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Abstract— Cable-driven mechanisms (CDMs) provide en-
hanced safety for human interaction thanks to their lightweight
design and inherent compliance. However, designing high-
performance tracking controller for CDMs is challenging due to
the complex dynamics introduced by cables’ flexibility. Existing
works studied improving tracking performance for CDMs,
but joint torque constraints are rarely considered, which may
cause cable slack and bring additional uncertainties into system
dynamics. Besides, most works modeled the actuator-to-joint
transmission as a linear torsional spring, making it nontrivial to
implement the controllers to CDMs with complex transmission
mechanical design. To further enhance the compliance and
safety and mitigate cable slackness of CDMs, we propose a
novel hierarchical adaptive controller with configurable joint
torque constraints for LIMS (Low Inertia Manipulator with
high Stiffness and Strength) elbow CDM. The controller consists
of an anti-windup adaptive joint control loop and a decoupled
cable deformation control loop, which can achieve safe and
compliant physical interaction without using torque/tension
sensors or force/torque observers. Finally, the controller’s
stability is analyzed, and its capabilities in accuracy, safety,
and compliance are validated via comprehensive experiments
compared to the other two baseline controllers.

I. INTRODUCTION

Cable-driven mechanisms enhance safety for human in-
teraction through the low-link inertia and mass, achieved
by placing actuators at the base [1], [2]. These mechanisms
also provide inherent mechanical compliance via cable flex-
ibility, making them particularly promising for applications
in collaborative robots. The antagonistic design is common
in CDMs where the revolute joint’s bidirectional motion is
actuated by a pair of flexible cables. The design is inspired by
human muscle where one cable pulls the joint while the other
releases during the motion. Moreover, LIMS elbow CDM
in [2] employs a unique tension-amplification design which
significantly increases joint stiffness and improve actuator-
to-joint torque bandwidth.

One fundamental challenge of joint tracking control for
CDMs is introduced by the cables’ flexibility. The actuator-
to-joint torque bandwidth is thus inevitably decreased [2],
which complicates the design of joint tracking controller
with high accuracy and low response time. Similar to CDMs,
actuator-to-joint transmission is also flexible and it could be
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modeled as a torsional linear spring in the system dynamics
model. Extensive research on tracking control of flexible-
joint manipulator has been conducted [3]-[5].
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Fig. 1: A simplified diagram of LIMS elbow CDM [2].

CDMs also have distinct complexity in its dynamics com-
pared with flexible-joint manipulators, which poses another
challenge for tracking control. For example, cable slack
could introduce state-dependent non-smooth elements into
dynamics of CDMs: for antagonistic design, one cable would
be slack when the other’s tension is above a certain level
[1]. In [6], the cable mechanics including internal friction
and hysteresis are modeled to improve joint position track-
ing accuracy. Researchers have studied model-based control
algorithms for CDMs [7], [8] based on Kalman filters and
sliding mode control. Model-free methods including neural-
network, time-delay estimation, adaptive control, etc. are also
studied to address robustness issue under uncertainties in
CDMs’ dynamics brought by cables’ felxibility [9]-[12].

While most researchers focus on improving the motion
control performance for CDMs, few works have consid-
ered joint torque constraints for CDMs with antagonistic
design, which would compromise safety interactions and
cause cable slack. Though works of parallel CDMs im-
pose tension constraints with several algorithms in [13],
the mechanical design is different with the antagonistic
design in [1], [2] which does not have redundant actuators
to control the tension for each cable. In addition, most
existing literature modeled the actuator-to-joint dynamics as
a linear torsional spring, which is different with CDMs like
LIMS where mapping from cable tensions to joint torque
is nonlinear [2]. By introducing configurable joint torque
constraints, the safety and compliance of CDMs could be
further enhanced and cable slack phenomenon could also be
alleviated. Since the joint actuated torque depends on the
difference of cable tensions and cable deformation could be
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estimated by joint and actuator positions, it is possible to
introduce configurable joint torque constraints by bounding
cable deformation during the control process. Motivated by
this idea, we propose a novel hierarchical adaptive controller
design which includes an anti-windup adaptive joint-loop and
a cable-loop to control cable deformations using motor and
joint positions feedback.

Unlike existing works, we propose a tracking controller
with configurable joint torque constraints for LIMS elbow
CDM. The CDM’s nonlinear mapping between cable ten-
sions and joint torque brings in extra complexity in system
dynamics and challenges for the controller implementation
in practice. The main contributions of this paper include: 1)
a stability analysis is provided for the proposed controller,
which relaxes the assumption in [3] that joint-loop controller
should always have continuous second derivatives; 2) the in-
herent compliance of LIMS elbow CDM is further enhanced
by introducing the configurable joint torque constraints; 3)
cable slack phenomenon is mitigated by bounding cable
deformation in the cable loop. Comprehensive experiments
including tracking with varying load conditions, tracking of
fast or abrupt trajectories, and compliance motion have been
conducted to verify the proposed controller’s features.

The paper is organized as follows. Section II introduces
the setup and dynamic model of LIMS elbow mechanism
and presents the control objective. In Section III, anti-
windup adaptive tracking controller proposed in [14] is first
reviewed, and then our proposed controller is presented with
a stability analysis. Section IV presents the experimental
results of the proposed controller and a modified controller
for comparison. In Section V, we conclude this paper with
the summary and future work.

II. SYSTEM DESCRIPTION AND OBJECTIVE STATEMENT

LIMS is introduced in [2] and a unique tension-
amplification design is presented. The mechanism could be
simplified as four parts: a motor, two cables, one fixed link
and one movable elbow link. The basic diagram for the
mechanism is shown in Figure 1, where 6 is the position
of the elbow joint, d is the half of the distance between the
centers of two fixed or movable pulleys, n is the number
of straight cable segments between each fixed and movable
pulley pair, p is the radius of the drum fixed to the motor,
q is the motor’s position, and F, F5 are tensions of the two
individual cables. The bidirectional motion of the elbow link
is driven by the motor via the pair of cables. The red and
green lines represent two independent cables. Each cable is
winded around the fixed pulley and movable pulley pair,
which forms “block and tackle”. The circular part of the
elbow link has the motion constraint such that it always
undergoes pure rolling motion around the circular surface
of the fixed link.

For the system in Figure 1, the zero position of motor is
where 8 = 0 and the tensions of two cables are equal. Based
on the cable kinematics presented in [2], the deformation of

each cable due to the movement of the motor and joint is

1= p(q— frin(9)) (1

where frin (0) is the function describing the kinematics
relationship between the motor and joint if the cables are
considered as rigid. In Figure 1 and according to [2], the
ideal kinematics is fyin (0) = % (2ndsin ). But in practice
this may not be accurate enough to model the true kinematics
due to the complex cable routing in the real mechanism.

In this paper, we assume cables would become slack when
its tension is under a certain level. Hence, we model the

mechanics property of cables based on Hooke’s Law as

Fy=F,+kl
Fy=F,—kl

if 1> (Fy— F,) /k
ifl<—(Fy—F,) /k. )

where F),, Iy are cable pretension and the tension level
under which cable slack could not be tolerated, k£ is
the stiffness. F; and Fy are not modeled when [ ¢
[+ (F, — Fy), + (F, — Fy)]. Cable routings would change
when being slack, which brings in uncertainties in [y, ().
Therefore, the complexity of cable mechanics and kinematics
in this case would increase significantly. By Lagrangian
mechanics, we could obtain the following dynamic model
for the elbow mechanism

wa+(Bm+c@ﬁ»é+gwp:4mwwa—5)
inj:ufp(Fl 7F2) (3)

where Oyl = % and J(),C(0,6),g(f) are inertia, Cori-
olis/centrifugal, and gravitational functions for the elbow
link, respectively. The specific expressions are presented in
Appendix. By is the damping term which is caused by
frictions, J, is motor’s inertia, and w is the control torque
for the motor.

We use 7 to denote joint torque caused by cable tensions
in (3). By (2), when neither of the cables is slack,

7(0,q) = —(ol) (2K1) . )

In this paper, the control objective is to design a controller u
such that the tracking error = 6 — 6, would asymptotically
converge to zero and joint torque constraint is satisfied:
7(t) € [~Tm,Tm), Where 7, > 0 is a bound chosen by
users to achieve safety interactions.

To help the analysis of stability for the proposed controller,
the following assumptions are used in this paper.

Assumption 1. The desired joint trajectory 04(t) is at least
four times continuously differentiable.

Assumption 2. |74| < 7, for all t > 0, where 74 is the
desired joint torque defined as follows:

7a = J(0a)0a + (Bo + C(0a,04))0a + g(0a). (5
Assumption 3. 6 € [—%, g] throughout the control process.

Assumption 4. The third-order derivative of fiin(0) with
respect to 0 is continuous.
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Assumption 1 is a standard assumption for tracking con-
trol of flexible-joint manipulators, Assumption 2 is used to
guarantee |7| < 74 when 6(t) = 6,4(t), and Assumption 3
is necessary for not damaging the experimental mechanism.
Assumption 4 holds for most CDMs. fi;, () is smooth in
the ideal case when f;,(6) = % (2ndsin §).

III. THE HIERARCHICAL ADAPTIVE CONTROLLER WITH

CONFIGURABLE JOINT TORQUE CONSTRAINTS

A. Review of Anti-windup Adaptive Tracking Control for
Manipulators

The controller proposed in [14] could be applied to the
dynamic model (3) if 7 is the constrained controller input:

J(6) + (Bo + O, 9)) 64 96) =o(rr). (6

where 7R is the joint control input, and o(7g) is the
saturation function of control input which is defined as

TR if TR € [—Tm, Tm]
o (TR) = { Tm if TR € (T , +00) (@)
—Tm TR € (00, —Tm).

The saturation function limits joint torque to the user spec-
ified bound =+7,,. The adaptive anti-windup controller is
designed to achieve tracking of joint trajectories for (6) with
input saturation. The controller has the following form

7= = A0 — BO+Y (04,0a,00,0a) P @®)

where A and B are positive constants, p is the estimation of
unknown dynamic parameters p, and Y is a matrix excluding

unknown dynamic parameters such that YV (9,9,6",9?19 is

equal to the left-hand side of (6). The expression of Y is
shown in Appendix. The updating law for p is

. 1 [t N A B
p=-—P Y (04,04,04,04 (y1 + ayg) dt,
0

ﬂlzé if éip(TR)ZO

g1=0 if 04 (tr) < 0 ®)
1?2:5(5) if s(0)vy(rr)>0

g2 =0 if s(60)v(rr) <0

where (7r) = Tr — o(7r), s(.) is a smooth saturation
function, and « is a positive constant. Note that the updating
law of p has four different cases in total. The switching rule
is particularly useful to guarantee the tracking performance
under input saturation. Next, we state remark 1 of the main
theorem of [14] and omit the assumptions and the proof for
brevity.

Corollary of the main theorem [14]. If the assumptions in
[14] hold, with the anti-windup adaptive controller (8) and
(9), the tracking error 0 of the closed-loop system would
globally asymptotically converge to zero.

B. Design and Stability of The Proposed Controller

The proposed controller incorporates the idea of the adap-
tive anti-windup controller in [14] and the decoupling control
for flexible-joint manipulator in [3]. By (2) and (3), the
dynamic model when cable is not slack could be rewritten
as

J(0)0 + (BO + o, 9)) 6+ g(8) = (—l) (2kI)  (10a)

Jpd=u—p(2kl) . (10b)
The proposed controller is
u = p(2kl) — K1§ — KoG + J,da (11)
where ¢ = g — ¢4 and
1 o (Tr)
= | —= in (0) . 12
4= (2k(8gl)> + frin (6) (12)

Tg is same as in (8) and (9). The saturation function o(.) in
(7) is used. Substitute ¢ in (1) with ¢ + ¢4 and 7 in (10a)
becomes

T = (—0pl) (2kl) = 0 (Tr) + (=0pl) 2kpg  (13)

The second term of 7 could be considered as disturbance
and 7 would converge to o(7g) if ¢ converges to 0. We refer
to controller (11) as cable-loop controller since it essentially
controls the deformation of the cable to produce desired joint
torque o(7r). We call 7 as joint-loop controller and the
overall hierarchical controller structure is shown in Figure 2.

q - —F,
Cable (9al) (F1— Fy)

- @ | Mechanics (p, — F,)p

9
94,4a;Ga

Elbow 0
>
Mechanism =

Cable-loop controller

u=2klp-KG-K,g+J g, <

Computation of 94,9a4a

. T
Tem e MO BV (8000,0,0,) 5 o0] q,:i[ o(z,) ]M )
p:—zﬂ/’y(e,,.é,,,éd,én)T(@+aya)dt F P 2k(=0/)

Fig. 2: The control diagram of the proposed controller.

Joint-loop controller o(7,)

| —

1

The closed-loop system could be obtained by substituting
controller (11) into (10b):

JO+ (By+C)0+ g =0 (1r) + (—8pl) (2kpq)
g+ Kaf+ KiGg=0.

(14a)
(14b)

Motor error dynamics in (14b) is decoupled from the joint
error dynamics and it is an exponentially stable system when
K1, Ky > 0 and ¢4, g are continuous. If § — 0, 7 — o(7R)
and the stability of 0 is already discussed in the corollary of
II-A if 7 = o(7Rr). However, ¢4, 4 may not exist sometimes
since o(7R) is not differentiable at T = +7,. Therefore, it

is not trivial to prove ¢ — 0.
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By Assumption 1 and 4, ¢4,Gq are continuous if and
only if 6(7r),0(7R) are continuous. The only case when

c(Tr),d(Tr) do not exist is when the proposed controller
switches between ¢ (7r) # 0 and ¢(7r) = 0. The argument
is analyzed in the following. When ¢ (7g) =0, o(Tr) = TR
and 6(7R), 5 (TR) are continuous by (9), Assumption 1, and
4. When ¢(tg) # 0, o(Tr) = T, or —7,, always holds
no matter how (9) switches. Thus, ¢(rg) = 0 in this
case. If switching between ¢(7g) = 0 and ¥(7g) # 0
happens, ¢(7r) and &(7r) do not exist because o(7p) is not
differentiable at 7r = =£7,,,. For simplicity of notation, we
define ¢4, g4 to be zero each time such switching happens.

A simple case to prove ¢ — 0 is when (1) = 0 always
holds after a finite period as shown by the blue signal of
Figure 3. This is possible in practice when Assumption 2
holds. From the previous analysis, ¢4,{q are continuous
when 9 (7g) = 0. By choosing K7, K2 > 0 in the cable-loop
controller (11), ¢ would be asymptotically stable.

TR‘A
T |\

Y (r)>0
d)(TR) =0

S — >
i3 'ty ts ts t
o -

P(Tr)<0

—Tm

0 holds after finite

r) 7# 0.

Fig. 3: Two examples of 7r. Blue: 1(7r) =
time. Red: 7r switches between 1 (7r) = 0, (7.

In general, ¢)(7r) = 0 may not always hold after finite
time as shown by the red signal of Figure 3. Nonetheless,
the boundness of 6 could be analyzed if the following
assumption is made.

Assumption 5. For the closed-loop system (14), the joint-
loop controller is free of Zeno behavior when switching
between (1) = 0 and ¥(1R) # 0.

The assumption is much weaker than requiring ¢ (7z) = 0
after finite time. If the above assumption holds, infinitely fast
switching would not happen and there exists a minimum
dwell time between every two consecutive discontinuities of
dd,qq. If we could design K1, K> in the motor controller to
increase its bandwidth such that ¢ converges to a sufficiently
small value within the minimum dwell time. Therefore, the
disturbance of 7 in (13) could diminish between every two
switchings by of ¥ (rg) = 0 and ¢(7r) # 0. For t € [0,T]
where T' > 0 could be chosen arbitrarily, there are finite
switchings and the L5 norm of the disturbance of 7 could
be bounded by a small value. By the finite-gain £, stability
proved in [14], the £5 norm of 6 for t € [0,77] is also
bounded by a small value. Since 9 is bounded by (14a) and
64 is bounded by Assumption 2, 6 is also bounded. 6 could
therefore be bounded by a small value when its L2 norm is
bounded for ¢ € [0, 7.

C. Implementation of the Proposed Controller

To implement the control law (11), it is necessary to
compute ¢4 and §g, it is mentioned in [3] that ¢, and Gy could

be computed analytically without higher-order derivatives of
0, 0, q, . However, the computation is tedious and requires
actual dynamics parameters of (3). To resolve this issue,
the following third-order sliding mode differentiator [15] is
applied to estimate ¢g, ggq.

zZ0 = —XgL% |Zo — (t)
731 = —:\QL% |Zo — (t)
s = —ML7 |20 — f(t)
23 = —AoLsign (20 — f (t))

where f (t ) is the input signal, L is the Lipschitz constant
of fW(t | fO | < L holds. According to the
theorem in [15] there exist \; (z = 0,1,2,3) such that
the differentiator can achieve z;(t) — f()(¢) in finite time.
By setting f(t) = g4, we could obtain z; — g and
2o — §q. Since the sliding mode differentiator is third-order,
the estimated ¢4, G4 are both continuous.

One challenge of implementing the proposed controller is
to keep |7| < Tin. In (14a), 7 is controlled in an open-loop
manner since only 6, 9, q, ¢ are available for the controller
and no joint torque or cable tension information are used.
The cable-loop controller (11) could achieve 7 — o(7R)
only when ¢ — 0 and [ could be accurately estimated by
(1). However, for real CDMs, it is tedious to model accurate
frin(0) analytically since the cable routing is not the same as
the ideal case illustrated in Figure 1. Instead, only nominal
frin and Dyl are available for controller implementation.
Thus, g4 in (12) is modified as

1 o (TRr) —
dd = P <2]{,‘ (—&d)) +fk1,n (0)

By (1), (16), substitute ¢q in (1) with ¢ + g4 and 7 in (10a)
now becomes

_ (o) B
@)™
Both fii, and 9yl would cause extra disturbance on 7. In

practice, 7 is not sensitive to the error between @vhen we
use the ideal configuration in Figure 1 to derive Jpl:

sign (20 — f (1)) + 21
sign (20 — f (1)) + 22
sign (z0 — f (t)) + 23

B W

15)

=

(16)

(901) 2kp (frin (0) = frin (0) +4) . (17)

Oyl = —ndcosg. (18)

The second term in (17) is a part of disturbance on 7. Since
|0p| is high due to the tension amplification design of LIMS
elbow mechanism, the disturbance of 7 would be exacerbated
by error of fi;,. To address this issue, a heuristic procedure
is designed to improve the accuracy of fi;,.

We perform two slow joint motion tests on the LIMS
elbow CDM under varying load conditions: 1) no load is
equipped; 2) a known load is equipped. By sending the
motor a low-speed motion command, two sets of data of
(¢m, 0) could be obtained, where g¢,, is the motor raw
position feedback in a coordinate with an unknown offset
compared with ¢. As 6 strictly increases with ¢,,, two
different continuous mappings g¢,,; = 1; (0), i = 1,2 could
be obtained by linear interpolation. ¢ is the subscript for the
two tests. Since fg;,(0) is defined such that | = 0 always
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holds, i.e., 7 = 0, it is necessary to estimate a mapping
gmo = mno(f) when I = 0 and 7 = 0. Thus, the effect
of g(6) should be compensated. 9,7(6) could be estimated
by 9,7 (0) = %, where 71(0) and 75(0) are
joint torque for the two tests. 75 — 7 could be calculated
by the known load’s mass and the elbow link’s geometric
parameters. Next, by the nominal elbow link’s dynamics
parameter, we could get g(6). 70(#) could then be obtained
by 10 (0) = n1 (6) — (g7 (0)) " g (6). Finally, since q = 0
when 0 = 0, fy, is defined as fiin (6) = 1o (0) — 10 (0).
Filtering could be applied to improve smoothness of fi,
which may help improve performance of motion control.

The zero position of fi;, may be calibrated to further
reduce its constant offset error. For the proposed controller
with 64(t) = 0 and bounded 7,,, since 7 is limited after
o(Tr) is saturated, it is not sufficient to maintain 64(¢) = 0
when external torque reaches a certain level. We first apply
enough force on the elbow link to move it slightly away from
6 = 0 in one direction and then maintain it in static state for a
while. Next, the same procedure is repeated for the opposite
joint direction. By comparing |u| when the link is stopped,
the offset for f;, could be adjusted and the procedure could
be repeated until |u| are the same for both directions. The
idea of the test is that |7| should be the same for o () = 7,
and o(7g) = —7, when ¢ = 0. Since range of ¢ is small
during the motion, 9yl is almost constant. By (10), |u| of the
two cases should also be the same when the system is static.

To improve the robustness of the constraint |7| < 7,,, a
nominal % could also be introduced in (16):

1 o (TRr) S
qd p<2k(—8gl)>+fk (9) (19)
In this way, the joint torque in (17) becomes
- gg%;a(rg) — (9l) 2kp (Frin () — frin (0) +3) . (20)

In practice, error of fy;, and § could become disturbance
for 7, which makes it more difficult to keep |7| < 7. A
simple strategy to improve its robustness is to use a larger
k than cable’s actual stiffness k. As a result, the first term
in (20) could be bounded by +7,,, and the constraint |7| <
Tm would be more robust. On the other hand, increasing
k may degrade the motion control performance. When the
second term of (20) is zero, 7 ~ kk™'o (7g) if we ignore
the disturbance caused by 0Jyl. In this way, 6 would still
converge to 0 when the right-hand side of (6) is replaced
with kk'o (7r) thanks to the adaptive design of 7 in (8).
However, Assumption 2 should be modified such that |7,4| <
kkL7,,, which is more stringent than |74| < 7,,,. Therefore,
there is a tradeoff between the robustness of the constraint
|7| < 7, and motion control performance when designing
k.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The proposed controller is implemented in the real hard-
ware to evaluate its capabilities in both joint tracking and

constraining joint torque. We use a Maxon RE35 brushed
motor with 21:1 gear reducer, and an Elmo Golden Solo
Twitter as the drive for the motor. A JinGang MPT encoder
with 24-bit resolution per cycle is installed on the joint
to obtain position feedback and two Simba Touch tension
sensors with 0.01N resolution are equipped to measure the
cable tensions. The tension data is not used in the controller
and is only used for experimental analysis. A C++ program is
implemented in one computer with Ubuntu system to run the
joint loop controller and update g;. A ZLG EtherCATNET
Ethercat master with Ims cycle time is used to run cable-
loop controller and also enables low-latency communication
between the computer and Elmo drive. The sample rate of
joint loop implemented in the computer is about 1000Hz.
Cyclic synchronous position mode with position, velocity
and torque offset inputs is implemented in the Elmo drive
with 10kHz sample rate. The assembled elbow mechanism
similar to LIMS [2] is shown in Figure 4. F}, is adjusted
for the two cables such that F; = 18N and Fy, = 30N
when 6 = 0. The cable stiffness k& is around 30 N/mm .
By observing cable slack deformation and analyzing cable
tensions data, we set Fy = 10N. Kinematics and dynamics
parameters of the mechanism are shown in Appendix.

Fig. 4: The Elbow Mechanism for experiments with 1.5kg Load.

We design five experiments to verify the effectiveness of
the proposed controller:

1) Joint tracking with different loads.

2) Joint tracking of small-amplitude but fast trajectories.

3) Step trajectory response.

4) Compliant motion.

5) Stop the joint motion by a fixed small wooden stick.

Experiments 1) and 2) mainly aim to verify the joint track-
ing performance of the proposed controller. The controller
is expected to demonstrate good performance under varying
load and speed conditions thanks to the adaptive design in
joint-loop controller. Experiments 3)-5) focus on evaluating
the effect of the safety joint torque constraint. In Experiment
3), 8, is designed as step-type to show whether the torque
constraint is satisfied during fast and abrupt movements. In
Experiment 4), we drag the elbow link to test its motion com-
pliance with the proposed controller and assess if the torque
constraint remains valid under external torque disturbances.
Finally, in Experiment 5), a fixed wooden stick is used as an
obstacle to test if the elbow link could be stopped to satisfy
the torque constraint.

Two other baseline controllers are used in comparison with
the proposed controller: (8), (9), (11), and (19). The first one
is a PID controller which also has a joint loop and cable loop
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like Figure 2. The joint-loop controller is

. t

TPID (t):—er—KdH—Ki/ 9(7’)6[7’ (21)
0

The cable-loop controller is (11) without the compensation

term p(2kl):

uprp = —K14 — Koq + J,da. (22)

The calculation of gz for PID controller is similar to (19)
except o(7R) is replaced by Tprp.

The other is a kinematics controller which does not
have a joint loop and ignores the flexibility of actuator-to-
joint transmission. The controller is same as (22) but qq is
calculated by

Qd:m(gd)'

The control parameters for the proposed controller are
tuned empirically as follows : A = 766.6, B = 9.43,
a = 100, k = 46 N/mm, P = diag(0.94,2.35,47.18), K,
= 2133, Ky = 1.06, J, = 1.5 x 107*kg.m?. 7, is to be
specified for different experiments. The initial value of p
for the joint-loop controller could be calculated based on
nominal parameters shown in the appendix, and they differ
significantly from true dynamic parameters of the system.
The parameters for the third-order sliding mode differentiator
are: L = 5x10%, Ao to A5 are 1.1, 3.06, 4.16, 3, respectively.
Additionally, ¢4 is filtered using a low-pass filter with time
constant 25ms. For PID controller, K, = 943.59, Kgq =
11.79, K; = 1179.50. These parameters are tuned to balance
tracking accuracy and motion smoothness. K; and K, third-
order differentiator and low-pass filter parameters are same
as the proposed controller for both PID and kinematics
controllers.

In Experiment 1), the desired joint trajectory is 6; =
5+ 3% (1 — cos 71%) The initial position is p = 75 and
the total motion time is 18 seconds. The load conditions
are no load, 0.7kg, and 1.5kg. 7,,, = 13.8Nm is set for the
proposed controller and the saturation of o(7g) does not
happen throughout the experiment. As shown in Table I,
the proposed controller has the lowest mean absolute error
(MAE) for all load conditions compared with other two
controllers. PID controller has lower MAE compared to
kinematics controller because the joint loop is more robust
to cable deformation caused by various loads.

(23)

TABLE I: MAE (degree) of 0 for Experiment 1).

Controller Okg 0.7kg  1.5kg
Proposed 0.010 0.012  0.015
PID 0.033  0.038  0.047
Kinematics 0.094 0.120  0.238

In Experiment 2), a 0.7kg load is always attached to the

link’s end. 05 = 55 — 35 sin(wt) and three tests with w
= 2n/s, 3n/s, and 4x/s for three controllers are conducted.
Tm = 13.8Nm is set for the proposed controller in this

experiment. The tracking error is shown in Figure 5. Results

3
time (s)

0 L L L L )
0 1 2 3 4 5 6

proposed controller
PID controller
kinematics controller

time,(s)
(c)

Fig. 5: 6 of Experiment 2). (a) w = 27/s. (b) w = 3x/s. (c)
w = 4m/s.

proposed controller
PID controller

tilzlé‘)(s)

: o(7r) and 7p;p for Experiment 2). Purple dashed
line: —7,,. (a) w = 27/s. (b) w = 3n/s. (¢) w = 4x/s.

of joint loop controller 7 and 7p;p are shown in Figure 6.
MAE results are shown in Table II. Ranges of 7 are as
Table III. The joint torque is calculated using cable tensions’
data by 7 = —(0gl)(Fy — F»). By the tracking error result,
the proposed controller has the lowest MAE for w = 27/s
and 37n/s. However, for w = 4n/s, MAE of the proposed
controller is slightly higher than the PID controller. This is
because 6 is higher from ¢ = Os to 1.8s for the proposed
controller as shown in Figure 5(c). During this period in Fig-
ure 6(c), Tr reaches the bound —7,,, and becomes saturated
several times, which limits the joint torque and joint speed.
Therefore, there is a tradeoff between improving tracking
accuracy and constraining joint torque. From ¢ = 1.8s to 6s,
6 for the three controllers are approximately periodic and
our controller still has lower MAE 0.120 degree compared
with 0.194 degree of PID controller. Moreover, 7 of the
proposed controller does not go lower than -3.57Nm for
all three tests. 7 of the other two controllers reach more
negative values compared with the proposed controller when
w = 37/s and 47 /s. The minimal cable tensions for the two
controllers are below Fy = 10N and around 9N when w =
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TABLE II: MAE (degree) of 6 for Experiment 2).

Controller w =27/s w=37/s w=4n/s w = d4dnu/s
(t=1.8 to 6s)

Proposed 0.055 0.110 0.270 0.112

PID 0.185 0.221 0.234 0.194

Kinematics  0.168 0.230 0.300 0.273

TABLE III: Range of 7 (Nm) for Experiment 2).

Controller w = 27/s w = 3m/s w = 4m/s

Proposed [-3.42,-2.47]  [-3.49, -2.08] [-3.57, -0.18]
PID [-3.40, -2.52]  [-3.93, -2.09] [-4.65, -0.93]
Kinematics [-3.44, -2.31] [-3.99, -1.84] [-4.58, -0.75]

47 /s, while the proposed controller’s is 10.65N for all three
tests. This illustrates the proposed controller’s advantage in
limiting joint torque and alleviating cable slack phenomenon.
In Experiment 3), the elbow link is equipped with a 0.7kg
load and 7,,, = 13.8Nm for the proposed controller. 8, is
step-type and each time the joint is commanded to move
2 degrees. As shown in Figure 7, 6 has less overshoot and
range of 7 is smaller for the proposed controller. In Figure 8a,
o(Tr) is also saturated as expected each time the joint moves
rapidly to limit 7. The minimal cable tension is 11.08N for
the proposed controller, and below [y = 10N around 9.08N
for PID controller. This again highlights the capability of the
proposed controller in mitigating cable slack phenomenon.

6 — - -0y proposed controller 2

5 0
® g
<4 2
£ i <

PID controller
0 5 10 15 0 5 10 15

time (s) time (s)

(@ (b)
Fig. 7: Data of 6 and 7 for Experiment 3). (a) Tracking
performance comparison. (b) 7 comparison.

proposed controller
PID controller

7 (N.m)
5 ol

proposed controller
PID controller 1.5

0 5 10 15 0 5 10
time (s) time (s)

(a) (b)

Fig. 8: (a) o(7r) and 7p;p for Experiment 3). Purple dashed
line: +7,, (b) ¢ for Experiment 4) when 7,, = 3Nm.

In Experiment 4), we set §; = 0 and conduct compliant
motion tests for the proposed controller with 7,,, = 3Nm,

5Nm, and 7Nm to see if |7| < 7, could be maintained.
Results of 0,0, and 7 are shown in Figure 9 and Figure 8b.
We set 6(0) = 0 and 6,4(¢t) = 0. The elbow link’s end is
dragged to move accordingly. As shown in Figure 9, the joint
moves away from 6, = 0 in both directions. This is because
when o(7g) is saturated, 7 is limited by £7,, and it is not
sufficient to counter the external torque. In Figure 9, 7 when
Tm = SNm and 7Nm is always within the bounds. But when
Tm = 3Nm, 7 sometimes goes slightly out of bounds . This
could be explained by the limited motor position bandwidth
as shown in Figure 8b, where the max magnitude of ¢ is
about 1 degree. It would lead to disturbance about 1.8Nm in
7 by (14a), which increases the difficulty of keeping |7| <
T When 7,,, is low. Thanks to the design of k& > k in (19),
7 does not exceed the constraint when 7,,, = SNm and 7Nm
in the presence of torque disturbance caused by q.

. <0Z
. R v RS
20 L h L L L g

0 14
(a,) time (s)

time (s)

Fig. 9: 0 and 7 for Experiment 4). Black dash-dotted line:
0. Blue line: 7. Blue dashed line: +7,,. (a) 7,, = 3Nm. (b)
Tm = oNm. (¢) T,,, = 7TNm.

In Experiment 5), we use a fixed wooden stick cut from
a coffee stirrer to stop the joint motion. We set 0; =
2% — = (1—cos Zt) and 7,, = 5.7Nm. The max force
on the stick’s free could bear before cracking is about 1.2N
to 3N. Two photos are shown as Figure 11. Results of 6
and 7 are shown in Figure 10a. During ¢ = 2-6s and 12-15s,
the link contacts with the wooden stick and the proposed
controller stops joint motion and 7 remains at about -2.1Nm.
For PID controller, the joint keeps moving when contacting
with the stick and 7 quickly goes to -2.5Nm in Figure 10b.
The stick thus breaks as shown in Figure 11b during ¢t =
2-3s. This experiment further illustrates the effectiveness of
our proposed controller in torque constraints satisfaction.

V. CONCLUSION

In this paper, a novel controller is proposed for flexible
LIMS elbow CDM. A dynamic model for LIMS elbow
CDM is introduced at first. It considers cable flexibility and
model the relationship among joint torque, motor and joint
position. Then an anti-windup adaptive controller for tradi-
tional manipulators is briefly reviewed. Next, we propose the
hierarchical adaptive controller with configurable joint torque
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Fig. 10: 0 and 7 for Experiment 5). Black dash-dotted line:
6. Blue line: 7 for the proposed controller. Orange line: 7
for the PID controller.

(@) (b)

Fig. 11: Photos of Experiment 5). (a) Stick stops the elbow
link with the proposed controller. (b) Stick breaks with PID
controller. Blue line: hidden part of the stick.

constraints and briefly analyze its stability. Implementation
details including estimation of derivatives of motor desired
position and calibration of actuator-to-joint kinematics are
discussed in details. Finally, several experiments have been
conducted to validate the effectiveness of the proposed con-
troller in joint tracking, limiting joint torque, and reducing
cable slack.

Future works could focus on extending the controller
design and implementation for CDMs with multiple degrees
of freedom, where inter-joint coupling in cable routing would
pose extra challenges to the estimation of cable deforma-
tion via actuator-to-joint kinematics. Another direction is
to design algorithms to further improve the robustness of
constraining joint torque under limited motor bandwidth
while maintaining motion control performance.

APPENDIX

JO)=J.+m <%h2+82 + hecos %)

C(6,6) = fimhe sin (%) 0

g(0) = —myg (ecos0 + %hsin (%))

where 0, = 0 + 5, m is the total mass of the elbow link,
J. is the constant inertia of the elbow link about the center
of mass, e is the distance between the elbow link’s center of
mass and the center of the circular part, and h is the diameter
of the elbow link’s circular part.

Y (6, 9, 9, é) and p in (8) are formulated as the following:

Y (0,0,0,0) =
[hcos%"é—ihsin%"ég—gcosa ihQé—%ghsin%" 9}
p:[me m me2+Jc}T.

For the experimental mechanism, the parameters are: d =
3lmm, h = 80mm, n =4, p =17mm, e = 94mm, J, =
0.01kg.m?, m = 1.07kg. The distance from the elbow link’s
end surface to the center of its rolling circular part is 244mm.
Nominal dynamics parameters are .J, = 0.lkg.m? € =
100mm, and m = 0.4kg.
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