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This paper proposes an admittance control scheme for
robots equipped with joint-level position controllers
involving deadtime. Its main feature is an elabo-
rate discrete-time jerk limiter, which limits the third
derivative of the position command sent to the con-
troller. The jerk limiter is designed to suppress un-
desirable oscillation especially when the robot is in
contact with a stiff environment. The controller is
designed as a differential inclusion involving normal
cones in the continuous-time domain, and its discrete-
time algorithm is derived by the implicit Euler dis-
cretization. The presented controller was validated
with experiments using a collaborative robot UR3e of
Universal Robots, which has a deadtime of 6 ms in the
velocity-command mode.
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1. Introduction

Robots subject to physical contact with external envi-
ronments need appropriate controllers to regulate the con-
tact forces. Most industrial robots are controlled by propri-
etary, dedicated position controllers that force the robots
to track position commands from upper-level controllers.
To enable such a robot to respond to external forces, an ad-
ditional controller is needed to modify the position com-
mands according to the contact forces.

Admittance control is a control scheme that is suited
for position-controlled robot manipulators. It is often re-
ferred to as position-based impedance control, and it can
be implemented as an outer feedback loop attached to a
position-controlled system. In an admittance controller, a
virtual object having desired inertia, viscosity, and stift-
ness is considered, and its motion is simulated according
to the external force obtained from a force sensor or some
estimation methods. The robot is then position-controlled
to track the motion of the virtual object.

One problem of admittance control is instability. The
robot may become unstable, especially when it is in con-
tact with a stiff environment and when the time delay in the
controller is large [1]. It is known that admittance control
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can be stabilized by setting high values to the viscosity
and inertia of the virtual object [1], but it would deterio-
rate the responsiveness against the external forces. Some
strategies have been proposed to adaptively vary the vis-
cosity and inertia parameters of admittance control [2-11].
The trade-off between stability and responsiveness, how-
ever, is still inevitable in these methods. Current velocity
feedback [12], which injects additional damping into the
system, has been shown to be effective in enhancing the
stability, but it would also deteriorate the responsiveness.

It has been known [13-15] that the feedforward of
the target acceleration in the position controller enhances
the stability. However, it is not applicable to most
commercially-available manipulators because they usually
do not provide access to the internal algorithms of their
position controllers. Some researchers [16—18] employed
fractional-order dynamics for admittance controller. It has
been reported [16] that it contributes to better stability in
comparison to the integer-order counterparts. Its efficacy,
however, is still theoretically unclear and its physical in-
terpretation is complicated, possibly leading to difficulties
in parameter tuning.

There have also been approaches to reduce the risk of in-
stability and vibration by limiting the actuator torque [14]
and the commanded acceleration [13—15]. They are also
strongly coupled with the internal position controllers
and are not very straightforward to use with commercial
position-controlled robots, of which the internal controller
structures are not disclosed. An approach to alter the
commanded acceleration to enhance the stability has been
studied [19], but it is also coupled with the internal posi-
tion controller and its effectiveness in the presence of the
time delay is unclear. Imposing limits to the commanded
velocity and acceleration has also been studied in [20], but
it is primarily intended for enhancing safety, not for the
stability.

This paper proposes an admittance control scheme with
a jerk limiter for position-controlled robots. The novelty
of the proposed admittance controller is that it has a jerk
limiter, which limits the third derivative of the position
command sent to the robot. The jerk limiter is shown
to be effective in suppressing the vibration that happens
when the robot is in contact with a stiff environment. It
has a structure that adjusts the jerk limit according to the
velocity and the acceleration in order not to sacrifice the
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responsiveness to external forces. The vibration caused by
the instability is suppressed by limiting the first, second,
and third derivatives of the position command. One of its
practical benefits is that it suppresses the vibrations even
if the virtual viscosity and virtual inertia are set low. An-
other advantage is that it is applicable without the knowl-
edge of the structure of the internal position controller of
the robot. The effectiveness of the proposed method is
verified by some experiments using a collaborative robot
UR3e.

The remainder of this paper is organized as follows.
Section 2 provides some mathematical preliminaries. Sec-
tion 3 details the proposed admittance controller. Sec-
tion 4 presents the experimental results obtained by im-
plementing the proposed controller on a UR3e robot. Sec-
tion 5 concludes this paper.

2. Mathematical Preliminaries

Let a, b, and x be real numbers and a < b. This paper
uses the following functions:

b, ifb<ux;
Projgp)(X) = yx, ifa<x<b; . . . . . . (]
a, ifx<a,
dznpg p1(x) £ x = proji, p(x), . . . . . . ()
(=00,0], ifx=a;
0 ifa <x < b;
Nla =9 . ’ . (3
[a,b](X) 0.c0),  ifx=b: 3)
0, ifx>bVx<a.

The functions proj and dzn can be referred to as the projec-
tion and deadzone functions, respectively. The function N
is called the normal cone [21]. The following relation ex-
ists between the projection function and the normal cone:

YEX=Niap|(y) &y =proji, p(x), . . (4

which has been shown in previous publications (e.g.,
([22], Proposition 2), ([23], Section A.3), and ([24],
Proposition 6.47)).

3. Proposed Method
3.1. Conventional Admittance Controller

Figure 1(a) is an example of the structure of an admit-
tance controller. The controller comprises a virtual object,
often referred to as a proxy, and the robot is position- or
velocity-controlled to track the proxy position. The proxy
moves according to a predetermined equation of motion,
a typical example of which can be described as follows:

M(G - pa)+B(§—pa) +K(q—pa) = [+ fa, (5)

where ¢ is the proxy position and f is the force acting on
the robot, which is obtained from a force sensor or other
means. The quantities py and f; are the desired position
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Fig. 1.  System controlled with admittance controller.

(a) Typical admittance controller. (b) A physical interpre-
tation of the proxy dynamics (Eq. (5)). (c) A physical inter-
pretation of the proxy dynamics (Eq. (5)) with K = 0 and
ﬁd =0.

and the desired force, respectively, given as inputs to the
controller, and M, B, and K are positive constants rep-
resenting the inertia, viscosity, and stiffness, respectively.
As long as the position controller is accurate enough, the
robot’s response to the external force f is close to the
proxy dynamics described by Eq. (5).

One interpretation of the proxy dynamics (Eq. (5)) can
be illustrated in Fig. 1(b). Here, the proxy can be consid-
ered as a massless object and is connected to the desired
position p, through a parallel spring-damper-inerter ele-
ment.! The forces f and f; act on the proxy. The proxy
dynamics of this form can be used, for example, when the
robot should track the desired position p; with a certain
level of compliance against the external force f, by devi-
ating from the desired position py. In such an applica-
tion, the desired force f; should usually be set to be con-
stantly zero, and the parameters should also be set to sat-
isfy B?> > 4K M to prevent overshoots.

One variation of the controller can be obtained by set-
ting K = 0 and p4 = 0 with the proxy dynamics (Eq. (5)).
In such a case, the proxy dynamics reduces to the one il-
lustrated in Fig. 1(c), in which the proxy is a point mass
combined with a damper subject to the forces f and f;.
Such a controller can be used, for example, when the robot
should yield to the external force, such as the one applied
by a human user in the case of direct teaching, or when the
robot should apply the force f,; to an external object in the
case of grinding or assembly tasks.

It is well known that admittance-controlled systems are
prone to instability, especially when the robot is in con-
tact with an external object. As has been discussed in
previous work (e.g., [14, 15]), the cause of the instabil-
ity is the phase lag or the deadtime in the closed loop.

1. This paper uses the term inerter to mean an element that produces the
force proportional to the relative acceleration between its two ends.

Journal of Robotics and Mechatronics Vol.36 No.2, 2024



admittance controller

external force

desired fe | (not through
position force sensor)
Pd
& 4 | position | + Y+ %
ST Bs 1 &0 T eontroller 2 2 8
\ T f g

external force
(through force sensor)

Fig. 2. System controlled with proposed admittance controller.

One approach to compensate for the phase lag is to use
phase-leading and acceleration feedforward techniques in
the position controller [15]. The effect of instability can be
attenuated by imposing limits on the actuator torque [14].
These approaches need to alter the structure of the posi-
tion controllers and thus are not applicable to commer-
cial robot manipulators equipped with proprietary position
controllers. Moreover, it is questionable whether these
methods are applicable to deadtime of more than a few
milliseconds, which can exist in commercial position con-
trollers.

3.2. Proposed Admittance Controller

As an extension of the typical admittance controller
(Eq. (9)), this paper proposes an admittance controller that
can be written as follows:

M(G—pa) +B(q—pa) +K(q —pa)
€ f=Nvy(g+P§) —Na(§) —N g (§), . (©6)

where
vyv=-=-v,vl, ... .. ... ... (T2
AL[-AAlL, . . . .. ... ... (b
T (@) = |proif_y_p,) (=I5 = Hd)
proify, 1 Us —Ha)|. . (7o)

Here, P,V, A, J, J,, H, and J, are positive constants. The
proposed controller (6) can be represented by the block
diagram in Fig. 2.

Mathematical representations like Eq. (6), including
“e” instead of “=,” are referred to as differential inclu-
sions. The behavior of the differential inclusion (6) can be
understood by Fig. 3, which shows the three-dimensional
space of the vector [¢, ¢, §]" and the three-dimensional
region defined by the following condition:

Gg+PGeV, GeA GegG.. . . . . . (8
As long as [4, §,4]" is in the interior of the region, the
last three terms on the right-hand side of Eq. (6) reduce to
zero, and Eq. (6) acts as the following ordinary differential

equation:

M(G—pa)+B(G-pa)+K(g—pa)=f. . 9
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Fig. 3. Illustration of the three-dimensional region within

which [4,§,4]T satisfies the constraint (8). (a) Three-
dimensional plot of the region. (b) The cross-section of the
region at § = 0. (c) The cross-section of the region at ¢ = 0.

In other words, if {q,§, ¢} determined by Eq. (9) is in
the interior of the region, Eq. (6) is equivalent to Eq. (9),
which is a spring-damper-inerter system illustrated in
Fig. 1(b). On the other hand, if {4, §, §} determined by
Eq. (9) is outside the region (8), {¢.d, g} is chosen as
a point on the boundary of the region so that Eq. (6) is
satisfied. One would wonder about the existence and the
uniqueness of such a solution, but as will be detailed in
Section 3.3, the implicit Euler discretization of Eq. (6) al-
ways has a unique solution if P and H are chosen appro-
priately.

The second term on the right-hand side of Eq. (6) is for
limiting the velocity, and it is mainly for safety reasons.
The term +P¢ is for realizing the exponential convergence
to the velocity limits +V. As pointed out in [20], a simple
velocity limiter without such a term as +Pp would cause
an abrupt change in the acceleration at the time of reaching
the velocity limit, which would not be favorable.

The third and fourth terms on the right-hand side of
Eq. (6) aim to reduce the amplitude of the robot’s vibra-
tion by limiting the commanded jerk §. This is motivated
by an initial idea that imposing limiters to the commanded
acceleration § or the commanded jerk g could be effective
in limiting the amplitude of the vibration induced by the
instability. Of course, limiters would not eliminate the in-
stability or the vibration in principle as long as deadtime
or phase lag exists in the controlled system. Instead, our
idea is to reduce the amplitude of the vibration to a practi-
cally acceptable level by an appropriate adjustment of the
limiters. From preliminary experiments, we found that the
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commanded acceleration § was somewhat effective in sup-
pressing the vibration, but it resulted in poor responsive-
ness of the robot to the external force. In contrast, limiting
both the commanded jerk § and the commanded accelera-
tion § was rather effective in realizing both smaller vibra-
tion and better responsiveness.

Our observation showed that the vibration could not
be sufficiently suppressed only by adjusting the upper
bounds A and J, which are for the commanded acceler-
ation and the commanded jerk, respectively. Specifically,
when J/A is large, high-frequency oscillations could not
be eliminated, but when J/A is small, low-frequency and
high-amplitude oscillations took place. The design of the
acceleration-dependent jerk limits illustrated in Fig. 3 is
motivated by this observation. The basic idea is that, when
the acceleration is high, the jerk limit should be lowered
to suppress the high-frequency vibration, but when the ac-
celeration is low, higher jerk values should be allowed to
prevent low-frequency, high-amplitude oscillation.

As illustrated in Fig. 3, the parameters Jg, J, and J,
should be chosen as J, < J < J;. The values of A, J,
Js, Jy, and H need to be chosen considering the trade-off
between the vibration suppression and the responsiveness
to external forces. Specifically, higher A, J, J,, and Jg,
and a smaller H result in higher responsiveness and larger
vibration. In particular, the choice of A and J is impor-
tant because it determines how quickly the robot can start
moving from a resting state and how quickly the robot can
stop from a moving state when an external force is applied.
Once A and J are chosen to maintain the responsiveness,
Jy, Js, and H should be chosen so that the first and third
quadrants of the rectangle in Fig. 3(c) are significantly
notched to suppress the high-frequency vibration. While
definitive guidelines for tuning other parameter values are
currently unavailable, one can experimentally adjust them
through trial and error.

3.3. Discrete-Time Representation

Because the differential inclusion (6) involves the
set-valuedness, its implementation to discrete-time con-
trollers is not straightforward. One needs to derive a con-
troller algorithm to obtain the jerk satisfying Eq. (6) at ev-
ery timestep. We employ the implicit Euler discretization
of Eq. (6) to derive a discrete-time controller in a similar
manner to those in [13—15], which also used differential
inclusions and the implicit Euler discretization in control
applications.

The discrete-time representations of Egs. (6) and (7) are
now derived. Let T be the timestep size and k be the in-
teger representing the discrete-time index. Discretizing
Egs. (6) and (7) using the implicit Euler discretization, we
obtain the following:

M (ax — aaqx) + B (v = vax) + K (qk — pa.k)
€ fx =N (vi + Pay) = Na (ar) = N g(ap) (k) »
(10)
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where

s 9k — qk-1
= — ... (1

Vi T (11)
. Pdk = Pd k-1

vap TS D)
. 9k —2qK-1+qr—2

ap = 72 ; - (13)
. Pdk —2Pdk-1+Pd k-2

ad,k = > N e Y

T
. Gk = 3qk-1+3qKk-2 — qik-3
x4 T3q s . (15)

Then, rearranging Eq. (10) so that the commanded jerk j;
appears alone on the left-hand side, we obtain the follow-
ing:

Jk €Jp =Ny (v + Pag) = Na (ar) = N g(a) (k) »

(16)
where
. s N (2M + BT) (k-1 — pa.k-1)

U = Pd.k M+ BT + KT?

M (qr-2 = pak-2) = T fi
- , ... a7

M + BT + KT?
s 95— 3qk-1+3qk-2— qik-3

jix = . (18)

Through the derivation detailed in Appendix A, Eq. (16)
can be written as follows:

Jk € i =Nz (i) . (19)
where
. =V —vi = (T +P)ag_y
Vbx = s o . . . . . (20
bk T2+ PT 0
- V—vi1 = (T +P)ag-,
Vig = N A
ok T2+ PT 1)
_ . —A—ai-
Apit ———=. . (22)
-, A-a
A,,kz%, Y ()
= N . —Hayg_1 - Jg
Jb.k = PrOj[_y ] (W) , (24)
- N . —Hap_1 +J
Jrk = Projy, g (W)’ - (25)
Ly 2 [max (Vp i, Ap k, Jp,x) »min (Vi g, Ar i, Jr) | -
(26)
By using the relation (4), Eq. (19) can be written as follow:
Je=proj g, (Jz) - - . 27)

This means that Eq. (19), involving the set-valuedness, is
equivalently rewritten as Eq. (27), which does not involve
set-valuedness. In conclusion, the algorithm of the pro-
posed controllers (6) and (7) can be written as follows:
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(2M + BT) (qi-1 — pa,k-1)

r= + ,

U = Pk M+ BT + KT?

M (qr_n - ) -T2
B (qk—2 — Pa,k-2) fk, L 2sa)
M + BT + KT?

o 4r = 3qr-1+3qK-2 — qk-3

Ji= = : (28b)
k=1~ 2qKk-2+ qi-3

ajoy = TS (28¢)

Vip = %, (28d)
- =V —vi1 = (T+Play-,

Vo = , . 28e
bk T2+ PT (28¢)
_ V—vk_l—(T+P)ak_1
Vik = s 28f
ok T2+ PT (281)
- —-A - aj—

Ap = Tl, . (28g)
- A—aj_

Apg = % (28h)
— i . —Hak_1 - Js .

Jb’k = pI'O‘][_J’_Jy] (W) . . (281)
s . —Hap_1+Jg .
J.k = Proji, ) (W)’ - (28)
Ly = |max (Vx, Ap ki, Jp.x) »min (Vi g, Ar i, T k)|

A, (28k)
Jx = proj o, (J) . (28])
Gk =3qr-1 = 3qr-2+ i3 + T ji. . (28m)

Note that the algorithm (28) is something that can be di-
rectly implemented to control devices through translations
into appropriate programming languages. The computa-
tional load of the algorithm (28) is almost negligible since
it does not involve iterative computations.

The values for the parameters P and H should be chosen
so that the algorithm (28) always has a unique solution.
Specifically,

max (Vb,k,Ab,k,jh,k) < min (Vt,k,At,kajt,k) . (29)

is necessary and sufficient for the existence of the solu-
tion, assuring the non-emptiness of the set £ appearing
in Eq. (28k). To verify the condition (29), one needs to
check nine (= 3x3) inequalities. One can easily see that, if
[Vi_1,ax_1, jk—1]T is included in the set defined by Eq. (8)
and illustrated in Fig. 3, the following inequalities are sat-
isfied:

Ab,k <0< At,k, jb,k <0< J_;,k, Vb,k < Vt,k- . (30)

Among the nine inequalities required by Eq. (29), five are
implied by Eq. (30). The remaining four inequalities are:

Vok < Arks Vo < Ji ks Abk < Vit Ipk < Veg. (31)

Through tedious but straightforward derivations (with the
help of symbolic computation software programs such as
Mathematica), one can see that the following condition is
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sufficient to satisfy Eq. (31):

A 1
PZJ T/\HZP.. . (32)
That is, the values for the parameters P and H need to be
chosen to satisfy Eq. (32) in the implementation of the al-
gorithm (28). More specifically, P needs to be set slightly
larger than A/J — T because setting a larger P could lead
to undesirable deceleration before reaching the velocity
limits +V. Regarding H, as mentioned in Section 3.2, it
should be smaller to achieve higher responsiveness, but it
must be large enough not only to suppress vibrations but
also to satisfy Eq. (32).

3.4. Properties of the Controller

The behavior of the robot in contact with a stiff en-
vironment is the main concern in force control applica-
tions. The proposed controller (6), of which the discrete-
time representation is Eq. (28), is intended to alleviate the
concern in comparison to the conventional simple con-
troller (5), but it should be noted that the stability is not
guaranteed with the proposed controller. Recall that the
proposed controller (6) combines a linear controller (5)
with some limiters, making the controller nonlinear. It is
obvious that incorporating limiters, in principle, cannot
alter an unstable system into a stable system, especially
in the sense of Lyapunov stability. The following discus-
sion shows that the limiters in the controller result in stable
limit cycles in the systems when they are divergent without
the limiters.

The following discussion is based on the conventional
describing function method. The describing function of
the proposed controller (6), or its discrete-time representa-
tion (Eq. (28)), cannot be analytically obtained. However,
it can be numerically obtained by providing sinusoidal in-
puts with different amplitudes and frequencies. Let us
consider the sequence { f }xez, Where

fr = Ucos(kwT), . (33)

which is a sinusoidal signal with the amplitude U > 0
and the frequency w > 0. Let us assume that, with the
input sequence { fi}rez, the algorithm (28) provides an
output sequence {q}rez. Based on these sequences, the
describing function ¥ : R, xR, — C of the algorithm (28)
can be numerically obtained as follows:

2n
ey

Z i (cos(kwT) — j sin(kwT))
Y(U,w) 2 £

— . (34)

n+?

U Z cos(kwT)?

k=n
With the algorithm (28), if the input amplitude U is
small enough, the jerk j; does not reach the upper bounds
in the algorithm, and thus the output {gx}xez becomes
equivalent to the output of the linear controller (5), which
is the algorithm (28) with the limits {V, A, J, Js, Jy} set
to be the infinity. Therefore, one can see that the func-
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tion ¥(U, w) has the following property:
1

K-Mw?+ jBw’

Here, note that the right-hand side of Eq. (35) is the trans-
fer function of the linear controller (5) in the frequency
domain. In addition, when the input amplitude U be-
comes larger, the signal amplitude would more frequently
hit the upper bounds, and the ratio of the output amplitude

against the input amplitude U would decrease. Therefore,
Y (U, w) also has the following property:

VW, w)| _
ou

Recall that the output g of the algorithm (28) is sent
to the robot controller as the position command. Let
P(s) be the transfer function from the position com-
mand ¢ to the robot position p. Let K, be the stiffness of
the environment in contact with the robot’s end-effector.
Then, the force f, which is used as the input to the al-
gorithm (28), satisfies f = —K,p, and the open-loop
transfer function of the system in the frequency domain
is =K. P(jw)¥ (U, w). By using this, we can see that the
oscillation of the force f with the angular frequency w and
the amplitude U persists if the following harmonic balance
equation [25] is satisfied:

K.P(jw)P(U,w) = -1+0).

ZIJI%T(U’ w) = . (35

0. . ... ... ... ..(@6

. (37)

In addition, because of the property (36), if the magni-
tude of the oscillation is larger or smaller than U satisfying
Eq. (37), it would decrease or increase, respectively, until
itreaches U. It means that the limit cycle with the angular
frequency w and the amplitude U satisfying Eq. (37) is sta-
ble. The existence of the limit cycle can also be explained
in a similar light as in Section 5.4.3 of [26].

The obtained conclusion is that the admittance con-
troller without limiters may be unstable and divergent,
while the one combined with the limiters results in sta-
ble limit cycles and does not diverge. Whether the limit
cycle is practically acceptable or not would depend on its
amplitude and frequency and also on the application. The
parameters should be chosen so that at least the amplitude
of the limit cycle is small enough, although tuning guide-
lines of parameters are still unclear. Experiments in the
next section empirically show that the oscillation can be
made acceptably small with a robot with 6 ms deadtime
by careful tuning of parameters.

4. Experiment

4.1. Experimental Setup

The six-DOF collaborative robot UR3e (Universal
Robots) shown in Fig. 4 was used in the experiments.
Its payload capacity is 3 kg, and its maximum reach is
500 mm from the center of Joint 0. Universal Robots pro-
vides an API named real-time data exchange (RTDE) to
allow communication between the dedicated robot con-
troller and user programs running on a PC through TCP/IP
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Fig. 4. Experimental setup (UR3e, Universal Robots) and
its joint numbers.

at the cycle of T = 0.002 s. This study used the RTDE
function speedJ to send the velocity command v (= ¢)
to the robot (the second argument A*, the maximum ac-
celeration, of speedJ was set as A* = 5 rad/sz). We did
not use the position command ¢ directly because the func-
tion servoJ, which is to send position commands, caused
significant latency between the sent command ¢ and the
measured position pg, which resulted in low stability of
admittance control.

We estimated the external force f, which is necessary
for admittance controllers, using the motor current and
pre-calibrated weight distribution of the robot. Specifi-
cally, we computed the input force f in the following pro-
cedure:

fc = lfécca .

. (38a)
f=d_F (—ﬁ + fe (Ps)) 5 -

. (38b)

where f. is the estimated torque generated by the mo-
tor, k. is the estimated torque constant of the mo-
tor, ¢ is the motor torque obtained by the function
getActualCurrent, p; is the joint angle obtained by the
function getActualQ, and f,(p) is the torque caused by
the gravity. The use of the deadzone function in Eq. (38)
is to attenuate the influence of the noise and the inertia.
The parameters needed to calculate f,(p) were chosen
through some preliminary experiments. The torque con-
stants k, were estimated as {12,0, ket ko, kes, 12,4,12,5} =
{18,18,9.5,4,4,4} Nm/A.

For the purpose of comparison, we used the following
two controllers:

« cP: proposed controller (28)

« cN: controller cP with a simple jerk limiter, J =
[_J’ J]

Unless otherwise specified, the parameters were set as
shown in Table 1.

Figure 5 illustrates relations among some signals rele-
vant to the dedicated robot controller of UR3e. The robot
controller receives the velocity command v from the PC
through TCP/IP through an RTDE function speedJ. The
function receives another argument, which is an accelera-
tion limit A*. It then produces the motor current ¢, which
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Table 1. Parameters used in the experiments.

Symbols Physical meaning Value and units
M The virtual inertia 0.0625 kg - m?
(= B*/4K)
B The virtual viscosity 0.5 Ns/rad
K The virtual stiffness 1 N/rad
14 The velocity limit 1.5 rad/s
A The acceleration limit 5 rad/s?
J The jerk limit 300 rad/s’
P The time constant for the velocity limit  0.015 s
H The slope of the jerk limit shown in 3000 s~!
Fig. 2(c)
Js The intercept of the jerk limit shown in 500 rad/s’
Fig. 2(c)
Jy The jerk limit at high acceleration 30 rad/s’
speedJ robot controller
v acceleration| " velocity ¢ Us
o > > robot
e limiter controller

Y
getTargetQd getActualCurrent getActualQd

Fig. 5. Relation among the velocity command v, the modi-
fied “target velocity” v, subject to the acceleration limit A*,
the motor current ¢, and the measured velocity v, in the ex-
perimental setup. Relevant RTDE functions are also shown.

can be monitored by the function getActualCurrent,
and the resultant joint velocity is obtained by the func-
tion getActualQd. In addition, there is a function
getTargetQd to monitor a “target velocity,” which we
hereafter refer to as v,. It is presumably a modified ve-
locity command used within the controller.

Figure 6 shows the results of some preliminary exper-
iments to check how large a deadtime exists in the con-
troller. Fig. 6(a) shows the results of a trial where v was a
sinusoidal wave with A* = 0.1 rad/s> and Fig. 6(b) shows
the results of a trial where v = min(0.5, (r—1)2/40) [rad/s]
with A* = 0.1 rad/s>. It can be seen that the measured
joint velocity v, follows the modified velocity v,, not the
original velocity command v, and that v, tracks v as |v| is
smaller than A*. Figs. 6(c) and (d) show the result of tri-
als with A* = 10 rad/s® plotted in different time scales.
They show that there is a time delay of approximately 6 ms
between v and v,.. It means that the deadtime of approx-
imately 6 ms exists in the robot controller. Note that the
proposed controller does not explicitly use the informa-
tion on the deadtime of the robot, and these preliminary
experiments were only for reference purposes.

4.2. Experiment I: Moved by Hand

In the first set of experiments, the experimenter moved
the robot by pushing the end-effector by hand. The con-
trollers cN and cP were implemented to Joint 0. The pa-
rameter F' was set as F = 28 Nm. The desired position
was set as py = 0 throughout the experiments.

In the beginning, the robot was stationary at py = 0
as shown in Fig. 7(a). Then, the experimenter pushed the
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—
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1

1.002 1.004 1.006 1.008
time [s]

(d)

Fig. 6. Velocity command v sent to the robot controller,
the “target velocity” v, obtained from the robot controller,
and the measured joint velocity vs. (a) A sin wave was com-
manded by v with the acceleration limit of speedJ set as
A* = 0.1 rad/s®. (b) A parabola (1 — 1)2/40 with an upper
bound 0.5 rad/s was commanded by v with A* = 0.1 rad/s.
(c) The command v was changed from 0 rad/s with A* =
10 rad/s?. (d) An enlarged version of (c).

moving
ool direction

(b)

Fig. 7. Configurations for (a) Experiment I and (b) Experi-

ment I
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Fig. 8. Results of Experiment I. In Period A, the experi-
menter moved the robot by hand. In Period B, he held the
robot and stopped its movement. After Period B, he took his
hand away from the robot.

time [s]

(b) Controller cP

robot by hand on the end-effector for a while (Period A).
After that, the experimenter stopped and firmly grasped
the end-effector (Period B). Finally, the experimenter put
his hand away from the end-effector.

The results are shown in Fig. 8. In Period A, the robot
was being moved by the external force, the generated
torque fc, and the commanded acceleration a vibrated,
but the amplitude was smaller with cP than with cN. This
can be seen as the effect of cP bounding the commanded
jerk j. The difference was more distinct in Period B, in
which the vibrations are much smaller with cP than with
cN, especially in the commanded acceleration a. In fact,
the actuator generated a noisy sound with cN but not with
cP, and the experimenter did not feel the vibration with
cP while grasping the robot. After Period B, the experi-
menter released the robot, and the robot position p con-
verged smoothly to p,; with both controllers, as intended
by the setting of the values of M, B, and K, resulting in the
critical damping. Table 2 shows data indicating the am-
plitudes of the vibration, which are the standard deviations
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Table 2. Standard deviations of some signals Period B of
Experiment L.

Signals Controller cN  Controller cP
g [rad] 2.53x 1073 6.91 x 10~*
v[rad/s]  2.17x 1072 0.18 x 1072
a [rad/s?]  2.32 0.19
j[rad/s®]  2.99 x 10? 1.00 x 10?
fo [Nm] 721 0.81

—Pd
—q
—Ps

torque [Nm]
|
Ny

20
time [s] time [s]

(a) Controller cN (b) Controller cP

Fig. 9. Results of Experiment II. The end-effector contacted
the pole at around 7 = 1.58 s and it kept pushing after that.

of some signals in Period B. It shows that the vibration is
smaller with the proposed controller cP than with cN.
Although it is not shown in the figures, when J was cho-
sen larger, the vibration amplitude became larger, and the
teaching pendant of UR3e displayed an error message.

4.3. Experiment II: Contact with Environment

The second set of experiments was conducted to investi-
gate the performance of the proposed controller in contact
with a rigid external object. As shown in Fig. 7(b), an
aluminum pole was fixed to the robot’s base, and Joint 0
was controlled so that the end-effector gains contact with
the pole. Specifically, p; of Joint O was initially set as
pa = —2.67rad, and from ¢ = 1 s, p4 was varied with the
velocity ps = —0.01 rad/s. The end-effector contacted the
pole at around ¢ = 1.58 s, and after that, the robot contin-
ued applying the force on the pole. The parameters were
set as the same as in Experiment I, except that F was set
as F'= 6 Nm.

The results are shown in Fig. 9. The controller cN re-
sulted in bouncing when the end-effector contacted the
pole. In contrast, the controller cP maintained contact with
the surface of the pole. Even with the controller cP, the
force f. vibrated with a small amplitude during the con-
tact with the pole, as shown in Fig. 9(b). No noisy sound,
however, was heard from the actuator and the contact sur-
face. Table 3 shows some data indicating the amplitudes
of the vibration, which are the standard deviations of some
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Table 3. Standard deviations of some signals in the period
from ¢t = 1.58 s to 4.0 s of Experiment II.

Signals Controller cN  Controller cP
g [rad] 1.65x 1074 1.20x 107
v[rad/s]  4.88x 1073 1.66 x 1073
a [rad/s?]  0.60 0.19
j [rad/s®]  1.55x10% 0.96 x 10?
f-[Nm]  1.95 0.75

signals (not all are shown in Fig. 9) after the end-effector
gained the contact with the pole. It is shown that the vibra-
tion is smaller with the proposed controller cP than with
cN.

4.4. Experiment II1I: Moved by Hand with 6-DOF
Control

In the third set of experiments, the controllers cN and
cP were implemented in all joints of the robot with the
setting K = 0. The experimenter grasped the end-effector
and attempted to move the end-effector along a circu-
lar path in the task space. The controllers cN and cP
were implemented independently to each joint. Because
of the setting K = 0, the controller was supposed to be-
have as a mass-damper system illustrated in Fig. 1(c).
The parameter F' was set as {Fy, F1, F», F3, F4, F5} =
{4,6,3,1,0.5,0.4} Nm. The values of F' were determined
so that the experimenter was able to move the robot with a
light hand, and also | f.| does not exceed F during the mo-
tion as long as no external forces acted. Other parameters
were set the same as in Experiment I for all joints.

The results are shown in Fig. 10. In Fig. 10, the three-
dimensional graphs on the top show the trajectories of the
end-effector in the task space, and the other graphs are fc
of the joints. With both controllers, the experimenter was
able to make the robot move along a circle, and signifi-
cant difference cannot be found between the trajectories
resulted from cP and cN in Fig. 10. However, the mag-
nitudes of vibration of fc were smaller with the proposed
controller cP than with the controller cN. In addition, with
the controller cN, the experimenter heard a noisy sound
from the actuators and felt a vibration in his hand, while
with cP, he did not perceive sound or vibration. Table 4
shows some data indicating the amplitudes of the vibra-
tion, which are the standard deviations of the actuator
force f. high-pass filtered at 15 Hz. It also shows that the
vibration is smaller with cP than with cN.

5. Conclusion

This paper has proposed an admittance control scheme
for joint-level position-controlled robots. The controller
has an elaborate discrete-time jerk limiter to limit the third
derivative of the position command sent to the robot con-
troller. It effectively suppresses the amplitude of oscilla-
tion presumably caused by the deadtime inside the robot
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(a) Controller cN (b) Controller cP

Fig. 10. Results of Experiment III. The experimenter
grasped the end-effector and moved it along a circle.

Table 4. Standard deviations of high-pass filtered f.. in the
period from ¢ = 0 s to 13 s of Experiment II1I.

Joint name  Controller cN  Controller cP
Joint O 2.48 Nm 0.70 Nm
Joint 1 2.30 Nm 0.93 Nm
Joint 2 0.86 Nm 0.35 Nm
Joint 3 0.17 Nm 0.08 Nm
Joint 4 0.11 Nm 0.06 Nm
Joint 5 0.06 Nm 0.04 Nm

controller, especially when the robot is in contact with ex-
ternal environments. The controller was validated with a
UR3e robot, which has a 6 ms deadtime in the velocity-
command mode.

Future work should address clarification of guidelines
for tuning the parameters, especially those of the jerk lim-
iter. In addition, extension of the controller to a task-space
controller would also be necessary.

Acknowledgments

This work was supported by JSPS KAKENHI Grant Number
JP21K04122.

491



Mae, R. and Kikuuwe, R.

References:

(1]

(2]

(3]

[4]

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

492

D. A. Lawrence, “Impedance control stability properties in common
implementations,” Proc. of 1988 IEEE Int. Conf. on Robotics and
Automation, Vol.2, pp. 1185-1190, 1988. https://doi.org/10.1109/
ROBOT.1988.12222

C.T. Landi et al., “Variable admittance control preventing undesired
oscillating behaviors in physical human-robot interaction,” 2017
IEEE/RSJ Int. Conf. on Intelligent Robots and Systems (IROS),
pp. 3611-3616, 2017. https://doi.org/10.1109/IROS.2017.8206207

Y. Sun et al., “Adaptive admittance control for safety-critical physi-
cal human robot collaboration,” IFAC-PapersOnLine, Vol.56, No.2,
pp. 1313-1318, 2023. https://doi.org/10.1016/].ifacol.2023.10.1772

T. Sun, Z. Wang, C. He, and L. Yang, “Adaptive robust admittance
control of robots using duality principle-based impedance selec-
tion,” Applied Sciences, Vol.12, No.23, Article No.12222, 2022.
https://doi.org/10.3390/app122312222

C. T. Landi, F. Ferraguti, L. Sabattini, C. Secchi, and C. Fantuzzi,
“Admittance control parameter adaptation for physical human-robot
interaction,” 2017 IEEE Int. Conf. on Robotics and Automation
(ICRA), pp. 2911-2916, 2017. https://doi.org/10.1109/ICRA.2017.
7989338

F. Dimeas and N. Aspragathos, “Online stability in human-robot
cooperation with admittance control,” IEEE Trans. on Haptics,
Vol.9, No.2, pp. 267-278, 2016. https://doi.org/10.1109/TOH.2016.
2518670

B. Yao et al., “Sensorless and adaptive admittance control of in-
dustrial robot in physical human-robot interaction,” Robotics and
Computer-Integrated Manufacturing, Vol.51, pp. 158-168, 2018.
https://doi.org/10.1016/j.rcim.2017.12.004

G. Kang, H. S. Oh, J. K. Seo, U. Kim, and H. R. Choi, “Variable ad-
mittance control of robot manipulators based on human intention,”
IEEE/ASME Trans. on Mechatronics, Vol.24, No.3, pp. 1023-1032,
2019. https://doi.org/10.1109/TMECH.2019.2910237

F. Ferraguti et al., “A variable admittance control strategy for sta-
ble physical human—robot interaction,” The Int. J. of Robotics Re-
search, Vol.38, No.6, pp. 747-765, 2019. https://doi.org/10.1177/
0278364919840415

Z. Chen, Q. Guo, T. Li, Y. Yan, and D. Jiang, “Gait prediction and
variable admittance control for lower limb exoskeleton with mea-
surement delay and extended-state-observer,” IEEE Trans. on Neu-
ral Networks and Learning Systems, Vol.34, No.11, pp. 8693-8706,
2023. https://doi.org/10.1109/TNNLS.2022.3152255

C. Liu, Y. He, X. Chen, and H. Cao, “Adaptive enhanced admit-
tance force-tracking controller design for highly dynamic interac-
tive tasks,” Industrial Robot, Vol.49, No.5, pp. 903-912, 2022. https:
//doi.org/10.1108/IR-10-2021-0222

K. Haninger, M. Radke, A. Vick, and J. Kriiger, “Towards high-
payload admittance control for manual guidance with environmen-
tal contact,” IEEE Robotics and Automation Letters, Vol.7, No.2,
pp. 4275-4282, 2022. https://doi.org/10.1109/LRA.2022.3150051

R. Kikuuwe, “A sliding-mode-like position controller for admit-
tance control with bounded actuator force,” IEEE/ASME Trans. on
Mechatronics, Vol.19, No.5, pp. 1489-1500, 2014. https://doi.org/
10.1109/TMECH.2013.2286411

R. Kikuuwe, “Torque-bounded admittance control realized by a set-
valued algebraic feedback,” IEEE Trans. on Robotics, Vol.35, No.5,
pp. 1136-1149, 2019. https://doi.org/10.1109/TRO.2019.2920069

M. T. S. Aung and R. Kikuuwe, “Stability enhancement of admit-
tance control with acceleration feedback and friction compensa-
tion,” Mechatronics, Vol.45, pp. 110-118, 2017. https://doi.org/10.
1016/j.mechatronics.2017.06.011

Y. Aydin, O. Tokatli, V. Patoglu, and C. Basdogan, “Stable physical
human-robot interaction using fractional order admittance control,”
IEEE Trans. on Haptics, Vol.11, No.3, pp. 464-475, 2018. https://
doi.org/10.1109/TOH.2018.2810871

Y. Aydin, O. Tokatli, V. Patoglu, and C. Basdogan, “Fractional or-
der admittance control for physical human-robot interaction,” 2017
IEEE World Haptics Conf. (WHC), pp. 257-262, 2017. https://doi.
org/10.1109/WHC.2017.7989911

K. Li, Y. He, K. Li, and C. Liu, “Adaptive fractional-order admit-
tance control for force tracking in highly dynamic unknown en-
vironments,” Industrial Robot, Vol.50, No.3, pp. 530-541, 2023.
https://doi.org/10.1108/IR-09-2022-0244

A. Morbi and M. Ahmadi, “Safely rendering small impedances
in admittance-controlled haptic devices,” IEEE/ASME Trans. on
Mechatronics, Vol.21, No.3, pp. 1272-1280, 2016. https://doi.org/
10.1109/TMECH.2015.2506994

A. Lecours and C. Gosselin, “Computed-torque control of a four-
degree-of-freedom admittance controlled intelligent assist device,”
J. P. Desai, G. Dudek, O. Khatib, and V. Kumar (Eds.), “Experi-
mental Robotics: The 13th International Symposium on Experimen-
tal Robotics,” pp. 635-649, Springer, 2013. https://doi.org/10.1007/
978-3-319-00065-7_43

[21]

[22]

(23]

(24]

(25]
[26]

R. Kikuuwe and B. Brogliato, “A new representation of systems
with frictional unilateral constraints and its Baumgarte-like relax-
ation,” Multibody System Dynamics, Vol.39, No.3, pp. 267-290,
2017. https://doi.org/10.1007/s11044-015-9491-6

B. Brogliato, A. Daniilidis, C. Lemaréchal, and V. Acary, “On the
equivalence between complementarity systems, projected systems
and differential inclusions,” Systems & Control Letters, Vol.55,
No.1, pp. 45-51, 2006. https://doi.org/10.1016/j.sysconle.2005.04.
015

V. Acary and B. Brogliato, “Numerical Methods for Nonsmooth
Dynamical Systems: Applications in Mechanics and Electronics,”
Springer, 2008. https://doi.org/10.1007/978-3-540-75392-6

H. H. Bauschke and P. L. Combettes, “Convex Analysis and Mono-
tone Operator Theory in Hilbert Spaces,” 2nd edition, Springer,
2017. https://doi.org/10.1007/978-3-319-48311-5

H. K. Khalil, “Nonlinear Systems,” 3rd edition, Prentice Hall, 2002.

J.-J. E. Slotine and W. Li, “Applied Nonlinear Control,” Prentice
Hall, 1990.

Appendix A. Derivation from Eq. (16) to

Eq. (19)

Equation (19) can be derived from Eq. (16) as follows:

(16) & ji € ji = Na(T (Tji +ax-1) +vi-i

+ P (Tjk +ak-1))
~Na(Tjk+ar-1)

=N g(Tjirar-y) Uk) » (39a)
= Jk € Ji =Ny (i) =Nz (i)

“NZ e Ui (39b)
= Jk € Ji = Nonzan g, Uk - (39)
= Jk €~ N (i) (39d)
= (19), . (39%)

where V, A, and 7((1 k—1) are closed intervals defined as

7 a —V—Vk—l_(T"'P)ak—l’
T2+ PT
V—vi1—(T+Pai-
V-1~ ( )ak-1 (40)
T2+ PT
— -A—-ax-1 A-ax-
s 41
7 [ i (41)
. R . —-Hayp_1 - Js
J(ag-1) = [PTOJ[—J,—Jy] ( 1+HT )
X —Hak_1+J
projps, 1 (W)] “2)

Here, the derivation from Eqgs. (39a) to (39b) can be ex-
plained by the following equivalences:
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Jk €T (Tjk+ak-1)
— proj[_J,_Jy] (—JS —Hay_| - HTJk)

< Jie < projfy, g} s = Hag—y = HTJ)
= (=70 A (=4 < i)
V (~dy ~ Haioy ~ HTji < j0))
A = 0 A Uy = i)

V(Jy = Ha-1 = HTjx 2 jo))

— ((—J <A ((—Jy < Jjk)

_]S_Hak—l .
V| —— <
( 1+ HT ‘J")))

A ((J > ji) A ((Jy > jk)

Js —Hap—y .
V]|——— >
( 1+ HT ‘]")))

) —Js—Hag_
> pro.][—J,—Jy] 1 + HT
) ) Js—Haj_y
< Jk < Proj(y, ) 1T HT

= jreJ (ar-1). . (43)

The equivalence lyitwee_n Ec& (39¢) and (39d) can be eas-
ily seenby Ly =V N AN J(ax—1) by the definitions in
Egs. (26), (40), (41), and (42).
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