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Unified Impedance and Admittance Control

Christian Ott, Ranjan Mukherjee, and Yoshihiko Nakamura

Abstract— Impedance and Admittance Control are two dis-
tinct implementations of the same control goal. It is well known
that their stability and performance properties are comple-
mentary. In this paper, we present a hybrid system approach,
which incorporates Impedance and Admittance Control as two
extreme cases of one family of controllers. This approach allows
to continuously switch and interpolate between Impedance
and Admittance Control. We compare the basic stability and
performance properties of the resulting controllers by means of
an extensive case study of a one-dimensional system and present
an experimental evaluation using the KUKA-DLR-lightweight
arm.

I. INTRODUCTION

The most successful applications of industrial robots are
primarily restricted to tasks where there is virtually no
energy exchange between the robot and its environment.
Robotic manipulation tasks in which energy is exchanged
with the environment through dynamic interaction has been
a subject of considerable research and two fundamental
control methodologies have been proposed. The first ap-
proach, known as “Hybrid Position and Force Control,”
was developed by Raibert and Craig [1]. The compliance
control methodology of Mason [2] is a variation of this
approach. In hybrid position and force control, the task space
is divided into position-controlled and force-controlled sub-
spaces since both position and force cannot be controlled
along any given direction. The hybrid position and force
control methodology ignores the dynamic coupling between
the manipulator and the environment and as a result it is not
possible to control the commanded position or force accu-
rately. To address this problem, Hogan proposed “Impedance
Control” [3], wherein the mechanical impedance of the
manipulator is regulated to that of a target model. Impedance
control establishes a dynamical relationship between the end-
effector position and force.

Efforts have been made to combine impedance control and
hybrid position and force control. Anderson and Spong [4]
proposed an inner/outer loop control strategy; the inner loop
is based on feedback linearization with force cancellation and
the outer loop is similar to the classical hybrid position and
force controller [1] with impedance control in the position-
controlled subspace. Liu and Goldenberg [5] proposed a ro-
bust hybrid controller with impedance control in the position-
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controlled subspace and desired inertia and damping in the
force-controlled subspace to improve dynamic behavior.

There are two ways of implementing impedance control,
depending on the causality of the controller. These are
often referred to as “Impedance Control” and “Admittance
Control” in the literature. Although both implementations
were referred to as impedance control by Hogan [3], we
make a distinction since it is central to the work presented
here. In Impedance Control the controller is an impedance!
and the manipulator is an admittance and in Admittance
Control the controller is an admittance and the manipulator
is an impedance. The stability properties of Impedance and
Admittance Control in the presence of non-ideal effects such
as time delay was discussed by Lawrence [6].

In general, robotic systems with Impedance Control have
stable dynamic interaction with stiff environments but have
poor accuracy in free-space due to friction and other unmod-
eled dynamics. This problem can be mitigated using inner
loop torque sensing/control or through hardware modifica-
tions such as low-friction joints and direct-drive actuators.
Impedance Control has been implemented with inner loop
torque sensing and control in DLR’s light-weight robot [7]
and ATR’s> Humanoid built by Sarcos® [8]; and with low-
friction joints and low inertia in the Phantom* haptic de-
vice. In contrast to Impedance Control, Admittance Control
provides high level of accuracy in non-contact tasks but
can result in instability during dynamic interaction with stiff
environments. This problem can be eliminated using series
elastic actuation or compliant end-effectors but this reduces
performance. In contrast to direct-drives which are used in
conjunction with Impedance Control, Admittance Control
requires high transmission ratios such as harmonic drives
for precise motion control, and industrial robotic systems
are good examples.

Robotic systems with Impedance Control and Admittance
Control have complementary advantages and disadvantages.
It is possible to improve the performance of both control
algorithms through specific hardware modifications but such
modifications result in a predisposition to Impedance Control
or Admittance Control. To have no predisposition and instead
have complete flexibility in choosing the “best” controller
for any given task, we propose a control strategy that unifies
Impedance Control and Admittance Control based on a hy-

'A physical system that accepts motion inputs and yields force outputs
is defined as an impedance. A system that accepts force inputs and yields
motion outputs is defined as an admittance [3].
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brid systems framework [9]. Our approach results in a contin-
uous spectrum of hybrid controllers with Impedance Control
and Admittance Control at two ends of the spectrum. We do
not discuss the procedure for choosing the “best” controller
for a given task and environment but derive conditions for
stability of dynamic interaction and stability of the switched
system. Through numerical simulations and experimental
results it is shown that our hybrid control designs improve
stability and performance characteristics of interaction con-
trollers which has been restricted to Impedance Control and
Admittance Control thus far.

II. BACKGROUND
A. Problem Statement

Consider a single degree-of-freedom system in which a
mass interacts with an environment. Let m and z be the gen-
eralized inertia and displacement of the mass, respectively,
and let F' and F,,; be the control force and external force of
the environment acting on the mass. The equation of motion
of the mass can be written as follows

mi = F + Fext 1)

The control objective for both Impedance and Admittance
Control is to design the control force ' that will establish
a given relationship between the external force Fey; and the
deviation e = (x — () from a desired equilibrium trajectory
xg. Typically, a linear second-order relationship of the form

Mdé+Ddé+Kd€:cht (2)

is considered, where the positive constants My, Dg, and
K represent the desired ”inertia™>, damping, and stiffness,
respectively. While the general concept of impedance control
allows to use more general impedance behaviors, in many
robotics applications the restriction of the desired behavior
to the linear form (2) is sufficient.

B. Impedance Control

In Impedance Control, the controller is a mechanical
impedance and consequently the controlled plant is treated
as an admittance (see Fig. 1). By comparing (1) with the
desired behavior (2), we can derive the Impedance Control
law as

m

F = (E — 1) Fext + mxg — m (Dde + Kde) (3)

X i F ext
0
— ™| Impedance F Plant
Control Dynamics  —
T Eq.(3) Eq.(1) X
Fig. 1. Implementation of Impedance Control.

5To be precise, Mg é can be interpreted as an inertial force only for
To = 0.

C. Admittance Control

In Admittance Control, the plant is position-controlled and
behaves as a mechanical impedance. Hence the controller is
designed to be a mechanical admittance (see Fig. 2).

Position-Controlled System

X0 i Fext
—*| Admittance |*d | Position | ¥ Plant :
Control Control Dynamics ad
Eq.(6) 1 Ea.(4) Eq.(1) W
Fig. 2. Implementation of Admittance Control.

The position controller can be implemented using a PD
regulation controller (see [6], for example) of the form

F:kp(:zrd—:zr)—kdx' (4)

with positive gains k, and k4 and the desired position z4.
Substituting (4) into (1) and rewriting (2) after replacing x
with z4, the complete system dynamics can be written as
follows

mi +kq@ + kp (x —xq) = Fext  (5)
Md(i'd — .I'Q) + Dd(i’d — .TQ) + Kd(l'd - xO) = Fext (6)

III. HYBRID SYSTEM FRAMEWORK

A. Motivation

Impedance Control provides very good performance when
the environment is stiff but results in poor accuracy when the
environment is soft. In contrast, Admittance Control provides
very good performance for soft environments but results in
contact instability for stiff environments. The complementary
characteristics of the two controllers is well known (see, e.g.,
[10]) and is qualitatively illustrated in Fig.3. Both Impedance
Control and Admittance Control result in unsatisfactory
performance when there are large changes in the stiffness.
This limitation can be attributed to their fixed causality.
An ideal controller should provide consistently good per-
formance, independent of the environment stiffness. In the
next section we propose a control strategy that overcomes
the limitations of fixed-causality controllers by continually
switching between impedance and admittance causality.

Ideal Controller

Performance

Admittance
4 Control

Impedance
Control ~a

Environment Stiffness

Fig. 3. Qualitative illustration of the performance of Impedance Control
and Admittance Control for different environment stiffness
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B. Framework

For the single degree-of-freedom system described by (1),
we propose to switch the controller between impedance and
admittance causality as follows

F— F1:t0+k6§t<to+(k+1—n)5 )
Tl B i to+(k+1-n)d<t<to+ (k+1)d

where £, is the initial time, J is the switching period, n €
[0,1] is the duty cycle, k is an integer that takes on values
0,1,---, Fy is the static state feedback law given by (3), and
F; is the dynamic controller described by (4) and (6). This
is explained with the help of Fig.4.

Eq.(3) =
*o il n,d F 5
>| Impedance Plant ext | g
e 1 at?» : 5
Contro F | Dynamics E
: x _ Eq.(1) g

L»| Admittance —»| Position

> Control Control

Ee6) .| Fa® .

Fig. 4. Controller switching between impedance and admittance causality

With Impedance Control, the closed-loop system behavior
is described by (2). With Admittance Control, the closed-
loop system behavior is described by (5) and (6). If the
environment is modeled as a linear spring

Foxt = —ko(x — xg) = —kee (8)
and the virtual equilibrium position is assumed fixed, i.e.,
i =i =0 )
the hybrid system has the following descriptions
Xi=AX; s to+kd<t<to+(k+1-n)d

Xo=AXo cto+(k+1-—n)d<t<to+(k+1)s
(10)

where X; = (e €)7, X, = (e é eq €q)T, eq = (x4 — 0)
and
s 0 1
‘ —(Kq+ke)/My —Dg/My
0 1 0 0
A — —(kp +ke)/m —kqg/m  k,/m 0
@ 0 0 0 1
—ke/My 0 —Kq/Myg —Dg/My

When the system switches from Impedance to Admittance
Control, two additional states are introduced. These states, eg
and ég4, are conveniently chosen to maintain continuity in the
control force F' and its derivative. Equation (4), which gives
the expression for the control force in Admittance Control,

can be written as follows

1
x+ k—(F-i—kd:b)

g =
i
= eq = €+k—(F+kd€)
Tq = x'—i—k—(F—l-kd:'z?) an
P
1 1. k
= ¢+—[F+—d(F+Fext)}
kp m
. R N R
=éq = é+— |F+ —(F+ Fuxt)
kp m

Substituting the expression for the control force for
Impedance Control from (3) in the above equation it is
possible to obtain an expression of the form

I

S
where I is the identity matrix and entries of S = [s;;]2x2
have the expressions

Xa = Sai Xi7 Sai = |: (12)

1 ke(m ) K;m
S = _ —— — _——
H kp My kp My
sy = Fa _ Dam
k, k, My
m (Kd-l-ke) kq Dy
s291 = —7 7 —(— — 3-)
Md kp m Md
ke, m Dy kg Dg m Kg m
s = 1= Gn -V~ %) T %,
P d d Fp p Md p(léi)

When the system switches from Admittance to Impedance
Control, the state variable mapping is given by the relation

X = Sig Xa, Siw=1[1 0] (14)
where O is the 2 x 2 matrix with zero entries.

C. Stability Analysis

Knowing the states of the system at ¢t = ¢y + kd, the states
at time ¢t = to + (k + 1), £ = 0,1,2,--- can be obtained
using (10), (12) and (14) as follows

Xi(to+ (k+1—n)8) = eMU=IX (15 + k&)

Xa(to + (k +1-— n)é) = Sui Xi(to + (k +1-— n)é)
Xo(to+ (k+1)0) = eAa™ X, (to + (k+1—n)d)
Xi(to+ (k+1)8) = Sia Xa(to + (k+1)5)

15)
= Xi(to+ (k+1)0) = (16)

Sia eAamSSm‘ eAi(l_n)éXi(to + ké)

We now define Discrete Equivalent Subsystem based on the
definition of Discrete Equivalent in Das and Mukherjee [11].

Definition 1: Discrete Equivalent Subsystem (DES): The
time-invariant linear system

X = Ao X (17)

is a DES of a switched linear system if state variables of the
DES assume identical values of a subset of the states of the
switched system at regular intervals of time, starting from
the same initial condition. ¢ ¢ ¢
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Based on the above definition, the system described by
(17) is a DES of the switched system described by (10),
(12) and (14) with

1
Aeq = 5 In[S;q eAandg eAi(l_")‘s] (18)

Theorem 1: Exponential Stability®: The equilibrium X; =
0 of the switched system described by Eqs.(10), (12) and
(14) is exponentially stable if A.q of the DE system in (18)
is Hurwitz.

Proof: For convenience, we define the following norms:

m=[All cr=| Saill
=4l 2= Siall
For the DE system, we assume || X (¢o) ||= e. Since, A, is
Hurwitz, we have
X(t)
= [ X (@)

SACQ(titO)X(to)
|| eAealt=tol ||| X (to) ||
e A(t—to)¢

19)

VAVASI

where v, A > 0 are positive numbers. Assuming that the
states of the switched system and its DE assume identical
values at t = tg + kd, k = 0,1,2,---, the states of the
switched system satisfy

| Xi(to + ko) || < yee M0 (20)

Now consider the time interval to + kd <t < o+ (k+ 1)d.
Within this interval, first consider the subinterval (to+kd) <
t < (to + kd + (1 — n)d) where Impedance Control is used.
Using (20) and the relations ¢t = to + kd + 1, 0 < 7 <
(1 —n)d, we have

Xi(to + ké + 7'1) eAiTlXi(to + ké)

= [| Xi(to+kd+m) | < | e ||| Xi(to + ko) |
< eMmT1 e e—>\k}6
S e 6(7]1-1-)\)7'1 e—k(ktﬂ—n)
=S| Xi@) || < yeemtNA=n)d o=Alt—to)
1)
From (21) we directly get
| Xi(to + ko + (1 —n)d) ||< ye em(I=md e=2k3 (22)

At t = to+ ké + (1 — n)d, Admittance Control is invoked
and X, defines the new states of the system. Using (22) and
the second relation in (15) we get

[ Xa(to +ké+ (1 =n)o) || <
= c1e€ em(1-m)d o

” Sai ” e e771(17n)6 e~ ko
—AKS

(23)
Now consider the subinterval of time (g + kd+ (1 —n)d) <
t < (to + (k+ 1)0) where Admittance Control is used. For
t=to+kd+ (1—n)d+ 7, 0 <7 <nd, we have

Xo(to + k6 + (1 —n)é +72)
= ez X (tg + k6 + (1 — n)d)

A slightly different version of this theorem and proof appears in the
paper by Das and Mukherjee [11].

Using (23) we get

| Xo(to+kd+ (1 —n)d+ 1) ||
< |le™ [ Xalto + kd + (1 —n)3) ||
S eT]QTg 01'76 67]1(1—77,)6 e—)\k(;

Using (14) we can write

H Xi(to + k5+ (1 — n)5 + 7'2) ||

| Sia Il Xalto + k8 + (1 —n)s + 1) |
— kS

IN

o ™72 ¢qye em(1-n)s

<
< +>\)(1—’ﬂ)6 6(7]2-‘1-)\)77,6 e—k(t—to)

crcpve e (24)

From (21) and (24) we deduce

IXi#) || < me At
K

= cipyeem 0w ctans (2)

fort € [to+kd,to+ (k+1)d], k =0,1,2,- -, which implies
exponential stability of X; =0. 000

IV. A CASE STUDY
A. Example System

We consider a single degree-of-freedom system in which
the environment is modeled as a linear spring of stiffness k.
The equation of motion of the mass m is given by

mi = F + Foy + Fy (26)

where Foxy = —kex is the external force applied by the
environment on the mass and F’s is the unmodeled friction
which is assumed to have the form

Fy = —sign(z)(cy| | + Fe) 27

with ¢, and F. as the coefficients of viscous and Coulomb
friction. Impedance Control was implemented using (3) and
(26) and Admittance Control was implemented using (4), (6)
and (26). The parameter values used in our analysis are as
follows:

m = 1.0kg, m = 0.8kg

¢y =1.0Ns/m, F.=3.0N
kp =10°N/m, kq =2 x 0.7y/k,mNs/m
My =1, K4=100N/m, Dg=2x0.7/KsM4Ns/m

Modeling uncertainty is introduced in both implementations
by considering the estimated mass m instead of the mass
m. The (PD) position controller is designed with high gains,
which is common practice, but modeling uncertainty of m
is not considered since we can realistically assume that the
position control loop is tuned independently. The simulations
were based on a sampling time of 1 ms. It was assumed that
feedback of external forces is affected by white noise’ and
an unmodeled time-delay of T,; = 2 ms.

"The noise on the force signal is implemented using the “Band-Limited
White Noise” block in Matlab/Simulink using a “noise power” value of
0.001.
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B. Nominal Stability

In this section we assume the ideal model (1) without fric-
tion, noise, or modeling uncertainty. We assume a constant
switching rate n and switching time §. Figure 5 shows the
result of a numerical stability analysis of the DES defined
by (18) in dependence of n, §, and k.. The solid lines show
the border lines between a stable and unstable closed loop
system for different values of §. The area at the lower left
hand side of the lines represents the stable area. One can see
that a smaller J leads to a larger stable region. One might
expect that all lines would end up at the stability border of
the plain Admittance Controller for n = 1. However, this is
not the case since the point n = 1 represents an admittance
controller, which is being reset by condition (12) every time
0, rather than a pure Admittance Controller. For a large 6,
the stability border of the controller with n = 1 tends to
the stability border of the Admittance Controller. From this
one can see that the periodic resetting of the Admittance
Controller already improves its stability. Intuitively, this can
be understood by considering the case of § — 0, for
which the resetting of the Admittance Controller results in
Impedance Control. Moreover, one can see that for a smaller
n < 1, the switching from Admittance Control to Impedance
Control improves the stability even more.

0 0.2 04 0.6 08 1

Fig. 5. Stability borders of the hybrid impedance admittance controller for
different values of §.

Figure 5 confirms the main design idea of using a periodic
switching between Impedance and Admittance Control from
a stability point of view. However, by analyzing the influence
of § more carefully, a surprising effect can be observed.
Figure 6 shows the same stability borders as in Fig. 5,
but for 6 = 15 ms and § = 20 ms. In addition to
the expected stability improvement for smaller values of
n, we can observe an increased unstable region around a
certain value of k.. Consider for instance the case n = 0.4,
0 = 20 ms. If we increase the external stiffness from
2-10*N/m to 2.5 - 102N /m the system becomes unstable.
But if we increase the stiffness further to 3 - 104N/m the
system becomes stable again. While this is not intuitive, it
should be mentioned that this effect can indeed be verified
by simulations. The origin and meaning of this interesting
effect is currently topic of further investigation.

4 d=15ms
Tss
Z 3
E 25 C_: o
0=20ms

Fig. 6. Stability borders of the hybrid impedance admittance controller for
different values of 6.

C. Performance

We highlight the performance and stability properties of
the hybrid controller by simulating a step change in the
virtual equilibrium position zy from zero to 1 m (while
setting 9 = x9 = 0) for a soft, an intermediate, and a
stiff environment. To simulate the soft, intermediate and stiff
environments, k. was chosen as 10 N/m, 300 N/m and 3200
N/m, respectively.

The ideal behavior of the closed-loop system, denoted by
Tref, 1S Obtained from (2)

Md jref + Dd i'ref + (Kd + ke)xref = Kd Zo (28)

and is plotted in Fig.7. Since different values of k. result
in different final values of x,.f, we plot the normalized
value of z.¢f in Fig. 7. Notice that in this comparison we
keep the damping of the desired impedance constant, and
do not adapt it to the environment stiffness. This results in
different damping characteristics, i.e. low damping for stiff
contact and higher damping for soft contact. Figure 8 shows
the deviation of z from its ideal trajectory for the different
controllers with the soft environment (k. = 10 N/m). It can
be seen that Admittance Control results in good performance
whereas Impedance Control results in tracking errors and a
steady state error due to uncompensated friction. For the
hybrid controller, a switching period of § = 20ms was
chosen and Fig. 8 shows the results for different values of
the switching rate n. One can see that the switching rate can
be used to generate different closed loop behaviors between
Impedance and Admittance Control. In addition, in Fig. 9
the result for different values of the switching period with
n = 0.5 is shown.

The results for the environment with intermediate stiffness
(ke = 300 N/m) are shown in Fig.10. By comparing
these results with those in Fig.8 it is clear that Impedance
Control results in improved performance with reduced steady
state error but the performance of the system deteriorates
with Admittance Control. It deteriorates further for the stiff
environment (k. = 3200 N/m), which is evident from the
large oscillations in Fig.11. This can be attributed to the
high gains of the underlying position (PD) controller and
the time-delay of force feedback. For the stiff environment,
Impedance Control however provides very good performance
with negligible steady state error.
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0.0 0.2 0.4 0.6 0.8 1.0
time (s)

Fig. 7. Ideal trajectories of the mass for a step change in the virtual
equilibrium position for a soft, an intermediate and a stiff environment

0.04

0.02 )

Admittance Control

X = Xper (M)
/

-0.02
-0.04 \
-0.06 Impedance Control
-0.08
0 02 0.4 0.6 0.8 1

time (s)

Fig. 8. Deviation in trajectory of mass from its ideal trajectory for the
soft environment ke = 10 N/m. The lines in magenta, green, cyan, and
blue color show the result of the hybrid controller with n = 0.2, n = 0.4,
n = 0.6, and n = 0.8, respectively.

By comparing Fig. 8 and Fig. 11, one can see that by
proper choice of n, the hybrid controller leads to smaller
steady state error than Impedance Control and a more robust
behavior in stiff contact than Admittance Control.

In the simulations so far we considered constant values
of n and 0. Clearly, if the stiffness of the environment is
known (or can be observed), the switching rate can also
be adapted to the contact stiffness in order to achieve a
stable motion in stiff contact and good position accuracy
in soft contact (or even free motion). This is shown in the
next simulation. First, a step response is performed for a
stiff contact (k. = 2500 N/m). At time 1.5s the contact
stiffness is continuously changed according to Fig. 12. The
corresponding desired motion z,.¢ is shown in Fig. 13.

Figure 14 shows the results of the hybrid controller with
0 = 20 ms and n = 0.5 compared to the behavior of
the Impedance and Admittance Controller. Here one can
clearly observe that at the first part of the motion, i.e. during
stiff contact, the behavior of the Impedance Controller is
better, while for the second part, i.e. during soft contact, the
behavior of the Admittance Controller is better. Notice that
the error of the admittance controller in the second part is
due to the simulated noise on the force signal. As expected,
the hybrid controller with n = 0.5 gives a result in between
Impedance and Admittance Control. It allows to improve
(compared to Impedance Control) the steady state accuracy
during soft contact and perform stable motion during stiff

0.04

0.02

—-0.02

X = Xpef (m)

—-0.04

-0.06

—-0.08
0 0.2 0.4 0.6 0.8 1

time (s)

Fig. 9. Deviation in trajectory of mass from its ideal trajectory for the soft
environment ke = 10 N/m. The lines in magenta, green, cyan, and blue
color show the result of the hybrid controller with § = 2ms, § = 4ms,
6 = 10ms, and & = 20ms, respectively.

0.03

0.02

Admittance Control

o
2

X = Xpef (M)

o

—-0.01

-0.02
Impedance Control

-0.03
0 0.2 04 0.6 0.8 1
time (s)

Fig. 10.  Deviation in trajectory of mass from its ideal trajectory for
environment stiffness ke = 300 N/m. The lines in magenta, green, cyan, and
blue color show the result of the hybrid controller with n = 0.2, n = 0.4,
n = 0.6, and n = 0.8, respectively.

contact.

Finally, if we assume that the environment stiffness is
known (or can be observed), we can adapt the switching
rate n to the stiffness. Therefore, we can effectively combine
the strength of Impedance and Admittance in one hybrid
controller. Figure 15 shows the error of the hybrid controller
for an adjustment of n via the simple adaption law n =
1 — k.(t)/2500. Here we can see that online adaption of n
allows to optimize the behavior of the hybrid controller in a
continuous way.

V. EXPERIMENTAL EVALUATION

In this section we present a first experimental evaluation
of the presented hybrid control framework. As an experi-
mental platform, we used the KUKA-DLR-Lightweight arm
(Fig. 16) equipped with a JR3 force/torque sensor at the
tip. In particular, we utilize the torque control interface of
this arm and implement both Impedance and Admittance
Control with a sampling rate of 1ms around the robot’s inner
loop torque control. For the implementation of Admittance
Control we did not use the ’built-in’ position controller
running at a faster control loop, so that both Impedance and
Admittance Control are executed at the same sampling level
as considered in the analysis of this paper. The utilization of
faster inner control loops in the hybrid framework is topic
of further research.
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002 Impedance Control
0.015
0.01

0.005

X = Xref (M)

—0.005

—-0.01

-0.015

—-0.02
0 0.2 0.4 0.6 0.8 1

time (s)
Fig. 11. Deviation in trajectory of mass from its ideal trajectory for the
stiff environment ke = 3200 N/m. The lines in magenta, green, cyan, and
blue color show the result of the hybrid controller with n = 0.2, n = 0.4,
n = 0.6, and n = 0.8, respectively.

3000

2500
—

& 2000
=
Z. 1500
<

o
A 1000

0 05 1 2 25 3 35

15
time (s)

X (m)

o 05 1 15 2 25 3 35
time (8)

Fig. 12.
xQ.

Time varying stiffness ke and commanded equilibrium position

We implemented the hybrid controller for the elbow joint
of the robot. The control parameters are given by

N
fy = 15 28

Nms?
ad ’ rad

h = 0.433 257
m d

Nm
k, = 5000 —
T P rad’

Md =m Kd = 100N/m, Dd =2x 0.7\/KdeNs/m

We present a contact experiment in which we command
the elbow joint such that the end-effector gets in contact with
the robot’s supporting table (see Fig. 16). The commanded
virtual equilibrium position is shown in Fig. 17 together
with the trajectories resulting from Impedance (red) and
Admittance (blue) Control. Figure 18 and 19 show the
errors x — xg for the two controllers. One can see that
the Admittance controller shows an oscillation during stiff
contact, but has good position accuracy in free steady state.
Impedance Control instead shows a larger steady state error
in free motion. Figure 20 finally shows the result of the
hybrid controller with 6 = 20ms for different values of
the switching rate n. One can see that no oscillation occurs
for the hybrid controller in stiff contact. The controller
with n = 0.9 shows about half of the steady state error
as compared to Impedance Control. This evaluation of the
hybrid controller on a single joint confirms that it is possible
to reduce the steady state error of Impedance Control and to
improve the stability of Admittance Control by the proposed
hybrid control approach.

0 0.5 1 15 25 3 35

2
time (s)

Fig. 13. System motion x ¢ according to the desired impedance behavior
for the varying contact stiffness.
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Fig. 14. Comparison of the hybrid controller with constant n = 0.5 (black
solid line) to the errors of Impedance (red dashed line) and Admittance
Control (blue dotted line).

VI. SUMMARY AND OUTLOOK

In this paper, we presented a new solution to the
impedance control problem in which we constantly switch
between controllers with admittance and impedance causal-
ity. By taking the switching time and period as design param-
eters, we get a family of controller, which includes classical
Impedance and Admittance Control as extreme cases and,
moreover, allows to continuously interpolate between them.
This approach allows to effectively combine the accuracy
of Admittance Control in free motion with the robustness
properties of Impedance Control in stiff contact in one single
control framework.

The analysis in this paper was focused on a single degree-
of-freedom case study. However, we think that the extension
to the nonlinear multi degree-of-freedom case is possible and
it is a domain of our further investigations.
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Fig. 15. Comparison of the hybrid controller with online adjusted n (black
solid line) to the errors of Impedance (red dashed line) and Admittance
Control (blue dotted line).
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Fig. 16. Experimental setup.
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Fig. 17. Virtual Equilibrium position (black) and resulting trajectories with
Impedance (red) and Admittance (blue) control.
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Fig. 18. Experimental result with Impedance Control.
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Fig. 19. Experimental result with Admittance Control.
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Fig. 20. Experimental result with the hybrid controller. The red, green,
blue, and black lines show the results for n = 0.2, n = 0.5, n = 0.65,

n = 0.9, respectively.



