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Abstract A self-tuning controller is proposed for an
articulated robot using the Plestan’s method. To this
end, we reconstruct the articulated robot dynamics ex-
ploiting the time-delay estimation (TDE) technique.
The closed-loop error dynamics is described with slid-
ing variables and TDE error; then, the Plestan’s sliding
mode based gain-adaptation law is incorporated with
the TDE technique. The stability of the overall dynam-
ics is proven in the sense of Lyapunov. As a result,
self-tuning of the gain is realized through the sliding
variable. When the TDE error increases due to the non-
linear effect such as friction, the adaptive gain is auto-
matically adjusted to counteract the TDE error. Chat-
tering can be avoided because the sliding mode based
gain dynamics does not allow the gain increase to an
excessively high value. The superiority of the proposed
self-tuning controller is demonstrated by comparative
experiments on a multiple joints robot setup.
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1 Introduction

Attaining stable yet highly precise control of robots
is of difficulty due to model uncertainties, nonlinear-
ities, coupling dynamics effects, and unknown distur-
bances. Generally, exact robot dynamic model and its
parameter identification are the prerequisites to obtain
highly accurate tracking performance even in modern
control theories. For example, calculations of the non-
linear terms of the robot dynamics equations are re-
quired for computed torque control [20], H, switched
adaptive control [23], and sliding mode control [6]. How-
ever, as robots are often designed with multiple degrees-
of-freedom joints to dexterously execute required tasks,
its dynamic identification process becomes entangled
and laborious. In addition, identification of joint fric-
tion forces is challenging, because the friction forces are
time-varying with hysteretic behaviors; indeed, imple-
mentation of these model-based controllers are highly
complicated due to the calculation of the robot dynam-
ics equations.

It is worth to notice that time-delay control (TDC)
[8, 9,29, 30] offers a robust, yet simple and efficient
scheme without using the robot dynamics model. The
TDC has shown extraordinary performance for robots
with dynamic uncertainties and substantial parameter
variations [11, 14, 16], overcoming the aforementioned
constraints of dynamic model-based controllers. The
TDC is a control technique that uses time-delay esti-
mation (TDE) to cancel the system uncertainties and
injects the desired error dynamics into the target plant.
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Owing to the simplicity of the structure and robust-
ness against uncertainties, the TDC also facilitates the
implementation and maintenance of diverse control sys-
tems. Numerical efficiency of the TDE makes the TDC
suitable for various real-time control applications and
devices: robot manipulators [1,2,11,12,14,16], a medi-
cal device [18], a shape memory alloy actuator [13], fuel
cell systems [15, 28], aerial vehicles [19], cable-driven
manipulators [24-27] and chaotic systems [10].

Many TDE-based control methods [1,2,10-16, 18,
19, 24-28] employ a constant gain matrix, whose el-
ements are to be tuned by a trial-and-error method.
Lately, it has been reported that the usage of con-
stant gain values all the time is not good for the con-
trol performance and even causes instability, when the
system parameters are substantially changing [4,5]. To
elaborate, the aforementioned control designs based on
TDC use a constant diagonal gain matrix, M, which
is physically associated with the inertia matrix of an
articulated robot system with the multiple joints, M.
Note that although this gain matrix considerably affects
overall control performance and stability, it is manually
and heuristically tuned for each joints. Hence, TDC has
been rightly questioned whether the constant gain can
guarantee the best performance spanning dynamic situ-
ations of the robot. More specifically, its inertial param-
eters can significantly vary when the joint configuration
is changed during the operation, and uncertain external
disturbances can also be applied to the end-effector; it
is then required that the gain matrix M spontaneously
adapts to new situations.

To provide a gain self-tuning algorithm for TDC, the
authors in [4] slightly modifies the Nussbaum gain tech-
nique and uses it together with TDC for a single-input-
single-output (SISO) system. However, this technique is
not directly implementable into practical systems since
it is vulnerable for noises. Moreover, this technique for
TDC [4] introduces a number of control design param-
eters, and the overall performance is heavily dependent
on chosen values of the parameters. Consequently, re-
alization of the modified Nussbaum gain method is not
easy due to its complexity and noise sensitivity.

In this paper, we present a self-tuning algorithm for
the gain of TDC that is computer implementable, low-
complexity, and free of noise sensitivity problems. To
this end, we reconstruct the conventional TDC formu-
lation using a sliding variable and the TDE, and a self
gain-adaptation law inspired by the Plestan’s method
[21] is exploited. This combination of the sliding-mode-
based TDC and adaptive gain dynamics promotes a
new formulation of self-tuning TDC (ST-TDC). Inci-
dentally, the difference between the proposed method
and Plestan’s method lies in the fact that the proposed

controller includes the TDE part to compensate uncer-
tain dynamics and disturbances. Stability analysis of
the overall dynamics, including the proposed gain dy-
namics and the modified TDC, is proven. As a conse-
quence, the gain of the TDC is automatically adjusted
to accomplish the desired error dynamics described by
sliding mode. When the TDE error increases at the
point a velocity reversal occurs due to the nonlinear
friction, the adaptive gain is automatically increased to
counteract the TDE error. The proposed method pre-
vent a too-high value of the gain; thus, chattering prob-
lem is avoided. The efficacy of the proposed control is
confirmed by a highly accurate tracking performance
through experiments with an articulated robot.

The rest of the paper is organized as follows: Sec-
tion 2 gives a concise review of TDC and the TDE tech-
nique. Section 3 proposes a self-tuning method of TDC
using a sliding mode based gain dynamics, and shows
overall stability analysis of the proposed method, which
includes both the sliding mode based TDC and the slid-
ing mode based gain dynamics. In Section 4, the pro-
posed method is verified by experimental results. Fi-
nally, Section 5 concludes the paper.

2 Review of TDC and the TDE technique

The dynamics equation of a n-degrees-of-freedom (DoF's)
articulated robot is expressed as follows:

T =M(q)d + B(q,q)q + g(q) + f(q,q) +d, (1)

where 7 € R™ denotes the vector of joint torque, M(q) €
R™*™ represents the inertia matrix of the robot, q,q,
and q € R™ are vectors of the joint angular position,
velocity and acceleration, respectively, B(q, q) € R™*"
is the Coriolis/centripetal matrix, g(q) € R™ is the
gravity torque vector, f(q,q) € R” is the friction force
vector, and d € R" is the disturbance torque vector.

In TDE technique [8,9,29], a positive diagonal gain
matrix, M = diag[my, -+ ,m,] € R"*", is firstly em-
ployed to re-express (1) as follows:

Mg+ ¥(q,q,q) =T, (2)

where

P(a,q,d) = [M(q) - M]d + B(q,q)q + g(a)
+f(q,q) +d. (3)

The objective of control is to drive the joint angular
position of the robot q to track the desired trajectory
qq- The reference dynamics is thus set as

é+K,ée+Ky,e=0, (4)
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where e = qq — q, while K, and K, are derivative
and proportional gain matrices, respectively. The con-
trol input toque is designed as

T =Mv +¥(q,4q,q), (5)

v=qs+Kvée+Kge, (6)

where 1T)(q7 q, q) represents the estimation of P(q, q, q).
Here, the TDE technique is introduced to estimate

the nonlinear control term 1T)(q, q,q) as follows:

~

ﬂ)(q, q7 q) = ll)(q7 q7 q) (t—L)>» (7)

where ¢(;_ry denotes the time-delayed value of o(;), and

L in the subscription denotes the time delay which is

sufficiently small for the estimation. Hereinafter, (q, q, §)
of the function is omitted for brevity of expression.

Then, one can obtain the estimation of P using (2)

as follows:

V(1) =Te—1) — M4u—1), (8)

where the acceleration signal is computed by the nu-
merical differentiation as qi—z) = {q) — 2q¢—r) +
d(i—2r)}/L? as a single angle measurement, i.e., en-
coder, is considered in practice. Thus, with the combi-
nation of (5)-(8), the TDC law for the articulated robot
is expressed as follows [9]:

T = M(qd + K,é+ er) + [T(t—L) — Méj(t_L)]. (9)

Note that the gain M of TDC is to be well-tuned since
it is dominant for the control performance and stabil-
ity, while it is also physically interconnected with the
system’s inertia matrix. Therefore, the constant gain
cannot render the best performance when the robot
system undergoes variations of inertial properties such
as payload and configuration changes, which are often
encountered in practical operation scenarios.

3 Self-tuning Control Using the Plestan’s
Method

3.1 Modification of TDC Employing Sliding Mode
Concept

To devise an self-tuning algorithm for the gain of TDC,
in this paper, the Hsia’s original formulation of the
TDC [9] is slightly modified to apply a sliding-mode
control concept.

A sliding variable for the n-joint articulated robot
is defined as

s=¢é+Xe €R" (10)

where A 2 diag[A1,- -+, \,] € R"*" is a design matrix
governing the sliding surface slope. Then, with §4+As =
0, one can obtain

é+2xé+ Ne=0. (11)
The TDC law shown in (9) becomes
T =M(da +2Xé + N%e) + [7(_1) — Mag_p)], (12)

with K, = 2\ and K, = A?. Note that the slid-
ing dynamics (11), governed by A, forces the closed-
loop error quickly converged to zero without oscillation,
i.e., critically-damped response [3,9,11,17]. Compared
with the conventional formulation (9), the sliding mode
based formulation (12) explicitly uses s, which can be
regarded as the performance measure of the tracking
performance.

Applying the control input (12) and (8) to the robot
dynamics (2) yields the closed-loop system dynamics,
given by

M(& +2Xé + X%e) = — ;. (13)

Using (10) and (11), the closed-loop error dynamics
(13) is re-expressed as follows:

M($+As) =¥ — g

If 1 is assumed to be identical to P _ry, the closed-
loop equation (11) is equal to the desired error dynam-
ics. Whereas, nonlinear effects generally induce 1V #
Y1) The TDE error € is thus defined as

(14)

A
e=VY -V, .

The sufficient stability condition for TDC is well-
established by Yocef-Toumi [30] and Hsia [7], indepen-
dently:

(15)

[T-M~'M| < 1. (16)

When the closed loop system is stable under the sta-
bility criterion (16), the TDE error is bounded since
P consists of continuous system dynamics terms and
bounded discontinuous ones [7,14].

From (14), (15), the closed loop system dynamics
with the modified TDC (12) becomes

s+As=M ‘e (17)

The TDE error (15) is close to zero in most of the
time, but it exhibits a pulse-type signal at velocity re-
versal because of the Coulomb friction [14]. If M is too
small, the size of the tracking error increases because
the magnitude of the sliding variable s becomes large.
However, too large M is not preferred either, because
noisy performance or chattering can be invoked by the
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excessively large value of M [11,14]. Therefore, tuning
of M has been regarded as a compromise problem be-
tween the TDE error and the noise effect. Generally, M
of the TDC is constant and tuned heuristically in many
conventional researches. An self-tuning algorithm is re-
quested to obtain robust tracking performances within
guaranteed accuracy, yet without control input chatter-
ing.

3.2 Self-tuning Algorithm for TDC

Different from conventional researches [7,9,29], in this
paper, M is not a constant matrix. With the proposed
modified formulation of the TDC (12), we propose the
self-tuning method for TDC using the adaptive law,
motivated from Plestan’s method [21], as follows:

T = {’@'i |si| sgn(|si| — 0;) , if ;>0 a8)

o Jif my <o

where m; denotes the i-th element of the diagonal gain
M, and 77; denotes its time derivative, while x;>0 is
the i-th diagonal element of an adaptation gain ma-
trix k £ diag[ky, -+, kn] € R™*?, {sgn(s)}; = sgn(s;),
d; > 0, and o > 0 is a small constant number. The
block diagram of the proposed algorithm is illustrated
in Fig. 1 and its implementation process can be sum-
marised as the flow chart in Fig. 2.

The Plestan’s method was originally proposed for
SISO system [21], and it cannot be directly applied to
control of the articulated robot with multiple joints,
which is a multi-input-multi-output (MIMO) system,
due to the complexity of the robot dynamics. This pa-
per develops an adaptive sliding-mode-based TDC for
the robot, i.e., the MIMO system. Another difference
between the proposed method and Plestan’s method
lies in the fact that the proposed algorithm is incorpo-
rated with the TDE technique. Thanks to the TDE el-
ement, the proposed scheme (12), (18) does not require
to calculate robot dynamics equations such as Corio-
lis/centripetal forces, frictions, and the gravity terms.

As shown in Fig. 1, the proposed method consist of
the TDE block, the sliding mode block, and the gain
dynamics block. Therefore, it is required to prove the
stability of the overall closed loop system controlled by
the modified TDC (12) and the gain dynamics (18) and
(10). The stability analysis also offers an intuition to
set gains of the proposed ST-TDC algorithm shown in
Fig. 2

s+ 2Xs + A?

self-tuning gain

q_

Time-delay estimation

+ 34 € |adaptive M dynamics

(T)—> (10),(18)
q

Fig. 1 The block diagram of the proposed self-tuning TDC
algorithm.

ST-TDC Set L value
start (sampling period)

Determine
(sliding-mode dyn.)

Set ¢ to asmall value
(minimum of m)

Set an initial My

Setthegain & +—— Setthegaink +—— =
(My20)

Tvgs fro

gain response is
too noisy or
too sensitive?

NO___error convergence _YES
— end
is fast enough?

Fig. 2 The flow chart of the implementation process for ST-
TDC algorithm.

3.3 Stability Analysis

First, suppose |s;| > 6;. M is monotonically increasing
according to (18). Considered Lyapunov function as

V=05s"s+05)  (m; —m;)% (19)
i=1

where ™7 is the i-th element of a positive diagonal ma-

trix M presumed to be existed in the range of M. The

time derivative of V' is given as

VvV =sT s—&—Z(mZ ) m;

)\s + M 15) (20)

(-
§ (72, = 71 s s3] = )

and this yields

V= 3 (st s e + (i = |
< 3 Al o+ [sul ]+ (- ).
1)

The time derivative of V' is negative, if m; *|e;| + (7; —
m;)k; < 0. Referring the inequality condition az™t +
bx > 2v/ab holds if z > 0 and a,b > 0, one can find the
lower bound of the gain M as

my > 2 n;1|gi| éme. (22)
This infers that |s;| can be increased, if 7;;—¢) < m;©
However, note that m; is increasing so that it has to
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become larger than m;° in a certain time; thus, there
exists a finite time such that the gain M is sufficiently
large to make the sliding variable |s;| decreasing accord-
ing to the closed-loop dynamics (17).

In order to obtain the upper bound of the gain M,
consider Lyapunov function as V = 0.5sTs. V is given
as V = sTs = sT(M_ls — As). One then can obtain
V < 0 under the condition |s;| > |e;]| A7) 1. Since |&;]
is bounded as addressed in (15), the ultimate bound of
;| is |ei||[\imf| 1. That is,
I e
m; < |eil|Xidi| T =W (23)
Apparently, it follows that |s;| < §; in a finite time after
m; reaches to a maximum value. The inequality m? >
m; has to be satisfied; thus, when selecting gains, the
condition r; > 4|\;6;|*|e;] " should be satisfied.

Second, suppose |s;| < ;. Equation (18) yields that
M is monotonically decreasing. The Lyapunov function
is taken as follows:

n
V=05s"s+ > |m; —mf|, (24)
i=1

and its time derivative is expressed as
. n .
V =sTs+ 3 mysgn(m; —my)

= Z (7)\185 + simglei) + Z (ﬂz|51|) (25)

i=1 i=1

{=Ailsilllsi] = Ay el + ko)l

IN

Il
-

K2

If |s;| > A1 (7, Mei| + ki), V is negative; this means
that the sliding variable can be bounded in the region
[si| < )\i_lpi, where p; ] m{lm\ + k;. Note that if
the gain M becomes too small to sufficiently compen-
sate the robot dynamics with uncertainties, it leads
the bounded region p; becomes enlarged over ¢§; and
the sliding variable increases. Indeed, once |s;| > d;,
the process restarts from the beginning. Therefore, the
boundedness of the sliding variable |s;| < \; ' p; is guar-
anteed for any 8, which completes the stability analysis
of the overall system. The consistent result of the pro-
cess governed by the adaptive self-tuning gain M can
be physically observed in experimental results shown in
the following section.

4 Experimental Studies

4.1 Settings

The proposed self-tuning TDC (ST-TDC) with the adap-
tive sliding-mode-based gain dynamics is realized and

base

‘ gravity

Joint1 |

Fig. 3 The experimental setup: the articulated robot cCub
is set with a fixed base, where the three pitch joints are con-
trolled while the other joints are immobilized without control
(left); the schematic diagram (right) presents the joint num-
bers, direction of the angles with + signs, and the zero angle
configuration with dashed lines.

desired trajectories
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Fig. 4 The desired position trajectories for three joints cre-
ated by the fifth-order polynomial function.

compared with the well-tuned conventional TDC (9).
The system employed in the experiment is the robot
named ‘cCub’ [22] shown in Fig. 3, where a single leg
has six DoF's with the configuration of pitch-roll-yaw-
pitch-pitch-roll joints from the hip to the foot, thereby
a total of 12-DoFs for the entire robot. In this paper,
the robot is mounted at a stationary base for the ex-
periment, and position controllers are applied to three
pitch joints, i.e., hip (Joint 1), knee (Joint 2) and an-
kle joints (Joint 3), while others are kept to be in zero
angles; hence, six joints of two legs are simultaneously
controlled in experiments, while the only data of the
right one is presented due to the similarity of results in
both legs.
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Fig. 5 The responses of the proposed ST-TDC gains M.

At each joint, the magnetic encoder with a resolu-
tion of 13-bit is mounted before the gear train with a
reduction of 100:1; and the individual joint is equipped
with an embedded micro-controller generating the con-
trol torque. The hard realtime control system is im-
plemented with Simulink Real-Time™, communicat-
ing with micro-controllers in each joint of the robot
through EtherCAT connection with a sampling rate of
1 kHz, i.e., L = 0.001 is set in the controllers.

All of the joints are commanded by the same fifth-
order trajectory as shown in Fig. 4 which is assigned
to periodically move 20 degrees in every 3 seconds.
The same error dynamics € + (2 - 24)é + 24%e = 0 is
used for comparison with the conventional TDC, i.e.,
A = diag[24,24,24]. The constant TDC gain M are
elaborately tuned to achieve the best tracking by trial
and error method and a well-tuned gain is finally found
as M = diag[0.0185,0.0154,0.0154] kgm?. Whereas, pa-
rameters for the proposed self-tuning method of M,
(18), are selected as k = diag[0.2,0.2,0.2], 0 = 0.00005,
and § = [0.015,0.015,0.015]7.

Remark 1 For the initial values of the proposed self-
tuning gain, it is recommended to set nominal values
of M within operating ranges if users has prior knowl-
edge of the inertial parameters. Nevertheless, in this
experiment, it is intentionally set to a very small value
to consider practical situations; the small initial value
mimics such cases when one assign small values due
to the lack of prior knowledge of system parameters, or
when M is suddenly and severely changed, e.g., payload
addition/removal.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
tracking error

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Control input

Nm
OHANVON A

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (sec)

Fig. 6 Transient responses t = 0-0.5s of comparative experi-
ments with conventional TDC (dashed line) and the proposed
ST-TDC (solid line): M, tracking errors, and control inputs
of the joint 1 (those of other joints are omitted since the same
trend is observed.)

s trajectories
0.2 :

0.1 F

Joint 1
o

-0.1
-0.2 - : :

0 6 12 18 24
02 ‘ ‘ ‘

o 0.1 .

£ o

o

= 01F 4
02 ‘ ‘ ‘

0 6 12 18 24

0.2

0.1 J

Joint 3
o

-0.1
-0.2 L L .

time (sec)

Fig. 7 The trajectories of sliding variables s of the proposed
method.

4.2 Results

Figs. 5-8 present the entire experimental results. The
root-mean squared (RMS) values of the tracking errors
are encapsulated in Table 1, where the values in paren-
theses denote those during the initial transient period
of the gain adaption (t=0-0.5s). As shown in Fig. 5,
the proposed ST-TDC gain is quickly increased from 0
to appropriate values within a short time period, when
|s;| > d;. Note that in the transient region ¢ < 0.5s as
seen in Fig. 6 and Table 1, RMS tracking errors of the
proposed control are larger than those of the conven-
tional TDC because the initial values of M for the pro-
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control input (Joint1)
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tracking error (Joint3)

ST-TDC (proposed) —:—-=-- TDC
0 6 12 18 24

control input (Joint3)

\
0 6 12 18 24
time (sec)

(©)

Fig. 8 Comparative experiment results of tracking errors
and control inputs with the conventional TDC (red dash-
dotted line) and the proposed ST-TDC (blue solid line).

posed control are set to be very small (e.g., zero in this
experiment) and the gains are being updated; one can
observe in Fig. 7 that the sliding variable s is increased
as M is too small. Whereas, owing to the adaptation of
M, the proposed control clearly outperforms the TDC

Table 1 RMS tracking errors [t =0.5-24s (0-0.5s) x10—3
deg].

Controller Joint 1 Joint 2 Joint 3

Proposed ST-TDC 0.414 0.522 0.379
(2.522) (2.182) (2.426)

Conventional TDC 1.157 0.715 0.967
(2.082)  (1.670)  (1.915)

after the transient period ¢ > 0.5s. One can also ob-
serve that s is well-bounded, when M is being updated.
Note that some peaks are observed in the s trajecto-
ries and the tracking errors, which are caused by the
friction when the joint velocity crosses zero, since the
rapid dynamics of the static and Coulomb frictions cre-
ates large tracking errors. The TDE error € exhibits a
pulse-type disturbance due to discontinuity of Coulomb
friction at the point of the velocity reversal occurs. It is
worth to notice that the gain M increases at the point
of the velocity reversal as depicted in Fig. 5 in order
to compensate the aforementioned TDE error from the
discontinuous friction torques. Accordingly, the adap-
tive gain is increased to force the term M ¢ reduced
in the error dynamics (8 + As) = M 'e. This leads the
automatic-tuned TDC with the the proposed adaptive
method achieves smaller steady-state errors compared
with the conventional TDC with the constant gain as
shown in Figs. 8a, 8b, and 8c.

The oscillation in the M response in the time in-
terval 3s<t<24s is originated from the nature of M dy-
namics. As seen in (18), when |s;| > d;, the M increases
promptly; and when |s;| < §;, the M slowly decreases.
As a result, the M dynamics ensures the tracking of
s trajectory within some precision, rather than perfect
tracking. Too high value of gain is prevented by the M
dynamics; thus, chattering is avoided.

It is worth to notice that the proposed controller
as well as TDC use acceleration signals for dynamics
estimation, e.g., TDE, as an expense of the model-
parameter-free nature. Although the acceleration sig-
nal obtained from the numerical differentiation is very
noisy, one can observe a certain trend that the desired
acceleration trajectory is tracked by both controllers as
shown in Fig. 9a. To present clearer comparison of the
responses, we analyse the velocity error, which equals
to the values of the numerical integration of the accel-
eration error. As seen in Fig. 9b, it is confirmed that
the tracking result of the proposed ST-TDC is better,
where its RMS value after the transient period (¢>0.5s)
is 0.506 deg/s while that from TDC is 0.880 deg/s.
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Acceleration responses (Joint 3)
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Fig. 9 Experiment results of acceleration tracking and ve-
locity tracking errors at Joint 3, with the conventional TDC

and the proposed ST-TDC (those from Joints 1,2 are omitted
due to similarity and for brevity).
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5 Conclusion

Adaptive techniques are developed to automatically tune
the gain of TDC for the multiple DoF's articulated robot.
The modified formulation of the TDC law proposed in
this paper explicitly relates the M to the tracking er-
ror through the sliding mode based reference dynamics.
The overall closed-loop system with the TDE and the
adaptive self-tuning gain dynamics is stable. The gain
is dynamically adjusted to achieve the desired error dy-
namics. The effectiveness of the proposed self-tuning
TDC method is experimentally verified by controlling
six joints of the robot. The gain adaptation method
for TDC automatically renders appropriate values for
each joints in M that achieves accurate tracking per-
formance without control chattering. As the conven-
tional TDC requires laborious manual tuning which is
ended up with constant values, one cannot be easily
convinced if the resulting constant gains are the best
throughout the dynamic operation scenario with the
several joints. The proposed method can provide well-
tuned time varying gains as a confident and automatic
resolution.
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