Rejection and Active Damping
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Abstract—A vibration isolation technology for precise position
control of a rotary system powered by two permanent magnet DC
(PMDC) motors is proposed, where this system is mounted on an
oscillatory frame. To achieve vibration isolation for this system,
active damping and disturbance rejection (ADDR) technology
is presented which introduces a cooperation of a main and
an auxiliary PMDC, controlled by discrete-time sliding mode
control (DTSMC) based schemes. The controller of the main
actuator tracks a desired position and the auxiliary actuator
simultaneously isolates the induced vibration, as its controller
follows a torque trend. To determine this torque trend, a
combination of two algorithms is introduced by the ADDR
technology. The first torque-trend producing algorithm rejects
the disturbance by counteracting the perturbation, estimated
using a model-based observer. The second torque trend applies
active variable damping to minimize the oscillation of the output
shaft. In this practice, the presented technology is implemented
on a rotary system with a pendulum attached, mounted on a
linear actuator simulating an oscillation-transmitting structure.
In addition, the obtained results illustrate the functionality of the
proposed technology.

Keywords—Vibration isolation, position control, discrete-time
nonlinear controller, active damping, disturbance tracking
algorithm, oscillation transmitting support, stability robustness.

I. INTRODUCTION

N current industrial applications, rotating electrical

machines, including AC or DC motors, are commonly
installed on moving or vibrating structures. Vibratory forces
resulted from the oscillation of these structures are often
inevitable, and in such scenarios, precise motion control
of these machines becomes challenging, as the transmitted
excessive vibration to the system, from its structure, imposes
disturbance on the output shaft of the electrical machine.
Thus, a proper vibration isolator is required to minimize
these detrimental effects on the dynamical system. Vibration
isolation methods are classified into two major categories,
passive and active [1]. The passive method equips a system
with auxiliary mechanical devices such as springs and
dampers, to absorb the undesired effect of the imposed
force [2], [3] and the active method, utilizes a suitable
control scheme, sensors, and an auxiliary actuator to cancel
the disturbance caused by the oscillation. Despite the ease
of implementation of the passive method, active vibration
isolation is more flexible, as the control parameters can be
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regulated based on the needs of each application. Thus, the
active scheme has a better performance in comparison to the
passive. In the available literature, active vibration isolation
methods have been applied to rotating machinery mostly using
direct active vibration control techniques. These techniques are
done by applying a lateral control force to the rotor, which
is generated by a force actuator, such as a magnetic bearing
[4]-[7], however, the available vibration control techniques
cannot suppress vibration in the same direction the position
of a rotary actuator needs to be controlled, meaning rotational
vibration suppression. Moreover, active magnetic bearings
are costly, have reliability problems, and the robustness of
their control algorithms is still an important issue. In articles
such as [8], Knospe et al. examined how implementing
an adaptive controller improves the robustness of vibration
control using active magnetic bearings. However, adaptive
controllers increase the order of the system’s dynamics,
leading to a more complex dynamic model and an undesirable
increase in computational time. Besides, these controllers are
designed in continuous time and are not easily discretized for
digital implementations. Another approach for having a more
precise position control of rotary configurations in the presence
of vibration is to consider an estimation of the disturbance by
deploying an observer, in the dynamic model of the system [9].
In [10], Shanaka et al. proposed an active vibration suppression
system, using a force observer to reduce the induced radial
vibration, without an auxiliary actuator. Nevertheless, in
PMDC motors, the differential equation between current
and voltage is first-order, and third-order between position
and voltage. Therefore current (torque) control has a faster
response compared to position control. That is to say, torque
control would have a better and faster performance for
disturbance rejection, in comparison with position control. Due
to the presence of disturbance on the output shaft, the position
controller fails to reach its desired position, and the controller
needs additional time to minimize the caused error [11]. As a
result, if a system is mounted on a vibrating or moving frame,
assistive torque control is needed for an effective disturbance
rejection to suppress the deteriorating vibrational effect.
To achieve a more efficient disturbance rejection, a robust
nonlinear model-based controller is required. Such controllers
are relatively superior in performance, as the dynamics of the
system, modeling uncertainty, and imposed loads can be fully
considered. The sliding mode control method is a nonlinear
model-based control scheme. Furthermore, this controller is
easily discretized and effortlessly implemented on digital
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devices, as opposed to continuous-time based controllers [12].
Therefore, DTSMC is one of the most-used methods to deal
with the previously mentioned difficulties. I nt his a rticle, a
new technology for vibration isolation is proposed to improve
tracking precision and performance quality in the presence of
external disturbances caused by undesired vibrational effects.
The proposed ADDR technology involves the cooperation of
two actuators: a main actuator responsible for position control
and an auxiliary actuator utilized for vibration isolation.
This consists of disturbance rejection and active variable
damping. An observer is introduced to estimate the value of
the disturbance without further need of calculation to operate
in different situations. DTSMC is utilized as the control
method to track both the desired position and torque (armature
current) trends. The stability of the controllers is guaranteed
using Lyapunov-based calculations, and the performance of the
ADDR technology is evaluated using real-time experiments,
by implementation on an experimental setup consisting of a
dual-actuated rotary system mounted on a linear actuator. The
linear actuator tracks a trajectory to simulate a high-amplitude
and low-frequency motion of moving/vibrating industrial
structures. Two coupled PMDC motors, working in series
and connected by belt and pulley configuration, f orm the

dual-actuated rotary system. A load-carrying pendulum is
attached to the common output shaft of the dual-actuated
rotary system. The energy loss of this configuration is

negligible. This design is energy and cost-efficient s ince all

the necessary parts are integrated into a single configuration.
This article is arranged as follows: Section II presents
the model of the ADDR machine, and in Section III the
DTSMC-based controllers for this machine are developed. The
proposed ADDR method is introduced in Section IV that is
designed to isolate the system from the exerted vibrational
effects. Section V illustrates the evaluation of the proposed
technology by experimental results.

II. MODEL OF THE ADDR MACHINE
A. Model of the Dual-Actuated Rotary System

This section presents the mathematical modeling procedure
of the ADDR machine, which is a dual-actuated rotary system,
mounted on a moving and vibrating cart, causing a disturbance
in the system. The general configuration of the rotary-actuated
system is shown in Fig. 1. The two PMDC motors transmit
power to the load-carrying pendulum using pulleys and a belt.

The mathematical model of the system, considering the
unknown disturbance, is derived as (1):

Jeqé =7 — mglsind + 14 (1)

where 7, is the total generated torque of the actuators
(N.m), 74 is the disturbance of the system (N.m), Jg,is
the effective mass moment of inertia of the rotation axis
(kg.m?), m is the mass of the pendulum (kg), [ is the length of
the pendulum, g is the gravitational acceleration (), 6 (rad)

and 0 (ed) are the angular position and angular acceleration
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Fig. 2 Electrical diagram of the ADDR machine

The dynamics of the cart is not considered in this
mathematical model, as its motion is assumed to be a
simulation of a moving and vibrating system structure,
producing the main proportion of disturbance in the system.

B. Motor Dynamics

As mentioned, two PMDC motors are used for the
technology proposed in this article; a main and an auxiliary
PMDC. Fig. 2 represents the schematic overview of the
equivalent electrical circuit of the ADDR machine. Equation
(2) is the mathematical model of the proposed ADDR machine
[13].

Jeq% =7, —mglsind + 14 2)
Ti = Kirin + Kyaia
oy

In all the indices, 1 and 2 refer to the characteristics of
the main and auxiliary PMDC actuators respectively, where
i1 and iy are the currents, v; and ve show the input voltages;
Ly and Ly are the electric inductance , R and R, represent
the winding resistances, K. and K., are the back-EMF

rad

constants, /{;1 and Ko are the torque constants. w (™9%) is
the angular velocity of the common output shaft.
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Assumption set

1) Back-EMF and torque coefficients (K,
respectively) are assumed to be constant.

2) The two PMDC machines are identical.
(K1 = K2, Ke1 = Kea, Ly = Lo, Ry = Ry)

3) Any mechanical disturbance is assumed to be included
in the term 74, and it is not directly measurable.

4) The effects of temperature on the PMDC parameters are
negligible.

and K,

I11. CONTROL DEVELOPMENT FOR THE ADDR
MACHINE
A. Control Objectives

e The system should be asymptotically stable in the
presence of modeling uncertainty.

o The control system should be designed to be stable in
discrete-time for digital implementation practices.

« Position tracking should have an acceptable precision in
the presence of severe disturbance caused by detrimental
vibrations of its structure.

e« Two control schemes should be developed to achieve
the ADDR technology, a position controller for the
main actuator, and a torque controller for active variable
damping and disturbance rejection purposes using the
auxiliary actuator.

B. Discretization of the ADDR System Model

To accomplish the control objectives stated in part A of
section III, the DTSMC method is developed for position
control, thus the preceding set of equations (2) is discretized
[14] and presented below.

According to Assumption 2:

RER)LEL =Ly K. 2 Koy = Koy, K; 2

Zl(k) = Zl(k - 1) + %[Zl(k‘ — 1) + algw(k — 1)
+b1’U1(lf — 1)] — %[auil(k} — 2) + algw(k — 2)
+bl7_)1(k’ — 2)]

Ktl = K2

in(k) = ia(k — 1) + 2L[is(k — 1) + arow(k — 1)
+b21}2(k’ — 1)] - %[allig(k - 2) + alzw(k‘ — 2)
+b21}2(k‘ — 2)]

~

(k) = i1(k) +i2(k)

w(k — 1) + 2 [agi(k —
—Llagi(k —2) + 022[51”9(k

1) + aga[sind(k — 1)]]
1)]} + 7 (k—1)

0(k)=0(k— 1)+ Lwk—1) - Lw(k -2)

3

A
¢ ={R1,Ry,L1,Lo, Ke1, Koo, K11, Ky, Jog}, @ € @y
R K. _ o mgl
an = —7,012 = =55, 021 = Kt/ Jeq, a2 = — Jegq

by=+,75=T2ryk—1) - Liry(k-2)

In this set of equations, ¢ is the system’s parameters vector,
and U is the uncertainty space over which the parameters are
defined. As a result of discretization, the time step is defined
as T'(s).

C. DTSMC-Based Position Controller
For the objective of position control of the ADDR machine,
the sliding surface is defined (4).
s1(k) £ 0(k-+1)+M0(k), 0(k) = 0(k)—0a(k), || < 1 (4)

where 04(k) is the desired angular position and s;(k) is the
sliding surface for position control. A Lyapunov function,
denoted by V;(k), is defined in discrete-time and the inequality
Vi(k + 1) — Vi(k) < 0 is solved along the dynamics of the
system and presented in (5) and (6):

Vi(k) £ s1.2(k), Vi(k 4+ 1) — Vi(k) < 0 (5)
(k4 1) = s12(k) <0 — [s1(k+ 1)| < [s1(k)] (6)
and from (4), s1(k + 1) is one step ahead of s;(k):

{swwn Gla(h), @]+ FG+3N)T (k=1
3T7‘5(k) + 278T a21b11)1(k — 1)
&ilz(k), @] = 1+ A)[O(k — 1) + Fw (kfl)
~Tu(k n %®+3Aﬂ<k7n L fazri(h— 1)
+agzsinlf(k —1)]] — [aglz (k — 2) + agesin0(k — Q)H]
—gw(k—1) + % [ + % lawi(k — 1)
+a12w( )] - % (k 2) -+ algw(k - 2)
+b1v1(k — 2)]] + azesin[0(k — 1) + 2L w(k — 1)
—Lw(k - 2)}} - % [a21i(k — 1) + agzsin[0(k — 1)]]
M LZwk —1) = 04(k +2) — MOa(k+1)

(®)
where x(k) is the state vector as presented in (9).
2(k) 2 (o1 (k — 2), va(k — 2), i1 (k — 1), i1(k — 2),
in(k —1),i2(k — 2),w(k — 1),w(k — 2)]7 ©)

,g(k‘) c R(®xD)
The following sup(.) and inf(.) operators limit the upper
and lower bounds of the stable region for the input voltage,
computed over the uncertainty space ¢ [6]. The variables
of these operators are symbolic and converted to numerical
values for digital implementation purposes.

{WWHWWM &lz(k), @]~ [s1(k)]], <vr(k—1)

< mef[ —&ifz(k), @] + \Sl(k)\]%
(10)
The sup(.) and inf(.) operators that are mentioned in this
equation, narrow the stability region, resulting in a a robust
controller.

vk = 1) = (1= ) [k ind [ — ale(k), @]
+|s1(k ]%}—f—al[m éup[ &1z, @)

~ls10)l]5, |0 < ar <1 .

166



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:14, No:12, 2020

D. DTSMC-Based Torque Controller

For vibration isolation using the auxiliary actuator, a sliding
surface for torque (armature current) control is required.
Similar to the development of the position controller, it is
designed in discrete-time and presented in (12).

ia(k) 2 iz(k)—ia(k), o] <1

12)
Another Lyapunov function, denoted by Va(k), is defined in
discrete-time and the inequality V(k+1)—V2(k) < 0 is solved
along the dynamics of the system and presented in (13) and
(14).

so(k) 2 Ta(k—1)+Aaiz(k—2),

22 (k), Va(k +1) —
k1) = 522(k) <0 = [sa(k + 1) < [s2(R)]  (14)
And so(k + 1) is one step ahead of sy (k) :
k+1) = &lz(k), @] + 2L brva(k — 1)

Va(k) <0 (13)

Eala(k), @] = iz(k — 1) + 2 [aniz(k — 1)+

algw(k — 1)] — %[auig(k — 2) + algw(k — 2)

+b1v2(k — 2)] — dq(k) + Az[ia(k — 1) — da(k — 1)]

(15)

Same as the followed procedure for obtaining the stability
region for vy (k — 1), va(k — 1) is calculated as shown in (12)
to (17). Similar to part B in this section, the variables of these
operators are also symbolic and converted to numerical values
for digital implementation purposes. The two operators narrow
the stability region, resulting in a robust torque controller.

() 37 5uP| — 52[ (k) @] — [s2(k)I]
<w(k—-1)< W Zinf[ - &la(k), @) + \Sz(k)u%
(16)
val = 1) = (1= a2) [y i f [ — la(k), 6]
Jr|32 ]4,”] + a2 [W 37 ¢ 9“17[ 52@(]‘5)7 ¢]
— [s2(k \] } 0<ax<1
(7
Remark 1. 74(k) is not measurable as it belongs to the next
loop of calculation and is assumed to be equal to 74(k — 1).
Remark 2. By applying a simultaneous differentiation and
lagged integration on the angular velocity, the angular
acceleration of the output shaft is obtained. This leads to an
estimation of the term 74(k—1), using (2). The dynamic effect
of the operator is assumed to be negligible, since the operator
has fast dynamics and the control system is desired to be
simpler.
Remark 3. The sampling time is higher than twice the value
of the maximum frequency of desired trajectories, which is
critical for preserving the stability of the control system.

IV. THE PROPOSED ADDR METHOD

The main objective of the ADDR method is to have a
stabilized and precise position control. Although the SMC
method is used to control the position and is inherently robust,
it is unable to reject disturbance when it is unpredictable.
Knowing that the presence of deteriorating vibration or

unknown uncertainty cause an inevitable loss of precision, two
actuators (PMDC machines) for this application are needed
to cooperate simultaneously. The main actuator controls the
position, while the auxiliary machine is responsible for
disturbance rejection and active variable damping. Comparing
the formation of s;(k) and so(k), presented in section III,
it can be seen that so(k) is two steps ahead of si(k), in
terms of their consisting variables. This is caused due to the
different orders of the differential equations between ’voltage
and current’, and ‘voltage and position’, which are first-order
and third-order in PMDC motors, respectively. The validity of
this claim can be proven by solving the Rosenbrock form of
(2) in the frequency domain. Thus, torque control has a faster
and superior performance for disturbance rejection and active
damping, compared to position control. The ADDR method
is a combination of the two previously mentioned algorithms,
and switching occurs between the two based on the zero-slope
detection of the angular position.

A. Disturbance Rejection

In order to have a smooth and stable position control in
the presence of a deteriorating vibration of the structure,
the following current should be tracked by the auxiliary
actuator for disturbance rejection. The required current is
not an independent variable and should be determined based
on the resulted disturbance in the system, which depends
on the angular acceleration, the position of the pendulum,
and the total exerted torque on the output shaft. First, the
exerted disturbance is estimated by deploying a model-based
observer presented in (18), derived from (1), and secondly, the
disturbance is rejected by the auxiliary actuator according to
the estimated value. This required current( ¢4,,, ) is a part of
the ADDR method, tracked by the DTSMC-based controller
developed in Section III and presented in (19).

Ta(k—=1) = Jogf(k —1) — (k= 1) +mglsin[0(k —1)] (18)
iap(k—1) = —L]}Q— D (19)

B. Active Variable Damping

To reduce the oscillations at peak values of any desired
trajectory or to maintain a position stably, a damping logic
is needed. Peak values are the positions where the angular
velocity hovers around zero instantaneously. The auxiliary
actuator is used to implement the damping algorithm for such
motion, and it utilizes DTSMC to track the desired proposed
current. To reach zero velocity, and assumed to have a constant
acceleration at the peak points of trajectories the required
torque is derived according to (20):

(mw?(k — 1)13)
2K A0
where ig,,,i8 the desired c urrent and Af is the estimated

distance for the implementation of the active damping
algorithm.

idayp(k—1) = - signlw(k —1)]  (20)
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Fig. 3 General block diagram of DTSMC-based ADDR method

Conclusively, the desired current to be tracked by the
DTSMC-based torque controller of the auxiliary actuator, is
resulted according to (21) and (22):

ia(k —1) 2 9k = Vigayp +[1—n(k = Dligp, @D

n(k—1) = {(1) jwa(k —1)] <

lwa(k —1)| > ¢
where 7(k) is the switching signal, wy is the desired rotational
velocity, derived by differentiating 64, and ¢ is a prescribed
threshold of angular velocity value for zero-slope detection,
according to which the switching occurs to dissipate energy
from the system mounted on the moving/vibrating structure.
This is done to obtain minimum rotary system oscillations at
the peak points. Af is also calculated based on the switching
point, which is in the vicinity of rest/peak points so that the
controlled system gains an initial velocity before the active
variable damping is incorporated in position stabilization.
Remark 4. The proposed torque controller requires the value of
14(k), which cannot be computed one step ahead, thus the
desired current of the next step is assumed to be equal to the

(22)

resent desired value of the current i. e. , [ig(k) ~= iq(k — 1)].
he schematic of the proposed ADDR method is illustrated in

Fig. 3.

V. EXPERIMENTAL VALIDATION OF THE METHOD

A. Description of the ADDR Mechanical and

Electrical System

To examine the ADDR technology experimentally, a
dual-actuated rotary system is designed which consists of
two PMDC machines, a tachometer, and an output shaft
carrying a pendulum. These components are connected via
4 P13XLO37F pulleys and a 94XL timing belt. A load is
carried by the pendulum and the whole system is mounted
on a linear actuator. The linear actuator tracks a vibrational

motion to simulate oscillation-transmitting structures. The two
PMDC machines are assumed to be identical and are of
type ElectroCraft DP20. A tachometer and a two-channel
optical encoder with a resolution of 500 pulse/rev are
mechanically attached to the output shaft. Each PMDC is
independently driven by a BTS7960B where the armature
current is measured by a conventional hall-effect sensor. For
ease of data acquisition and existence of multiple analog
feedback signals, two digitally addressed analog multiplexers
(SN741S157N) are utilized, and each connects eight lines
to the microprocessor ADC ports. The microprocessor is
ATMEGA2560 with an 8KB SRAM, 4KB EEPROM, and
16MHz CPU clock. Fig. 5 represents a picture of the
assembled dual-actuated rotary system.

(a)

Fig. 4 The dual-actuated rotary system and the linear actuator (a) front view
of the rotary system, (b) back view of the rotary system
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Fig. 5 The schematic of the driving circuit

Fig. 6 (a) The general configuration of the experimental setup, (b) The
electrical solderless circuitry of the ADDR machine

B. Performed Tests and Discussion

To assess the proposed ADDR technology, a harmonic and a
piecewise step function are selected as the desired trajectories
with an amplitude of A; and angular frequency of ¥;.

Harmonic : 04 = Aysin(V1t)[Deg]
Piecewisestep : 04 = Ay sign[sin(V1t)][Deg]

In both cases, the dual-actuated rotary system is being carried
and vibrated by the attached cart beneath, which induces
detrimental oscillations on the system. The linear actuator
tracks the following motion, with amplitudes of A, and As,
and angular frequencies of 10¥; and V.

x; = Agsin(Wat) + Azsin(10Wqt)[m]

The position of the linear actuator was experimentally
obtained and its acceleration was obtained using the low-pass
filtered differentiation method [15]. These two graphs and the
estimation of disturbance which was acquired according to
(18) are presented in Fig. 7.
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Fig. 7 (a) The position of the linear actuator, (b) The resulted acceleration
of the linear actuator on the rotary system, (c) The estimation of disturbance

C. Test Steps

To evaluate the efficiency of the proposed ADDR
technology, a comparison between the two techniques is
arranged. In the first technique, the two actuators become
unified and control the position, while the disturbance is
included in their control algorithm. Whereas in the proposed
ADDR technology, the auxiliary actuator is responsible for
disturbance rejection using a torque controller, and the main
actuator solely controls the position without accounting for the
disturbance. For this purpose, the following test steps were
proposed and conducted.

1) Position tracking of the desired harmonic trajectory,
using position control

2) Position tracking of the harmonic desired trajectory with
the assistance of the ADDR technology

3) Position tracking of the desired piecewise-step trajectory,
using position control

4) Position tracking of the desired piecewise-step with the
assistance of the trajectory ADDR technology

Step 1

The DTSMC- based position controller developed in III.C is
implemented on the experimental setup. The utilized actuators
work as a unified system with the input voltage obtained from
8. The performance of this position control method and the
input voltage are illustrated in Fig. 8. This test is done without
applying the proposed ADDR method in this paper, to show
the performance of the controller without additional assistance
of vibration isolation.
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Fig. 8 (a) The performance of the position control scheme without
additional assistance of the proposed ADDR, (b) Input voltage of the
position controller

Step 2

To enhance the precision and quality of the controlled
position, the main actuator is in charge of position control
using DTSMC and the auxiliary actuator rejects disturbance,
and damps the oscillations using the ADDR scheme presented
in sectionlV. The obtained results are depicted in Fig. 9.
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Fig. 9 (a) The performance of the ADDR technology for the harmonic additional assistance of the proposed ADDR method , (b) Input voltage of

sinusoidal trajectory, (b) Input voltage of the main actuator controlling the

the position controller

position, (c) Input voltage of the auxiliary actuator, (d) The performance of

Fig. 10 A

without applying the ADDR method shown by (a) and (b) respectively

Step 3

0 2 4 6 8 10

the auxiliary actuator following the desired current trend

Step 4

Similar to step 2, to enhance the precision, quality, and
stability of the controlled position of the pendulum in step
3, the main actuator is used for position control and the
motion is stabilized by the auxiliary actuator which applies

fg:::r::’i': ol the ADDR method, the obtained results are shown in Fig. 12.
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Same as the second step, position control using DTSMC
was implemented on the experimental setup, but tracking a TS

piecewise step trajectory is aimed at this time. The two utilized
actuators work with the same input voltage simultaneously.
The performance of this position control method is shown in

Fig. 11.
scheme
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This test is done without applying the proposed ADDR
in this paper. As can be seen, the vibration of the base,

~
S

on which the system is mounted, creates a challenging task 0 2 4 6 8 10

for the

Time [sec]

position controller. The overshoot of the pendulum is ®)

increased and its ability to hold its position is declined.
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Fig. 12 (a) The performance of the position controller with the assistance of
the ADDR technology, tracking the piecewise step trajectory, (b) Input
voltage of the main actuator controlling the position, (¢) Input voltage of the
auxiliary actuator for disturbance rejection and active variable damping, (d)
The performance of the auxiliary actuator following the desired current trend

D. Discussion

Sliding mode control is an algebraic controller and unlike
adaptive or PID controllers, it does not require a differential
equation to be solved. Therefore the controller is as fast as
the open-loop system, and since a fast response is required
for disturbance rejection and active variable damping, this
control method has been adjusted.

The obtained results from the first two steps illustrate the
superior performance of the second step compared to the first.
With the help of ADDR technology, position tracking becomes
smoother and more precise. The RMSE of the position
tracking is improved by %27, from 10.3° degrees to 7.44°
degrees. This happened due to successful disturbance rejection
and active variable damping, and satisfactory performance of
the DTSMC-based controllers. Moreover, by evaluating the
acquired results from the last two steps, it is concluded that
the oscillations are successfully damped and the disturbance
is rejected in the last step when the algorithms are applied by
the auxiliary actuator. Significant enhancement of the position
tracking RMSE by %77 is resulted, improving from 12.60°
degrees to 2.86° degrees.

VI. CONCLUSION

ADDR technology, applied to an auxiliary actuator,
aiming for position tracking improvement was introduced
and its superior performance compared to conventional
vibration isolation methods was validated experimentally. This
technology is applicable to any system demanding vibration
isolation. In this practice, the method was implemented on a
rotary system with a pendulum attached, mounted on a linear

actuator simulating an oscillatory structure. The improved
stability of the motion, offered by the proposed technology,
was expected and obtained.

172



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:14, No:12, 2020

VII. APPENDIX A

TABLE I
PARAMETERS, VARIABLES, AND ACRONYMS USED IN THIS MANUSCRIPT

Parameters/ Variables/ Acronyms Brief Description Value

Ry Ist PMDC Rotor Winding Resistance (Ohm) [2€2]

Ro 2nd PMDC Rotor Winding Resistance (Ohm) [2€2]

R Utilized Resistor in the Electrical Circuit (Ohm) [6.8k92]

Ly 1st PMDC Rotor Winding Inductance (Henry) [4mH]

Lo 2st PMDC Rotor Winding Inductance (Henry) [4mH]

K 1st PMDC Torque Constant [0.025N.m/A]
Ko 2nd PMDC Torque Constant [0.025N.m/A]
Ke1 1st PMDC Back-EMF Constant [0.028V.sec/rad)]
Keo 2nd PMDC Back-EMF Constant [0.028V.sec/rad)
Jeq Effective Mass Moment of Inertia of the Rotation Axis (kg.m?) [0.0067kg.m?]

m Weight of the Pendulum (kg) [0.05kg]

1 Length of the Pendulum (m) [0.054m]

g Gravitational Acceleration (m/s2) [9.81m/s%]

0(k) Angular Position of the Rotary System (rad) -
0(k) Angular Acceleration of the rotary System (rad/s?) -
Tt Total Torque of the Actuators (N.m) -
T Micro-controller loop time (second) -
i1(k—1) Measured 1st PMDC Armature Current (A) -
ia(k—1) Measured 2nd PMDC Armature Current (A) -
vi(k —1) Measured 1st PMDC Armature Input Voltage (V) -
va(k —1) Measured 2nd PMDC Armature Input Voltage (V) -
w Measured Actuator Rotational Velocity (rad/sec) -

Tt Measured Disturbance of the System (N.m) -

Vi (k) Candidate Lyapunov Function for Position Tracking Control in Discrete Time -
Va (k) Candidate Lyapunov Function for Torque Tracking Control in Discrete Time -
s1(k) First Order Sliding Function for Position Control in Discrete Time -
sa(k) First Order Sliding Function for Torque Control in Discrete Time -
ipr(k) Desired Current for Disturbance Rejection (A) -
iayvp(k) Desired Current for Active Variable Damping (A) -

iq Desired Current (A) -

04 Desired Position (rad) -

o) The parameter Vector of the System -

U Uncertainty Space -

ai (k) Proximity Factor for Determination of vy (k) [Between 0 and +1]
as (k) Proximity Factor for Determination of v (k) [Between 0 and +1]

A1 Sliding Surface Slope for Position Control [Between -1 and +1]

A2 Sliding Surface Slope for Torque Control [Between -1 and +1]

0(k) Position Tracking Error of the Rotary System (rad)

i(k) Current Tracking Error (A) -

z(k) State Vector -

n(k) Switching Signal [Either 1 or 0]

Aq 1st Desired Amplitude -

Ag 2nd Desired Amplitude -

Uy 1Ist Desired Angular Frequency -

Wy 2nd Desired Angular Frequency -

€ Reference Rotational Velocity Value for Zero-Slope Detection -

RMSE Root Mean Square Error -
DTSMC Discrete Time Sliding Mode Control -
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