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Torque-Bounded Admittance Control Realized by
a Set-Valued Algebraic Feedback

Ryo Kikuuwe, Member, IEEE,

Abstract—This paper proposes a new admittance controller than the force sensor and the torgexerted by the position
that realizes safe behavior even under torque saturation. The new controller is saturated. Another complicated situation happens
controller is analytically equivalent to a conventional admittance when the robot position is constrained by an external object

controller as long as the actuator torque is not saturated, but is hil ther f . lied to the f | h
free from unsafe behaviors such as snapping-back, oscillation, or while another force IS applied to the forceé sensor. fn such a

overshoots, which may happen with conventional admittance con- Situation, the proxy may move away from the robot position,
trollers after torque saturation. The new controller is described even beyond the motion range of the robot. After these cases
by a differential algebraic inclusion, and can be understood as a happen, once the external force is removed, the robot is
convent_lonal admittance controller expanded with an adqlltlonal attracted to the proxy, causing a snapping-back behavior with
algebraic loop through a normal-cone operator. Its continuous- hoot d illati Such behavi d
time representation involves a nonsmooth, set-valued function, overshoots and oscillations. suc e_ aV|or_s may cause _ar_nage
but its discrete-time implementation is free from set-valuedness t0 the robot hardware and surrounding objects and also injury
and given as a closed-form algorithm as a result of the use to human operators.
of |mpI|C|t (backward) Euler discretization. The controller was In a previous paper [8]' the author proposed an internal
tested with one joint of an industrial manipulator equipped with  4ition controller for admittance control to attenuate the
a force sensor. . .
undesirable effects of torque saturation. The controller was an
Index Terms—Force control, actuator saturation, normal cone, extension of a ‘proxy-based sliding mode control’ [9], [10],
differential inclusion which has been proposed by the author and his colleagues.
Experimental results have shown that the admittance control
scheme proposed in [8] is effective in cases where short-time

I. INTRODUCTION

external force
DMITTANCE control is a control scheme to regulate the fe |(not through
reaction of the robot against the contact force applied to admittance controller force sensor)
the robot’s end-effector. It is one form of impedance control internal ' o
in a broad sense and is also referred to as a “position-based >2—> Proxy 3 position —‘>§-> robot z
impedance control” Typical implementation of admittance /¢ |TAT £ contxuer + S
controller is illustrated in Fig. 1(a). It employs a force sensor cofm";f:nd | a g
mounted on the end-effector, and it consists of a “proxy” f 2
(a virtual object) representing a simple dynamics, typically external force
a damped mass element, and a high-gain position controller. (through force sensor)
The positiong, of the proxy is updated according to the @
force sensor measuremefiand the commanded forgg. The admittance controller extornal force
resultant proxy position,, is used as the position command to A fe|(not through
the internal position controller that forces the robot’s position algebraic loop F force sensor)
gs to follow ¢,. The advantage of this controller structure is _ Pov— +
that the internal position controller suppresses the hardware proxy [l position robot %
dynamics such as joint friction. Its applications include haptic fa |+ A+ g, [controller + g
interfaces [1], [2], manual guidance of industrial manipula- force A g
tors [3], human-robot collaboration [4], robotic orthoses [5], ™™ ¥ | g g
[6] and surgical robots [7]. external force
One problem of this control scheme is that, when the (through force sensor)
proxy is far separated from the robot position, the behavior (b)

of the robot becomes unpredlptable. _SUCh S|tuat|ops hapFE’F‘ . 1. Systems controlled with admittance controllers. (a) Typical imple-
when a large external force is applied to a portion oth@ientation. (b) Proposed implementation.

Ryo Kikuuwe is with Hiroshima University, Higashi-Hiroshima 739-8527, 1Because this paper mostly deals with one-dimensional systems, which can
Japan. (e-mail: kikuuwe@ieee.org, phone: +81-82-424-7573, fax: +81-8% either translational or rotational, this paper does not strictly distinguish the
422-7193) terminology of translational and rotational systems. Both “external force” and
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saturations frequently happen. It however was not intended for proj[(w](x) dzrxwl(z) Nag(@)

the situation where the torque is saturated for a long time, e.g.,

where a human user intentionally interrupts the robot’s motion B /

by pushing the robot’s links. A > A > A >
This paper proposes a new admittance controller that allo Ly B 2 B © B x

torque saturation in a more natural manner. It behaves as /

an ordinary admittance controller as long as the actuator
torque is within the predetermined range, but it yields to the @ ®) ©
external force without making overshoots or oscillations Wh%. 2. Functionsproj
the torque is saturated. The proposed technique comprises
an algebraic loop, as in Fig. 1(b), which forms an algebraic
constraint between the proxy position and the actuator torque.
The whole controller is described as a differential algebraltere, the addition and subtraction between d%ahd a single
inclusion (DAI) and its discrete-time implementation is derivedalue z is understood as
through the implicit (backward) Euler discretization.

The rest of this paper is organized as follows. Section Il pro- Btz = U (n £ x). (8)
vides mathematical preliminaries to deal with set-valued func- neB
tions and an overview on related work. Section Ill proposesa _
new admittance controller and provides stability analysis. Set?is implies that, if5 = [A, B], B+ z = [A + z, B + x].
tion IV shows results of experiments employing an industrial This paper also uses the following set-valued signum func-
manipulator. Section V presents some additional modificatioHgn:
and the results of experiments showing the effects of the {

(4,5](2), dznpa, gy (z), andN 4 p) (=) with A < B.

[—1,1] if =0

A
2flel it w0, ©)

modifications. Section VI provides some concluding remarks. sgn(z) =

Il. PRELIMINARIES With a non-negative scalaf’ > 0, the normal cone of a
A. Mathematical Preliminaries symmetric closed intervgl-F, F'] can be seen as the inverse

Let A be a closed interval of real numbers. This paper usg@epP of the signum function as follows:
the following functions:

x € Fsgn(y) <= Ni_pr(z)>y. (10)
proj(z) < argmin(§ — x)° )
ged The relation between the signum function and the saturation
dzma(z) 2 2 — proj 4(z) (2) function can be written as follows:
{EeRIE(a" —2) <O Ve € A} o o
Na(z) E ifzed (3) € Fsgn(y —z) & == PIOj[_F,F) (), (11)
] if o ¢ A

which is a special case of (7).

Here, proj 4 is a projection function onto the set, dzn 4 is This paper also uses the notatiar{X') to denote the convex
a dead zone function with respect to the getand N 4(x) is  hull of the setX. With two scalarsA and B, co({A, B}) =
the normal cone of the sed at the pointz. If the setA is co({B, A}) = [min(A, B), max(A4, B)]. With two setsA4 and
written as.A = [A, B] where A < B, these functions can be 33, the addition and the subtraction are defined as

written as follows:

B ifz>B AxB= ] |JE=n), (12)
projia g (z) = = if = € [A, B] 4) geAneB
A ifz<A . . _
respectively. The following fact should be noted:
r—B ifz>B
dznps p)(x) = ¢ 0 if € [A, B (5) A-—B>0 « IeBstA-—n>30
z—A ifz<d — ANB#0. (13)
0 ifz>B A z<A
[0, 00) ifx=DB#A In addition, with two set-valued functiofisb : R = R and
Map(zr)=4¢ 0 if x € (A,B) (6) ¥ :R = R, the nested expressioh(®(z) + ) should be
(—00,0] fax=A#DB understood as follows:
(—o0,00) if z=A=B.
These functions are illustrated in Fig. 2. V@ +y) = |J ¥h+y). (14)

The following relation exists between the projection and the ned(@)

normal cone [11, Section A.3]:
2The notation® : R = R means thaf is a set-valued function, as opposed
z+Na(z)dy <= = =proj,(y). (7) to a single-valued function, which is often declared@asR — R.
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B. Conventional Admittance Controller the values of the parametefé, K, B, M} should be chosen

Let us consider a one-dimensional system composed of@ that these conditions are satisfied. _
single mass, which is hereafter referred to as the controlledVhen the plant (16) controlled with (15) is in contact with
object. Letg, € R be the measured position of the controlle@? elastic surface at the origin, the following relation holds
object, 7 € R be the actuator force, and € R be the UUE:
force measured through the force sensor and applied to the f=—Knq. 1)
controlled object. In addition, lef; € R be a force command )
provided by an upper-level controller or the user. The task hembere K, is the stiffness coefficient of the surface. Let us
is to realize desired inertidf, > 0 and viscosityB, > 0 in focus on the quantityf + f;, which can be viewed as the
the relation between the positian and the forcef + f;, error in the contact force in this situation. From (15), (16) and
i.e., to realize the relatiof[¢s] ~ L[f + fa]/(M.s® + Bys). (21), the following relation holds true:

We consider the following typical and conventional admittance

controller: LIf + fa] = E2(s)L[fa] — E5(s)L[fe] (22)
My, + Bude = f + fa (15a) Where
0= q. g (15b) By(s) = (K, Br(s) + 1)/(1+ K, A(s)  (23)
7= Mi, + K(qo — qs) + B(¢e — Gs) + La.  (15c) Es(s) 2 K, Er(s)/(1+ K, A(s)) (24)
Here, ¢, € R is the position of the proxy, which has the A(s) = Ui(s)/(Mys*> + Bys). (25)

(15c¢) represent a PID position controller with a feedforwar & denominators offy(s) and Ex(s) show that the system

of the desired acceleration. The coefficiels B and L are 5)(16)(21) IS stable onI_y if the Nqu|st plot df, A(jw)
oes not encircle the pointl + 05 in the complex plane.

proportional, derivative, and integral gains, respectively, whi(fl{] ) . . .
should be set as high as permitted by the stability of the achieve this property with a highek,, the phase lag
closed-loop system. The coefficiehf is a positive constant, caused byUi(s) needs tq be S.et smaller, _and .thus we
which should be chosen to be close to the inertia of tif& S€€ ,thatUl(S) ~ 1 is desirable glso in this case.
controlled object. When the robot is statically in contact wit ecauselim, o [A(s)| = oo, we havelim,_o Ex(s) =

an environment surfacef, can be interpreted as the desire Stlgg—l’g ;ﬁft:(ss?n; ;)n dT;ei;ifr(;;e;@ threJr;i i:stgbllse realized for

. . . d e ’
value of —/. In such a situation, the quantity + f can be ._The definitions (18) and (19) imply that, in order to achieve

seen as the error in the contact force. The controller (15 : . .
illustrated in Fig. 1(a) ( )f/si(s) ~ 1 and Uy(s) ~ 1 in a sufficiently wide range of

Here we discuss stability and convergence properties of tfﬁgquenmes, we should not prune the acceleration feedforward

conventional admittance controller (15). Let us consider th m M, t!n t?ﬁ corr:trollelr (15). dlt IS de;jpemall;;].nﬁ cessary
the controller (15) is applied to the following simple plant: or preventing the phase lag produce Y(S)’ which may
cause the instability in the contact with stiff external objects,

M,.Gs + Brgs =7+ [+ fe. (16) considering the fact that/, is usually set smaller than/,..

The necessity of the termi/j, has also been empirically

shown in the author’s previous paper [8].

This conventional approach to attenuate the contact insta-

ity by means of the acceleration feedforwatd, is also
dopted in the proposed methods presented in the subsequent

sections. The upcoming Section V-C will discuss some compli-

cations caused by the terfd .., but the analysis here implies

designed dynamics represented by (15a). The lines (15b) ?jr\hd

This plant is a single masaf,. > 0 of which the position is
gs and is subject to an external disturbante The force f
applied to the force sensor is used in the controller (15) a ﬂ
also affects the plant directly as in the right-hand side of (1
From (15) and (16), one has the following relation:

_ Ui(s)L[f] + Ua(s) L] fd]

Llgs] + Ev(s)Llfe] (A7)

M,s? 4+ Bys that this term should not be pruned.
where £ denotes the Laplace transform,is the Laplace Remark 1. Recalling that the contact with an external object
operator, and is represented as a feedback loop (21) frggmto f with the
A (M + M,)s® + (B+ By)s® + Ks+ L gain K, one can see that the system tends to be unstable with
Ui(s) = M+ (B+ B2+ Ks+1L (18) a high K, if the controller and the robot dynamics result in
R M753 B4 I;s tL the phase lag of more thaar from f to g. In the analysis in
Us(s) = 3 5 (19) this section, the phase lag is attributed solely to the transfer
Ms% +(B+ By)s? + Ks + L function U; (s). In reality, however, there are other sources
Ei(s) 2 5 (20) of the phase lag, such as the latency in the controller due to

M,s® + (B + B;)s? + Ks + L the time discretization and the sensor-actuator noncollocation,
From the Routh-Hurwitz stability criterion, one can see thathich is the compliance between the force sensor and the
the system is stable only K (B+B,.) > LM,. If this inequal- actuator [12]-[14]. That is, the above analysis depends on
ity is satisfied and/; (s) =~ 1, Ux(s) = 1 and E;(s) ~ 0 are the assumption that, roughly speaking, the controller latency
also satisfied, we hav8[qs] ~ L[f + fa]/(M.s*+ B,s), i.e., is small enough and the member connecting the sensor and
the desired admittance is achieved. Therefore, we can say that actuator is stiff enough in comparison to the environment
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stiffness K,.. Nevertheless, the term/g, in (15c) can be accelerationjg, is determined so that € F is satisfied.
expected to act as a phase-lead compensator to attenuate Alselong as is in the interior of 7, the controller (26) is
phase lag fromf to ¢,, as well as the contact instability. equivalent to the ordinary admittance controller (15) because
Nz(7) = 0. A block diagram of the proposed controller (26) is

Remgrk 2. Calanca et al.s [16] FEVIEW paper prc_;wdes ANshown in Fig. 1(b), in which the tertV=(7) in (26a) appears
overview of force control schemes, including admittance con-
as an algebralc feedback loop.

trol, with noncollacated devices, such as those with elastic ac-

tuators and flexible joints. The author and his colleagues [15 Iif 7 = [-F,F] with a positive constant > 0, the
have presented an analysis on the influence of the sens >§preSS|on (26) can be rewritten as follows:

actuator .nor'lcollocatlon due to the Jomt. compllanpe in a 7 € —Fsgn(Myéy + Bode — f — £4) (27a)
force-projecting master-slave system, which is equivalent to c_ (27b)
an admittance control system with the proxy replaced by a ¢=% =

slave manipulator (see Figs. 1 and 2 of [15]). The efficacy of 7 = MGz + K(¢x — ¢s) + B(4e — 4s) + La.  (27¢)

Epr(:spzzspee:eggecsor:gtegst?et?r:p?iz agl)srgvﬁjeeenng\ﬁc;;;?:ag\erﬁ&e that (27a) and (27c) constitute a pair of simultaneous
ioquatlons with two unknowns; and ... This controller has
this nonc_ollocat|0n issue, except the inclusion of the simp Sme similarity with the author's previous controllers. The
acceleration feedforward termM§. expression (27) becomes equivalent to the proxy-based sliding
mode controller [9], [10] and its modified version [8] by
C. Related Work replacing the argument afn in (27a) by other functions of
For an overview on related work on admittance control,, ¢, andd,.
readers can refer to the author’'s 2014 paper [8], which includesOne interesting feature of the expression (26), or equiva-
brief historical notes and discussion on its relations to explidéntly, (27) is that, through tedious but straightforward deriva-
force control and impedance control. A more recent revietion using the relation (7), one can equivalently rewrite it by
paper [16] discusses a broader class of force control schertes following ODE:
including admittance control.
As has been pointed out in [8], the actuator saturation in 7 = projz (M(f + fa — Bada) /M
admittance control has not attracted much attention. Recent +K(qe — qs) + B(de — 4s) + La) (28a)
work includes the use of an acceleration limiter [5], [6], which i» = (1 — K(qo — q5) — B(ds — 4s) — La)/M (28b)
limits the derivatives of the desired position provided to the S (28¢)
internal position controller, to avoid the instability caused by ¢ =9~ s

the torque saturation. This approach may be similar to tieshould be cautioned that this ODE (28) is not convenient
author’s previous method [8] in that both of them intend tgyr implementation because it includes the divisionsMyand
impose restrictions on the post-saturation behaviors of the  which may be very small or even zero. In order to avoid
robot. A method imposing restrictions on the proxy’s motiothis problem, we need careful discretization of (26), which
has also been presented [17], which may somewhat contribiyi be detailed in the next section.

to the prevention of torque saturation. There is another work

[18] that employs a neural network to attenuate the tracking

error caused by the actuator saturation. Neither of the afofe- Proposed Controller: Discrete-Time Representation
mentioned methods explicitly prevents the separation betweern discrete-time representation of the proposed controller
the proxy’s position and the robot's position. Therefore, thep6) is now derived based on the implicit Euler discretization.
do not cope with the case where the robot link is displace@t T be the timestep size aridbe the integer representing the
by an external force applied to a portion other than the foregscrete-time index. By using the implicit Euler discretization,

Sensor. e.0.,4. := (¢.(k) — q.(k —1))/T, (26) can be discretized as
follows:
I1l. PROPOSEDCONTROLLER
A. Continuous-Time Representation a(k) =a(k—1) + 2T(q$(k) —qs(k)) (29a)
Here let us assume that we need to impose the constraint Tfk) (K +M/T?) (g0 (k) — g% (K)) (29b)
7 € F on the controller (15) wheré is a closed interval of a4z (k) — qu (k) € Nz (7(k)) (29¢)
real numbers including zero. In order to deal with this case,
this paper proposes the following new controller: where K £ K + B/T + LT and
MGy + Body € f + fa — N#(7) (26a) ut (k) 2 Maug (k= 1) + T(f(k) + fa(k)) (30)
. @ M, + B,T
a=qz — qs (26b) A )
r= Mg, + K(¢; —¢.) + BlGo — 4,) + La.  (260) 4k = ngk zkl) T)T“w(’(fg ) GD
A qz\K — 1) — qs(K —
This set of equations can be seen as a differential-algebraic ~ ¢b(k) = T —La(k—1) (32)
inclusion (DAI) with respect tay,. Because the normal-cone A 2 4s(k) = qu(k = 1) — Tua(k—1)
term N=(7) does not permit- outside the sef, the proxy’s ¢a(k) =M T2 (33)
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* A be k) — ¢a k
qs (k) = qs(k) + M @4 Togy
K+ M/T? fiof -N,
A 4 ]t
ug (k) = (qu(k) — gu(k —1))/T. (35) T fi T
M, s+ Brgs =7+ f + f. M,Gs + Brgs =7+ f + fe
Mo, + Bode = [ + f Moo + Bodo = f + f
By eliminating ¢, (k) from (29b) and (29c) by using the |é=a o o B=o—ds o
relation (7), one obtains the following expression: = Mgy + K(gr — q2) + Blde — ds) + La | | 7= Mo + K(g0 — q2) + B(do — d) + La

7 R N B

7(k) = proj (K + M/T?)(¢; (k) — 4i (k). (36) K,

In conclusions, the proposed controller (26) can be realized in

; _ti ; ; ; . Fig. 3. System (16)(21) controlled with (a) the conventional controller (15)
the discrete-time domain as the followmg algorlthm. and (b) the proposed controller (26). The system of (b) comprises a set-

valued feedback fromr to A. (The variablef}; is defined here only for the

. - Mgguz(k‘ _ 1) 4 T(f(k) + fd(k?)) convenience of illustration.)
ur (k) = M. T B.T (37a)
G5(k) = qu(k — 1) + Tul (k) (37b) ) _
_ B(go(k—1) — qs(k — 1)) B B C. Stability Analysis
o (k) == T La(k = 1) (37¢) The proposed controller (26) can be seen as the intercon-
bu (k) = qu(k) — qz(k *;2) — Tu,(k—1) (374) nection of a linear subsystem:
_ MyGe + Byge = f+ fa+ A (39a)
k o (k q q
q5 (k) = g5 (k) + M (37e) Y — g — (39b)
K+ M/T2 a4 = (qr — (s
(k) i= (K -+ M/T*)(q: (k) = 3 (k) (370 7= Ms + Klgo ~q) + BlGa — @)+ La - (390)
7(k) := projg (7% (k)) (37g9) and a memoryless feedback law:
%i%=ﬁﬁz+ﬂmgK+NUW) i¢> A€ —Nx(r) (40)
T = Gz — {4z -1 T | . . . .
“ (k) o (qk( )1 e ; k))/ & (37_) where X\ is a newly introduced scalar variable. That is, the
a(k) := a(k —1) + T(gz (k) = g5(k)). (7)) controller (26) is equivalently rewritten as (39)(40). It can

be seen that the only difference between the conventional
This controller will be referred to as ControlleP in subse- controller (15) and the proposed controller (26) is tlfiatin
guent sections. (15) is replaced byf; + A and the contraint (40) is added

Note that this algorithm (37) does not involve any seih the new controller. Fig. 3 illustrates the relation between
valued functions or non-closed form equations, although€ conventional controller (15) and the proposed controller
its original continuous-time representation (26) involves sef26), both combined with the plant (16) and the environment
valuedness and differential-algebraic constraints. Although tt&l). With the proposed controller (26), the whole closed-
set-valuedness is not apparent in the algorithm (87)k) € loop system is composed of the nonlinear feedback (40) and
Fresults int* (k) = 7(k), ¢ (k) = q.(k) andu’ (k) = u,(k), the linear subsystem composed of (16)(21)(39). Because (40)

and thus further results in the fo”owings: |mp||eS AT <0, the paSSiVity of the linear Subsystem is a
sufficient condition for the stability of the whole system in
Fig. 3(b).
Myuz(k—1)+T(f(k k : . .
ug (k) = U M)+ ]éf(T ) & fa(k) (38a) With the subsystem (16)(39), the relation between the inputs
2+ Do {f, fa, A, fe} and the output- can be obtained as follows:
() = e e 2D g, - )
T - T — (s
T A 4 Llr) = Gy (s)L[f] + Ca(s)Llfa + N = Us(s)L[fe] (41)
B(Tu, (k) — (qs(k) — qs(k —1
BT (k) (qT( )20 =1) | 1o(k) (38b) where
a(k) = a(k — 1) + T(qu (k) — gs(k)). (38c) G(s) 2 Gy(s) — Us(s) (42)
A M,.s+ B,
Gi(s) = U 43
Note that this is exactly the discretization of the conventional 1(s) My,s + By 2(5) (43)
admittance controller (15). That is, the set-valuedness in the Us(s) A Bs? +Ks+ L (44)
3 =

original DAI (26) is implicitly preserved in the algorithm
(37) although it is not apparent. The use of the implic'F_.
discretization for implicitly preserving the set-valuedness of
the original continuous-time representation has been preserffedposition 1. Consider the system (16) combined with the
by some researchers [19]-[21] including the author and Hmedback controller (26) wittf = f. = f4 = 0. Then, the
colleagues [8], [9], [22]. origin [¢., gs,a,a]” = 0 is globally asymptotically stable if

M,s3+ (B+ B,)s?+ Ks+ L’
rom this expression, we have the following result:
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the transfer functiorG; (s) defined by (43) is strictly positive
real.

Proof: It can be seen that a minimal realization of the
transfer functionG(s) is the system (16)(39) with the four-

moving

dimensional state vecta, 2 [4z, ds, G, a]”, the input), the direction |
outputr, and f = f. = fq = 0. If G1(s) is strictly positive (POS‘“VC) = L -
real, there exist positive definite functiog, : R* — R ) - Frooten bo

and ¢, : R* — R with which Vy(x4) < A\ — ¢y(x4) Y Y
[23, Lemma 6.4]. Because (40) implies- < 0, we have &\ ¥ " 4b
V4(cc4) < 0 for all 4 # 0, which indicates that the system >, \
(16)(39)(40), or equivalently, the system (16)(26), is globally (a) (b)
asymptotically stable iff = f. = f4 = 0. [ |

When the subsystem (16)(39) is in contact with an elasfitg- 4. Setup for experiments. (a) Configuration for Experiment I. (b)
surface as described by (21), the forcgs f. and r are Configuration for Experiment Il
constrained by the following relation:

Lfl=- Kr(fm + Llfe)) , (45) difficult because the plant parameters are usually unavailable.
Mys® + Brs + K, One practical approach is to sktand B as high as possible,

which is obtained from (16) and (21). Substituting (453nd choosél/ to be an appropriate value that is cloself

into (41) shows that the transfer function from the inputsr M, — M,.

{fa, A, fe} to T can be written as follows: Lure systems comprising set-valued feedback loops have

been investigated by Brogliato and Goeleven [25], focusing

Llr] = Ga(s)Llfa+ A = Ga(s)L1fe] (46) on the passivity of the linear parts. The presented results can
where be seen as simplified cases of the results in [25]. Systems with
M,s2 + B,s + K,)U sgt-valued feedbacks have also been investigated by Miranda-

Ga(s) 2 (Mrs 5 JU2(3) (47) Villatoro and Castios [26]. They considered general cases, in

M,s? + Bys+ K, Ui (s)

) which the output is a multi-dimensional vector and the normal-
A (st + BIS)Ug(S) + KTUQ(S)

Gs(s) . . (48) cone operator is combined with an output regulator. Discrete-
Mys? + Bys + K Ui (s) time versions of Propositions 1 and 2, which may be obtained
From this expression, we have the following result: in a similar approach to those of Huber et al. [27], remain to

" . , _be addressed.
Proposition 2. Consider the system (16)(21) combined with

the feedback controller (26) with. = f; = 0. Then, the origin Remark 3. The analysis in this section is built upon the
(42, ds, @, a,qs]T = 0 is globally asymptotically stable if the sSame assumption as the one in Section II-B, which is that
transfer functionG,(s) defined by (47) is strictly positive real.the controller latency and the sensor-actuator noncollocation
. o are negligible. In the same reason as Remark 1 discussed
Proof: It can be seen that a minimal realization of i, the conventional admittance controller, the system with
transfer functionG(s) is the System (16)(21)(39) with theyhe new method tends to be unstable when it is in contact
five-dimensional state vectars = (4., ds, @, a,q,]", the input with a stiff external object. The term proportional fd is
A, the outputr, and f. = f4 = 0. If Ga(s) is strictly positive expected to attenuate the instability due to its effect of phase
real, there exist positive definite function§ : R> — R |eading, as it does with the conventional admittance controller.

and ¢ : R — R with which Vi(z5) < At — ¢5(25) This point will be discussed with the results of experiments in
[23, Lemma 6.4]. Because (40) implies- < 0, we have Sections IV-B and V-E.

1'/'5(3:5) < 0 for all 5 # 0, which indicates that the system
(16)(21)(39)(40), or equivalently, the system (16)(21)(26), is
globally asymptotically stable if. = f; = 0. ]
These results indicate that the values of the parameterd-or the validation of the proposed controller (37), the 6-
{K,B,L,M,M,, B,} need to be chosen so th@t (s) and DOF industrial robot MOTOMAN-HP3J (Yaskawa Electric
G2 (s) are strictly positive real. These functions depend d@orporation) shown in Fig. 4 was used. The robot had six
the functionsU;(s) and Us(s), which are defined in (19) AC servomotors, which were integrated with harmonic-drive
and (18), respectively. From these definitions, one can sgearings and optical encoders. A six-axis force sensor (Nitta
that K(B + B,) > LM,, Ui(s) ~ 1 and Uy(s) ~ 1 Corporation) was attached to the end-effector of the robot. A
are necessary for the strict positive realnessGafs) and circular holding knob was installed on the force sensor. The
G2(s). The design of controller parameters to achieve thehole system was controlled with a PC running the ART-
strict positive realness @F; (s) andG2(s) may be possible by Linux operating system.
using the linear matrix inequality associated with the Kalman- The experiments were performed with the third joint of the
Yakubovic-Popov (KYP) Lemma [24, Section 3.1] if the plantmanipulator, which produced the motion indicated in Fig. 4(a).
parameters{ M,., B, K} are known. It would be however For the comparison, we used the following three controllers:

IV. EXPERIMENTS
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Fig. 5. Results of Experiment |. The experimenter applied forces on the force sensor in Periods A and on the link in Periods B. In Periods C, the experimenter

held the link by one hand and applied an upward force on the force sensor by the other hand.

« cO: The admittance controller consisting of the proxwith each other. In Periods B, when a force was applied to the
dynamics (15a) and the following internal position conlink, the proxy did not move witleO andcS but it followed
troller: the robot withcP. The separation between the proxy and

the robot produced bgO and cS resulted in snapping-back

motions after Periods B. The motion produced & was

T =projy (Mg, + K(¢o — ¢s) + B(¢= — ds) + La),  overshooting and oscillatory while that produced ¢ was
(49b) rather smooth and monotonic, due to the effect of the internal

. . position controller proposed in [8]. With the new controlté,
which is the prdmary torque-satu.rated PID control. in contrast, the proxy followed the robot in Periods B, after

e CS The admittance control consisting of the proxy dy:

. . o which there was no snapping-back motion. (Fig. 5(c) includes
namics (15a) and the internal position controller propos%(i]\/eral Periods B becaFt)JF;egthe experiment(ergpus(hged the link
in [8].

several times to move it back to the original position.
o CP: Proposed controller (37). 9 P )

_ In Periods C, i.e., when an upward force was applied to
The parameters were chosen ds: = 20000 Nm, B = ne force sensor and the link was held unmove®, and
140 Nms, L = 6000 Nm/s, M = 3 kg-m?, F = 7.5 Nm

) cS resulted in the proxy’s moving away from the robot in
andF = [-F, I}, M, = 0.2 kgm® and B, = 0.2 Nms. The o nositive (upward) direction. In the same situatioR,did
gains{K, B, L} were chosen as high as the system remaingd; ,oq,ce such a proxy motion. After Periods C, when the

stable,l’ was set adequately larger than the magnitude of tBﬁperimenter released the hands from the rob6t,and cS

friction force in the joint, and\/ was chosen through trial anddrove the robot to catch up with the proxy that was already
error. The proxy's parametets\/;, B, } were chosen as low far separated. It is clearly undesirable and unsafe behavior.

as the system remained stable with a firm grasping by harg, . hehaviors were not seen in the proposed controiter
The timestep size was set @s= 0.001 s.

= qz — qs (49&)

A. Experiment |: Moved by Hand B. Experiment II: Contact with Environment

In the first set of experiments, the robot was moved by the Another set of experiments was performed to test the
experimenter's hand through the holding knob. The desirsthbility of the proposed controller in contact with a stationary
force f; was set zero. The results are shown in Fig. 5. lexternal object. Specifically, it was to test the efficacy of the
Periods A, the experimenter moved the robot by graspirgceleration feedforward term (with the coefficievt > 0),
the force sensor. In Periods B, the experimenter applied tiwkich is for improving the contact stability, as has been
force on the link, not on the force sensor. In Periods C, thiscussed in Section 1I-B. As shown in Fig. 4(b), a sponge
experimenter held the link so that it should not move argheet was placed on a wooden board in front of the robot
applied an upward (positive) force on the force sensor. and the third joint was controlled to push the sponge sheet

In Periods A, all controllers realized appropriate admittanamwnward with its end-effector. A position controller was
control, in which the proxy and robot positions well coincidénitially used to hold the end-effector lightly in contact with
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.3 V. SOME MODIFICATIONS
3 ézﬂNMWMWNWWWW This section presents three modifications on the controller
2 (37), of which the continuous-time representation is (26).
g E 0 These modifications are not within the scope of the analysis in
Section 11I-C, but have been found useful through experiments.
200 225 230 273 300 [S]Z-OO LRl 2'7t51m3e'%0[s] Sections V-A to V-C will present the modifications and Sec-
(a) Controller cO (b) Controller cOo tions V-D and V-E will show the results of some experiments.
3
< ézw\w\,«w\,ﬂw A. Modification A: Including Proxy’s Coulomb Friction
§§1 One practical drawback of the controller (37), or equiva-
g3 lently (26), is that, because of the linear proxy dynamics (26a),
the robot starts to drift even with a small force on the force

o2

00 225 250 275 3.00 200 225 2.50 2.75 3.00 : P E g
time £ [s] time £ [s] sensor, and it does not exactly stop in finite time but may

(c) Controller cP (d) Controller cPo decelerate only exponentially. If one needs to remove these
features, one straightforward idea is to include a Coulomb fric-

Fig. 6. Results of Experiment Il. The suffix attached to the controllers’ tion term in the proxy dynamics, which extends the controller
names indicated/ = 0. The admittance controller startedat 2 s. (26) into the following form:

Mmq:v + BQO € _Fngn(QI) + f + fd - N]:(T) (50&)

a=qy —qs (50b)
the sponge sheet, and at the timhe- 2 s, it was switched T =M, + K(qz — qs) + B(¢z — ¢s) + La. (50c)
to an admittance controller with a constant force command ] ) o
fs = —2 Nm. The admittance controllersO and cP and Here, F; > 0 is the magnitude of the Coulomb friction force

were used. set-valued functions in the right-hand side and it should be

o understood according to the rule (12).Af= [ F, F], it can
The results are shown in Fig. 6. The controti€¥oresulted o equivalently rewritten as follows:

in bouncing and jumping, while the other three controllers

maintained the contact with the surface, although the controller 7 € —Fsgn(My;{, + Byds + Fusgn(dz) — f — fa), (51)
cPoproduced vibratory contact force. It is clearly seen that the . . . _ . .
acceleration feedforward\{ > 0) contributes to the contactWhICh includes twesgn f_unct|ons in a nested way and it should
stability not only with the conventional controlle© but also be understood according to the rule (14).

with the proposed controllecP. These results support the With the impliqit Euler _discret_ization of (50), one obta_\ins

efficacy and the necessity of the acceleration feedforward te set of a'ge'f”‘?"c inclusions with two set-v_alu_ed functions.

with M > 0 in the proposed controller. It can also be observ fean he analytically solved through the derivation presented
in Appendix. The resultant algorithm is the one obtained by

that, without the acceleration feedforward (i.84 = 0), . )
the proposed controllecPo realizes better stability than the;;ﬁ’g:;':g lmz_l'ne (372) of the proposed controller (37) by the

conventional oneOo, although the proposed technique is no
intended to improve the contact stability. This difference can Myuy (k= 1)+ T(f(k) + fa(k))

be attributed to the fact thaPo prevents the separation of the ug (k) := dzny, ( M, + B,T ) (52)
proxy from the actual position.

where
In these experiments, the sponge sheet was used to stabi-
lize the contact with the same parameter values as those in v, 2 Ths ¥ (53)
P * ="M, + B,T' M, + B,T|"

Experiment I. In the direct contact with the wooden board,
the system was destabilized with the bouncing behavior bothAn admittance controller including Coulomb friction has
with the conventional and proposed controllers. Even with theen presented by the author and his colleagues [22], where
sponge sheet, small oscillatory behaviors are still observedtire implicit Euler discretization has also been used. A nested
the results o£P andcO in Figs. 6(a) and (c). These bouncingsignum structure, similar to (51), has been investigated by
and oscillatory behaviors can be reduced if one is allowddiranda-Villatoro et al. [28], who provided a rigorous analysis
to set the desired inertid/, and the desired viscositys, in terms of the uniqueness and existence of the solution in the
higher. As discussed in Remarks 1, 2 and 3, such unstabtatinuous-time domain. The presented modification, injecting
behaviors are attributed to the phase lag causeti|iy), the additional Coulomb friction, should not be confused with the
time discretization of the controller, and also to the sensaempensation techniques for joint friction [29], [30], which
actuator noncollocation due to the compliance of the joihtave been shown to enhance the stability of admittance control
transmissions. The conditioR (B + B,) > LM, mentioned [31]. The influence of the additional Coulomb friction on the
in Section 11I-C is supposed to be unrelated becalise 0 closed-loop stability would need an extension of the analysis
also results in bouncing or oscillation. in Section IlI-C, which is left outside the scope of this paper.
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B. Modification B: Preventing Saturation-Induced Kinetic Enef the controller (26):
ergy Injection

One feature of the proposed controller (37) is that thedeZ * Bale = f 4 Ja (552)
actuator saturation may inject kinetic energy to the robot.M“"qr + Boge € f+ fa = NF(7) (55b)
When the robot is moved by an external force and the actuatof = q= — ds (55¢)
torque is saturated, the proxy follows the robot's movementr = proj (M§}) + K(qz — qs) + B(dx — ¢s) + La. (55d)
and gains a velocity,. (k). This velocityu, (k) is then used to
calculate the proxy positiof, (k+1) of the next timestep. This The difference between this controller and the original one
means that, when the actuator is saturated, the work done(Bg) appears in the feedforward term in (55d). Here, the
the external force is stored as the kinetic energy of the proxguantity §* can be seen as @are-saturationacceleration that
as well as that of the robot. This feature may be undesiraldeuld have been achieved if the actuator saturation did not
for safety reasons. happen. The projection operator imposed on the téfij;

As indicated in the line (37a) of the algorithm (37);(k) in (55d) is to prevent the term from becoming excessively
is determined only by the predefined dynamics of the proxXrge even when a large impulsive force is applied to the force
and thus it can be referred to as thes-saturationproxy Sensor.
velocity. Meanwhile,u, (k) can be referred to as thgost- In the algorithm (37) and its variants in the previous sec-
saturation proxy velocity because it is determined by thdions, the quantity.’ (k) is the proxy’spre-saturationvelocity
pre-saturation one’ (k) plus the saturation effect. Thereforethat could have been achieved if the saturation did not happen.
one way to prevent the kinetic energy injection done by thEeherefore, it is reasonable to set the following relation:
actuator saturation is to determing (k) so that it satisfies
uz(k) € co({0,u%(k)}), which indicates that the saturation Gy ~ (up(k) —ug(k—1))/T. (56)
only dissipates the proxy’s kinetic energy and that the direction
of wi(k) is preserved ini, (k). This idea can be realized byBy using this, one can discretize (55) as follows:
replacing the line (37i) of the algorithm (37) by the following

line: a(k) = a(k — 1) + T(gz(k) — qs(k)) (57a)
, 7(k) = K (g (k) — ¢} (k) (57b)
Uz (k) == Projeo(o,uz (k)}) ((@z(k) — gz (k — 1))/T) . (54) - (k) — qu (k) € Ne(r(k)) (57¢)

Note that this modification does not affect the current proxyhere
positiong,. (k), but does modify only the proxy velocity, (),
which influences the proxy positiog,(k + 1) in the next wt (k) A Myug (k= 1) + T(f(k) + fa(k)) (58)
timestep. The underlying idea is that the proxy positigfk) M, + B,T

need; to bg cpnsist.ent with the torqmég) but the proxy ¢ (k) 2 Qo (k — 1) + Tul(k) (59)
o g sl bl o it ok 1) ey
Ga(k) = projr(M(uj (k) — ua(k = 1))/T) (61)
C. Maodification C: Pre-Saturation Acceleration Feedforward as (k) f 0:(k) + (90(k) = 0a(k))/K (62)
Uz (k) = (qu(k) — gu(k — 1))/ T. (63)

As has been discussed in Section II-B, the acceleration
feedforward term, which is the term/g, in the internal The definitions ofu’(k), ¢:(k), ¢,(k) and u,(k) are not
position controller (15c) or (26c¢), enhances the stability efitered from the original ones in (37). In the same light as
admittance-controlled systems. Such an effect has also beg# derivation from (29) to (37), one can analytically solve
supported by results of experiments in Section IV-B and thogige algebraic relation (57) by using the relation (7) and can
in a previous paper [8]. With some preliminary experimentfinally arrive at the algorithm that is identical to (37) except
however, it has been observed that the tevfyj, combined the lines (37d)-(37h) replaced by the following lines:
with Modification B in Section V-B causes problematic be-

haviors of the robot. Such results will be shown in the next Pa(k) := projz(M (uy (k) —u,(k —1))/T)  (64a)

secton VD. | 4; (k) = qs(k) + (n(k) — 6a(k)) /K (64b)
This section provides a workaround for this problem, of (k) = f(( (k) — g* (k) (64c)

which the efficacy will be shown through the experiments ' Uz s

in the next Section V-D. Considering that the terhq, 7(k) := projz(7"(k)) ) (64d)

in (26¢) is the source of problematic behaviors under the gz (k) = qi (k) +7(k)/K. (64e)

saturation, we consider replacing it by a quantity that is not
affected by the actuator saturation. With a somewhat abusiVeat is, the modification proposed here is to replace the lines
mathematical notation, we here consider the following varia(@7d)-(37h) of the algorithm (37) by the lines (64).
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Fig. 7. Results of Experiment IIl, with modified versions of the proposed controller. The actual position and the proxy position are almost overlapping except
(c). The experimenter applied a force on the force sensor during Periods A and on the link during Periods B.

The whole algorithm after the three modifications in Sec-u, (k) := projeo(fo,uz (k1) ((¢z(k) — ¢ (k —1))/T)  (65i)

tions V-A, V-B and V-C is presented as follows: a(k) = a(k — 1) + T(gu(k) — g5 (k)). (65j)
w (k) := dzny, (Mw“w(k — D+ T(f(k) + fd(k») (65a) This algorithm (65) will be referred to as ControllePABC
M, + B, T in subsequent sections. This modified algorithm (65) may
0z (k) = qo(k — 1) + Ty (k) (65b) be more convenient than the original one (37) for some
_ Blge(k—1) — qs(k - 1)) applications, although it has not yet been theoretically sup-
(k) = T — La(k—1) (65¢) ported. One difficulty in the analysis is that the modified
¢a(k) == proj (M (uj (k) — uy(k —1))/T) (65d) algorithm (65) does not have a continuous-time counterpart
q: (k) := qs(k) + (¢p(k) — da(k))/ K (65e) in contrast to the fact that the original aIgoriFhm (37) has the
“(k) = K( (k) — g (k) (650) continuous-time counterpart (26). Another important fact is
T o q* s that, as long as the actuator is not saturated, #’g%) € F,
7(k) := projz(7"(k)) R (659) the modified algorithm (65) is analytically equivalent to the
gz(k) =@ (k) +7(k)/K (65h) implicit Euler discretization of the conventional admittance



IEEE TRANSACTIONS ON ROBOTICS, VOL. X, NO. XX, MONTH XXXX 11

controller including Coulomb friction, which is described as One possible explanation on the cause of the problem of

follows: cPB is presented as follows. The algorithm (37) implies that
MGy + Byde € —Fysgn(de) + [+ fa (66a) (k) = K(qu (k) — qs(k)) — o (k)
a= 9z = 4s (66b) +M(qz(k) - qge(k - 1) - Tuac<k - 1))/T2 (67)

7= Mo+ K(gz = ¢s) + B¢z — 4s) + La. - (86C) i qaiicfied wherep, (k) is defined as (32). When(k) is
That is, the feedforward term/ g, is still active as long as saturated as(k) = F andu,(k — 1) is set asui(k —1) = 0

the actuator is not saturated. as the effect of Modification B, (67) becomes as follows:
. (k) —qu(k —1
D. Experiment Ill: Moved by Hand F ~ K(qu(k)—qs(k))—du(k) + M%- (68)

Some experiments were performed with the modification
presented in the last sections. The same setup as in Sectior}j‘
was used. The following six controllers were used:

this situation, the proxy positiony, (k) is determined
¥ording to the inpug, (k) and the relation (68), and the last
) o X term proportional taV/ injects a strong damping in the proxy
« cP: The algorithm (37), which is the basic form of thenqtion with the viscosity coefficient o/ The value of
proposed controller. o _ M/T is 3000 Nms in this experiment and is much larger than
« CPA: Controller cP plus Modification A (proxy's the derivative gainB = 140 Nms. Therefore, the separation
Coulomb friction), which is the algorithm (37) with (37&)petween;, (k) andg, (k) with cPBis attributed to the damping
replaced by (52). o , produced by the last term of (68), which prevents the proxy
« cPB: Controller cP plus Modification B (prevention of gom following the robot. The motion of the proxy in Fig. 7(c)
saturation-induced kinetic energy), which is the algorithia ~onsistent with this explanation.
(37) with (37i) replaced by (54). , The fully modified versiorcPABC, which is the algorithm
- cPBa Controller cPB with M = 0 (no acceleration (g5 showed intended features of both Modifications A and
feedforward). B, which are the smooth and non-exponential halting after

« cPBC: Controller cPB plus Modification C  (pre- periog A and the immediate stop after Period B.
saturation acceleration feedforward), which is the algo-

rithm (65) with F,, = 0 (no proxy’s Coulomb friction). ) ) )
« CPABC: The algorithm (65), which includes all threeE- Experiments IV and V: Contact with Environment

modifications. The modified controllers were also tested in contact with a
The parameters were the same as the experiments in S#ationary object in another set of experiments, Experiment IV.
tion IV except that the proxy’s friction force is set #& = The experiments were performed in the same way as Ex-

0.2 Nm with cPA andcPABC. ControllercPBowas included periment Il and the setup was used as shown in Fig. 4(b).
to show thatM > 0 is the source of problematic behaviors ofFour controllers,cPBo, cPBC, cPABC and cPABCo where
Modification B. the suffix o stands forM = 0, were used to clarify the

In the experiments, the experimenter pushed the force sengfiectiveness of the acceleration feedforward combined with
upward, and then pushed the link downward. The results dre presented modifications.
shown in Fig. 7. The periods of upward pushing on the force Fig. 8 shows the results. The comparison betweBBo
sensor are indicated as Periods A and the periods of downwardlcPBC shows that the acceleration feedforward is effective
pushing on the link are indicated as Periods B. also with Modification B when it is combined with Mod-

With ControllercP, the robot continued moving both afterification C. The absence of Modification C. i.ePB, was
Period A and Period B with slight deceleration. The continuewbt tested because it is already shown to be problematic
motions can be explained by the proxy’s storing the work dome Experiment Ill. The latter two controllers;PABC and
by the forces both on the force sensor and on the link. WitPABCo, show that Modification A (the proxy's Coulomb
Controller cPA, the robot also continued moving for a whilefriction) is more effective than the acceleration feedforward to
after these two periods, but decelerated non-exponentially danmprove the contact stability. The difference betwe®ABCo
ceased to move eventually. These behaviors exhibit the effappeared in the transient response, in whaPABCo is
of the proxy’s Coulomb friction introduced as Modification A.smoother thartPABCo. Due to the proxy’s Coulomb friction,

A problematic behavior took place with ControllePB. the contact forcef is expected to converge to the interval
As can be seen in Fig. 7(c), in Period BPB produced a —fq+ [—F%, F:] = [1.8Nm, 2.2Nm]. Figs. 8(c) and (d) show
separation between the robot’s positipnand the proxy’s po- that f became almost stationary within this range.
sition ¢,.. After this period, the separation caused a snapping-Because the difference betweeRABC and cPABCo was
back motion, followed by some oscillation. This undesirableot very apparent in contact with a sponge sheet, another set
behavior is removed witkPBo andcPBC. ControllerscPBo of experiments, Experiment V, was performed with a stiffer
andcPBC realized almost the same motion@®after Period (i.e., more destabilizing) environment. The sponge sheet was
A, but almost immediately stopped after Period B, which wasmoved and the robot was made directly in contact with the
the motion intended in Modification B. Therefore, one can seeoden board indicated in Fig. 4(b). Fig. 9 shows the results.
that M > 0 is the source of the problematic behavioradB It shows that, with both controllers, the end-effector exhibited
and it is removed by setting/ = 0 or by Modification C. continued bouncing on the environment surface and failed to



IEEE TRANSACTIONS ON ROBOTICS, VOL. X, NO. XX, MONTH XXXX 12

_ 3 when the actuator torque is saturated, without producing the
- g 5 WW separation between the proxy position and the robot position.
g:l The continuous-time representation of the proposed controller
g8 is given as a differential-algebraic inclusion (DAI), which in-
E80 cludes a set-valued function. The discrete-time implementation

2.00 225 250 275 3.00 200 2.25 2.50 2.75 3.00 is derived through the implicit Euler discretization of the DAI,
time ¢ [s] time  [s] and the resultant algorithm is of the closed form and is free
(2) Controller cPBo (b) Controller cPBC from the set-valuedness. In addition to the proposed DAI-based
€3 controller, some modifications have been presented to alleviate
9Z2 ’W PR practical inconveniences of the proposed controller. Although
ER J theoretical properties of these modifications have not yet been
] = ! clarified, the efficacy of the modifications has been supported
=) with the results of some experiments.
2.00 225 2.50 2.75 3.00  2.00 2.25 2.50 2.75 3.00 Conventional admittance controllers produce unpredictable

time ¢ [s] time ¢ [s] behaviors when the proxy position is separated from the

(¢) Controller cPABC (d) Controller cPABCo robot position. Therefore, admittance-controlled robots had to

Fig. 8. Results of Experiment IV: contact with a soft surface (sponge shedde Prevented from gaining contact with external objects at

The suffixo meansM = 0. portions other than the force sensor. The proposed controller
casts aside such concerns, and thus is expected to be useful

for force control applications in human-centered environments

3_0‘280 B ;ﬁgj‘yl gg:' gs where the safety is of utmost importance.

2] ~0.282 — This paper has assumed the use of a force sensor on the end-

;§ —0.284 effector. The proposed technique would be useful to cope with

g ~0:286 the actuator saturation also in combination with sensorless
-0.288 admittance control, e.g., [32], [33], using some means to

estimate external forces.
Future study should address theoretical details on the

—_
W

g
3 Z, 0 Lo - .
R presented modifications on the controller. Multidimensional
SE s implementation of the proposed algorithms, e.g., admittance
e control in the Cartesian task space with joint torque limits,
0 20 21 22 23 24 20 21 22 23 24 is also an important topic for industrial and human-centered
time ¢ [s] time ¢ [s] applications.

(a) Controller cPABC  (b) Controller cPABCo
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APPENDIX

The process of discretizing (50) to obtain (52) is presented
here. The following lemmas are useful for this purpose:

r|;_,emma 1. Withz € R, y € R and F' > 0, the following two

Experimental Robotigsser. Springer Tracts in Advanced Roboticsstatements hold true:
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vol. 88, pp. 635-649.
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hanced admittance control of a robot manipulator with input saturation, @
in Proceedings of Chinese Automation Congré¥l7, pp. 104-109.

O. Huber, V. Acary, B. Brogliato, and F. Plestan, “Implicit discrete-
time twisting controller without numerical chattering: Analysis and
experimental results,Control Engineering Practicevol. 46, pp. 129—
141, 2016.
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imental comparisons between implicit and explicit implementations of
discrete-time sliding mode controllers: Toward input and output chat-
tering suppressionJEEE Transactions on Control Systems Technalogy
vol. 23, no. 5, pp. 2071-2075, 2015.

V. Acary, B. Brogliato, and Y. Orlov, “Chattering-free digital sliding-
mode control with state observer and disturbance rejectitliEE
Transactions on Automatic Contralol. 57, no. 5, pp. 1087-1101, 2012.

Springer, 2013,

x— Fsgn(y—z)—[0,00) 30 < z > proj[_RF](y)
— Fsgn(y — ) — (—00,0] 20 <= z < proji_ g,z (y)-

Proof: The first statement is proven as follows:

x — Fsgn(y —z) —[0,00) 20

— (@-F>0ANy>2)V(@+F>0 A y<u)
— F<z<y V z>max(—F,y)

— F<z<max(—F,y) V > max(—F,y)

< 1« > min(F, max(—F,y))

— = 2 proj_p ) (y)- (69)

R. Kikuuwe, N. Takesue, A. Sano, H. Mochiyama, and H. FujimotcThe second statement is proven in a similar way to (6.

“Admittance and impedance representations of friction based on implicit

Euler integration,”IEEE Transactions on Roboticsol. 22, no. 6, pp. Lemma 2. Withz e R, a € R, b € R, A > 0, and a closed
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strongly passive linear systems with multivalued maximally monotone
controls,” IEEE Transactions on Automatic Contralol. 62, no. 1, pp.
238-249, 2017.

O. Huber, V. Acary, and B. Brogliato, “Lyapunov stability and per-
formance analysis of the implicit discrete sliding mode contritEE
Transactions on Automatic Controvol. 61, no. 10, pp. 3016-3030,
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F. A. Miranda-Villatoro, F. Casf@s, and B. Brogliato, “A set-valued
nested sliding-mode controlledFAC PapersOnLingvol. 50, no. 1, pp.
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setF C R, the following statement holds true:

z+ Nx(z) + Asgn(z +b) 3 a

< x =projs (dznj_4 a(a+b) —b). (70)
Proof: Let us define the following set-valued function

RxRxR=R:

B(x,a,b) Sa—1z- Asgn(z +b). (71)

Then, we have the following:

B(xz,a,b) 30 <= a—x € Asgn(z +b)

< a—uz€Asgn(b+a—(a—1x))
< a—x =proji_u a(a+0)
= flz,a,b)=0 (72)
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Whereﬁ(a:, a, b) is a single-valued function defined as followsA careful examination shows that (84) is equivalent to (52) and
. A that (83) is equivalent to (37g) substituted by (37b) and (37f).
B(z,a,b) = —x — b+ dzn_4 a)(a +b). (73)  Therefore, one can see that the solution of (78) is obtained by

Moreover, an analysis employing Lemma 1 shows that tﬁ%e algorithm (37) withu (k) replac_:ed by the one in (52).
Some additional remarks follow:

following two statements hold true:
Remark 4. The function3(z, a,b) introduced in the proof of
0 (74 Lemma 2 plays a similar role to complementarity functions
0. (75) (C-functions) [34, Section 1], such as the Fischer-Burmeister
unction [35]-[37], for nonlinear complementarity problems.
ith the property (76), the single-valued functigfiz, a, b)
can be used to replace the set-valued functitf:, a, b) to

VX € {{0},]0,0), (—o0, 0]}, simplify the problem.

X — B(x,a,b) 50 < X — f(z,a,b) 30. (76) Remark 5. The nested sign structure seen in (51) should be
read as follows:

B(x,a,b) — [0,400) 30 < B(x,a,b) >
B(x,a,b) = (=00,0] 30 <= f(x,a,b) <

These three relations (72), (74) and (75) can be written in t
following unified expression:

Considering that\'z(z) takes only the three set-valu¢s},
[0, 00), and(—o0, 0], one can see that the following is satisfied: b € sgn(z + sgn(a))

x + Ng(z)+ Asgn(z 4+ b) 5 <= dn € sgn(a) s.t.b € sgn(x +n)

= Nz(z) = B(z,a,0) 50 < I esgn(a) St N_11(b) >z +7

— Nz(z) - B(z,a,b) 30 < N-1,1)(b) —sgn(a) > =, (85)
(z

< Nr(x)+x+b—dm_4 4(a+b)>0 which justifies the equivalence between (51) and (50a). The
= z = projs (dzn[,A’A] (a+b)— b) ’ a7 derivation in (85) employs the fact (13).
which completes the proof. ]
Now, let us start with (50). The difference between (50)
and (26) is the tern¥.sgn(u,(k)) added to the same place
asNz(7(k)). Noting that (26) is discretized into (29), (50) is
discretized in the following form:

a(k) = a(k = 1) + T(qz (k) — qs(k)) (782)
7(k) = (K + M/T?) (g2 (k) — q5(k)) (78b)
0" (k) = o (k) € N#(7(k)) + TVesgn(us(k)) (78c)

whereK 2 K + B/T + LT, V, 2 TF,/(M, + B,T),

up(k) 2 (qu(k) — qu(k —1))/T (79)
(k) £ ¢ <k — 1) + T (k) (80)

and ¢ (k) is the one defined in (34). Eliminating, (k) and
u, (k) from (78b)(78c)(79) yields the following:

¢;" (k) = g5 (k) = —

Nf(r<k>>+msgn(ff§) q.if(k)—mk—l)) (82)

whereA = K + M/T?2. Lemma 2 suggests that it is rewritten
as follows:

7(k) = projz(dzn _p 4y, pav, (A" (k) — ga(k — 1))
~A(gi (k) = qu(k — 1))
= proj (A(Tu* (k) + g (k — 1) — g} (k))) (83)
where

w (k) = dan_y, v, (65" (k) = g2 (k = 1))/T).  (84)





