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Self-Attenuating Real-Time Vibration Control of a
Flexible Long-Reach Robot Manipulator vidy
Synthesis

Anthony Siming Cheh?*, Erwin Jose Lopez PulgafnGuido Herrmanfy Alexander Lanzof
Joaquin Carras@p Barry Lenno¥, John Brotherhoot] Tomoki Sakau® and Kaigiang Zharyy

Abstract—We address the critical challenge of vibration con- technological advancement allows for continuous monitoring
trol of exible long-reach robot manipulators used in nuclear and repair work in environments that would otherwise be too
decommissioning. The research is motivated by the urgent need risky or inaccessible for human workers, thereby revolution-

to ensure precision and safety during the deployment of robotic .~ ; ; : ;
systems in con ned and hazardous:environments. such as the 12ind the maintenance process across various industries.

througl_h-wall deployment (TWD) system for the Sella eld nuclear
site. The TWD system, featuring a rigid manipulator on a
exible two-link boom, is designed to maneuver through small
openings in containment vessels. While this design avoids the
need for bulky structures, the slenderness of the boom makes
it prone to signi cant vibrations, _lpotentlally compromising the
system's stability and accuracy. To address these challenges, we
propose a novel real-time exible control system that suppresses
vibrations using only the robot manipulator's own actuation,
without requiring additional actuators. The control strategy is
based on the mixed-sensitivityHy synthesis for a dedicated
dynamics model via inertial sensing, enhancing the robustness
and adaptability over the multi-modal exibilities. Experimental
validation demonstrated the control system's effectiveness in
reducing vibrations, thereby improving operational ef ciency and
saf_ebt . _hesl,le ndings halve broader implﬂlcati%nshfor Eeploying =

exible, intelligent control systems in other high-stakes envi- _. .

ronments, sugh as the Fukyushima Daiichi siteg, where similar Fig. 1. A picture of the 3-D CAD model of the TWD system.

vibration-related challenges are encountered.

Index Terms—Long-reach robot, exible robot, vibration con-
trol, Hy synthesis, robot manipulator, nuclear robotics

A. Unique Challenge — Manipulator on a Flexible Base

. INTRODUCTION ~This work is motivated by the urgent need for effective
, . . _vibration control in exible long-reach robotic manipulators
T HE increasing dependence on robotics is transformin@ed in nuclear decommissioning. Speci cally, it addresses
the landscape of remote maintenance, particularly {fe through-wall deploymenfTWD) system, which features
scenarios where direct human intervention is impractical 8 rigid robot manipulator mounted on the end of a exible
hazardous. These robots are often tasked with operating in \#hg-reach two-link boom. Fid.]1 displays a 3@mputer-
conventional and hard-to-access areas, such as being mougigéd design(CAD) model of the system. This TWD system
on extended booms, deployed inside high-rise structures,@4s recently conceptualized and fabricated by Jacobs for
functioning in environments subject to constant vibration angbcommissioning. It was designed to be deployed through a
movement. Their deployment in these settings is not justsghall hole in the wall of a containment vessel/cell at, e.g.,
matter of convenience but a critical factor in maintaininghe Sella eld nuclear site in the United Kingdom. To meet
operational continuity and safety. By performing maintenangringent spatial constraints on-site, the exible long boom
in such challenging conditions, these robots help to minimizganipulator design avoids the need for massive and bulky
downtime, prevent potential hazards, and ensure that esserifalctures. However, its slenderness is prone to signi cant
systems and infrastructure continue to function optimally. Thigawanted vibrations. Likewise, the long-reach system proto-
_ ,  typed at the Fukushima Daiichi Nuclear Power Plant in Japan
(uw@ A)WO\;Iifthi\évaSthefug(égge bgf tPhee lﬂgnggtgémc ro%rrl:r;]gy Tﬁgthgvfgykencounter_s similar issues with vibrations [1]. Therefore, the
was partially funded by the UKRI Advanced Machinery _ProductivgOal of this Work IS to develop_ a realft.'me. feedback CoerI
ity Institute (AMP%,3 and supported by UKAEA/EPSRC Fusion GranSystem that is capable of actively mitigating the vibrations

2022/27 (EP/W006839/1) for fusion decommissioni(forresponding au- from the exible long-reach boom by optimally actuating the
thor: Anthony Siming Chen. Emaik . chen@nottingham.ac.uk, robot manipulator
siming.chen@manchester.ac.uk) L ; . .
1A.S. Chen is with the Mechanical and Aerospace Research Group (MAS),MOst existing control and path planning methods [2] for
Department of Electrical and Electronic Engineering, University of Notting®Obot manipulators focus on grasping/handling objects or
ham, NG7 2RD Nottingham, United Kingdom. avoiding obstacles, where the base of a manipulator is usually
2A.S. Chen, E.J. Lopez Pulgarin, G. Herrmann, A. Lanzon, J. Carras sumed to be xed at a rigid bask [3] The trajectories

and B. Lennox are with the Control Systems and Robotics Group (CSR):5 : S .
Department of Electrical and Electronic Engineering, The Universgty ithin either the joint space or the task space are designed

Manchester, M13 9PL Manchester, United Kingdom. concerning general features such as initial/ nal point, duration,
3J. Brotherhood is with Amentum (formerly Jacobs), 601 Faraday Streghaximum velocity, etc., while the vibration it generates to
Birchwood, Warrington, WA3 6GN, United Kingdom. the environment or the vibration of the manipulator itself is

4T. Sakaue is with Tokyo Electric Power Company (TEPCO) Holding e
Fukushima, Japan. heglected. This is true for common use cases where the base

5¢. zhang is with the United Kingdom Atomic Energy Authority Of @ manipulator is stationary, e.g., it is mounted to the ground
(UKAEA), Culham Campus, OX14 3DB, United Kingdom. or a heavy-duty workstation. When the base of a manipulator
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is exible, e.g., the manipulator is mounted on a exible longcomplex operations. However, the algorithm's reliance on
reach boom or a mobile platform, the vibration becomes ramcurate modeling of the robot and environment interactions
longer negligible. The motion of any manipulator's joints ocould reduce robustness in unstructured or dynamic environ-
end effector generates an overall force/torque at the manipoents. Wuet al. [28] developed a robust control strategy
lator's base. Such force/torque applied to the exible base, fibr space manipulators to ensure coordinated tracking despite
not speci cally minimized, can result in signi cant undesirednternal uncertainties and external disturbances. Mehgl.
vibration. The vibration at the base easily translates to tfi&9] showed that joint-based control effectively suppresses vi-
vibration at the end effector, which could be detrimental tbrations in free- oating space robots with exible appendages
the tasks. In the case of performing laser cutting at the eddring autonomous target capturing. Marais al. [30] fo-
effector, even a small amount of vibration can produce largased on anisotropic disturbance rejection in kinematically
unwanted cuts. redundant systems, such as underwater vehicle-manipulator
systems (UVMS). They optimized control strategies to man-
age direction-dependent disturbances effectively. However, the
B. Related Work complexity of their control laws might pose challenges for

There exist earlier studies of manipulators with exibld€al-time implementation in systems with limited computa-
bases such amobile manipulatorgd]—[7], but their vibration tonal resources. Maezavet al. [31] addressed translational
was never considered. Particularly, Tahboub [7] designed @igturbance rejection for jet-actuated ying continuum robots
observer-based controller for a manipulator with a movirgPerating on mobile bases. They designedgnbased con-
base, but it focused on rejecting only a single unwanted distd@!ler to suppress vibrations and enhance stability during rapid
bance force from the base instead of multi-modal vibrationd'@nheuvers, which is crucial for aerial robots performing tasks
There is generally a limited understanding of how the motidA dKnam!c and unstructured environments.
of a manipulators joints and end-effector induces vibration Jnere is a limited number of control design approaches
at its base, especially when the base itself is exible. It jguited for the use case in this paper, i.e., it requires a systematic
important to distinguish that our TWD system combines &'d efcient use of complex plant dynamics in a closed-
rigid industrial manipulator with a exible long-reach boom |00p design to achieve a exible controller for the effective
which differs from common notion ofexible manipulators €@l-time compensation of possible exogenous effects, such as
[B]-[12] or soft manipulatord13], [14], where the exibility disturbances. In linear systems' theory, possible approaches
lies within the manipulator itself (in one or more links oi2r® model-based approaches such as optimal control [32],
joints). Consequently, most vibration control methods deveil. control [32], model Zpred|ct|ve contro(MPC) [33], and
oped for exible manipulators, such as those mentioned in thiimately Hy control [34]. Here, optimal anét, control do
comprehensive surveys [15], [16], cannot be directly appli t easily allow for dynamic uncertainty and disturbances,
to this TWD system. However, the underlying methodology/Nile the MPC is generally directed to slower dynamics or
might still be relevant for addressing exibility issues in this/€ry fast, highly powered control implementation hardware.
context. Among the literaturepbust control methods [[If7], 1€ Hx control approach is useful as it allows to include
[18] have consistently been popular for addressing exibiliy2n €Xplicit understanding of system uncertainty and actuator
as they are effective in handling uncertainties and disturbancii@itations in addition to multiple performance requirements.
such as sliding-mode control in [17] and switching control i NUS; frequency shaping through a mixed-sensitivity approach
[18]. On the other handntelligent controlmethods([19]-]23], toward control design is highly desirable and not easily achiev-
using neural networks and’ learning-based approaches, hav%lwﬂh other control approaches such as optimal control
also gained traction for tackling exibility issues due to thei®¥ MPC. Alternatively, other control approaches preferably
ability to adapt to complex dynamics and varying condition§€9uiré matching of actuation and sources of uncertainty and
However, many of these studies employed simpli ed modeféSturbances, e.g. sliding-mode control (SMC, eig| [17]) or
of exible manipulators or were model-free, often reducindictive Disturbance Rejection Control (ADRC, [35]); in case of
the system to a single-link structure, e.g.,|[24]2[23]. This si iigh order systems and multiple control objectives, the design
pli cation was necessary because learning-based controll&sAPRC and SMC has to be observer-based. ADRC will
typically require a manageable and less complex model RgVe to involve multiple cascaded loops to satisfy the matching
effectively train and validate their algorithms, which help%‘;”d't'on ]. In contrast, the limitation is that the tools of

reduce computational complexity and improve the ef ciency control have been developed for plant systems with mild
nlinearities, which is suf ciently satis ed for manipulator

of the learning process. However, the whole TWD syste
(manipulator + boom) is essentially a multi-link structurdnotion.
which introduces signi cantly more complexity and dynamic o
interactions. The studies in [24] and [25] addressed “rigid- Contributions
exible” systems structurally similar to ours. The actuation is Building upon the above studies, this paper addresses the
a single joint between the links in [24], which differs fromunique challenge of vibration suppression of the TWD system
the TWD with no actuation between the manipulator and theithin nuclear environments by introducing a real-time active
boom. In [25], the rigid manipulator was simpli ed to three exible control strategy. Instead of relying on low-bandwidth
identical links and the results lack experimental validatiomontrol and slow manipulator movements, our approach em-
Both studies were limited to open-loop trajectory planninghasizes a deep understanding of the dynamteraction
without closed-loop vibration damping. between the rigid manipulator and its exible base (boom).
There are studies speci cally considering the disturbandehis is different from most studies on exible manipulators
from the manipulator base, including space manipulators [26kat focused on theimternal exibility instead of their in-
[29], as well as underwater [30] and aerial manipulators [3lkractionwith the environments. This insight enables precise
Qiao et al. [26] proposed a nonlinear disturbance observeand fast control of the manipulator to prevent boom excitation,
based control scheme to achieve high-precision attitude traelowing for rapid and ef cient manipulator operation.
ing for space manipulators under multiple disturbances. TheThis paper also provides a detailed, step-by-step procedure
computational complexity of implementing nonlinear disturthat encompasses both contmésign and real-time imple-
bance observers in real-time could pose challenges for systenmentation, which could be valuable for researchers/engineers
with limited processing capabilities. Moosavian and Rastegavorking on similar multi-modal exibility and vibration con-
[27] developed a multiple impedance control algorithm tairol challenges, as it provides practical insights and method-
lored for space free- ying robots, analyzing its disturbancelogies that can be adapted to a wide range of applications.
rejection characteristics to enhance system stability durilige summarize the key contributions:
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1) Vibration Control via Manipulator Actuation Only TABLE |- Speci cations of the robot manipulator.

This work enables boom vibration suppression using

only the manipulator's own actuation, without any Man'pv\,mggﬁtm()de' Doosan RObggES cobot M1013
additional actuators. Through frequency-domain Payload TOkg
identi cation of multi-modal resonance behavior Maximum operating radius T300mm
and embedding uncertainty directly into the control Number of axes 6
synthesis, this approach is well suited to practical Joint 2 =200 1207
deployment in exible-base industrial robots. _ Operation angle and Joint 3+160° 18C°/s
2) Discrete Joint Velocity-Based Feedback Implementation Maximum speed of each axis Joint 4+360° 225/s
We implement a practical discrete-tintéy controller Joint 553607 20515

that enables vibration suppression using only joint
velocity actuation, without access to torque-level
control. This addresses several real-world challenges:
(i) velocity-only actuation interfaces on commercia
manipulators, (ii) integration of inertial sensing
feedback from the exible boom, (iii) real-time closed-
loop implementation at 500 Hz, and (iv) robustnes
against unmodeled nonlinear coupling between tf
manipulator and boom. The controller is synthesize
based on experimentally identi ed dynamics, ensurin

.
— T
compatibility with industrial hardware and reliability in 7Q Ny,
complex environments. <
3) Comprehensive Design and Experimental Validation -
7
7z
z

The approach is validated both in simulation an
experimentally on the real TWD system, achieving a
average vibration reduction of 80% across multipl
con gurations. We present a structured work ow
encompassing frequency-domain system identi catiol
discrete-time controller synthesis, and real-tim
implementation. Designed with the hardware an P
software constraints of commercial manipulators i

”."”.‘Ijv ‘?Ué meﬂ;od offers a transferable solution fogjg ». A diagram of the TWD system simulation model in

similar industrial systems. ~ Matlab/Simscape showing the sensor installation (Accelerom-
The rest of the paper is structured as follows. Section dker A measuring the vertical acceleration and Accelerometer

introduces the TWD system and its dynamic modeling. Secti@measuring horizontal acceleration).

lll presents the exible control design. Section IV provides

the real-time implementation via a design modi cation for

joint velocity actuation rather than joint position. Section f laining th deli for th

V demonstrates the simulation/experiment results and th&lf’® We focus on explaining the modeling process for the

implications. Section VI concludes the paper with furthefXible long-reach boom dynamics. . .
research opportunities. To begin with, under a normal working condition, the

vibration of the system is induced by the motion of the
Doosan Robotics Cobot manipulator. The vibration at the end
[I. TWD SYSTEM AND ITS DYNAMICS MODELING effector is crucial, e.g., when executing laser cutting at the
. . . . _ end effector, even the slightest vibration can be disastrous. The
This section provides a basic description of the TWD systeftion of any manipulator's joints or end effector generates an
and the modeling process of its dynamics. overall force/torque at the manipulator's base. Assuming the
manipulator is a rigid body, the vibration of the end effector is
h directly translated from the vibration at the end of the boom
A. The TWD System since the manipulator base is mounted there. Therefore, we
The TWD system developed by Jacobs is a exible longocus on understanding the modal characteristics of the boom,
reach robotic manipulator system used to address the chal-, how the force or torque generated from the manipulator
lenges in nuclear decommissioning. The TWD system consi$tanslates to the vibration of the boom's end. This also provides
of a rigid robotic manipulator: Doosan Robotics Cobot M1018 better understanding of the robotic manipulator in relation
(1.3 m reach), mounted at the end of a exible long-readio the environment.
two-link boom (mild steel), where the boom is made of a 5 m
main boom (the rst link) hinged with a 1 m rotating boom .
(the second link), as shown in F[q. 1. The system is designBd Data Collection
to be deployed through a small hole in the wall which supports The vibration tests were performed using a PCB 086C03 im-
nuclear decommissioning where the robotic manipulator cgact hammer and a pair of PCB 353B33 accelerometerd] Fig. 2
provide a) sensor positioning to characterize the target andpgbgsents a diagram of the TWD system simulation model
tooling, for instance, laser cutting. showing the sensor installation (an accelerometer at point A
Given that the TWD system consists of two parts: 1) measuring the vertical acceleration and an accelerometer at
exible long-reach boom and 2) a rigid robotic manipulatorpoint B measuring horizontal acceleration). These two mea-
it is reasonable to model the system dynamics for eashrements are important for assessing the overall vibration of
part. Modeling of the Doosan Robotics Cobot manipulator the TWD system because these measurement points A and B
relatively straightforward as it is a commercial product. Tablere ect the vertical (X axis) and horizontal (Y axis) acceleration
provides the basic specications of the M1013 model. Af the end of the boom, respectively. In principle, the impact
numerical model of the manipulator can be generated using tests were carried out covering a wide range of the operating
off-the-shelf CAD design|[36] along with the given physicatonditions of the exible long-reach boom, which includes
parameters, i.e. kinematics information, masses and inertidscon gurations while the robotic manipulator remains xed
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and non-actuated (see F[d. 3). The four boom con guratiofiquencies, encapsulating both the amplitude and phase re-
were selected to evaluate the controller's robustness acrt®nships between input forces and output responises [37].
varying resonance frequencies and dynamic behaviors duevtathematically, the transfer functiom;(s) is derived from
differences in boom length and hinge angles. The full-lengthe FRF by tting a rational function model that accurately
boom with a 180-degree hinge angle (Con guration 1) exhibitepresents the resonant behavior observed in the measured
the lowest natural frequencies and highest exibility, making ilata. This process involves approximating the frequency-
more prone to large de ections and resonance effects. Reddependent behavior using a set of poles and zeros that cap-
ing the hinge angle to 90 degrees (Con guration 2) increastse the dominant modal frequencies, which ensures that the
structural stiffness, shifting resonance frequencies higher whitansfer function retains the essential vibrational dynamics
still allowing moderate exibility. A further reduction to 45 of the system. The resonance peaks in the FRFs directly
degrees (Con guration 3) results in a compromise betweeorrespond to the system's natural frequencies, where energy
exibility and rigidity, altering modal frequencies accordingly.is most ef ciently transferred and sustained. By incorporating
Finally, the half-length boom with a 180-degree hinge angteese modal characteristics, the resulting transfer function
(Con guration 4) signi cantly increases stiffness, leading tgrovides a physically meaningful and computationally ef -
higher resonance frequencies and lower vibration amplitudegent representation of the system's dynamic behavior, which
These variations were designed to systematically assess makes it suitable for subsequent control design and vibration
changes in boom geometry in uence the system's dynamsuppression strategies. To ensure the accuracy and reliability
behavior and to ensure that the control approach remabfsthe derived model, a validation process is conducted by
effective across different structural conditions. A Nationalomparing the simulated system response against experimental
Instruments (NI) data acquisition device USB-4431 enabl&€RF measurements. The validation involves analyzing the
real-time dynamic data collection. Both points A and B werBode plots, where the magnitude and phase characteristics of
closely hit with the impact hammer and recorded for 3the transfer function are cross-veri ed with measured data.
seconds at a sampling frequency of 1000 Hz. We carried out arBased on the collected and processed data, a TWD simu-
experimental modal analysis which provides a set of frequeniation model is created in Matlab/Simscape. The model inte-
response functions (FRFs) that contain information about regates two parts: the boom model and the robotic manipulator
onance frequencies, damping, and mode shape. For exampledel. The manipulator model is created using Simscape
under Con guration 1, it is obtained that the rst three modaMultibody Toolbox, which enables control via either motion
frequencies for point A are 3.8 Hz, 14.1 Hz, and 29.8 Hz. Thar torque at each joint out of the total six joints. By adding a
FRF (i.e. the ratio of the Fourier Transform of the accelerationrtual joint at the base (the connecting face) of the manipula-
measurement divided by the Fourier Transform of the forder between the manipulator and the boom, the model outputs
excitation) is particularly important for the development of athe composite force$ in X, Y, and Z axis directions. We have
input-output transfer function model. used position feedback to move the X-Y positions based on the
transfer function (it is reasonable to assume a rigid Z axis, so
e — — no model is needed for force/vibration in that direction). The
pylEE— model can be adjusted to re ect the 4 different con gurations
s — 8 of the boom by loading the corresponding transfer function
T parameters.
. < For example, we show the process of creating a transfer
L : : ; function model under Con guration 1 using the data measured
; )\ o e by the accelerometer at point A and the impact hammer when
< ) hitting close to point A. For a better tting outcome with an
o B ' appropriate number of poles and zeros, the most signi cant,
Pl i AP . . and reliable FRF data were extracted, i.e., we focus on the
2= s ﬂ’. : range 1 — 50 Hz where the vibration is well-de ned by its rst
T4 ‘ Bl ety modal frequencies (the FRFs are calculated from the selected

= 0 Y v ol W : 5 resonances' data, including valuable dynamics information).
Ll = § 3 We use the Matlab command “tfédb t the data with 10
» 3 = poles and 9 zeros, followed by a minor pole-zero modi cation
Al ; . _— = for the model to be stable. Fif] 4 presents the Bode plots of
e S i , ; — such a modi ed transfer function model for point A (vertical)
o el YT .~ asFig[4h and also the one for paint B (horizontal) as[Fifj 4b
Qe e SR fi Confie ffstion s The same process is repeated for the other three con gura-
o . . tions, which leads to eight transfer functions in total. The
Fig. 3: Photos of the 4 boom con gurations (Con guration 1ynqgels delity is validated by computing the relative error
Full-length boom with 180-degree hinge angle; Con gurat!opQE(ja,) = |[Model(jw) — Data(jw)|| / [Model(jw)]||, which
2: Full-length boom with 90-degree hinge angle; Con guratioReens ‘around 1% in average for a‘ frequency points. This
3: Full-length boom with 45-degree hinge angle; Con guratioroyides us with transfer function modelg = a/f relating
4: Half-length boom with 180-degree hinge angle). the forcesf at the base to the acceleratian modelling all
the signi cant resonances. A feedback controller needs to be
. . able to compensate for those resonances, whilélthdesign
C. Dynamics Modeling allows to de ne an uncertainty model of the transfer function
The purpose of the boom model is to provide realistieutside that focused frequency region of 1-50 Hz.
vibration responses given the input forces. The model should
capture the computed FRF characteristics and be able to I1l. CONTROL DESIGN

reproduce a fairly accurate vibration measurement. Therefore . . . L .
thg boom modelyis created as a set of transfer functions tted | N€ above section has provided a detailed insight into the

from the FRFs to characterize the realistic vibration dynamid}g&grf‘mion dyﬂagnics ofl_;]he roé)ot Pagipulatﬂhwith éhe ex-
It outputs the vibration response, i.e. acceleration, velocity, altff '0Ng-reach boom. he understanding ot these dynamics,
position at the pre-selected points A and B.

i ; ; _ 1The 540 and 180 in the Bode phase plots of Figl 4 can be explained b
Modeling Theory and Validation Proceshe FRFs char the roll-up rate of the magnitude p?ot due to the relation between acceleratl)é)n

acterize how the system responds to excitations at differenti position.
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19 (a) Vertical model: data measured by the accelerometer at poingm Horizontal model: data measured by the accelerometer at point
20 and the impact hammer when hitting close to point A. and the impact hammer when hitting close to point B.
21 Fig. 4: Bode plot of the modi ed transfer function models against their FRFs under Con guration 1.
22
23
24 i.e., the impact of the manipulator on the boom end poiiB0-degree position, negative feedback will result in positive
25 vibrations, Is instrumental in reducing any vibrations at thieedback.
26 boom end. This has been shown to perform well in our ear-In the context of the TWD systerily control is particularly
lier work on trajectory planning, i.e., open-loop/feedforwardadvantageous due to its ability to suppress multi-modal vibra-
27 strategies|[38]. The next step of this work is to demonstratiens and handle structural exibilities inherent in the boom.
28 the active damping of vibrations at the end of the booffhe structured formulation of thidy control design problem
29 through closed-loop/feedback control. Inertia sensing wouddlows for inclusion of explicit control performance require-
30 feed back acceleration measurements from the end of the baments incorporation of actuator limitations, uncertainty models
to the controller, which would command the robot to suppres$ the boom resonances and the manipulator, while ensuring
31 the boom end's vibrations whilst following the planned patbktability across different boom con gurations. This makes it
32 trajectories as closely as possible. a well-suited approach for the real-time manipulation tasks
33 required in the TWD system. It will be seen thag control
34 is powerful enough to deal with the nominal straight position
35 A Control Strategy Overview Al Gt ) it s e Tyt ol e
36 A closed-loop control scheme for this application requiresystem, ensuring the original controller continues to function.
37 reliable real-time capabilities of both the controller and th€he actual level of effectiveness in light of the nonlinearities
38 commercial robotic system such as the Doosan Robotics Colt complex connection between the designed controller and
M1013. Controlling the joints of the robot requires jointhe prevalent nonlinearities. This sets the precedent for further
39 velocity actuation at a speci ¢ update rate with limited tim&vork where, for instance, gain-schedulingexible controller
40 jitter and delay. We determined the resonance frequency [88] can deal with the complete nonlinearities and workspace
41 approximately 30 Hz based on experimental modal analysisthe manipulator within the TWD system. Although the full
42 results, which identi ed three dominant modal frequencies aystem exhibits nonlinear behavior, we perform identi cation
3.8 Hz, 14.1 Hz, and 29.8 Hz. Given that the largest signi carind controller synthesis around a nominal con guration. The
43 resonance frequency of the boom system is close to 30 Hz, teeulting frequency-domain controller incorporates robustness
44 update rate needs to be higher than3 Hz = 60 Hz. Any margins that tolerate bounded nonlinearities, such as those due
45 jitter needs to be signi cantly less than 1(6@;51_6.7 ms, with  to geometric coupling and actuator dynamics.
46 a delay in the order of 18.ms or ideally signi cantly less.
In addition, the control system has to integrate inertia sensing = . . )
a7 and computing a control action within a period signi cantlyB- Mixed-Sensitivity & Synthesis
48 less than 1. ms. The model for exible control design is computed from
49 The main nonlinearities in this case are those from the roltbe “Model Linearizer” of the simulation model in Mat-
50 manipulator dynamics; the nonlinearities are therefore readigb/Simulink. The results of the closed-loop controller will
51 captured in a model of smooth functions. Under the reasonabiemonstrate results in a reliably large envelope of the start-
assumption of the motion of the manipulator joint in an envéag position, considering that here the nonlinear dynamics
52 lope of a nominal (possibly straight) arm operating positiomre those dominated by the robot manipulator. Note that
53 the control can be achieved via a linearized representation ithe Matlab/Simscape model employs a logabportional-
54 suf ciently wide envelope of the nominal manipulator positiordifferential (PD) joint velocity controller of high bandwidth;
55 (as demonstrated). A controller for acceleration compensatithie interaction/ground forces at the base of the horizontally
remains effective if the net and individual forces created lplaced robot manipulator are measured in the lateral directions
56 the joint actuators are retaining the component parallel to tbé the base, i.e., in the vertical and horizontal directions.
57 accelerations in the same direction as nominally determing@tlese forces are inputs into the transfer functions for the
58 through linearization and prescribed by the controller. Agxible boom vibration models, i.e., the force to acceleration
59 an example, if the robot joints are moved in the oppositeansfer function which was initially measured and included
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into the simulation to re ect the boom exibilities. Hence, the Here, the controller design parameters are determined by
“Model Linearizer” is used to derive the transfer functionthe lag Iter

with its inputs as the position demand of th&42and 3¢

rotational joints, and its outputs as the horizontal and vertical Wq(s) = S/ W+ gmax [1 0} 3)
acceleration of the boom vibration model, and the positions a s/w+1 0 1,

of the two above-mentioned degrees of freedom. . .
We focus on the possible excitation of the boom eXiyvh|ch creates a low-frequency performance constraint for

bilities in the horizontal plane for which the"®and 3¢ 9max= 10 andw = 1/v/10, speci cally for the feedforward

rotational degrees are sufcient to actively compensate fGPMPeNsatoCq(s). Evidently, ,(s) is a design performance
those exible modes, should they have been excited by digutPut, the frequency-weighted joint path error. The constant

turbances. Therefore, we are using the two most effectiight 1
rotational joints delivering the highest effective actuation force, Wa(s) = — {1 0} (4)
in particular also in the direction of the investigated vertical 100 1j,

boom acceleration. Thus, for the case of the robot manipulajgry oom-end acceleration constraint to keep the magnitude
and the demonstration of the nominal straight position, i a(s) jow, i.e., to reduce vibrations. Thug(s) is another
investigation of the % and 3¢ rotational degrees is more thangesign performance output, the weighted boom acceleration
suf cient. Once the robot manipulator traverses the complef@ctor. An increase of the gain falN,(s) will reduce the
workspace, it might be reasonable to include also tRe laccelerationaﬁs). However, a too-large value will force sig-
rotational joint of the robot manipulator, as the highly effectivgj cant control changes iy for acceleration compensation

actuator for acceleration compensation. which is undesirable. In design, one usually introduces a small
The two-input, four-output model: weight and observes the impact and changes on the boom
accelerati% E/vi)tr}:tr(]e)]different iterations of the desi?n) of the
controller s) Ca(s)]. Note that the resonance hy(s) is
38 = Fagzﬂ qq(s), (1) highly pronguncedin Fig. [5a, i.e., the optimization targets
q indeed that resonance. The weight of
for the two orthogonal boom-end accelerations (horizontal and _ S/Wh+0n [1 O}
vertical) within the vectom(s), the joint position vector(s) Wh(s) _0'000015/\%-&-1 [O 1, ®)

of two rotational degrees of freedom, and the relevant demand ] ) )
vectorqy(s). This provides the two transfer function matrice@ith the valuesg, = 100 andw, = 9 is practically motivated,
Ta(s) and Tq(s), via the relationships o(s) =Ta(s)qq(s) It acts to limit the gain ofC,(s), modeling uncertainty and
andq(s) =Tq(s)aq(s). These are being used to design a twdloisen(s) in the measurement of the acceleration veet().

degree-of-freedom feedforward and feedback controller, whidierefore, the noise/disturbana¥s) does not necessarily
establishes practically exist; it helps to shape the controlBg(s) the

weight Wh(s).

s) =Cq(s s) +Ca(s)a(s), 2

%(S) (S)a(S) a(s)als) @ IV. REAL-TIME IMPLEMENTATION BASED ONJOINT
VELOCITY CONTROL

High-level functionality for the Doosan Robotics Cobot
11013 is limiting the sampling rates of the robot manipulator
two different rates 70 Hz and 500 Hz, where the rst
m%xirpalf update rate ils a\éailable to joint po?itic_)n actuation
. o and the faster maximal update rate to joint velocity actuation.
feedforward of the demand trajectoq,ga (e.9. the optimised assyming a 70 Hz sampﬁng frequenC)J/, we testedythe control
polynomial trajectory in|[38]) and feedback of the measurégh roach from Section I11.B (see also the Appendix for the
boom acceleratioa(s). Hence, the objective of the controllergegjgn) " The tests resulted in poor performance due to the
is for the acceleratiom(s) to be minimized while following o, “sampling frequency. Hence, an improved controller is
Quq(S) Up to a certain bandwidth. to be deployed using a 500 Hz update rate. Joint velocity
The transfer function Bode plots for the model otorrections from thédy controller are sent to the manipulator
[Ta(%;l'q(s)]T are presented in F@ 5. It is vital to note invia a TCP/IP interface with negligible communication delay.

where Cq(s) is the feedforward component for a demand

trajectory qqq(s) for the 24 and 3¢ rotational degree, while
Ca(s) is the feedback component using the horizontal and v
tical acceleration signals, forming the vectis). HereCqy(s)
and C,4(s) are to be designed through ti controller for

Fig.[5a, the signi cant gain increase of more than 40 dB/dekhe entire control pipeline runs in hard real-time, ensuring
below 20 rad/s, while the resonances at 3.8 Hz (23.9 rad/s) authsistent loop latency for reliable vibration attenuation. The
speci cally at 14.1 Hz (88.6 rad/s) and 29.8 Hz (187.2 rad/gliscrete-time control design is synthesized based on the ex-
are highly pronounced due to the signi cant increase in gaiperimentally identi ed models to allow operation using only
Thus, the double/triple temporal derivative (acceleration gsint velocity actuation and feedback from boom acceleration,
jerk) of the joint position motion is to be detected at the booiint velocity, and joint position. This is to re ect the practical
end in terms of the acceleration measurements at the bo@wnstraints of the commercial robots and differentiates this
The forces and torques at the base of the robot manipulag@proach from classical torque-based implementations. The
re ect the acceleration or jerk of the robot manipulator's jointliscrete-time implementation is designed to suppress dominant
positions. This is a key result and crucial motivation for anyibration modes and tolerate the nonlinear coupling between
optimization of the joint motion of the robot manipulator. Thehe manipulator and boom dynamics without requiring nonlin-
results of Fig are largely expected. They re ect the higdar compensation (The discrete-time controller design process
bandwidth behavior of the transfer function, where the transf@ilows the same process as in the Appendix).
function resembles largely an identity matrix for a frequency The objective of thédy control problem foi(s) s to follow
of up to 1000 rad/s. Note that this is an idealized simulatiog,,(s) while avoiding high amplitudes of(s) in the time
and the practical implementation bandwidth of the commercie%main_ The modi edHy control design is detailed in Fig.
controller would have to be veri ed. . The output used for feedback signals is the demand joint
The objective of thedy control problem folg(s)is to follow positionqyq(s), the actual joint positiomg(s), the actual joint
Jqq(s) while avoiding high amplitudes oa(s) in the time velocity q(s), and the acceleration at the end of boaifs).
domain. Hence, the design problem is represented inFig. @he control input is the demand joint velocity(s).
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21 Frequency (rad/s) Frequency (rad/s)
22 (a) Bode Rlots off 4(s): Position demand of the"® and 3¢ rotational (b) Bode plots ofT 4(s): Position demand of the"8 and 39 rotational
23 joints (left and right column respectivelg/) to the horizontal arjdints (left and right column respectively) to their relevant actual
24 vertical accelerations (top 2 and bottom 2 rows respectively).  positions (top 2 and bottom 2 rows respectively).
25 Fig. 5: Bode plots of the transfer functio&(s) and Tq(s). The selected frequency range Q1 10* rad/s) captures low-
26 frequency joint motion and higher-frequency exible mode resonances. Particulaily) highlights resonance ampli cation
27 near 3.8 Hz, 14.1 Hz, and 29.8 Hz, whilg,(s) con rms high-bandwidth response of the manipulator joint actuation.
28
29
30 )
q4a(s) Linearized — Output error q(s) % -
31 —> manipulator > weight Zl(S) qdd(s) T (S) . Wq(s) 4 Zl(s)
32 model T,(s) W,(s) q 4u(s)
33 Output error 1 a,(s)
Vibration a,(s ' L > Z2(S
34 O—> (acceleration) ) weight L 15 7,(s) - To(s) Wa(s) 2(5)
35 model T,(s) Wo(s) s qqq(S)
36 ny(s) By
7 Wnl(s) /'
2; n(s) _| Noise/Disturb ( ) — aES;
"| -ance W, (s) ny(s A q(s
w : »
; z e
qqa(S
a1 qa(s) Controller [* a(s)
[Co(s) Co(s)] e . )
42 qa(s) [6175) Cops(5) €y (5) CaD] 3
43 Fig. 6: Mixed Sensitivity design problem usirdy control.
44 Fig. 7: Modi ed mixed-sensitivity design usingy control for
45 Control is achieved through a demand for joint velocitjpint velocity-based actuation.
46 gq4(s). Thus, the plant is in this case,
47 . : .
48 qes) Typ(s) suremengy(s) (without noise and disturbance). Therefore, the
| 9P controller has an extended structure:
49 qu(s)| = Tou(s) | Qa(s), (6)
50 aw(s) Ta(s)/s Qdc(JS)
51 o Qi() = Cr1(s) Cpri(s) Curr(s) Ca(s) | gigy |
52 whereTq(s) =[Tqp(s) Tqu(s)] denotes the transfer func- a(s)
53 tions to joint positionq(s) and joint velocityq,,(s) (without ) o . . ) S
54 noise/uncertainty impact). The plant is derived from the lirwhereq(s)is the joint velocity (with noise/uncertainty impact)
earization of the dynamics model using a velocity actuatieanda(s) the boom end acceleration measurement (with noise
55 principle for only the 24 and 39 rotational joints of the robot and disturbance). _ _
56 manipulator (it is vital to understand that it i€%2and 3¢ As before the controller design parameters are determined
57 joints that rotate the two big links of the manipulator witfy: Wa(s) is the same value a§|(3), and
58 major mass). Note thaf 5(s)/s is the transfer function from 1
59 the joint velocity demand to the boom end acceleration mea- Wa(s) =2 {0 ﬂ (8)
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Wnl(s) :10—5(S/W1+91 S/V\Q+ 1 ) [é gj (9) A. Simulations
s/w+1l  s/wetg2 , To demonstrate the effectiveness of the controll&?, ghd
, 3'd rotational joints of the robot manipulator were controlled
with the valuegy; = 100,w; =9, g> = 1000, andv; =20/v/10 to move from home to the demand positions, respectively.
is to limit the gain ofCa(s), modeling uncertainty and noiseThe trajectories for 2 joints started when the manipulator
ny(s) in the measurement of the acceleration veags) was stationary, ensuring no initial vibration. The step input
Similarly, the noise/disturbance;(s) does not necessarily was used to simulate the occurrence of transient disturbances.
practically exist; as part of a multiplicative uncertainty modefThis discontinuous demand causes signi cant boom vibrations
it helps to shape the controlleC,(s), the weightWni(s) which are to be actively dampened by the proposed controller.
keeping their gain lower in low and high frequency, whilero pe speci c, the 2 joint moves from 0 to 5 degrees, and the
the mid-frequency range, i.e. at the resonant modes, haszan;sint moves from 0 to-5 degrees at the same time (The
active control elemert,(s). The feedback controller requireschgice was made based on the observation of the vibration in
e ot e fo oston s Ykt o) s oS to e s s equrement T e v
& ; i , . ; esentative since thd%and 3° joints rotate the two major
me Jfo'l?t v_eloc%lty measuremetnt is subject to nases), With  jinks that carry the most weight). This shows that the nominal
€ following Irequency spectrum: joint controller remains intact, while the vibration-damping
1 scheme is used.
Wh2(s) :0.0l{o g] (20) In the simulation results, it is found that the proposed con-
' ]tcrolletg effectively rejects vibrationﬁ underg disturli)an((:je for aIII
< -y : : ; our boom con gurations. Fid.|8 shows the simulated vertica
which is to limit the gain ofCyt¢(s), modeling uncertainty 5. oleration resgponse under Con guration 1. The closed-loop
and noiseny(s) related to the joint velocity vectod(s) conroller effectively mitigated vibrations following the step

measurement. . . disturbance, with a’signi cant reduction beginning around 1.7
The mixed sensitivity design problem can therefore hgconds. In Con guration 1, the simulation achieved a peak
expressed as amplitude of 0.14 g, demonstrating a signi cant reduction in

~ vibration compared to the experimental result (0.19 g). The
0 WqTy

Wq 0 q average vibration reduction reached 91%, indicating highly
2y(s) 0 0 0 WaTa/P s| [Qqq(S) effective attenuation of oscillations.
Qdd(s) _ I 0 0 ~O nl(s) (11)
q (S) O 0 0 -[q P n2 (S) Acceleration Data Comparison
q(s) 0 0 Wp Tqv Ay (S) 02 ‘ ‘ oo
a(s) O Wnl O Ta/s ***'Clisedrlot:p 7

MW‘WWWWWWWWWWWWWWW

where the vectorigyq(s) Mi(s) na(s) qq(s)’ feeds into

the controller [(J) forgy(s). Robustness to modeling uncer-

tainties, including resonance frequency shifts and unmodel

nonlinearities, is addressed through the frequency shap

in the Hy synthesis. The weighting functions are selecte

to achieve gain roll-off beyond the dominant exible mode: 02k : . . L o

while maintaining performance around the primary resonan Time [s]

frequencies, ensuring stability under expected deviations. The o e . .

discrete controller is designed at 500 Hz (see Appendix) and  Fig. 8: Simulated vertical acceleration results.

reduced to 30th order. ) ) ) o
The feedback loop uses acceleration measurements to dete¥yhile the dominant resonance frequencies observed in sim-

unwanted oscillations, and the controller injects correctivdation and experiment are consistent, the simulation exhibits

joint velocity commands to counteract them in real timeddditional high-frequency components that are not present in

This shaping is done in the frequency domain, allowing tHBe real system. These arise due to the absence of damping

controller to precisely target dominant resonant modes whi@d compliance in the simulation model, which allows higher-

respecting bandwidth limits. This design process and the uggler modes to persist without suppression.

of the bilinear transformation are commonly emp%ed in

Acceleration [g]

the design of discrete-time mixed-sensitivity controllers [40B. Experiments

Again, for the real-time implementation, thgy _controller 1, jypiement the above velocity-based controller on the
was designed at a sampling frequency of 500 Hz. FRe Hyosan Robotics Cobot M1013, we employed “spestij

controller generates joint velocity correction signals, whic : ’ ; ;

: O A g nd obtained control implementation at a sampling rate of
are superimposed onto nominal joint-motion commands. Ttegn 2 " \Wwe ytilize aniﬁertial measurement u?li(l%/lu)
allows the manipulator to continue performing its primary,inertial sensing, i.e., the acceleration measurement for

manipulation tasks while attenuating vibrations. Although trt%al-time feedback. To validate the proposed controller, we

exible system is modeled with high-order dynamics, the reais; rieq out the experiments the same way as the simulations

time control loop executes a lower-order discrefie velocity . 5ove. Fig[P shows the acceleration measurements when the

controller of order 30 after controller order reduction. Th ; ; :
controller algorithm is computationally ef cient, running atEIOsed loop controller is enabled under Boom Con guration

500 Hz on a standard industrial PC without performanc@ Speci cally, the reduction in vibration amplitude begins

bottlenecks. 2practically, we have tested this approach for this and larger angular

changes, i.e{+5°,+10°,+30°}
3Comparing Fig.[p against Fiﬂ 8, the discrepancy between simulation
V. RESULTS and experimental results can be attributed to (i) the high-bandwidth, data-
capture hardware used in model analysis experiments which allows for (ii)

This section presents the simulation and experimental f@gh-bandwidth simulated models together with practical consideration for
mpling creating a very differentiated numerical simulation system in contrast

sults of the proposed TWD system controller, followed by %‘(iil) the practical, Doosan-provided control hardware used for closed-loop
discussion on its robustness. control, which limits detail during real-time data capture.
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immediately and becomes signicant after approximatety FABKGAI: Mbtelon ducion feeule, Peak = Reak Acedleiaion
s. Fig.[10 provides a visual comparison of the vibratio{¥), Lead Time (s). Thepeak amplitudedenotes the maximum
suppression effect by showing the position of the laser daltsolute value of the acceleration; rage reductioris computed
projected onto a canvas by the end-effector-mounted ladésed on the squared RMS (i.e., energy) of both horizontal and
device. The snapshots, taken at two time instants §.14 s vertical accelerations: 4 (RMSg ;5. RMSGe); the lead timeis
andt = 5.23 s), illustrate the difference between the opemle ned as the time to reach the 70% amplitude reduction envelope
loop case (top row) and the proposed closed-lbigpcontrol ~ from the onset of robot motion.

(bottom row). The laser dot under closed-loop control exhibits — Open-loop Closed-loop AVG. Eead
signi cantly reduced motion. 9 Peak RMS| Peak RMS| Red. (%) Time (s)

il éSlmg 042 023 0.14 0.07 91 0.85

2 (Sim 0.38 0.23| 013 0.06 93 1.15

Acceleration Data Comparison 3(Sim) | 041 0.25| 014 0.07 92 1.20

027 coeleration Dala ~ompariso : 4(Sim) | 0.34 0.6 | 007 0.05 90 1.05

Openoop Avg (Sim) | 0.39 0.22 | 0.12 0.06 915 1.06

— — — - Closed-loop T(Exp) | 048 024 0.19 0.12 75 T.12

5 01 ] 2(Exp) | 043 024| 018 0.10 83 1.45

< 3(Exp) | 0.44 0.24| 019 0.10 83 1.50

2 o , 4 (Exp) | 0.36 0.17 | 0.10 0.08 79 1.29

s Avg (Exp) | 0.43 0.22 | 0.7 0.10 80 1.34

< .04 B
C. Discussion

S
S

Despite the complexity of the underlying model, the im-
plemented controller of 30th order operates at 500 Hz in
Fig. 9: Experimental vertical acceleration results. real time using only joint velocity actuation, con rming its
computational suitability for embedded industrial systems. The
proposed controller is designed to effectively handle multi-
modal exibilities, meaning it can address a set of resonance
frequencies in the boom. It exhibits robust performance under
moderate changes in resonance frequencies. However, a re-
design may be necessary for signi cant resonance shifts,
such as those caused by changes in boom con gurations. To
address this, the gain scheduling schemes discussed earlier
are recommended for accommodating dynamic changes across
different boom con gurations. While the current experiments
focus on representative real-world con gurations, the proposed
control framework is compatible with more dynamic scenarios.
For example, trajectory optimization for vibration mitigation
under high-speed motions has been demonstrated in our earlier
work [38], which can be combined with the present feedback
controller to further enhance performance in aggressive tasks.
1) Comparison Between Velocity-Based and Position-Based
Controllers: Although the velocity-based controller was im-
Fig. 10: Experimental comparison of laser dot position glemented in this study, the initial position-based controller
different time instantst = 5.14 s (Left column) and =5.23 remains a suitable alternative solution, provided it operates
s (Right column):Open-loopcase (Top row) v.sClosed-loop within the real-time capabilities of the robot. The position-
control (Bottom row). based controller typically functions at a control rate below 100

; Hz and is designed for discrete-time operation. In contrast, the
In the experimental resuffsthe feedback controller can ef- : : '
fec“"eﬁ'i' follow the positional demand and reject disturbancégzoc'ty'based controller can operate at a higher frequency,

Time [s]

Table[T| summarizes the comparison between the simulatio ablllzng more ereC|$e w?rgtlo? (ilont;l?li' v and Robustness:
and experiments, showing the vibration reduction with arow;ﬂ?) requency ~egion ot Lontrolier ACuvity and hobusiness.
|

80% on average achieved by the proposed control. The res proposed exible control method activates the closed-
¢1oop controller only within the frequency region corresponding

do the boom's resonance frequencies. This is achieved by
uring suf cient roll-off at both low and high frequen-
gs, effectively suppressing vibrations outside the resonance
nd. This behavior results from introducing the uncertainty
weighting functionWn(s), which, together witW,(s), forms
multiplicative uncertainty model. The weighting function

demonstrate that ouHy controller effectively suppresse
vibrations across multiple con gurations, which implies it
robustness against variations in system dynamics. While p
acceleration is not drastically reduced in all cases due to
timing of motion-induced impulses, the proposed controll
rapidly suppresses residual oscillations. This is re ected
the signi cant reduction in RMS acceleration and lead tim . ; .
The control law acts on the exible dynamics excited posiVn(S) has a high gain at low frequencies below the resonance

motion, effectively shortening the vibration tail even if théand. enforcing the desired roll-off behavior.
initial transient re)r/nains. g 3) Feedback Controller Robustness Against Model Uncer-

Practical results of joint angle changes for tH€ jpint from ~tainties: The rdoblustnests_otf the feedbagkb contro{ler _ag?inst

: resonance model uncertainties is ensured by maintaining lower

8;0 _51010;335) (;jggrreeees&a?rt]ﬁetgin?gq%mn;()\s/ﬁgvjr(i)rqntgrraos ins outside the resonance frequencies. This robustness is
] , g t;ther reinforced at low frequencies due to the joint position-

vibration suppression consistent results for increasing ang acceleration relationshi ; ; .
: = : : 5- p, which can be approximated as:
steps, while also providing practical proof for the designed r s)~ $MT;(s)L(s)qy(s), wherea(s) is the boom accelera-

t

bustness of the vibration damping controller and the capabil ¥r measured from the impact hammer foféés) via Ti(s)
5 - = - 1 1
for the nominal joint control to work, as designéd and L(s) is a low-pass lter representing the internal joint

position control loop withL(0) =1. The constant matriM
4[Online] Video available via the url: https:/fyoutu.be/3HQk8qZHFpA  relates to the robot manipulator's parameters. This relationship


https://youtu.be/3HQk8qZHFpA
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introduces a natural low gain i 4(s) due to thes? term  [4]
at low frequencies (as also noticed in Section Ill.B), thereby
providing inherent robustness to the open-loop response.

[5]
VI. CONCLUSION

In this paper, we have shown that the proposed controllgg
mitigated vibrations effectively in both simulations and exper-

iments, speci cally, the modi ed velocity-based controller can
reduce vibration by 80% on average. The study demonstrat
that the proposed control can be effectively embedded intg] Y. Liu, X. Chen, Y. Mei, and Y. Wu, “Observer-bas

commercial joint-velocity actuated manipulators in challeng-
ing industrial environments, e.g. also for the Fukushima Dai o]
ichi site, enabling dynamic model-based vibration suppressio[n
without hardware modi cation. Beyond nuclear decommis-
sioning, this approach has broader applicability to robotit®!

systems deployed in space, underwater, and industrial settings.
Potential use cases include space manipulators for satellitd

servicing, underwater inspection robots for offshore structures,
and where exible structures and multi-modal vibrations argy
key challenges. For broader applications and future work, one
might take care of sample delays, which can be built-in 3}'3]
investigating for such delays and multiplying multiple of 1/

to the discrete plant model, as needed. Possible alternatives IEEE/ASME Transactions on Mechatronics, 2023.

to the ZOH discretization can be tested, e.qg.,

rst-order hol&4!

(FOH) due to its interpolation.

15
APPENDIX [15]

DESIGN OF ADISCRETETIME Hy CONTROLLER [16]

Given the design problem stated Sectjgn 6, the controll 0
design follows a discrete-time approach as advocated in [3@],

[40]. This is necessary due to the limited sampling frequenc
available for the practical implementation of any closed-lodp®

strategy on the robot manipulator. Assuming 70 Hz update rate

is available and following the setup of the design problem in
Fig.[6, the key steps are: (19

1) Create the augmented transfer function modigl,y(s),

for the mixed-sensitivity problem: [20]

zi(s) 5 [21]
qzjd((sg) — Taug(s) qﬁ?é) , (12)
a(s) Q4 (s) 22]
where
—Wjq(s) 0 Wq(s)Tq(s) (23]
Taug(s) = ? 8 Wa(S())Ta(S) 13 oy
0 Wp(s) Tals)

2) Apply a zero-order hold (ZOH) transformation at 70 H¥!

to get T aug,zof2)-

3) Use a bilinear transformation (Tustin's method) t¢?¢l

4) Perform J#%&
5 écq,bil (s) Capil(s)].

(1]

(2]

map Tayug,z0{Z) t0 a continuous-time transfer function
Taug,bil(s)-

synthesis on Taugbi(S) to obtain (271

onvert the controller back to the discrete domain vigg
inverse bilinear transform to g€€qz0n(2) Cazon(2)].
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