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ABSTRACT The aim of this paper is to design an adaptive interaction controller to deal with compliant base
robotic systems executing interaction tasks (e.g., assembly tasks). The main goal of such controller is to
avoid the force-overshoots while compensating the robot base dynamics. The proposed controller does not
require any modeling/estimation of the environment dynamics, neither of the compliant robot base dynamics.
In fact, based on the impedance control, the proposed controller is capable to online adapt its parameters to
track a reference force. The stability of the proposed controller has been proven. The proposed controller
has been applied to an industrial scenario. In particular, an assembly task has been selected to validate the
control performance. A KUKA iiwa 14 R820 manipulator mounted on a compliant robot base (implementing
different dynamic behaviors) and equipped with a Robotiq gripper has been used. The experimental results
show the achieved control performance. The results have also been compared with the previous designed
control methods.

INDEX TERMS Adaptive interaction control, compliant robot base, force overshoots avoidance, impedance

control, industrial application.

I. INTRODUCTION

The use of industrial lightweight robots in industrial inter-
action tasks (such as assembly tasks) is increasing. In fact,
such robots allow to establish a safe and controlled inter-
action with the environment [1]. Additionally, in order to
improve the flexibility of the industrial plant, such manip-
ulators are often mounted on mobile structures [2]. Such
mountings cannot be considered as rigid, and introduce a
degree of elasticity at the robot base, affecting the interaction
dynamics [3].

A. INTERACTION CONTROL
Impedance [4], [5] based controllers can be adopted in
order to implement a required robot dynimics while allowing
the tracking of a specific position/force. Many works have
been developed adapting the impedance control parameters
(i.e., setpoint, stiffness and damping) on the basis of the
robot measurements (i.e., poitions/velocities and/or forces).
Such algorithms can be divided in two main approaches:
(a) set-point deformation [6]-[8] and (b) variable impedance
adaptation [8]-[10].

While in class (a) algorithms the impedance control set-
point is modified on the base of the estimated environment

stiffness and of the force-tracking error, in class (b) meth-
ods introduce the modification of the impedance parameters
during the task execution, mainly exploiting gain-scheduling
strategies that select the stiffness and damping parameters
from a pre-calculated set on the basis of the current state
of the robot. Commonly, (a) approaches maintain a constant
dynamic behavior of the robot (resulting in limited con-
trollers bandwidth). (b) approaches are used in tasks with a
stationary, known and structured environment, adapting the
bandwidth of the controllers on the basis of the measured
interaction.

B. COMPENSATION OF THE ROBOT BASE DYNAMICS

Compliant robot base applications (including mobile plat-
forms) are deeply investigated in order to formalize control
schemas and the design of applications [11], [12]. The adop-
tion of lightweight robots mounted on such platforms is also
relevant in order to interact with the surrounding environ-
ment [13]-[15]. In such scenario, the robot base dynamics
compensation is necessary to avoid any instability or force
overshoot, allowing to achieve high-precise interaction con-
trol. Some works take into account compliant robot bases
in order to suppress any undesired oscillation at the robot
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FIGURE 1. Experimental setup for the proposed adaptive interaction
controller validation. The proposed setup involves a KUKA iiwa 14 R820
manipulator mounted on a compliant base. The target industrial
application is related to the H2020 CleanSky 2 EURECA project, in which
the manipulator has to install with high-precision compliant components
in the aircraft cabin scenario.

end-effector [16]-[18]. However, such works do not deal with
force-tracking performance. Other works investigate inter-
action tasks in order to guarantee smooth transition from
a free-space motion to contact with an unknown environ-
ment [19] or to tune the manipulator stiffness to the target
one [20], [21]. However, no work investigates the important
issue of avoid force overshoots while taking into account the
robot base elasticity.

C. WORK CONTRIBUTION

Authors have already investigated such control applications,
both considering a fixed robot base [1], [8], [22]-[24] and
a compliant robot base [14], [25], [26]. However, a lin-
ear dynamics has been considered in all the papers, requir-
ing its parameters identification using additional external
Sensors.

In order to avoid any modeling/identification of the inter-
acting environment, neither of the robot base, the aim of this
paper is to design an adaptive interaction controller to track
a reference interaction force achieving the avoidance of any
overshoots during the task execution. Based on the impedance
control, the proposed controller is capable to on-line adapt
its parameters (a proportional force-tracking control gain
and a derivative damping control gain) on the basis of the
measured force, the force reference and the filtered force
reference (shaping the bandwidth of the closed-loop system).
The stability of the proposed controller has been derived
considering a linear coupled dynamic system. The proposed
controller has been applied to an industrial application.
In particular, considering the H2020 CleanSky 2 EURECA
project, an assembly task has been selected. A KUKA iiwa
14 R820 manipulator mounted on a compliant robot base
(implementing linear/non linear dynamics) and equipped
with a Robotiq gripper has been used. Experimental results
show the avoidance of force-overshoots while achieving the
target bandwidth. Results have been also compared with pre-
vious designed control methods, highlighting the improved
performance.
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Il. CONTROLLER DESIGN

The proposed controller is composed by two control loops:
an internal impedance controller and an external adaptive
interaction controller. In the following, both the control loops
are described.

A. CARTESIAN IMPEDANCE CONTROL DYNAMICS
General Notation

M;, M,: translational and rotational impedance
control inertia matrix
D;,D,: translational and rotational impedance
control damping matrix
K;, K,: translational and rotational impedance
control stiffness matrix
f,, u¢: Cartesian external forces and Carte-

sian external torques vectors referred
to the target frame
Ap = p? — p: difference between reference and mea-
sured Cartesian translations
@.q. set of Euler angles extracted from
R? = RIR,, describing the mutual
orientation between the compliant
frame (at the end-effector) and the
target frame
Sw(@.y): transformation from Euler angles
derivatives to angular velocities
© = Su(@eg)Peq [27]
: impedance matrices composed by
both the traslational and rotational
parts
As described in [28], on the basis of the robot dynamics, it is
possible to design the Cartesian impedance control. In par-
ticular, the reference Cartesian acceleration X = [P; @.4]
(where P is the reference traslational acceleration, and ¢,
is the reference angular acceleration) can be defined as:

p=M" (-D,p—K,Ap—£)
bt =My (—Dy ooy — Ky 90s + Sh@c) n?) (1

The equivalent Cartesian behaviour of the controlled robot
results in:

M,,D,, K,, ., Ax,

Mr ir + Dr Rr + Kr AXr = fr (2)

The KUKA iiwa 14 R820 enables a task space visco-elastic
behavior (as for the previous KUKA LWR 4+ manipu-
lator [29]), with decoupled tunable stiffness and damping
Kr = diag(Kr,X7 Kr,)h Kr,z’ Kr,(pxa Kr,gaya Kr,(pz), Dr =
diag(Dy x, Dy y, Dy 7, Dy ., Dy g, Dr o,). The Tobot M, :=
diagMy x, My y, M, ;, M, ., M,;(pv, M, . ) mass and inertia
parameters can be experimentally identificated by follow-
ing the procedure proposed in [30]. In particular, a position
chirp has been imposed to the impedance control set-point
x” and the robot Cartesian position x, has been measured.
The range of frequencies considered is 0 — 5.5 Hz. Only the
main task direction X (see Section I'V) has been investigated.
However, the procedure can be applied to any Cartesian
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direction separatelly (since the Cartesian impedance control
decouples the Cartesian degree of freedom - DoFs). The Hj
estimator has been used to evaluate the frequency response
function (FRF) of the controlled robot:

ny
Gxx

where x is the input signal (i.e., the imposed impedance
control set-point x ), y the output signal (i.e., the measured
robot Cartesian posmon Xr.x), Gyy the cross-power spectrum
between input and output signals, Gy, the auto spectrum of
the input signal. The Hj estimator has been selected due to
the high noise on the output signal.

Hy = 3)

HL B
: T ",
LA

FIGURE 2. Frequency response functions estimated for the KUKA
iiwa 14 R820 manipulator in impedance control. The plot shows the
modification of the robot dynamics on the basis of the imposed
stiffness K, x parameter.

Three values for the impedance control stiffness K  has
been imposed: 500 [N /m], 2500 [N /m], 5000 [N /m], while
the damping ration A, , (defining the damping D, =
2 hy x/Kr xM; x) has been imposed equal to 0.5. The iden-
tified FRFs are shown in Figure 2. In particular, the natural
frequencies fy of the controlled robot, varying together with
the impedance control stiffness parameter, can be measured
in order to calculate the impedance control mass M, , =
K,/(2rfy)?. The estimation of the mass parameters are
shown in Tables 1 and such values are necessary to implement
the external adaptive interaction control loop described in the
following section.

TABLE 1. Estimated mass parameters.

Mass M, [kg]
Kix[N/m]  fv[Hz] M [kg]
500 1.2 8.8
2500 3.0 7.0
5000 4.3 6.8

General Notation

B. ADAPTIVE INTERACTION CONTROL DESIGN

f: vector of measured robot forces

£ vector of reference robot forces

£ vector of reference filtered robot forces

LPF: low pass filter with user-defined bandwidth wy
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e/:  force error vector, e = f/ — f

G,r: diagonal adaptive gain matrix for force-tracking
purposes

Gj: diagonal adaptive gain matrix for additional damp-

ing ratio calculation

The control law here presented (Figure 3) aims at on-line
adapt the impedance control set-point in order to track a
reference force during the execution of an interaction task
(e.g., assembly task), while avoiding force-overshoots (that
may compromise the task execution) and compensating the
compliant robot base dynamics (that affects the interaction at
the robot end-effector). On the basis of the reference force o,
its filtered value £ (obtained by processing the reference
force f¢ with a low pass filter LPF) and the measured force f,
an adaptive proportional control gain matrix G,y is, therefore,
defined in order to achieve the target force-tracking capabil-
ities (i.e., track the reference force ¢ while avoiding force
overshoots and compensating the compliant robot dynamics):

Gy (i, i)=af<1—|f<i> ARG 0TI

where i identifies the update of a the i diagonal element
and o is a deformation gain for the calculus of Gy.

On the basis of the reference force f and the measured
force f, an adaptive derivative control gain matrix Gy, is
defined in order to adapt the damping of the closed-loop.
The main idea is to have an increasing damping contribution
while the reference force is reached. Therefore, the adaptive
derivative control gain matrix Gy, can be defined as follows:

Gu(i, i) = ho(FG) /1% (i)); 5)

where hy is the target additional damping to be implemented
when the reference force ¢ is tracked.
The impedance control set-point is then defined as follows:

(6)

where Gp = 2+/K;M, Gy, is the adaptive damping on-line
calculated and K 'f' is a feedforward term.

The developed control schema does not need to identify
the dynamic model of the interacting environment, neither the
model of the compliant robot base. In fact, based on the defi-
nition of G,y in (4) and Gy, in (5), the impedance control set-
point x(r) is adapted on-line to obtain the target performance.

The proposed control schema is applied to the traslational
DoFs, while rotational DoFs set-point is kept constant as in
many industrial tasks (e.g., assembly tasks, polishing tasks).

X! =x, + Gyrer — K, 'Gpk, + K 'f

Ill. CONTROLLER STABILITY ANALYSIS

A. INTERACTION DYNAMICS MODELING

To prove the stability of the proposed controller, the linear
interaction dynamics shown in Figure 4 has been taken
into account in the following. The proposed controller has
also been experimentally validated in Section IV taking into
account non-linear compliant robot bases and interacting
environment.
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FIGURE 3. Adaptive control schema showing the control parameters calculation and the impedance control

set-point updating law.

Contact surface

FIGURE 4. Linear interaction dynamics model, highlighting the robot
impedance control model, the environment model and the compliant
robot base model.

1) COMPLIANT ENVIRONMENT DYNAMICS

Denoting x,, D, and K, as the environment position, damp-
ing and stiffness, a simplified environment dynamics can be
modeled as [31]:

D.x, + K, Ax, = f, )

where xg =X, — XS the equilibrium position for the environ-
ment, and f, is the force exerted on the environment. Without
loss of generality, the equilibrium position of the environment
can be imposed equal to zero, i.e., xg =0.

Such model considers local small deformations of the
interacting environment and small/limited accelerations
(ie., X, —> 0, negligible inertia term). The acceleration X,
(and the inertia term related to M, ) can be taken into account
in the environment model if needed.

2) COMPLIANT ROBOT BASE DYNAMICS
Considering that light-weight manipulators can apply limited
forces to a target environment (30 - 150 N, i.e., introducing
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small deformations on the compliant structure), the robot
base dynamics can be always linearized in the task operating
condition. Therefore, a compliant platform can be modeled
considering its relevant N eigenmodes. Moreover, consid-
ering the limited bandwidth achievable by the controller to
ensure safety while executing the target task, only the dom-
inant eigenmode (at low-frequency) is considered to model
the robot base dynamics (i.e., higher-frequency eigenmodes
are negligible). Thus, a simple mass M, - spring K; - damper
D, model describes properly the robot base dynamics [32]:

(®)
0

where x; = Xp — xg is the equilibrium position for the robot
base, and f}, is the interaction force between the compliant
robot base and the robot. Without loss of generality, the equi-
librium position of the robot base can be imposed equal to
Zero, i.e., Xg =0.

Such model can be extended also to mobile platforms.
In fact, interaction tasks (such as assembly, disassembly,
sampling, polishing, drilling tasks) are commonly oper-
ated by stopping the mobile platform (i.e., by braking the
wheels). In such configuration, the elasticity introduced by
the mobile platform (the series of the main body, wheel
structure, tyre) can be modeled as an equivalent mass -
spring - damper system to the purpose of the interaction
control according to the above assumption. An approach
considering a mass - spring - damper modeling of the
tyre - soil system can be found in [33].

MpXp, + DpXp, + KpAxp =1

3) COUPLED DYNAMICS
The following assumptions are considered:

Assumption I: Small rotations are considered such that the
environment pose results in X, = X, + X,-. This assumption
is valid in many interaction tasks, such as assembly, disas-
sembly, sampling, polishing, drilling tasks, where the task is
mainly defined in a target direction.

Assumption 2: The energy dissipation at the contact is
neglectable such that the exchanged forces at interaction
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points remain unaltered (i.e., f, = —f, = —f), and the
accelerations of the robot mass are neglectable.

Assumption 3: The dynamic parameters (Mp, Kp, Dy,
K., D.) are either constant or varying at low rate (at least one
decade lower than the response of the controlled system).

Assumption 4: Based on Section II-A, the Cartesian
impedance controller can be modeled as a 6 DoFs decoupled
mass - spring - damper system. Therefore, even considering a
compliant robot mounting, the controlled manipulator param-
eters M, D, and K, are superimposed to the classical robot
dynamics by the Cartesian impedance control. In such a way,
the floating robot mass is equal to M, and can be concentrated
at the robot end-effector. The same is applied to the controlled
robot stiffness.

Assumption 5: The robot base mass Mj, is defined only by
the moving parts composing to the compliant robot mounting.

The coupled system dynamics takes into account the abso-
lute position x;, of the compliant robot base and the relative
position of the robot x, with respect to x; as DoFs. The
potential energy V/, the kinetic energy T and the dissipation D
(quantities are referred to scalar notation; the extension to
matrix notation is straightforward having a decoupled sys-
tem) can then be derived:

1 02 1 0\2
V = EKE (xb + x, —xe) + EKb (xb —xb)

1 0 2
+ EKr <xr - X (xr, )Cb))

1 T .2
T = EMr (xp +x,)” + EM}? (xp)

Lo o1 . .2
D = EDe (xp + x,)° + EDr (xr)” + EDb (xp) 9
Thus, under the defined assumptions, applying the
Lagrangian approach [34], the coupled dynamics of Figure 4
results in (considering the matrix expression):

0 =M, (X, + Xp) + MpXp, + Dpxp
. . 0 3x9
+ D Xp + %) — K (%, — X)) —
0Xp
+ Kp(xp — Xg) + K, (xb + X, — xg)
(10)
0= Mr(ir + Xb) + Drxr

+D, (Xp + %) + Ko (Xb +Xr = Xg)
0y = 2%
4 0X,

+ K, (x,

B. LIAPUNOV STABILITY

Considering a single Cartesian DoF (i.e., scalar quantities
since the Cartesian impedance control allows to decouple the
Cartesian DoFs), the Lyapunov stabilities conditions have to
be satisfy in order to prove the closed-loop system stability.
On the basis of (9), the positive scalar Lyapunov function
candidate is defined as:

Vi =T+V (11)
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The Lyapunov function candidate is therefore defined as:
1 . IR .2
Viy = EMr (X +xr)" + EMb (*p)

1 02, 1 0\?2
+ =K, (xb‘i‘xr_xg) +_Kb(xb_-xh)

2 2
1 0 2
+§Kr (xr —xr(xr,xb)) (12)
Vi has to satisfy the first Lyapunov stability condition:
Viy =0 (13)

Since all the quantities in (12) are in a quadratic form and
stiffness/mass mat.rices are positive definite, (13) is satisfied.
The derivative Vp,:
VLy = —[D. (xr +Xb) -{-Db)'Cb] Xp— [De (xr +xb) +Drxr] Xy
(14)

has to satisfy the second Lyapunov stability condition:

Viy <0 (15)
(14) can be write as follows:
Viy = —(De + Dp)if — (Do + Dy)i2 — 2Doiyip < 0 (16)

Considering the linearization of the first equation in (10) (that
can be computed at each time step taking into account the
current state of the manipulator), we can define the transfer
function G(s) between x, and x, and its inverse Laplace
transform H (¢):

Xp(s)

=G(s), H(t)=L{G(s) (17)
Xr(s)
The inverse transform of Xj(s) is therefore:
+00

xp(t) = (H * x,)(1) =

—00

H(t)x(t — 1)t (18)

Using Tonelli’s theorem it is possible to write:

I H *x llp=<Il H ll1ll % I, VI=p=<oo  (19)

The norm || H || corresponds to the maximum value M
of the inverse transform of (17), that we can evaluate based
on the parameters of the global system we are working with.
Moreover, having a limitation X, on x, (imposed by limiting
the control action of the impedance control) we obtain:

I H 1l llp= MX, (20)

Xr
I 1l - .
Lyapunov condition has to be satisfied referring to the new Z
variable:

Defining Z = and the definition in (20), the second

(Do + D)Z2 +2D,MZ + (Do +Dp)M" >0 (21)

Such condition can be easily satisfy by imposing the
impedance control damping D, in order to have a critical
damped impedance control behavior. A procedure to autom-
atize the updating of the impedance control damping D, in
case of instabilities generation can also be designed.
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FIGURE 5. The three experimental setup are shown in the Figure: (a) linear robot base dynamics, (b) continuous non-linear robot base
dynamics, (c) discontinuous non-linear robot base dynamics (in such set-up, an air gap is left between the rest position of the robot
base and the steel element to implement an impulsive change in the robot base dynamics).
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FIGURE 6. Reference force f9, filtered reference force ff and measured force f are shown taking into account the compliant robot base configuration
shown in figure 5 (a). (a) wf = 3.14[rad/s] (i.e., frequency of 0.5[Hz]), (b) wf = 6.28[rad s] (i.e., frequency of 1[Hz]), (c) wf = 12.56[rad /s] (i.e., frequency

of 2[Hz]).

IV. EXPERIMENTAL VALIDATION
A. SETUP DESCRIPTION
An assembly task (Figure 1) has been considered for the
control validation. The assembly application has a main task
direction (X direction), common situation in many indus-
trial tasks. A KUKA iiwa 14 R820 manipulator equipped
with a Robotiq gripper as been used as a test-platform.
The KUKA iiwa 14 R820 has been mounted on a compli-
ant base, implementing three different behaviors (Figure 5):
(a) linear dynamics (obtained using a linear spring with
Kpx = 4000[N /m]), (b) continuous non-linear dynamics
(obtained using a parallel system composed by a linear spring
and by a styrofoam element), (c) discontinuous non-linear
dynamics (obtained by a linear spring and by a steel ele-
ment to implement an impulsive change in the robot base
dynamics).

The following control parameters has been used: o = 0.1,
ho = 0.25,f 4 — _15[N]. Three different values for the force
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filter bandwidth wy has been imposed in order to evaluate the
proposed controller: wy = [3.14, 6.28, 12.56][rad /s].

Experimental results are described in the following
Section.

B. RESULTS

Figure 6 shows the interaction forces with respect to the
experimental set-up shown in Figure 5 (a). The plots show
the tracking performance of the proposed controller, capable
to avoid any overshoot while achieving the target bandwidth
specified by wy.

Figure 7 shows the interaction forces with respect to the
experimental set-up shown in Figure 5 (b). The plots show
the tracking performance of the proposed controller. Only
the plot related to wy = 12.56[rad /s] shows a limited force
overshoot.

Figure 8 shows the interaction forces with respect to
the experimental set-up shown in Figure 5 (c). The plots
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FIGURE 7. Reference force f9, filtered reference force ff and measured force f are shown taking into account the compliant robot base configuration
shown in figure 5 (b). (a) w5 = 3.14[rad/s] (i.e., frequency of 0.5[Hz]), (b) wf = 6.28[rad /s] (i.e., frequency of 1[Hz]), (c) wf = 12.56[rad /s] (i.e., frequency

of 2[Hz]).
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FIGURE 8. Reference force f9, filtered reference force ff and measured force f are shown taking into account the compliant robot base configuration
shown in figure 5 (c). (a) of = 3.14[rad/s] (i.e., frequency of 0.5[Hz]), (b) wf = 6.28[rad /s] (i.e., frequency of 1[Hz]), (c) wf = 12.56[rad /s] (i.e., frequency

of 2[Hz]).
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FIGURE 9. Reference force f9, filtered reference force ff and measured force f are shown taking into account the compliant robot base configuration
shown in figure 5 (c) and imposing a reduced value for the control gain « = 0.01. (a) ws = 3.14[rad/s] (i.e., frequency of 0.5[Hz]), (b) vf = 6.28[rad /s]

(i.e., frequency of 1[Hz]), (c) wf = 12.56[rad/s] (i.e., frequency of 2[Hz]).

show the tracking performance of the proposed con-

C. RESULTS COMPARISON WITH PREVIOUS

troller. Force overshoots are displayed, while stability is DESIGNED METHODS

achieved. In order to reduce/avoid force overshoots, the con- In this Sections, obtained control performance are compared
trol parameter « = 0.01 has been used in the same with previous developed controllers.

experiment and the related experimental results are shown In [25] the force overshoots issue has not been taken
in Figure 9. Plot (a) shows the force overshoots avoid- into account in the developed controller. Although the pro-
ance, while plots (b) and (c) show a reduction of the force posed control method is capable to track a target force
overshoots. reference while compensating for the compliant robot
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base dynamics, force overshoots are shown in the experimen-
tal results.

In [14] and [26] the force overshoot issue has been taken
into account only considering a linear dynamics modeling the
interacting environment and the compliant robot base. More-
over, both the control methods require the estimation of the
interaction dynamics parameters, increasing the complexity
of the proposed methodology and requiring external sensors
to perform the identification procedure (e.g., accelerometers).
In addition, the control performance are, therefore, affected
by such parameters estimation.

Comparing the performance of the here proposed con-
troller with the controller in [14], it can be highlighted that
the achievable closed-loop bandwidth has been improved.
In fact, experimental results in [14] show a maximum closed-
loop bandwidth of 0.66 Hz. The here proposed method allows
to achieved a closed-loop bandwidth of 2 Hz with the same
experimental setup.

Therefore, the here proposed control allows to improve
the control performance while avoiding any estimation of
the interaction dynamics parameters and any use of external
additional sensor. In such a way, the control performance
are not affected by external observers or models. Moreover,
the proposed method allows to adapt the control gains during
the task execution, achieving the target control performance
even considering an evolving interaction dynamics.

V. CONCLUSIONS

In this paper, an adaptive interaction controller has been pro-
posed in order to deal with a compliant base unknown dynam-
ics. Avoiding any estimation of the environment dynamics,
neither of the compliant robot base dynamics, the proposed
controller is capable to on-line adapt its behavior, achieving
the tracking of a force reference. The impedance control set-
point is on-line calculated, adapting the control parameters
on the basis of the measured interaction. The stability of the
proposed controller has been theoretically proven and exper-
imental results show the controller performance (considering
linear and non-linear robot base dynamics). Results have also
been compared with previous developed control strategies,
highlighting the improved control performance.

Future work will consider visual servoing to improve the
autonomy of the manipulator. In such a way, a position
feedback can also be included in the control law in order to
correct the robot positioning during the assembly execution.
Moreover, mobile platforms will be taken into account and
the control algorithm will be extended to a human-robot
co-operative application (e.g., a co-manipulation task).
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