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In this paper, we study the analytical and experimental control of a seven degrees-of-
freedom (7DOF) robot manipulator. A model-free decentralized adaptive control strategy
is presented for the tracking control of the manipulator. The problem formulation and
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Atul Kelkar

D. W. Reynolds Distinguished Professor
Department Chair of Mechanical Engineering,
Clemson University,

Clemson, SC 29632

e-mail: atul@clemson.edu

1 Introduction

As the global trend is toward increased automation, robot
manipulators have seen widespread use in many industrial applica-
tions. While the research in adaptive and nonlinear control has
seen significant advances, most robot manipulators utilized in
industry are driven by simple decentralized proportional-integral-
derivative (PID) controllers due to their simplicity in their design
and implementation [1,2]. While these controllers are effective at
driving robot manipulators to specific set points, they have diffi-
culty in tracking an arbitrary desired trajectory. Furthermore, due
to the strong interconnected nonlinearities inherently present in the
dynamic model of such systems, a given set of PID gains will only
work well for a specific joint configuration and end-effector mass.
While many pick-and-place type operations in industry not need-
ing navigation through obstacles can be performed effectively
using PID type controllers, the tasks requiring sophisticated path
planning and tracking need advanced controls. In order to maintain
acceptable performance across a larger range of joint configura-
tions, one might consider utilizing a gain scheduling PID control-
ler, such as presented in Refs. [3] and [4]. While these controllers
can theoretically achieve desirable performance under such cir-
cumstances, most implementations of these controllers will require
determining acceptable PID gains for a multitude of linearized
models at different operating conditions. For a seven degrees-of-
freedom (7DOF) manipulator tracking an arbitrary trajectory, the
number of such linearizations required will be too large and cum-
bersome. Additionally, such a method would not account for an
unknown end-effector mass. As society looks toward the use of
robot manipulators that can interact with humans in social settings,
rescue operations, and potential medical applications, the require-
ment that such manipulators must adhere to an arbitrary desired
trajectory during motion becomes an important task. The decen-
tralized adaptive control approach presented here provides one
effective control strategy for high-performance robot operations
for which PID control might not give desirable performance. Such
an approach retains much of the simplicity and computational effi-
ciency of the decentralized PID approach, while offering a wide
range of applicability with extended joint configuration space and
variability of end-effector masses.
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posed method. The results presented here are one of the first known experiments on a
redundant 7DOF robot. The efficacy of the adaptive decentralized controller is demon-
strated experimentally by using the Baxter robot to track a desired trajectory. Simulation
and experimental results clearly demonstrate the versatility, tracking performance, and
computational efficiency of this method. [DOI: 10.1115/1.4049795]

Due to the strength of the dynamic interconnection between
joints, a model-based approach in which the system is split into a
set of decoupled systems is not feasible for robot manipulators.
Instead, there are several different methods designed to work around
this constraint to achieve desirable performance. First, neural
network-based methods [5,6], as well as the disturbance observer
method by Yang et al. [7], and model-reference method such as by
Sundareshan and Koenig [8], attempt to obtain a model of certain sys-
tem behaviors during the operation of the robot manipulator. Such
adaptive-model based methods do not suffer from unmodeled system
dynamics and are well suited for tasks in which the joint dynamics
change during the operation of a task. Another popular approach to
the decentralized adaptive control of robot manipulators is the model-
free approach [9-12], in which the adaptive control law is governed
purely from the performance of the manipulator in the tracking task.
Model-free approaches, such as that by Seraji [9], can bear strong
similarity to the decentralized PID approach. In such approaches, the
static gains associated with the PID approach are replaced with adapt-
ive gains, which change during the execution of the task to better
track the desired trajectory. Other research efforts for decentralized
control of various systems can be found in Refs. [13-29].

The goal of this paper is to develop a control formulation and
conduct an experimental verification of the model-free decentral-
ized adaptive method using Baxter, a 7DOF redundant robot
manipulator. This work is novel in that the experimental verifica-
tion of a decentralized adaptive controller for a 7DOF manipulator
is not currently addressed in literature. The decentralized adaptive
control of such a manipulator is an important and challenging
task. The increased degrees-of-freedom of the robot manipulator
leads to an increased dynamic interconnection between joints,
which is a challenge for decentralized approaches. Also, the
Baxter arm configuration is a more likely choice for the complex
tasks to be performed in an industrial setting. Through the analyti-
cal formulation and experimental verification of the decentralized
adaptive approach, we seek to demonstrate the feasibility and
computational effectiveness of said approach, in order to facilitate
its adoption into industry practices. For this purpose, the model-
free decentralized adaptive approach examined in this paper is an
effective choice, as its structure is similar to the decentralized PID
controllers currently utilized in industry.

It is important to mention the existence of a similar model-free
decentralized approach, known as model-free control (MFC).
MEC is a decentralized method developed in order to compensate
for uncertainties in nonlinear systems and has been shown to be
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effective in the control of many uncertain dynamical systems,
including robot manipulators [30-32]. In order to compensate for
these uncertainties, such as changes in the inertia matrix during
the motion of the robot manipulator, the uncertainties are esti-
mated directly utilizing the torque and state information from the
previous time-step. In addition to this compensation, a decentral-
ized PID controller is typically employed to drive the robot
manipulator toward the desired trajectory. Thus, this method is
capable of adjusting to a wide range of operating conditions with-
out needing to tune adaptive gains during the procedure. However,
despite the simplicity and effectiveness of this method, it has a
few important drawbacks, especially when considering its possi-
ble implementation on Baxter. First, in order to estimate the non-
linear uncertainties of a robot manipulator with the MFC
approach, it is necessary to numerically calculate the angular
acceleration of each joint. This numerical approximation of the
second derivative is highly susceptible to noise, as it amplifies the
noise already encountered when calculating the angular velocity
of each joint. Thus, the uncertainty compensation employed by
MEC is susceptible to noise when implemented on a robot manip-
ulator. Second, calculating the system uncertainties based on data
from the previous time-step introduces bias into the uncertainty
estimate. This bias can be large when the system dynamics change
quickly, such as changes in frictional terms when the angular
velocity of a joint changes sign. Additionally, the controller time-
step must be sufficiently small in order to make the bias negligi-
ble. As Baxter is typically sampled at 100 Hz, this sampling rate
may not be fast enough to ensure a low enough bias. This bias
introduces a disturbance in the manipulator error dynamics that
can lead to imperfect tracking of the desired trajectory. Due to
these potential drawbacks of the MFC method when applied to
robot manipulators, the authors believe the model-free decentral-
ized adaptive approach studied here to be the more promising
method for the decentralized control of Baxter.

The paper is organized as follows: In Sec. 2, we present a brief
overview of the dynamics of Baxter’s right manipulator. Addition-
ally, we also present a decentralized model of Baxter’s joint
dynamics, as well as the structure of the model-free decentralized
adaptive approach. In Sec. 3.1, we utilize Lyapunov method to
derive the update law for the adaptive gains of the controller,
demonstrating asymptomatic stability in the process. In Sec. 4, we
demonstrate and analyze the performance of the decentralized
adaptive approach on a simulation of Baxter executing the desired
trajectory, paying close attention to tracking performance, control-
ler effort, and selection of adaptive gains. In Sec. 5, we repeat the
same procedure on the Baxter robot in practice, and thoroughly
compare the experimental performance to that derived from the
simulation. Finally, in Sec. 6, we present the case that the decen-
tralized adaptive method is computationally efficient, simple to
implement, effective at tracking a desired trajectory, and is a bet-
ter alternative to both decentralized PID controllers and central-
ized controllers for robot manipulators.

2 Mathematical Modeling

The redundant manipulator, which is being studied here, has
7DOF as shown in Figs. 1 and 2. The Baxter manipulator’s
Denavit—Hartenberg parameters are shown in Table 1 provided by
the manufacturer.

The Euler—Lagrange formulation leads to a set of seven coupled
nonlinear second-order ordinary differential equations

M(q)G + C(q,4)q +G(q) = 1+ F(q) )

where ¢q,q,q € R7 are angles, angular velocities, and angular
accelerations of joints, respectively, and € R indicates the vec-
tor of joints’ driving torques. Also, M(q) € R7*7 is a symmetric
mass-inertia matrix, C(q,¢) € R7*" is a matrix of Coriolis coeffi-
cients, G(¢q) € R is a vector of gravitational loading, and F(¢) €
R represents a vector of frictional torques. For the purpose of

071007-2 / Vol. 143, JULY 2021

Fig. 1 7DOF Baxter’s arm. Each of Baxter’s seven joints is
appropriately labeled. Note that S, E, and W refer to joints
located on Baxter’s shoulder, elbow, and wrist, respectively.

(a) (b)

Fig.2 Joints’ configuration: (a) sagittal view and (b) top view

Table 1 Baxter’s Denavit—-Hartenberg [33] parameters

Link/joint a; d; o qi
1/So 0.069 0.27035 —m/2 Q1
2/8; 0 0 /2 ¢ +7/2
3/E, 0.069 0.36435 —1/2 a3
4/E, 0 0 /2 qa
5/Wo 0.010 0.37429 —n/2 qs
6/W1 0 0 /2 e
7/W, 0 0.3945 0 q7

simulation, the frictional torque F, which represents friction in
both the joints and their corresponding actuators, is modeled uti-
lizing the hyperbolic tangent function in order to approximate the
behavior of Coulomb friction

F = —cTtanh(c,9) ®)
where ¢; € R7 represents the magnitude of the Coulomb friction
at each joint, and ¢; € R is a parameter chosen so that the model

of Coulomb friction is sufficiently smooth to enable accurate
numerical simulation of (1). Our verified coupled nonlinear
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dynamic model of the robot [34-42] is used as the basis of the
decentralized adaptive approach. Also, the following assumption
is made for the desired joint trajectories.

AssumMPTION 1. The desired joint trajectories are designed such
that q,(1), 4,(t), and §,(t) € R7 exist and are bounded for all
t>0.

2.1 Decentralized Model Formulation. In order to derive
the decentralized adaptive controller, it is necessary to model the
dynamics of a single joint, rather than the system as a whole.
Rewriting (1) as series of seven differential equations yields

n

> mi@)i;

i=1j#i

m;i(q)G; + +ci(q,q)q + gi(q) = Ti(1) + Fi(q)

3)

where m;; is the element in the mass matrix located at (i,j),
¢i(q,q) is the ith row of the Coriolis matrix, g;(¢) is the ith ele-
ment of the gravity vector, T;(¢) is the input torque at joint i, and
Fi(q) is the frictional torque at joint i. Note that this equation rep-
resents the angular acceleration at joint 7 as a function of the input
torque only at joint 7, and the dynamics of each link ¢, ¢, g. Thus,
(1) can be reduced to a series of seven dynamically interconnected
SISO systems. In order to further express this concept, we rewrite
(3) as

mii(q)4; + di(q,4,G) = Ti(1) S

where di(q,q,q) = [Z;’]:lﬁ&i mi/’(q)"l'j} +¢i(q,4)q + 8i(q) — Fi(q)
represents the dynamic interconnection between joints.

3 Decentralized Adaptive Controller

In order to track an arbitrary desired trajectory, we employ the
following decentralized adaptive control structure

Ti(t) = fi(t) + ki (t)ei(t) + kip ()i () + zi1 ()G, (1) + 2:2(£)G i (1)
&)

where ¢,;(f) is the desired reference trajectory, e;(r) = g,i(z)
—q;(¢) is the tracking error, and f;(¢), ki1 (1), ki (), zi1 (), zi2 (1) are
adaptive control signals to be determined through the application
of Lyapunov methods. In this formulation, f;(¢) is termed the
auxiliary signal and is the primary driver of the system state
gi,g; toward the desired trajectory. k;i(),kp(¢) are adaptive
proportional-derivative gains intended to account for current error
in the tracking performance, adjusting to the dynamics of the cur-
rent joint configuration. Similarly, z; (¢),z;(7) are adaptive feed-
forward velocity and acceleration gains, intended to ensure that
the joint stays on the desired trajectory.

3.1 Derivation of Update Law. In order to derive the equa-
tions of the adaptive control signals, we first make the following
assumption:

AssumPTION 2. The mass element my;, and the dynamic intercon-
nection between the joints di(q,q,q), are slowly time varying with
respect to the desired trajectory q,(t). That is, mi; ~ 0 and d; ~ 0.

Utilizing this assumption, the decentralized model (4), and the
controller law (5), we can express the model plus controller
dynamics as

mg +d=f+kie+kyé + 214, + 224, 6)
Note that the ith subscript, as well as notations indicating func-
tions of time and joint configuration (¢,¢,q,q), have been

removed for the sake of notational simplicity. This equation can
be rearranged to obtain:

Journal of Dynamic Systems, Measurement, and Control

mé + ke + ke =d —f — 214, + (m — 22)G, @)

Furthermore, defining the error state vector as X = [e, é]T, (7) can
be rewritten in state-space form to obtain:

) 0 1 0 0 0
X = —kl —k2 X + | d —f + ;Zl Qr + |m—12 q,
m m m m m

(®)

In order to ensure that the robot manipulator follows the desired
trajectory, we define the desired performance of the tracking error
es(t), which we define with the following second-order homoge-
neous differential equation:

és+ zéwnéx + w%es =0 (9)

where w,, is the natural frequency of the desired performance and
¢ is the damping ratio. Similar to (7), we define the reference state
vector X; = [es, & S]T and rewrite (9) in state-space form to obtain:

X 0 ! X, = AX (10)
s 7(/02 726(1)” s N

n
Next, we use the following theorem to prove a crucial property of
the reference model (10).

THEOREM 1. Consider the linear state-space model X = Ax. The
equilibrium x =0 is globally asymptotically stable if and only if
3P =P > 0,30 = Q" >0 such that the following Lyapunov
equation holds [43]:

PA+A"P = -0 (11)

Since we are free to define ¢ and w,, in such a manner as to ensure
(10) is globally asymptotically stable, then by Theorem 1 there
exists a unique symmetric positive definite matrix P that solves
(11) for the linear system (10). We denote the elements in P

P= (12)
Py P3

Next, we define £ = X; — X, and combine (8) and (10) to obtain
the tracking error state-space model:

= + |k k
—w? =2, AL a)ﬁ =2 2¢wm,
m m
0 0 0
+|f—d|+|2|¢G+|22—m|g, (13)
m m m

In order to determine the stability properties of (13), it is first nec-
essary to define a Lyapunov function for the system. For this sys-
tem, we define the following Lyapunov function:

2 2
V:ETPE+QO(f7_d7f*) +Q1<E7wifk]‘)

m m
2 2
k v * z *
+Q2<—2—2wng —k2> +05 (i—zl)
m m
2
Zp —m "
+ Q4( - zz) (14)
m
where Qy, ..., Q4 are positive scalars, and f*, k, k3, z{, z5 are func-

tions of time to be determined later. Differentiating (14) with
respect to time and applying Assumption 2 yields:

JULY 2021, Vol. 143 / 071007-3
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V=—ETQE + 2(%) [Qo (f; —f”’) -~ r]
_zgf(g—f)+a(%—wﬁ[g(%_k0_44
soull-) s e o)
as(s5) el o)
~2037; (% - z‘f) +2 (22 - m) {Q4 (%2 - z';) - rq',}

Z .
— 2047, (i - 25>

where r = Pye + Psé is the weighted error. Before continuing the
derivation, we make note of the following theorem:

TuEOREM 2. Let X € R" = 0 be an equilibrium point of the sys-
temx =f(x),and let V : R" — R [43]:

() FVO0)=0,VX)>0VX#0,V <0VX #0, then X=0
is globally stable

2) If V(X) > o0 as ||X|| = oo, then V(X) is radially
unbounded )

(3) If X=0 is stable, V(X) is radially unbounded, and V < 0
VX # 0, then X =0 is globally asymptotically stable

15)

We first note that per our definition of V in (14), V is both posi-
tive when E # 0 and radially unbounded. Thus, we seek to derive
adaptation parameters f, ki, k;, 21,22, and undetermined parame-
ters f*, k7, k3, 2}, z; such that V' is negative definite, and thus £ =0
is globally asymptotically stable. First, we set the following terms
in (15) to 0:

Q(iff)fr=a Q(ﬁ—ﬁ>—m:0
m m

0, (i = kz) —ré=0, Qs (i‘ = z";) —rG, =0 (16
m m
0 (—2 - z‘Z) —r4, =0
m
Substituting Eq. (16) into Eq. (15) yields the following equation:
V = —E'QE — 2f'r — 2kjre — 2k;ré — 2zirq, — 223rG,  (17)

We then define the following terms

[T =0Qurki = Qjrek;, = Q5ré

71 = Q3rq,z5 = Q4rq,

(18)

where Qy, ..., 0} are positive scalars. Substituting (18) into (17)
yields
V = —E"QE — 204r* — 20ir%¢* — 205176 — 20417}
—205r%G,2 (19)
which is negative for all E # 0, thus Theorem 2 is satisfied and
E =0 is globally asymptotically stable. However, we must now

determine the values of the parameters f,k;,k», 21,2z, to satisty
(16), which are as follows:

071007-4 / Vol. 143, JULY 2021

f=moyr + ﬁr

Qo
. d m
ki = mQ} o (re) + are
. d, . m .
ky = mQEE(re) +o,7 (20)

. Ld o m .
1= mQSE(rql') +@"qr

d m
Zy = mQ) o (rg,) + Q41q,.
We then define the following terms so that (20) is independent
of m:

Py M
QO_mQ0 o
T*& Ql*ﬂ
m o
*_[;2 _m
Q=" Qz—062 1)
A m
;== Qy=—
m 71
A m
Q=" Q=—
m V2

Substituting Eq. (21) into Eq. (20) and integrating with respect to
time yields the following equations for the decentralized adaptive
parameters:

!

f(t)=7(0)+ 5J0 r(t)dt + pr(t)

ki(t) = k1 (0) + oy Jo r(t)e(t)dt + Byr(t)e(r)

ka(t) = k2(0) + o JO r(e(r)ydr+ Bor(ne(r) (1) (22)

2(0) = 21(0) + 9, j F(0)d, ()dt + Aar(2)d, (1)

2(1) = 22(0) + 7, JO r(0)§,.(t)dt + A1 (1)§,

Now that we have successfully derived the decentralized adaptive
gains, we make the following notes of its structure. First, the aux-
iliary signal can be interpreted as a decentralized PID signal, act-
ing to guide the system toward the desired trajectory in a
generalized approach. Second, each adaptive gain is updated
based on the performance of the signal it multiplies in (5), as well
as the weighted error. This update law is purely performance
based and does not rely on a model of the system. Finally, the
update of each parameter is a simple computation, where a trape-
zoidal approximation can be used to estimate the value of the inte-
gral at each time-step.

4 Simulation Results

In order to assess the performance of this decentralized adaptive
controller, we first apply the control law described in Sec. 3 to
Baxter’s dynamic model (1). We apply our control methodology
to a tracking problem where the desired tracking trajectories for
the joints were created for a specific end-effector maneuver in
Ref. [41]. While the maneuver was a pick-and-place task in Ref.

Transactions of the ASME

SP/80S L ¥99/2001 L0/L/€ YL /4pd-Bjo1ue/swalsAsolweukp/Bio-awse uonos|j0dje}Bipawse//:dpy woy papeojumoq

10 €pl

120z Arenugad 61 uo Jesn Aysienun ejels obaig ues Aq ypd- 200120



Table 2 Controller parameters for simulation and experiment

the following general procedure can be performed:

Joint 1 2 3 4 5 6 7 o
(1) Initialize all controller parameters to 0.

i 1 1 1 1 1 1 1 (2) Choose parameters p,,ps, 0, p of the auxiliary signal f(r)

pi3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 such that the controller adequately tracks the desired trajec-

0; 30 60 40 30 7 40 2 tory across multiple different joint configurations, ensuring

pi 30 60 40 30 7 6 2 satisfactory general performance. It is important to note

%i1 6000 6000 6000 6000 10,200 102,000 1200 that the auxiliary signal is equivalent to a PID controller

51'21 620 620 6(6)0 6(6)0 10620 10’6200 120 with the following gains:

P 0.6 0.6 0.6 0.6 0.6 0.6 0.6

i 60 60 60 60 60 60 60 Kp = dps + pp2

Ai 6 6 6 6 6 6 6

«,',.21 60 60 60 60 60 60 60 K; = dp, 23)

o 6 6 6 6 6 6 6 Kp = pps

[41] in which the desired joint trajectories were generated online,

Thus, traditional techniques used to tune the decentralized PID
controllers can be used in order to determine the parameters of the

for our problem our interest is in using these previously generated —auxiliary signal (Fig. 2).

trajectories as a reference for tracking. In this simulation, we
introduce a sampling rate of 100 Hz in order to effectively model
the effect of discrete sampling on the continuous-time controller.
Furthermore, the controller parameters we used during this simu-

lation can be observed in Table 2. same parameters for each joint, and set ff; = o, /10.
60 20 40
—— Experimental Trajectory ——Experimental Trajectory
——Simulated Trajectory ——Simulated Trajectory
40 | |- - -Desired Trajectory 0 - - -Desired Trajectory
A A ~30
a 20 a-20 a8
& & S99
0 -40 ——Experimental Trajectory
—— Simulated Trajectory
- - -Desired Trajectory
-20 -60 10
0 2 4 6 0 2 4 6 0 2 4 6
Time (sec) Time (sec) Time (sec)
(a) (b) (c)
120 20 -60
100 0 65
& ) )
8 8 a-2 &-10
S & &
60 ——Experimental Trajectory -40 ——Experimental Trajectory -75 ——Experimental Trajectory
——Simulated Trajectory 3 —— Simulated Trajectory ——Simulated Trajectory
- - =Desired Trajectory 4 - - =Desired Trajectory - - -Desired Trajectory
40 60— -80
0 2 4 6 0 2 4 6 0 2 4 6
Time (sec) Time (sec) Time (sec)
(d) (e) U]
20 ——Experimental Trajectory
—— Simulated Trajectory
- - -Desired Trajectory
w 0
&
e
~
=20
-40
0 2 4 6
Time (sec)
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()]

Fig. 3 Experimental (blue line), simulated (green line), and desired (red dashed line) joint trajectories of Baxter

In order to determine the controller parameters to implement,

(3) Choose the minimum values of the parameters o, 3; of the
adaptive proportional gain k;(¢) that reduce tracking error
in the angular position signal during motion of the robot
manipulator to a desired amount. At this stage, choose the

JULY 2021, Vol. 143 / 071007-5
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'
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Fig. 4 Simulated tracking error

= Experimental Torque
= =Simulated Torque

(C)]
(%)

(6)

N

The

Adjust o1, f5;; of each joint individually if a specific joint
updates too slowly or too quickly.

Repeat steps 3 and 4 on the parameters oy, f3, of the adapt-
ive derivative gain k,(¢) in order to reduce the tracking
error in the angular velocity signal during motion to a desir-
able amount.

Repeat steps 3 and 4 on the parameters y;, A; of the adapt-
ive feedforward velocity gain z;(7) in order to adequately
counteract the effect of friction in the beginning of motion.

Repeat steps 3 and 4 on the parameters y,, A, of the adapt-
ive feedforward acceleration gain zp(¢) in order to
adequately overcome the robot manipulator’s inertia in the
regions that the desired acceleration is large.

simulated joint trajectories along with the desired joint tra-

jectories can be observed in Fig. 3. From these graphs, it can be

seen t

hat the decentralized adaptive controller achieves close

tracking of the desired trajectories. Although the effects of the
simulated frictional torque and gravity negligibly impact the
tracking performance during the beginning of motion, as can be
seen in the performance of joints 3, 5, and 6, these effects are
quickly accounted for by the adaptive controller. Furthermore,

= Experimental Torque
= =Simulated Torque

0 2 4
Time (sec)

(a

= Experimental Torque
= =Simulated Torque

2

4 6

Time (sec)

(b)

= Experimental Torque
= =Simulated Torque

Time (sec)

(c)

= Experimental Torque
= =Simulated Torque

Time (sec)

()

Time (sec)

(e)

Time (sec)

U]

= Experimental Torque
= =Simulated Torque

2
Time (sec)

(9)

4 6

Fig. 5 Experimental (blue line) and simulated (red dashed line) joint torques of Baxter
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Fig. 6 Tuning of adaptive gain k1 during experimentation (blue line) and simulation (red dashed line) of Baxter

despite large changes in the joint configuration throughout the
course of the operation, the performance based control scheme
remains effective at consistently driving each joint toward the
desired trajectory. These behaviors can also be observed in Fig. 4,
as the tracking error remains less than 1.5 deg for all joints after
1.5 s of operation.

The torques generated by the decentralized adaptive controller
can be observed in Fig. 5. It is important to note that these torques
are significantly lower than the maximum torque output of
Baxter’s joints, which are 50 Nm for joints 1-4, and 15 N m for
joints 5-7, meaning that saturation of torque is not an issue for
this decentralized adaptive scheme. Furthermore, this demon-
strates energy efficiency of this control scheme, as the torques
generated are consistently small in magnitude. Additionally, it can
be observed that the torques generated are smooth throughout the
operation, which is potentially beneficial to the motors that are
used to generate these torques in practice.

Finally, we observe the tuning of adaptive gains ki, z;, and z,
throughout the simulation, as seen in Figs. 6-8, respectively. Each
of these gains appear to adjust in 2 stages (0s < < 3s and
3s <t < 6s). These phases correspond to the picking up and
placing down motion of the end manipulator, signifying that a dif-
ferent set of gains is necessary for each task. Thus, the tuning of

Journal of Dynamic Systems, Measurement, and Control

these parameters coincides with our expectations of their perform-
ance. It is also important to note that these gains are of a signifi-
cant magnitude when compared to the auxiliary parameters 6; and
pi» meaning that tunings were necessary in order to achieve the
desired tracking performance. Furthermore, the joints 3, 5, and 6
with significantly tuned gains experienced the largest frictional
torques and gravitational load. These results demonstrate the abil-
ity of the decentralized adaptive controller to adjust to different
operating conditions. This beneficial quality of this scheme is of
key importance when the robot manipulator is expected to reliably
perform in a changing environment. From these results, it is evi-
dent that the decentralized adaptive controller is effective in
simulation.

S Experimental Results

Due to promising results during simulation, we now implement
the control law described in Sec. 3 to Baxter in an experimental
study. We utilize the same desired trajectories as in Sec. 4 with
the same 100Hz sampling rate. Note that several differences
remain between the simulated and experimental study, which
include measurement noise in the joint positions and velocities,
differences between the idealistic Coulomb friction model and the
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Fig. 7 Tuning of adaptive gain z1 during experimentation (blue line) and simulation (red dashed line) of Baxter

actual friction dynamics, small potential inaccuracies in model
parameters, and the actuator dynamics of each joint. These factors
can lead to results slightly different than those experienced in sim-
ulation. For the experimental pick-and-place task, the controller
parameters we used are the same as that of the simulation and can
be observed in Table 2.

From Fig. 9(a), it can be observed that the decentralized adapt-
ive controller is successful at executing the pick-and-place task in
practice. The experimental joint trajectories along with the desired
joint trajectories can be observed in Fig. 3. From these graphs, it
can be seen that the decentralized adaptive controller exhibits
close tracking of the desired trajectory, which is almost identical
to that experienced during simulation. Similar to the experiment,
it can be observed from the graphs that errors experienced in the
beginning of the operation are quickly accounted for, and the con-
troller returns to near perfect tracking. This behavior can also be
observed in Fig. 10, as the tracking error remains less than 1.5 deg
after 1.5 s of operation.

The torques generated by the decentralized adaptive controller
can be observed in Fig. 5. While the presence of noise in measure-
ments has caused similar variations in the joint torques, the tor-
ques still exhibit moderate continuity, as well as a magnitude
much lower than the saturation torque of each joint. It can be seen
from these graphs that the overall shape and magnitude of the

071007-8 / Vol. 143, JULY 2021

experimental torque of each joint match closely to that of the cor-
responding simulated torques. Thus, the differences in system
dynamics between the simulation and experiment do not signifi-
cantly affect the performance of the decentralized control
algorithm.

Finally, we observe the tuning of the adaptive gains ky;, z;,
and z; throughout the experiment, as seen in Figs. 68, respec-
tively. The behavior of these graphs is similar to that of the sim-
ulation in regard to both the stages of tuning, as well as the
magnitude of the gains. Slight differences can be observed
between the evolution of the gains in the simulation and experi-
ment, which can reasonably be attributed to the small differen-
ces in dynamics between the simulated and actual system, such
as the difference between the idealistic Coulomb friction model
from the friction experienced in the real system. While these
differences lead to the selection of different gains from simula-
tion, the overall performance of the decentralized adaptive
controller is not significantly affected by this difference in
dynamics, as can be seen in Figs. 3 and 5. Thus, these adaptive
gains are effective at maintaining desirable performance outside
of the conditions in which the decentralized adaptive controller
was designed. From these results, it is evident that the decentral-
ized adaptive scheme performs well in experiments as well as in
simulation.
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Fig. 8 Tuning of adaptive gain z2 during experimentation (blue line) and simulation (red dashed line) of Baxter

Another crucial point to consider is the computational effi-
ciency of the decentralized adaptive scheme compared to central-
ized ones. We previously carried out experimental work for a
simple centralized model-based adaptive scheme to carry an
unknown mass avoiding an obstacle, shown in Fig. 9(b). The mass
of the end-effector was the only unknown parameter to be esti-
mated and we again employed the damped least squares method
to calculate desirable joint-space trajectories. The immediate chal-
lenge was the computation time of the control scheme in each
loop, even when dealing with only one uncertainty, which was
incompatible with the minimum time-step (A#, = 0.001s or
f» = 1 kHz) of Baxter. The computation time of the centralized
model-based adaptive scheme was in the range of 0.005s <7, <
0.007 s leading to the time delay in each control loop. Therefore,
we had to address a critical tradeoff between the accuracy
required and computational cost. To resolve this problem, we
increased the Baxter’s time-step to Af, = 0.01s or f, = 0.1 kHz,
along with the sleep command of Python, in order to avoid such a
time delay by sacrificing the accuracy needed. Shown in Fig. 9(b)
is the experimental implementation of the centralized adaptive
control of Baxter carried out at the DSC laboratory. We noticed
that the estimation of even one uncertainty, without any external
disturbance, caused at least three small operational interruptions.

Journal of Dynamic Systems, Measurement, and Control

Note that the decentralized adaptive scheme examined here
reveals a significantly lower computation time of Af, = 1.02ms
compared to the centralized one. Therefore, we did not observe
the operational interruptions discussed for the centralized method
whereas the decentralized scheme is at least five times faster than
the centralized one. This would be highly beneficial for when we
intend to control large-scale (high-DOF) systems.

6 Conclusion

In this paper, we investigated the performance of a model-free
decentralized adaptive controller on a 7DOF redundant manipula-
tor. We first formulated the theory behind the controller, demon-
strating the global asymptotic stability of each local controller, as
well as revealing the computationally efficient method of adapting
each control parameter. Then, through the results of both our sim-
ulation and experiment of the decentralized adaptive controller
implemented on Baxter, we demonstrated the following beneficial
properties of the control scheme:

(1) The algorithm is highly computationally efficient and at
least five times faster than the centralized adaptive method
examined here.

JULY 2021, Vol. 143 / 071007-9

SP/80S L ¥99/2001 L0/L/€ YL /4pd-Bjo1ue/swalsAsolweukp/Bio-awse uonos|j0dje}Bipawse//:dpy woy papeojumoq

10 €pl

120z Arenugad 61 uo Jesn Aysienun ejels obaig ues Aq ypd- 200120



Time (sec
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Fig. 10 Experimental tracking error

(2) Close tracking of the desired trajectory is achieved through-
out operation.

(3) Large changes in the joint configuration throughout the pro-
cedure do not significantly affect the operation.

(4) The generated torques are energy efficient and do not pose
the risk of torque saturation.

(5) The control scheme can adapt to and is effective outside of
the conditions in which it was designed for.

Thus, we verified the effectiveness of the model-free decentral-
ized adaptive control scheme and noted its promising potential for
a wide variety of applications.
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