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SUMMARY

Light-weight manipulators are used in industrial tasks mounted on mobile platforms to improve
flexibility. However, such mountings introduce compliance affecting the tasks. This work deals with
such scenarios by designing a controller that also takes into account compliant environments. The
controller allows the tracking of a target force using the estimation of the environment stiffness
(EKF) and the estimation of the base position (KF), compensating the robot base deformation.
The closed-loop stability has been analyzed. Observers and the control law have been validated
in experiments. An assembly task is considered with a standard industrial non-actuated mobile
platform. Control laws with and without base compensation are compared.

KEYWORDS: Interaction control; Model based control; Compliant robot base compensation;
Impedance control; Industrial robotics.

1. Introduction

Light-weight manipulators have been increasingly used in interacting robotic tasks in which
reduced manipulator mass and high (controlled) compliance are required in order to ensure safety
and adaptability during the task execution. Focused tasks include industrial applications (e.g.,
automatic assembly, cooperative disassembly, handling assistance and machining processes), in
which manipulators share the same working area with other manipulators and human operators,
while interacting with a compliant and (partially) unknown environment. Moreover, lightweight
manipulators are often mounted on flexible structures or mobile platforms. In such applications, the
dynamics of the interaction during the task execution is affected by both the interacting ports.!>

1.1. Interaction control: Related works

The principal methods for accomplishing robust and safe interactions certainly involve compliance
controls. Since the beginning of sensor-based force/dynamics control,>” dynamic balance between
controlled robots and environments have been primarily followed the approach of impedance
control,® also including non-restrictive assumptions’ on the dynamical properties of the environment.
Nevertheless, some force/deformation regulation requirements have been introduced (investigated,
designed and validated) in order to improve the robustness and safety of interaction with a dynamic
task, especially in the case of a precision-force process.!? Although impedance methods are proved to
be dynamically equivalent to explicit force controllers,'! a direct tracking of explicit interaction forces
or deformation is not straightforwardly allowed. To overcome this limitation to preserve the properties
of the impedance behavior, two different families of methods have been mainly introduced: class (a)
force-position tracking impedance controllers!>! and class (b) variable impedance controllers.!®!7
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Class (a) methods have been considered as a starting point to develop the control strategy described
in this paper. Therefore, such class of controllers is described in the following Section.

1.1.1. Force-position tracking impedance control. The force/position-tracking impedance control
family have been designed in order to straightforwardly track a force (or position) reference f¢ (or
x°) using impedance control.

Many efforts have been made to achieve such force (or position) tracking with impedance control
despite the lack of knowledge of the environmental stiffness and location,'? usual conditions for
impedance control applications, in which the controlled force is derived from a position control
law, by scaling the trajectory as a function of the estimated environment stiffness and calculating
the time-varying PID gains. Another important approach!3~!3 involves the generation of a reference
motion as a function of the force-tracking error, under the condition that the environment stiffness is
variously unknown, i.e., estimated as a function of the measured force.

The limitations of such class of control strategies are related to force overshoots and limited band-
width of the controllers, which implies instabilities related to the variation of the environment stiffness.

1.1.2. Compliant robot base dynamics compensation in interaction control. The compensation of the
compliant robot base dynamics has been widely investigated in order to improve performance in both
free-motion'®2! and interacting tasks.?>~2*

Some works are aimed at assigning explicit values to such relationship in the case of gravitation-
free application,'® or in the case of standard gravitation load in order to highlight the influence of the
single terms on the coupled-system dynamics.'® Some works are focused on flexible structure mounted
manipulator systems aiming at developing a control method to avoid base vibration.?® Introduces a
dynamic analysis for reaction management control using the Reaction Null Space, while?! considers
a direct measurement of the base oscillation as a feedback to modulate the manipulator actuator input.

Similar explicit/feedback approaches have also been extended to interaction tasks. In ref. [22]
contact force control of a flexible long-reach micro/macromanipulator is discussed. The proposed al-
gorithm smooths the manipulator’s transition from a free-space motion to the contact with an unknown
environment. Moreover, impedance control-based algorithms considering known?? or bounded?* base
stiffness have been investigated in order to return the manipulator stiffness to the desired one.

The limitations of the described strategies are related to the fact that several algorithms do not
consider the interacting tasks and the use of external sensors is required (i.e., using signals as feedback)
to implement the control algorithms (which is a critical issue, especially within the industrial context).

1.2. Paper contribution

In this paper, a control algorithm is defined for applications in which a light-weight manipulator with
compliant mounting base (a KUKA LWR 4+ has been used) interacts with compliant environments
of (partially) unknown geometrical and mechanical properties. Being based on the force-tracking
impedance control, the algorithm is defined (i) to compensate for the base robot dynamics, (ii) by
estimating the base deformation and the environment dynamical properties in order (iii) to set a pose
reference for the impedance controller for force-tracking applications.

An Extended Kalman Filter (EKF) is implemented in order to estimate the environments paramet-
ers, while a Kalman Filter (KF) is implemented in order to estimate the robot base position (which is
based on a regular off-line model identification) and this has been used as a feedback to avoid the use of
external sensors. The control strategy has been validated in experiments that involve an assembly task.
A constant environment stiffness and a compliant base stiffness have been considered as validation
set-up. In particular, a compliant fixed environment and a standard industrial non-actuated mobile
platform have been considered, as shown in Section 5. The proposed strategy has been compared
with a classical force tracking impedance controller without robot base dynamic compensation.

2. Interaction Dynamics

2.1. Controlled robot dynamics

The internal loop has been designed with the purpose of achieving a pure decoupled second-order
impedance behavior for the controlled robot up to a reasonable frequency around 5 Hz. Such behavior
can be achieved by properly designing a control loop around the standard position controller for many
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contact surface

Fig. 1. Coupled system robot base — controlled robot — interacting environment.

lightweight industrial robots. Therefore, the target dynamics for the controlled robot should result in
M, %, +D,%, + K, Ax, =f,, with Ax, :=x, —x’, (1)

where x? and x, are the desired and current robot positions, respectively, and f, is the external
interacting force/torque (Fig. 1). In addition, the Cartesian stiffness K,, damping D, and mass M,
have to present negligible/irrelevant extra-diagonal coupling terms with a good approximation up to
a few Hz.

Remarkably, the KUKA LWR4+, that is the robot used for the experimental tests, already displays
such behavior of ref. [25]. In fact, experiments show that also M, presents negligible/irrelevant
extra-diagonal coupling terms with a good approximation up to 5 Hz.?

2.2. Compliant environment dynamics

Under the hypothesis that exchanged forces remain unaltered at the interaction point, i.e.,f, =f, = f
(where f, is the interaction force acting on the environment due to the robot action), the simplest way
to describe the environment dynamics is the linear KelvinVoigt contact model?’ (mass M, - spring
K., - damper D, model?®?°), given the environment equilibrium position xg.

Considering soft environments, diagonally dominant natural frequencies could display resonances
in the operating bandwidth of the linearly decoupled impedance control. This could result in undesired
oscillations of the environment that could hinder the stability of the task execution. However, taking
into consideration a reasonable task bandwidth limited at SHz, the worst case — e.g., undamped —
minimum ratio min; % Vi DoFs, is about 152,,,12\/—1;2, so that in the damped case the masses of the

environment model can be neglected. Accordingly, the environment pure impedance model results in

Y ik +KAX) =f, Vi=1,...,N, @
i

where Ax!, = x| — x¢*", for all the finite number N of interaction points.

2.3. Compliant robot base dynamics

A compliant robot base can be modeled considering its relevant N eigenmodes in the target
bandwidths. Considering the target low frequencies bandwidth, a simple mass M, — spring K; —
damper D, model is taken into account to describe the robot base dynamics*

Mpx, +Dpx, + K Ax, =1, 3)
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where f, is the propagation of the interaction force from the robot end-effector to the compliant
robot base.

2.4. Coupled dynamics

The coupled system dynamics has been defined by taking into account the absolute position x; of
the compliant robot base and the relative position of the robot x, with respect to x;, as DoFs (i.e., the
environment position results in X, = X, + X,). This is valid if considering translational DoFs, that
is the main purpose of the presented work. Moreover, under the hypothesis that exchanged forces
at interaction points remain unaltered, considering a single contact point, the resulting dynamics is
(Fig. 1)

0 =M, (X, +X,) + D, %, + K. (x, — x}) + Do (% + X,) + K, (x5 + X, — x) ,
“
0 =M, (& + %) + Mp%ky + DpX;, + De (% +%,) + Kpx;, + K (x5 + %, — x¢7).

3. Observers Design

3.1. Compliant environment observer: Extended Kalman filter

Due to the unknown/partially known geometry of a generic interacting environment, the model of the
N interaction points as used in ref. [31] happens to be unfeasible. The environment in (2) is reduced
to a translational lumped impedance model with diagonal K, and D, matrices to be used in the EKF
dynamics.?? Under the mild hypothesis that the contact is preserved once that it is established and that
the contact(s) are elastic the robot-environment interaction is defined by the filter state, augmented
with the environment properties

Ee = [Ax,, K., D, fe]T' )
By substituting the augmented state (5) in model (2), the filter dynamics results in
D! (-K.Ax, +f, + vy,)

f (Ew ve) = s (6)

where the vector v, = [vy,, Vk,, Vp,, Vfg]T accounts for uncertainties in model parameters/
estimates.
The observer of the augmented state is therefore defined as

Eg =f @e? ve) + Kekr(y — C.,)
/y: h Ee’ w)

(M

Based on’,\32 the state &, is updated by measurements of x, and f, = f, providing the environment
stiffness K.
&, are estimates, Kgk  is the gain matrix

Kgxr = PC,R™!, (8)
with C, as the observation matrix, and R as the covariance measurement noise matrix defined as

R = HE{ww’ JH" = HWH', )
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where the observation function h linearly maps the sample inaccuracies, due to measurement noise
w, through the matrix H

oh
H=—| . (10)
ow i
The covariance matrix P and its rate, as in
P=A,P-PC'R'C,P+G,QG” +PAT, (11)

are based on the dynamics of the state and the model uncertainties, defined with matrix A, and matrix
G, respectively

of of
A, = G, = , (12)
X, i av, i

and on matrix Q used for the estimation of the parameters, which is defined as:
Q =G.E{w"}G] =G,VG!. (13)

Vector w = [w,, w;]” is based on an analysis of the noise content in the signal of position and
force measurements. In particular w,, = 107> and w;, = 107! (where i indicates the i — th degree
of freedom) are the noise scalar values for position and force sampling, correspondingly replicated
for all applied DoFs. Vector v is defined from experimental tests. In particular vy, = 102, VK,, = 109,
Vp,, = 10°, vy, = 102, correspondingly replicated for all the applied DoFs.

3.2. Compliant robot base bbserver: Kalman filter
In order to avoid the use of external sensors (due to practical industrial considerations), on the basis
of the compliant robot base dynamic model defined in (3), a KF*? is used to estimate the position of
the compliant robot base during the task execution. The compliant robot base dynamics is defined by
the filter state, augmented with the interacting force

£y = [%p, Axy, ] (14)
By substituting the augmented state (14) in model (3) the filter dynamics results in:

Mb_l (_ﬁbxb — ﬁbAXb +f, + vxb)
S Gp,vp) = Vi, , 15)
v,
where the vector v, = [vy,, vy, vf,,]T accounts for uncertainties in models parameters/estimates, and
M;, Dy, K, are the parameters of the full linear model in Eq. (3) identified off-line.

Based on,* the state &, is updated by measurements of f, = f, providing the base displacement
Xp.

The same procedure shown in Section 3.1 has been followed to perform the estimation, by choosing
the vector w = w s on the basis of an analysis of the noise content in the signal of force measurements.
In particular wy, = 107! is the noise scalar values force sampling, correspondingly replicated for all
the applied DoFs. Vector v is defined from experimental tests. In particular, v, = 10, vy, = 102,

Vg, = 10%, correspondingly replicated for all the applied DoFs.
3.3. Compliant robot base observer off-line estimation: FRF identification
The on-line estimation of the base position relies on previous knowledge of the dynamic parameters

of the mounting. Model parameters have been obtained using a regular identification procedure on
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Fig. 2. Control flow-chart for a force-tracking (f¢) application considering K; = Kf, =K,. The off-line

identification of base parameters( IVIb, ﬁb, ﬁb) provides the on-line estimation (KF) of the base deformation
(xp) to compensate it.

motion data (i.e., accelerations) sampled" at the base during an auto-excitation provided by the robot
in a given configuration. The pattern is a logarithmic [0 — 10] Hz chirp of the end-effector pose along
all the three translational and the three rotational axes, with an amplitude of 5 mm. The total chirp
duration is 200 s and the reference pose of the robot is updated every 5 ms. Robot pose measurement
(for force projection) is updated at 200 Hz, accelerations at 2000 Hz. The base model is evaluated
through a modal analysis, defining the Frequency Response Functions (FRFs)*? of the base system
between commanded robot poses and measured accelerations.

4. Methodology

4.1. Control law
The force-tracking impedance control (Fig. 2) has been realized defining a target contact force f¢
pattern acting on the environment during the execution of the task, dynamically forwarded as a
pose(-velocity) reference x°. The designed control law aims at enabling the compensation of the base
compliance, on-line estimating the environment stiffness and the robot base position to be used in the
control algorithm

X =x +K, ;K 'e; — K, %, (16)
ef=f—f, (17)
K. = gexr(fe. X9, x,), (18)
%y = gk r(My, Dy, Ky, £5), (19)

K, r and K, ;, are the proportional gains related to the force error and to the robot base position
compensation. Dynamics parameters of the base I\A/Ib, ﬁb, ﬁb have been identified off-line (Fig. 2)
and assumed to be constant along the task execution. The base compliance compensation is therefore
two-fold: it recovers the dynamics response of the equivalent robot impedance behavior w.r.t. the
environment (see Eqgs. (16), (17)) and it enables the estimation of the environment stiffness, that
is mandatory for expressing the tracking of f¢ as a motion term in the impedance model (see Egs.

(16)—(18)).

(MAccelerometers are only needed for the dynamic parameters identification procedure, not in the control loop.
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Remark 1. The main task space impedance loop has been performed by the model-based control
of the manipulator at a rate of 200 Hz, synchronously with the environment estimation and with the
robot base position estimation. Signals have been updated to the main KUKA LWR control loop,
together with the sampling of force and kinematics state. The remote controller is based on a real-time
Linux Xenomai platform with RTNet-patched network interfaces.

4.2. Closed-loop dynamics and stability
Considering a single contact point and a single degree of freedom for the clarity of presentation, the
Laplace domain expression of the system in Eq. (4) is:

0= [M,s> + (D, + D,)s + (K. + K,)] X,(s) + [M,s> + D.s + K.] X(s) — K, X (s),
(20)
0= [(M, + Mp)s> + (D, + Dp)s + (K. + Kp)| Xp(s) + [M,s*> + D.s + K.] X,(s),

under the hypothesis that dynamic parameters are either constant or varying at low rate (at least
one decade lower than the response of the controlled system). The most notable of such cases is a
time-varying stiffness of the environment K, due to loading and process conditions.

The control law in Eq. (16) becomes

0\ Ez(s)
X)) = X, () + Kp.p—— = Kps Xo(s). 1)

e

From the system dynamics in Eq. (20), transfer functions 7)(s) and 7,(s) can be derived between
the robot or base position, respectively, and the reference control position in order to analyze the
system stability

X, 2
Ti(s) = O(S) SN +a11s2—|- 410 : (22)
X;(s) b1as* + bi3s? + bias? + byys + bio
X 2
To(s) = z(s) S 612253 + 612182-1- a ’ (22b)
X7 (s) boas* + by3s3 + byps? + bays + by
where

ap = Mer + M, K,

a = Der + DeKr

aip = KK, + K K,

b1y = MM,

bi3 = MDD, + M,D, + M,D, + M, D, ’

b12 = MbKe + Mer + Mer + MrKr + DbDe + DbDr + DeDr

by = DyK. + D.K, + DyK, + D, K, + DK, + D, K,

blO = K,K, + K,K, + K. K,

and

a» = M, K,

a = DeKr

ax = K.K,

by = MM,

b23 =MD, + M,D, + DM, + M, D, ’
by = MK, + M. Ky + MK, + M, K, + D,D, + DD, + D,D,
by = DyK, + D.Ky + DyK, + D, Ky + DK, + D, K,

by = KpK. + KK, + K K,

T1(s) and T>(s) do not depend on control gains K, ; and K, which are instead factors of the
transfer function R(s) between the force error E /(s) and the reference X 9(s) derived from the control

https://doi.org/10.1017/50263574716000461 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574716000461

Industrial compliant robot bases in interaction tasks 1739

" I(s)
.R(S} r(s) Bl K

K@) o ?;(S)

Fi) - E©

A

lowpass

Fig. 3. Closed-loop control scheme with compound transfer functions and low-pass filter on the force feedback.

Eq. (21)

E¢(s) K. K. K.Kpp
= _f; = — Ty(s) + To(s)——22 (23)
X)) Ky Kp. s Ky s
The transfer functions (22) and (23) constitute the control scheme in Fig. 3, where two closed-loop
transfer functions L;(s) and L,(s) are defined

R(s)™!

R($T(s)K,
Li(s) = ; (24)
Dy(s) + (R()T1(s)K.)
Ly(s) = R($)T(s)K, ’ 25)
Dy(s) + (R(s)T2(s)K.)

between the reference force F“(s) and the force acting on either the robot end-effector (F(s)) or the ro-
bot base (F}(s)), respectively. D ¢(s) is a low pass filter (second order damped IIR filter, cut frequency
5 Hz) introduced to take into account the filtering effects on force readings from the LWR platform.

Li(s) and L,(s) have been used to validate the stability of the control system w.r.t. the control
gains K, .y and K, ; applied to the problem of rejecting the tracking force error E ¢ (s).

By analyzing the transfer functions L(s) and L;(s), it is possible to define a map of the optimal
gains K - and K7 , that maximize the controller performance as a function of the system stiffnesses
configuration. The K7 . is the value of K, .1 to be set in order to avoid instabilities with the constraint
of obtaining the force tracking performance with null steady-state error (Fig. 4(a)). Given such value,
the maximum gain K;, » has also been set (Fig. 4(b)).

Remark 2. A table of the optimal gains is created on the base of on the coupled dynamics
parameters in order to select the proper gains values during the task execution. The estimated
environment stiffness is continuously updated and communicated to the controller and the proper
gains have been selected.

Remark 3. The optimal control gains K7 , - and K, are defined in order to properly track the target
interaction during the task execution (i.e., zero steady state error). Nevertheless, small errors in the
estimates of the coupled parameters defined in Section 3 result in a non-optimal control gains selection.
However, closed-loop stability is preserved if the parameters estimation is sufficiently accurate (i.e.,
the order of magnitude of the estimated parameters corresponds to the order of magnitude of the real
parameters) but the tracking performance will be affected (i.e., non-zero steady state error).

5. Experimental Application

5.1. Assembly task

An assembly task has been selected as a case-study task in order to validate the defined control
strategies (presenting important issues such as rebounding instabilities, force overshoots, crucial first
contact phase).
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Fig. 4. (a) Map of values of optimal gain K3 * glven a combination of the stiffness of the robot base K} and the
stiffness of the interacting environment K Slngle view for robot stiffness K, = 1000 N/m. The closed loop
stability is achieved for any combination of robot base and interacting environment. The plot shows that proper
values for the proportional gain to be used as the interacting environment becomes softer and the robot base
becomes stiffer. (b) Map of values of optimal gain K* »b given a combination of the stiffness of the robot base K,
and the stiffness of the interacting environment K,. Slngle view for robot stiffness K, = 1000 N/m. The closed
loop stability is achieved for any combination of robot base and interacting environment. The plot shows that
such optimal gain is almost exclusively a function of the K}/ K, ratio, while the dependence of the environment
stiffness K, is almost absent.

" 35000
25000 10
25000 = P 15000

15000 5000
Ky[N/m)]

35000 35000

5000 K.[N/m]

phase A

Fig. 5. The defined assembly task phases are shown. Phase A: the robot approaches the target environment along
Z direction; Phase B: the robot explores the translational directions X and Y; Phase C rotations are enabled
and the assembly task is performed; Phase D: the complete set of stiffnesses in the translational directions X,
Y and Z is estimated.

In order to execute the selected assembly task, 4 phases are recognized in a very intuitive way
(Fig. 5):

Phase A. Approach and contact detection in the vertical direction Z and on-line estimation of K, ez
in the vertical direction Z. R
Phase B. Exploration along translation components and estimation of K,. The impedance

control set-point x° and the controlled robot stiffness K and damping D are computed
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Table 1. Global system configurations for the experiments execution.

Config. Robot Base-environment
1 soft soft
2 soft hard
3 hard soft
4 hard hard
1200
nominal
— st AL
1000 +
- 800
]
T 600
(b
—
W)
:‘ H' L 4 b b s -
0 2 } 6 8 10
[s]

Fig. 6. Stiffness estimation in real experiment in 1 DoF, along a horizontal axis.

0

r

as a function of force-tracking error e, =f¢—f (rotational components of x
blocked). .

Phase C. Assembly proper, enabling rotations for insertion and relying on K, observed along the
searching directions. The set-point £ enables also torques. R

Phase D After tight assembly, on-line estimation of (possibly changing) K,.

are

5.2. Observers results

5.2.1. EKF — experimental results. Characterization, tuning and evaluation of the observer in (7) are
performed in real experiments for the estimation of the environment stiffness K., after the localization
of the environment location x.7.

The on-line estimation of environment stiffness can be executed using the 1-DoF formulation of
(6) for the filter states update.

In Fig. 6, a varying stiffness environment is observed (a companion LWR 4+ in impedance control
is used to generate a non-shared reference stiffness) in a real experiment. Experimental results show
a delay in the estimation of approximately 0.5 s and a maximum steady state error of less than 1%
and 3% w.r.t. the known nominal values.

5.2.2. KF - experimental results. Based on the estimated robot base dynamic parameters the KF is
implemented and the estimated robot base position is compared with the measurements obtained
from validation lasers during a real assembly task with a 2 DoFs robot base.

Experimental results in Fig. 7 show the capabilities of the observer to estimate the robot base
position even during transition phases. Differences between lasers measurements and estimates are
related to error during the dynamic parameter estimation phase and to the static friction that is not
considered in the model.

5.3. Control strategies validation
The experimental set-up used to validate the defined robot base dynamics compensation controller is
shown in Fig. 8.

The used manipulator (a KUKA LWR 4+) is mounted on a standard industrial non-actuated mobile
platform located close to the assembly area.The mobile platform wheels introduce a compliance in
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(a) X Direction (b) ¥ Direction

Fig. 7. Robot base position estimation. (a) Soft behavior in X direction is set (5000 N/m), (b) hard behavior
in Y direction is set (50, 000 N/m).

Fig. 8. Compliant KUKA LWR at CNR-ITIA, IRAS group, inserting shapes (unknown to the controller) in
interaction with a compliant environment. A standard industrial non-actuated mobile platform has been used as
support and wheels introduce compliance in the robot base.

i TS i LS
b. wheels configuration

Fig. 9. Compliant robot base wheels configuration. (a) configuration results in a softer equivalent stiffness (5000
N/m), while (b) configuration results in a harder equivalent stiffness (50, 000 N/m) due to both the mechanical
structure of the wheel and the tyre configuration (modeling of tyre stiffness is shown in ref. [34]).
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Exp. Force Tracking without Force Tracking with
Base Deformation Compensation Base Deformation Compensation
#1
#2
#3
#4

Fig. 10 Interaction force in Y direction. The four phases of the assembly task are highlighted. Reference force
(dashed line) and measured force (continuous line) are shown.

the robot base. In particular, it has to be highlighted that the wheels configuration modifies the robot
base compliance. In fact, as shown in Fig. 9, by positioning the mobile platform wheels and using
the estimation methodology as in Section 3.3, the equivalent robot base stiffness results in 5000 N/m
for configuration (a) (without using the mechanical brake) and in 50, 000 N/m (using the mechanical
brake). The interaction environment stiffness is varied from succeeding experiments by introducing
a compliant layer between the target assembly hole and its grounding. In particular, two different
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materials have been used (soft material stiffness equal to 1500 N/m and hard material stiffness equal
to 15, 000 N/m). Therefore, four experiments have been carried out using the configurations detailed
in Table 5.2.2.

The defined strategy has been compared with a force-tracking controller without robot base
dynamics compensation in order to show its better performance. In particular, in order to properly
position the component for the final demonstration phase D (final insertion phase) and start in the
same operating conditions, phases from A to C were executed using the proposed control schema in
all the experiments.

In Fig. 10 the base compensation effect is shown for Y direction (same results are obtained in
X direction). In phase A, the robot is moving only in Z direction and no force is measured in Y
direction. In phase B, reference force fyd is set to achieve smooth first contacts. In phase C, rotations

have been commanded to insert the geometry. In phase D, fyd is set to 60 N to have a tight assembly
of the parts. The task-D execution without base compensation is entirely in charge of the force error
gain, resulting in a large steady state error (softer robot bases give rise to higher steady state error
since a greater part of the interaction force is absorbed by a greater deformation), while the defined
algorithm allows the obtainment of a zero steady state error. However, oscillations are present in
the system response as the global system become stiffer. This response is common for proportional
controller and it can be damped considering a derivative gain in the control design. The bandwidth of
the closed loop system is different in the four experiments (it depends on the dynamics parameters of
the coupled dynamics model in (4)). Therefore, as the environment and robot base stiffnesses become
higher, the bandwidth of the coupled system increases. Moreover, Fig. 4 shows that higher control
gains values can be used for stiffer systems, again increasing the closed-loop bandwidth.

6. Conclusion

Based on force-tracking impedance control laws, a force-tracking control algorithm for compliant
mounting robot have been implemented and tested in a full rigid body assembly real task. The
developed strategy allows the tracking of a target force during the task execution while compensating
for the robot base dynamics, using the estimation of the interacting environment stiffness (EKF) and
the estimation of the robot base position (KF).

The method is capable of taking into account the floor properties, by identifying an equivalent
compliant system for the robot platform. Such equivalent system dynamics results from both
the compliant platform dynamics and from the floor dynamics. In order to properly model
the floor dynamics, the compliant platform model can be extended, considering a higher order
model.

Experimental results show the proper force tracking (i.e., zero steady state error). Even if a simpler
controller can be designed to execute a force tracking task with compliant mobile platform (e.g.,
PID controller) without any knowledge of the interaction model, the proposed method can be easily
applied to any scenario, only executing the fast off-line identification procedure to characterize the
compliant platform (in case of any changes in the operating conditions). In fact, a generic controller
will need to tune the control gains based on experiments any time the operating conditions change.
Moreover, the stability of the system will not be guaranteed.

To improve the control performance, a non-linear model of the robot base is considered for
upgrading the estimate, together with the derivative terms in the control loop. Non-linearities in the
contact and environment stiffness model would similarly contribute to the overall performance of
both force-tracking and impedance models. Moreover, rotations will be taken into account in order to
improve the performance during the rotation phase, also updating the contact model in order to take
into account the resulting coupling in the degrees of freedom.
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