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Abstract— Elastic lightweight manipulators offer multiple
benefits but suffer from increased structural flexibility, making
them susceptible to vibrations and thus requiring dedicated
control concepts for vibration suppression. Based on a lumped
element model formulation, a method called elastic structure
preserving (ESP) control is used for additional damping in-
jection, while using standard PD motor position control. The
control method is applied for the first time to a flexible link
robot by combining it with a link-side IMU-based observer.
It is demonstrated in an industrial context using a standard
controller setup, enabling straightforward implementation on
existing industrial robots. The novel ESP method is further
compared to a flatness-based control approach and to standard
PD motor control. Particular aspects of controller tuning are
discussed. Both theoretical analysis and experimental evalua-
tions are conducted to address trajectory tracking behavior,
disturbance rejection, and robustness to model parameter
uncertainties. Results based on end effector accelerations show
that ESP achieves superior vibration damping, demonstrating
its effectiveness for industrial lightweight robots.

Index Terms—flexible link robot, elastic structure preserving
control, flatness-based control, extended Kalman filter

I. INTRODUCTION

Control of flexible manipulators has been extensively
studied since the 1970s, with numerous contributions in
robotics and control theory [1]. In industrial robotics, elas-
ticities primarily arose from the gears, leading to flexible
joint models for model-based control. However, as robotic
designs have evolved toward increased lightweight structures,
structural link elasticities have become non-negligible [2].

This trend has created a continuous demand for improved
mathematical modeling and control strategies to meet con-
flicting requirements, such as achieving high performance in
weight-reduced robots with lower mechanical stiffness and
increasingly complex vibration modes. Lightweight robots
are highly susceptible to tool center point (TCP) oscillations
from high jerk inputs and external disturbances, causing un-
acceptable positioning errors and long settling times, which
are critical in industrial applications.

Industrial manipulators typically feature multiple links,
with the upper arm and forearm being most relevant for
structural flexibility. In this work, the Elastic Lightweight
Arm (EILA) from the JKU Linz Institute of Robotics (Fig. 1)
serves as a benchmark platform due to its high compliance,
making it well suited for vibration control studies.

While distributed mass models have been proposed for
model based control, their complexity limits industrial adop-
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Fig. 1: Sketch of considered elastic robot EILA.

tion. Lumped element mass approaches, e.g. extended flex-
ible link models [3], remain challenging for control tasks
due to high dimensionality. Alternative modeling in [4] with
control strategies such as strain feedback and wave echo
control [5], have been shown to be effective, but rely on strain
gauge measurements, which are less practical to retrofit in
industrial context. A more feasible option is utilizing inertial
measurement units (IMU) and approximating structural link
flexibility through lumped element models with equivalent
stiffness reduced to the joints. In [6] flatness-based trajec-
tory control with vibration suppression using acceleration
and angular rate measurements is introduced. This method
has demonstrated successful on EILA. However, it involves
complex and non-intuitive controller parameterization due
to variable stiffness resulting from reduced lumped element
modeling.

Recent advances in control of variable stiffness actuators
(VSA) for humanoid robots show promising results using
a novel control scheme called elastic structure preserving
(ESP) control [7]. The method achieves excellent tracking
performance by model-based injection of link-side damp-
ing, enabling intuitive mutable vibration suppression. While
initially tested only on elastic joint systems with link-side
torque sensing, the elastic structure preserving approach is
also promising for lightweight industrial manipulators. An
initial proof-of-concept using ESP control for structurally
elastic links was demonstrated in [8].

The contributions of this paper are

o Extension of the ESP control method to structurally
elastic robots (elastic links and gears).

« Introduction of an observer to estimate the elastic state
from IMU measurement, thus avoiding usage of link-
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side torque measurements, which are usually unavail-
able except for dedicated collaborative robots or are
unreliable in case of flexible links.

o Amending the ESP control law to be applicable to
position controlled industrial drives by means of path
correction and auxiliary damping torque inputs, instead
of direct torque commands. This is crucial for comply-
ing with safety frameworks of industrial controllers.

o Experimental results for a light-weight 3 DOF flexible-
link robot. Results of the proposed ESP controller are
compared with a flatness-based controller and a PD con-
troller with non-linear feedforward. Their performance
regarding trajectory tracking, disturbance rejection, and
robustness to parameter variations is investigated. To
this end, the robot was subjected to an unmodeled
change of loads, one example involves collision with
an obstacle.

o The important differences of the design/tuning of the
above control schemes are highlighted with focus on
their use with state-of-the-art industrial controller hard-
ware.

II. MODELING

Fig. 1 depicts the mechanical setup of the elastic robot
including two flexible beams and three harmonic drive gears
actuated by synchronous motors. The maximum payload
is bkg with a fully extended manipulator length of 2m.
To monitor elastic vibrations triple-axis angular rate and
acceleration sensors (IMU) are mounted on the elbow and
end effector.

For model based control, a lumped element model is
used, representing only virtual springs in base, shoulder and
elbow joints. Hence gear and beam flexibility is reduced
to the joints and torsional effects as well as strain along
the beam axis is being neglected. The equivalent stiffness
ki, ko, ks are shown in Fig. 2. It illustrates the front and
top views of EILA with the coordinate frames used for
the three successive elementary rotations. The fixed inertial
point is denoted by (I), and (F) corresponds to the end
effector of the considered robot. Actuated joint angles are
given by qi; = [gqum1, qm2, qums), while non-actuated angles
are q5 = [qa1,qa2, gas). The simplifications made yield a
configuration-dependent stiffness k1 (qaz2, gas)-

A. Equations of Motion

The formulation of the dynamics for the underactuated
mechanical system is based on [9] and given by

Muydm + Qr(dm) + K(ga)(av —qa) =Qum (1)
Ma(qa)da +Ca(aa,qa)da +ga(aa) (2)
+K(qa)(ga —qm) =0

using the minimal coordinates of the three motor qy; and
their corresponding arm angles qa. Inertial couplings and
damping terms between motor and link coordinates are
neglected ensuring the differential flatness of the system.
The positive definite, symmetric mass matrices My; and
M include the motor and arm inertia. Matrix C, accounts
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Fig. 2: Lumped element model with reduced equivalent
stiffness to the joints.

for Coriolis and centrifugal forces while ga is the gravita-
tional force vector. Coupling between the actuated motor and
under-actuated arm equation is represented by the diagonal
and positive definite stiffness matrix K. Vector Qg contains
considered viscous and Coulomb friction, while Qn = By
denotes generalized motor torques with gear transmission
matrix By; and driving torques 7.

B. Kinematics of Inertial Measurement Units

The IMUs measure angular velocity and translational
acceleration at their mounting point. The measurements
of both sensors can be related to the joint space using
the Jacobian J(qa) of the forward kinematics for angular
rate why = [Whut, Wivue) and translational velocity
vivu = [Vimu1s Vivuz) using the inertial frame

{ it } = [ i:gg:; ]flA =J(aa)ar. @

Taking the time derivative of translational velocity and
adding gravity g* = [0, —9.81,0] in

angy = Jv (4a) da +Jv (9a) da + g “)
yields the accelerations ajy;; = [af\iu1, atyus) €xpressed

in the inertial frame.

III. ELASTIC STATE OBSERVER

The elastic arm states qa, qa can be computed from IMU
data algebraically with low computational effort [10] or esti-
mated via an acceleration-based state observer [11]. In order
to fully exploit sensor data, angular rate and acceleration
measurements are fused using an Extended Kalman Filter
(EKF) following [12]. The whole measurements used are
motor position gy, motor torque Qyg, angular rate wiy
and acceleration agyy. The only model information required
is motor inertia My and stiffness K, meaning that no link
parameters are needed.

Based on the state vector x ay, ax, dyp, aa) € R12
the time-discrete observer dynamic, using explicit Euler

T |
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method with sample time 7§, is given by

09><1
X1 = T+ TeAg) x + TsBQu g + T [ i ] + wyg
®)
using system matrix
0 0 I 0
0 0 0 I
Ay = - _ 6
EE M K (x) MiK(xsy) 0 0 | ©
0 0 00
and input matrix
B"=[0 o M, o0]. (7)

The calculation of vector qa, is based on (4) using the
measured IMU accelerations

dar =7 (x2.1) (aIMU,k —J, (Xo.0) Xak — g) (8

where Ji is the Moore-Penrose inverse. The measurement
equation is

X1,k
k= ’ + vy, 9
Y [ Jo (X2k) Xa i ] (
with measurement vector yi = [qy , Wiy ;] including

measured motor positions and angular velocities. The vector
wy, represents added zero-mean process noise and vy, zero-
mean measurement noise.

The EKF implementation follows the prediction and up-
date steps in [13]. Explicit matrix inversion can be avoided
in the error covariance prediction step by applying the
derivative rule for matrix inversion when computing the
Jacobian of (8). Parameter tuning to ensure convergence was
carried out in accordance with [12].

IV. ESP vs. FLATNESS BASED CONTROL

This comparative study evaluates three control methods.
The first implements the proposed ESP model-based vibra-
tion damping, while the second and third does not rely
on model information for feedback control. In this work
no friction compensation is applied, as its effect is mainly
on static positional accuracy. The following sections briefly
introduce each method, with control laws expressed in con-
sistent notation to highlight differences.

A. Elastic Structure Preserving Control (ESP)

The control objective is to derive a structure preserving
state transformation that transforms the underactuated system
(1)~(2) into a quasi-full actuated closed loop form'

Myam + K(@v — da) = Qu (10)
Maqga + Caga + K(ga —au) = -Dga (11)

where the adjustable positive definite diagonal-matrix
D injects damping according to the new coordinates
q' = [ay;,44] and new input Qui. The new arm coor-
dinates correspond to the motion error of the arm angles

'Due to compactness of the equations, arguments are not always denoted.

dA = ga —ga.q and the new motor coordinates qu reflect
the desired damping and tracking behavior?. The transfor-
mation to the closed loop form (10)—(11) does not cause
dynamical shaping of the inertia properties and preserves the
initial stiffness K of the links. The gravitational and friction
terms can be compensated, while Coriolis terms remain. Full
derivations and detailed explanations, as well as stability and
passivity proofs, are provided in [14].

The stiffness K(qa ) and injected damping D(qa ) depend
on the robot configuration. However, as their rate of change
is small, their time derivatives are neglected. Therefore,
the control law for the generalized input torque can be
decomposed into the following three components

M= QT+ QT+ QT (12)
where the intermediate variables
QY =Ma(aa)da.a + Calga, da)daa
+ga(aa) - Daa (13)
Qi =Muidaa + MMK-l(qA)f—; AT (4
conduct to the input transformation and
QW = —Keaw — Kpau (15)

provides motor PD control in the new coordinates. The state
transformation of the motor angle is given by

au = Gu + qa.a + K 1 (qa) QET. (16)

Due to the use of position-based servo drives for the syn-
chronous motors, the control law must be adapted based on
the desired motor position

ESP

ayoy = aaa + K (aa) QY

A7)
in order to implement the decentralized motor PD control

Qv = Kp(ama — au) + Kp(dm.a — qu) (18)

with positive definite feedback gains Kp and Kp. The com-
ponents QFSP and QEPT can be applied using an additive
torque in the servo drives as outlined in section VI.

B. Flatness Based Trajectory Control with Full State Error
Feedback (FBC)

Differential flatness, well-defined in [15], facilitates
model-based control of complex nonlinear systems. A flat-
ness based representation of system (1)—(2) can be found in
[6]. There, a flatness based trajectory control with arm angle
and velocity feedback is used, also related in control theory
as exact feedforward linearization with feedback of full
state error vector. It combines a flatness-based feedforward
torque and motor angle correction with two PD controllers
stabilizing qy and qa . To highlight the correlation to section
(IV-A) a notation based on (12) is used.

The complete control law can be written as
E/[BC :Q]]E\ABC"‘V_Q]]E\/[BCJFQM (19)

2Index d indicates desired arm angle q A,d and desired motor angle gy q-
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with only using desired arm states in

VP — QP laymans 0)
v = QN las=ana + Qu 1)

and the additional PD arm feedback
Qun = Kpa(ga,a —ga) + Kpa(da.a — ga). (22)

By using only desired values in (13), (14) and (17) the model
based damping injection D got eliminated. Passive vibration
damping is archived with the feedforward torque and the
desired motor coordinate

ais = aad + K (qaq)QiEC (23)

while active vibration damping is realized via the additional
feedback gains Kpy and Kpa.

C. PD Motor Control with Feedforward Torque (PD)

As third method, simple flatness based PD motor control
for the rigid-link model is evaluated as being the standard in
most industrial robots. The control law

P = QI+ QlP + Qu
can also be derived from (12) using feedforward terms under

the assumption of K~! converging towards zero. This results
in g, = qa q and the feedforward torque

(24)

APD AESP
M = QM ‘QA:CIA,d

A = Myda - (25)

V. DAMPING DESIGN BY MODAL DECOMPOSITION

A major advantage of ESP control is the model based
injection of damping D, enabling physically intuitive tun-
ing. Beneficial is also that, due to the structure-preserving
transformation, the closed-loop parameters are known from
the beginning and motor and link-side damping can be
tuned independently. In the following, the controller design
for EILA is presented under the assumption of negligible
Coriolis and centrifugal terms.

A. Elastic Structure Preserving Control (ESP)

The adjustable parameters which determine the damping
behavior of ESP control are link-side damping matrix D and
motor controller gain Kp. They can be chosen based on the
following modal decomposition.

Due to the assumptions made the quasi-full actuated
system equation in closed loop form becomes

M4 (ga)da,a +D(aa)da + K(qa)(@a — au) = 0. (26)

With the transformation Ga = Yaz using Ya = [y1,¥2,¥3)
representing the matrix of the eigenvectors y; of eigenvalues
A according to

[MAX + DA + K]yt =0 27)
equation (26) can be transformed into the modal space

YiMaYrz + Y DYz + Y KYarz=0 (28)

resulting in a system of m decoupled equations. When
comparing the system to the standard second-order form
%+ 2D:AY?2 + Az =0 (29)

using A = Y;lMleYA it becomes evident that modal
damping can be set through

D = 2M,YAD (Y3 M'KYA) 2 Y30 (30)
where diagonal matrix D¢ contains the modal damping
factors & € [0, 1] as elements.

An analogous approach can be applied for selecting Kp
by considering the actuated closed-loop dynamics

Muam + Kpaw + K(qa)(@v — aa) + Kpau = 0 (31)

which yields

_ _ 1/2
Kp = 2My Yy Kp, (Y My (K + Kp)Yar) "/

Y,/

(32
with Kp denoting the pre-determined proportional gain. Y
again represents the modal decomposition matrix, and Kp,
the diagonal modal damping matrix of the motor side.

To ensure the desired modal damping throughout the
robot’s workspace, the parameters D and Kp must be
adapted in each control cycle. Since the inertia matrices are
positive definite and K is symmetric, the modal decomposi-
tion — and consequently the damping parameterization — can
be computed efficiently using Cholesky decomposition.

B. Flatness Based Trajectory Control with Full State Error
Feedback (FBC)

Since the closed loop form of the flatness based control
with full state error feedback is not as quasi-full actuated as
in case of ESP control, the damping of the actuated and
underactuated system dynamics cannot be tuned indepen-
dently. When fixed PD motor controller parameters are used
and only the vibration damping behavior is to be adjusted,
the parameterization of the controller becomes challenging.
To address this issue, [16] proposes an Interconnection and
Damping Assignment - Passivity Based Control (IDA-PBC),
which could be used to provide at least certain restrictions
on the control parameters to support systematic tuning.

For the experimental results presented in VII, the motor-
side gains Kp and Kp are chosen to be the same as in
ESP control, while the feedback gains for the observed arm
angle, Kpa and Kpy, are experimentally tuned for optimal
performance.

C. PD Motor Control with Feedforward Torque (PD)

In the case of simple PD control, the gains Kp and Kp are
selected analogously to those of the other control methods,
which enables a direct comparison, as no additional damping
is applied.
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Fig. 3: Industrial controller setup with an illustration of
the control scheme including the dedicated decentralized
position control implemented on the servo drives.

VI. EXPERIMENTAL SETUP

The mechanical setup of the considered elastic robot
was already introduced in section II. The electrical setup,
including the main components of the control loop, is shown
in Fig. 3. A central computing unit (automation PC) with a
cycle time of 400 s communicates with the servo drives
via an Ethernet Powerlink bus. The IMUs are connected to
the central computing unit via I/O converters. Each servo
drive contains a cascaded position control loop consisting
of position, velocity, and current control units. The only
available measurements are the encoder signals, providing
the current motor angle qpy;. Settable target values are
restricted to desired motor angles qur,q, which means that
all velocities in the servo drive must be obtained numerically
by time differentiation.

To realize the desired model-based vibration damping,
the additional input torques are computed centrally on the
automation PC, transmitted via the bus system, and su-
perimposed on the torques from the decentralized position
controller in the servo drives. For each control method, the
corresponding additive torque is calculated according to the
equations in section IV and integrated as depicted in Fig. 3.
It is important to point out that the additional torque is
designed to improve tracking performance without any effect
on existing safety mechanisms, such as built-in lag error
monitoring.

A. Issues for Practical Implementation

Although critical damping can theoretically be achieved,
several practical limitations restrict the maximum attainable
modal damping factor. Since the lumped-element model
represents only the first eigenmode, higher-order vibration
frequencies must be suppressed in the IMU signals. In
addition, high-frequency disturbances — primarily caused by
torque ripple in the harmonic drive gears and amplified by
structural flexibility — are sensed by the angular velocity
and acceleration sensors ([17], [18]). These disturbances are

TABLE I: Controller parameters used during experiments.

Kp diag(30e3, 30e3,30e3) | Kp
De | diag(0.3,0.3,0.3) Kp,
Kpra | —diag(10e3, 12¢3,800) | Kpa

diag (399, 665, 618)
diag(0.7,0.7,0.7)
diag (250, 368, 64)

attenuated through low-pass filtering in the I/O converters,
which introduces time delay and reduces phase margins.
Furthermore, modeling uncertainties and the numerical com-
putation of the third time derivative of the arm angle must
be taken into account. For these reasons, the modal link-side
damping applied in the experiments was limited to & = 0.3.

B. Time-Optimal Trajectory

To evaluate the controllers under high-dynamic conditions,
the experiments were based on a time-optimal point-to-point
trajectory calculated using the lumped element model. The
trajectory starts at point r} = [1.4,—0.5,—0.75] and ends
at point r§ = [1.4,1.0,0.75] as shown in Fig. 4. The
optimization objective follows the formulation in [19].

Fig. 4: Test setup with a ball on a rack which can be placed
into the trajectory path for simulating external disturbances.

C. Control Parameters

The proportional motor gain was set manually such that
none of the control inputs overshoot the maximal motor
torque of Tyax = 3.5 Nm. All other parameters are deter-
mined following section V. Since the servo drive restricts
Kp to a fixed value that cannot be adapted depending on
the workspace, the modal damping was set at operating point
B in Fig. 4. The complete set of controller parameters used
in the experiments is summarized in Table I. Throughout
all experiments, the controller parameters for each control
method were kept the same.

VII. COMPARATIVE STUDY RESULTS

As the main objective is reducing elastic vibrations a
comparison with focus on TCP accelerations is made. First,
the tracking performance with respect to the acceleration
reference is evaluated. Second, external disturbances are
introduced by placing a 0.42kg ball loosely in the end
effector path using a rack, as illustrated in Fig. 4. In the
third experiment, metal plates up to 1.5 kg are removed from
the tip body to demonstrate the effect of model uncertain-
ties. A multimedia attachment accompanies this paper and
demonstrates the experimental setup and key results.
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Fig. 5: Tracking performance of the robot. Shown are the
translational accelerations of the end effector.

PD FBC ESP
30 . T T T
EINVJ
= 20+ 1
=10t 1
o
0 1 1
0 0.2 0.4 0.6 0.8 1
tins

Fig. 6: Tracking performance under disturbance, with the
highlighted area indicating the time of external impact.

A. Tracking Performance

Fig. 5 shows a comparison of the tracking performance
using the end-effector acceleration ap in each Cartesian
direction and the corresponding Euclidean error |[e|ls =
lag — ag,qll2- The trajectory terminates after 0.78s, after
which the robot oscillates around the final position. The ESP
control scheme achieves the best performance, remaining
close to the reference throughout and after the trajectory.
The flatness-based approach also performs well but exhibits
slightly higher vibrations in the stationary phase. The PD
controller performs worst, as it provides neither additional
passive nor active vibration damping.

B. External Disturbances

The ball was placed for all three control methods at the
same position in the workspace, causing an impact along the
trajectory at approximately 0.4 s after the start. The resulting
tracking error is shown in Fig. 6, where the impact peaks
are clearly visible. The ESP control method again achieves
the best performance, as the oscillations induced by the ball
impact decay most rapidly. Comparison with the undisturbed
case in Fig. 5 requires noting the different time-axis scaling.

PD FBC

0 0.5 1 1.5 2
tins

Fig. 7: Tracking performance of the robot with reduced end
effector mass noted in percent to the initial value.

C. Effect of Model Uncertainties

Since ESP relies on model parameters for feedback con-
trol, unlike FBC and PD, its sensitivity to model errors is of
special interest. To evaluate this, the robot end-effector mass
was reduced in two stages (from 100 % to 66 % and 27 %)
without adapting any model or controller parameters. The
resulting tracking behavior, again expressed as acceleration
lag errors, is shown in Fig. 7. With decreasing end-effector
mass, elastic deflections and thus oscillation amplitudes are
reduced, allowing PD control to approach the more advanced
methods in tracking performance. Nevertheless, ESP and
FBC achieve superior vibration suppression, as tip body ac-
celerations decay more rapidly after finishing the trajectory.
As model error increases, FBC outperforms ESP, as it does
not rely on model information for feedback control, revealing
potential for adaptive parameter estimation in ESP.

VIII. CONCLUSIONS

The experimental results demonstrate that ESP control is
feasible for structurally elastic robots in combination with
a link-side IMU-based observer. In addition, results were
achieved that exceeded FBC commonly applied in industrial
vibration damping, and clearly surpasses PD, confirming
the necessity of vibration suppression for elastic lightweight
robots. ESP achieves the best tracking and disturbance re-
jection performance, but at the cost of higher complexity, as
it stronger relies on observed elastic states and model infor-
mation. However, controller parameterization and damping
design for fixed position control parameters is much easier.
In summary, this comparative study provides theoretical and
experimental insights into benefits of ESP, FBC, and PD,
offering a foundation for selecting suitable control concepts
in industrial context.

Future research should focus on a theoretical analysis of
sensitivity to model and control parameters. Moreover, the
lumped element model should be extended to capture higher-
order vibration modes, while torque ripples from harmonic
drives should be mitigated, e.g. following [20].
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