Decentralized Robust Control of Robot Manipulators with Harmonic
Drive Transmissionand Application to Modular and Reconfigurable
Serial Arms

Abstract

In this paper, we propose a decentralized robust control algorithm for modular and
reconfigurable robts (MRRs) based on Lyapurisvstability analysis and backstepping
techniqueslin usingdecentralized control scheswith robot manipulators, each joint is
considered as an independent subsystem, and the dynamical effects from the other links
and joints & treated as disturbancdowever there exist many uncertainties due to
unmodeled dynamics, varying payloads, harmonic drive (HD) compliance, HD complex
gear meshing mechanisms, etdlso, while the econfigurability of MRRs is
advantagous modifying the configurationwill result in changeso the robot dynamics
parametersthereby making it challengingto tune the control systenAll the above
mentioneddisturbances in additioto reconfigurability present a challenge controlling
MRRs.The proposedantroller is wellsuited for MRR applications because of its simple
structure that doerot require the exact knowledgef the dynamic parameters of the
configurations. Desired tracking performance can be achieved via tuning a limited set of
parameters othe robust controllerlf the numbes of degrees of freedom are held
constant, these parameters are shown teeladively independenbdf the configuration

and can be held constant between changes in configurdftue strategy is novel
compared to existg MRR control methodsin order to validate the controller
performance, experimental setup and results are also presented.
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[. INTRODUCTION

Robot manipulators have served tmanufacturingndustry for manyears. But due to
the fast growth of the economy, the conventiofigkd-anatomy robots will not satisfy
the requirements dd transition from mass to customeriented production. Teespond

to rapid changes of product design, manufacturezad a more flexible fabrication
sysem.A commonly used method is use programmable robots that are expensive, and
limited by hardware constraints. In recent years, modular and reconfiguralgs
(MRRS) [1][2] were proposed tofulfill the requirements for the flexible production
system The majority of the associatedesearchis geared towards seféconfigurable
robots [3][4]. At present, te application of reconfigurable robots in manufactuiigg
quite limited. However recent technology and research advameegery promising. As

an extension of the concept of a modutahot system, the MRR system is referred to the
entire manipulatosygdem that includes not only the modular mechanical hardware, but
also modular electricaghardware, control algorithms and softwd®. In [5], an MRR
system is defing as a collection of individual link and joint components that can be
easily assembled into a variety of configurations and diffegenimetriesin [6], the
authorstates thatn the near futuredhe MRR systemwill mostly replace current fixed

configurationindustrialrobots.

Except for reconfigurability requirements, lighter manipulators taat handle heavier
payloads have brought more attention to bottbot designers and industrial
manufacturers. To achiewvhis,harmonic drives (HD) have been widely used in robotic
system designdue to its compact size, zero bdakh, light weight, high torque
transmission[1][2][7]. Unfortunately they exhibit drawbacks including tHexspline

elasticity, and complex meshing mechanisms betweeflegkgpline and circular spline.



MRRs with HDs have morancertainties in the mechanical systeTherefore, to control
such a system is moahallenging. The selection of the control law not only depends on
the robot mechanical designe. rotary joint robot and Cartesian manipulator, but also
relies on the model used. Based on the assumption roadéhe manipulator'gints,
links, and the control signal, six manipulator modaie commonly encountered in the
literature: 1) torque level rigitink rigid joint (TLRLRJ)[8][9][10]; 2) electrically driven
rigid link rigid joint (EDRLRJ)[11]; 3) torque level rigidink flexible joint (TLRLFJ)
[12][13][14]; 4) electrically driverrigid link flexible joint (EDRLFJ)[15]; and5) flexible
manipulator (M) [16]. A considerableaumber of control techniques and methodologies
have been created aagplied to the control of manipulators. In this paplee, controller

developmentor MRR systemss based on TLRLFJ.

Joint flexibility is a major source of oscillatory behaviour of tmanipulator, and
considerably affects a robot's performance. A widsetgeptable TLRLFJ model was
introduced in[17], where the robot was moeel as two second order differential
equations under the assumption of 1) the joints are purely raady?2) the rotor/gear
inertia is symmetric about the rotation axighis dynamic model was shown to be
globally linearizable and aonlinear control wasprovided based on a singular
perturbatiorformulation of the equations of motion and the concept of integaaifold,
but the author did not prove the stability of the systBased on the same theories, a
composite control algorithm wittetailed stabity analysis was proposed jh4], which
consists of a fast control and a slow continl[18], a fuzzy supervisor was added to
decrease the fast controller bandwidit critical occasions, i.eear saturation point

which could cause instable.

Robust control is a commonly used strategy to control conglstems, especially for
robot manipulatord19] presents a summaof robust control method before 1997 in the
categories of linear, passivibased, Lyapuncebased, sliding modeonlinear and robust
adaptive control schemeg20] provides detailed design procedure of cerdedli
Lyapunovbasedrobust control for an sdof manipulator under joint flexibility[21]

standardizes some robust controller, suab saturation type controller, passivity



controller, etc. Fodecoupled joint catroller, each joint is considered as a single input
single output (SISO) subsystem. A general form of decentralized sliding mode robust
control law is proposed if23] for any mechanical system described bydrubgrange
equation andnvolving highorder interconnections. [24], another simple decentralized
nonlinear control algorithm wadeveloped. This controller had three integral terms in the
tracking error, aml a systematic method for controller parameters seledsioalso
provided. But those controllef23][24] were designed for TLRLRJ. If22] a linear
PD/PID compensator babeen designed by considering actuator saturation and
transmission flexibility. Other controllerssuch as PD/PID with gravitational
compensation, intelligent fuzaoontroller, etc., can be found [jB5][26][27][28][29].

To the best ofbur knowledge, there exists very limited research dedicated to control of
MRRs This is most likelybecause a new configuration of the rokeguls in a new set

of robot dynamic parameters [I30], an MRR control approach moposed thatocuses

on t hed eivkeil @h atmeafdasibdity efa aecentralizedstrategythat handle
serial arms as a group dfDOF defective joints. Unlike thapproachin [30], this paper
presentsa decentralizedobust controller for MRRs with HEhat uses Lyapunovbased
method and backsteppingchniquesFurthermoreunlike the control software presented

in [31] which requires configuration dependent parameters, our proposed @wnigsoll
configuration independén Therefore, the proposed controller will enable fast
reconfigurability of the manipulator as well the control strategy to achieve precise
position tracking in the task space of the manipulator.

The organization of the papes follows: Sectionll introducesthe dynamic model.
Sectionlll describes the controllatesign. Section IV provides the experiments setup and

results. Theonclusions are documented iecton V.
. MRR SINGLE JOINT MODEL

A commonly used model for andof of torque level rigid linklexible joint (TLRLFJ)

model is introduced ifiL7] in the form of:

D(ch) O+ C(0, G;) + k(g — ) = ) (1)



30,- (G- p) = 2)

Where D(q)is a nx 1symmetric, positive definite inertiamatrix. The vector

C(q,,q,) contains coriolis,centripetal, friction and @witational forces and torque&

and J are thenx 1 diagonal stiffness coefficients and motoertial matrix, respectively.
For the development of tteecentralized control scheme, most pape?§25] are based
on the above two equationsnd consider the inertial coupling term, the Coriolis,
centrifugal, friction and gravity term in (1) as a disturbancetorque. Inthis paper, a
decentralizedcontroller is designed based on singbint dynamics including friction,

gravity and compliance.
A single joint with harmonic drive (HD) can be modeled as a rspsag system with
three subsystems: 1) motor and wagenerator (input) subsystem; Zlexspline

(transmission) subsystem; 3) link and load (outpubsystem.

By applying EulerLagrange theorem, three equations can be deforegiach subsystem

(see Appendix):
meaer Fo (.qz+ Fmssign((.qz) + N7, =~ 3)
Ka(NGp— 1)+ {o(Ngp— )’ = - 4)
3, q,+ mglsign(q,) + Fy, o+ Fsign(@)) +7, -7 =) (5)

In this model, the HD flexspline compliance is modeled amm@linear cubic function
[32][33] as shown in(4). Substituting (4) into (3) and (5) yields two equations
representinghe single joint dynamics:

T= ]qu2+ :md O,+ :msSign(q2)+ \lelﬂqz_ 11:+ \IKSZ(NOQ_ 11)3 (6)

0=1J, g,+ nglsin(q,) + 34 d,+ %,Sign(d,) = <a(Na, — 1) = <o(NG, = 1)°+ -, (7)
Notationsused in (6) and (@re:

J..,- motor rotor and HD wavegenerator inertial

Fra, Fus- input dynamic and static frictioroefficients



K, K, - flexspline stiffness coefficients

sl S,

0,.0,.d,- motor position, velocity and acceleration
N - HD gear reduction ratio

7- motor input torque

J, - output side inertia (link, load)

m- link mass

| - link length

Fq. Fs - output side dynamic and static friction coefficients

Q,,0,,9;- link position, velocity and acceleration

r - disturbance torque

[ll. CONTROLLER DESIGN
We can use two cascaded subsystems representing motor dynamics (6) and robot
dynamics (7), respectively, as shownFig. 1. The first subsystem of motor dynamics

has the inpuz, the motor control torque, and outputg,d,and g,, the motor states.

The motor positiong,is considered as the input to the second subsystem of robot

dynamics which outputsﬂ,é1 andal, the link states. The robot control sigrgl is not

the control signal that is sent to the systemthis situation, the backsteppirig4]
methodis to be usedand the robot input signal, is calledthe fictitious control signal

[20]. The motoror system input signeris calledthe system control signal. In order to
desig the system control signr, the fictitious control signal needs to be selected first,
then stepped back tbe system control sigal. Both fictitious control and system control
signal are designed based the Lyapunov direct method. The proposed control law
consists two terms: 1) a linear PD control, and 2) a nonlinear term to compensate for
disturbances to the system.

To develop e controller, we introduce the following preliminary definitiof20] made

on parameters in equations (6) and (7).



Inertia: 0< ) < (8)

Friction: |F.(q) +F, q‘ <F +F, q“ @)
Flexibility: 0< <, < < (10)
Disturbane: 0< 7 < E (11

Where J and ki present the largest motor/link inertia and the largest stiffness

coefficients of the MRR, respectivdmd; is the maximum disturbance.

A. Fictitious Control Law Selection

Suppose that the manipulator joint is required to track a desired joint ghgWich has

od
at least third order differentiability so that the desired velodity and desired

accelerationq,’ exist and can be derived from the derivative gf.The link error

dynamics are calculated by adding], qud on both sides of (7), and after some

manipuldion, the link error dynamics can be formed as:

er= 1%+ 3) [Fy Gt Tsign(a,) + nglsin(@) + <qt — <o(NG,— 1)°+7, — <4Ngy]

(12)
Let
F (OO G) = Ta O 76SIgN(A) + MgIsin(y) + <ath = <o(Nop = 1)+ -,
(13)
So equationX?2) can be simplified as:
er= 1"+ 3)7 [(0,0,0) — <uNg] (14)

The function f(dl,ql,qz) includes all the uncertaintied the link dynamicsi.e. friction,

stiffness and load disturbance. Based on assumptions made in eq@tm), the

bounded uncertainty can be calculated:



f (0,0, 0) = 7Sign(a,) + nglsin(@) + 7+ {0 + 34 0h— $H(NG— §)°
< %t ngl+r + {0+ 50— (H(Ng, — |1)3 (15)

= (10+ (11%"' (12q1_ (13(qu_ h)3
=\

A | < Kyg+ Ky + Ky ch| + Kig (NG — )= > (16)

The fictitious control signag, in (14) can be chosen itme following form[20]:

Iy cor
©= N e Ge)r oy (an

Where Ky # ),K,; > ) and K, > ) are linear PD controjains, andu, is an additional

term designed to compensate tienlinear uncertaintiesSubstitute(17) into (14), and

theclosed loop link error dynamics are:

e=-{g-<,e+ ‘]1)_ (f(ql’qliqz)_ Jr) (18)
To find the nonlinear ternu, , the following Lyapunov functiolandidate is casidered
[20]:

12

7= ke S (19)

Vi= -
"2
Clearly, it is positive definite, an#, is the same P control gain as shown ii7). Take

the derivative on botkides and substituté®) into it, we can have:

Vi=<{ge+ e

(& e+ n(— 48— et ‘Jl)_ (f - Ir))
o 2 [
- Llel + 3 e(f-1) (20)

2

< - Lle

+3) e - )

If we selectu, = \ , thenV, < )is guaranteedTherefore, the fictitious control law is:



J| 'y * 1
= +Ke+K e)+ —Af =9 21
o (@ K Ke)+ o (21)

o)

Equation R1) represents the fictitious control lawhichis a saturation type contrfft1]

because the nonlinear teriA is bounded.

B. Backstepping

The fictitious control law has been selected, but it needs tmblestepped to the side of

the motor dynamics subsystem. To do so,cars add and subtra¢t,)” K Ng to the

right side of(14), whereg denotes the fictitious control variable:

er=a, '+ J)) (f —KuNg — ) KyN(g, - 4 (22)

Equations(22) and (6) form the new dynamics of tlsengle joint. If g, —¢ =), then
equation 22) is stable sincig is a robust controllegs shown above. Thereforeyrgoal
is to design robust control laz'in equation (6) such that, — i either converges teero

or at least is bounded bysmall constant. The following Lyapunov candidate tbe
overall system is usg@0]:

V=V +V,+V,

1 1. 1 1. 1 , (23)
= EKle12+é(el)2]+ §K3e§+é(e2)2]+é(q2_ )2

Where K, > ) is another PD controller gain which will be defirater. Replacing'él by

new error dynamic2@) and substituihg the fictitious controlg yields



\;1 = Klqé1+ .91.61
=Kge+a(g'+ J) [f-KuNg - J)) K N(g- )
—Kig et 6"+ ) [F KNG (0 K + Ky @)+ A}
sl sl
: (24)
- JI)_ KslN el(qz_ "
= Klel.el+él(_Klel_ Kzél)"' ‘J|)_ .el(f —f) - J|)_ KaN .el(CIz_ "

2
3

€l — Jl)i KslN el(qz_ )

< K,

In order to calculate theedvative of V,, the motor errodynamics need to be formed.

|
Add J,,, 9, to both side®f (6) and perform some simple manipulation, we have:

d d

(O = ) = J 1 Gy + Fng U+ ForeSigN(a,) + NK (NG, — ) + NK , (Na, — )° —

. o.d o
e =0,+ J,,[09(0,,0,,0) — (25)

Similar tof(dl,ql,qz) in (16), g(c.12,q2,q1) contains all the uncertainties of the motor
dynamic subsystem, i.e. motor rotor friction, flexspline compliarase the upper

bounded funtion is defined as:

g(qZ’qZ’OCL) = :md O, + :msSign(q2)+ \IKs:L(NOQ - }1) + \IKSZ(NqZ - )u.)s (26)
Hg(%!%’(ju) < Kzo + KZl Q2 + Kzz”(NOQ - Ch)” + K23H(N02 - Ch)SH (27)
=3
Similar to the fictitious control law inl{), the controkignal r can be chosen §20]:
T = 300"+ <o+ e+ ) (28)

Where K, > )and K, > ) are the linear PD gains, andy, is a nonlinear term to

guaranteeV < ) while notV: < )itself. Take the derivative o¥, and substitute25),

(26) and @8), we have:



V2= (g e+ b e
. . or‘

(& €+ 2(Q+ 1 (9-7)
1

<8 6+ o Uyt 10— (00 + G+ &)= L) (29)

(3eze2+ ’2(_ :332_ (492)"‘ lr;WGZ(,B - 1)
2

IA

= - Lle

(B - 1)

Finding \}3 is not a graightforward task becaus;es in (23)is a function otthe fictitious

control law ¢. As shownin (21), ¢ is a function of desired link acceleration, link
position error, link velocity erroand bounded functicp . Therefore, the derivative of,

introduces link acceleratioarror whichcan bevery difficult to measure. The following

calculationis targetedat eliminatingthe link acceleration errorra.

We can consider the simple form dfs

Vs= 0,—¢ (Q,— ¢ (30)

\} can be formed by combinin@9), (30) and(24), that is:

L] L] 2 L] L] 2 L] L] -
V< - L2el - ‘]|)_ KslNel(Q2_¢ - (462 + lr;wez(ﬂ B |1)+ q2_¢ (Q2_¢
L] 2 L] 2 L] - L] L] L]
= - :2 €l — (462 + CI2_¢ (q2_¢' ‘]|)_ KslNel)+ |r:1we2ﬂ - lr;wezul (31)
. |2 . |2 . ol . . .
< - :2 &l — (4 €2 +"C]2—¢":C|2 "'”¢”+ J|)_ KslN el)"‘ lr;w €2 ﬂ B |r;we2ul
To find u,, ¢ needs to be calculated first frq2i)
- \J| d(3) 0 * -
= —— + K e+ K, el)+ Af 32
¢ K N (q1 18+ 1K, 1) K N (32)
From (15) we can calculatA f
Af = Kith+ Ky, G- ;K13(N02 _ql)Z(N qz_ql) (33)

Substitutg(33) into (32)



< J €) 1 . - . -
¢ = K_IN (qd +K 61+K e1)+ K N[Kllql+ Klqu_ ’Kla(qu_ql)z(qu—ql)]
sl sl
©) * g 1 . 1 .
K N (qd +K e+ K, e)+ K51_NK11Q1+ K51_NK12Q1
3
KN Kis(Ng, — ) (Nq2 ql)
sl
d(3) * ° 1 % 1 . 1 4 1 .
+K,e+K,e)+ —K, 0 - —K, e+ —K_q'— K. e
K N(q 1 2 1) KslN 1% KslN 11 KslN 120 KslN 1261
3
_K N Kis(Ng, — Ou) (qu ql)
J ® 1 w1 3
=K|NqIj +K NKlZO&d K N 11q1 N 13(NqZ Oﬂ) (qu ql)
sl sl sl
3 (J K, —K, e+ @(J,Kz ~Ky)e
(34)
Therefore,
I KgN K N 12/ 1 N 2~ Oy
1 1 .
b = 9K, = Kyl + —=—]9,K, - Kyles
_N 1™ 11 N ™2 12
J 3) 1 * 1 . e
S—'Surﬂd + —K,supd’|+ —K,,suplg’|+ —K 2N q.—
1 1 .
K—N 19K, - K11|| N ——[|9,K;, — Ky, |||ex
sl
(35)

The following observations can be made:

o If JK,-K,,=)is satisfied bychoosin, = jﬁ q can be eliminated.

e Because the flexspline elastic displacement is very small (el§} \mad range),

andcan be determined by experimemt® can thezfore assume




3 K(Ng, —q)?(N (.:12— (.:|l is small and bounded. Let
KN
K. > 1 J d(® d d 3 21 I
20> ——[J;su q, |+ Kysupg |+ Ky sugoy |+ ——Ki(Ng, —q)°INg,—q,
KGN & t> t KN
o let
1 .
K312 @||J|K1_ N3]
By applying the above observations &%) we have:
- I L]
¢” <Ky + Ky ller (36)
. II'e Ile
Substitute 86) into (323, andconsideﬁq2 s”qg +”ez , we have:
L] L] 2 L] 2 L] L]
V< Kyle| -K,lef +3,., ezH”,B" -J, €U
L4 ||. . .
+,,Q2_¢,,: qg "'”eZ + Ky +Kglle+ J,)” KgN el’}
L] 2 L[] 2 L] L]
< Kle| —K,lle2f| +3., ezH”ﬂ -J, €U
. . Ile
+"q2—¢”:(su;“q§ +Kgp)+ K+ ) KslN)Hel +”62”}
t>
(37)
Ideally, él =N éz , therefore we can find e‘r<'31 to satisfy
\ L] L] "0
Kail€2 = (Ko + 1) KgN)jer +”e2'} (38)
Let
K;O 2 ]mw(su[“qg + (30) (39)
t>

Equation 87) can be simplified to:




. 2
€2

_ /7
Ng

+ |r:qw||Q2_¢,,:Klso+ (31”%”)4' |r;1w

2

€

_ 14
Ng

2 Ile
+ |r:qu30||qz_¢,,'*' lr;1WK31||q2_¢,,|1e2 + lr;]w

We canchoose nonlinear termy, in the form of

K€ o Y '
Uy = 22 (Kigla, — i + Ko, — o + 6,

eZ +K32

Substitute 41) into (40), the finalV is

.2
. .2 .12 Kgs|€2

V< Klel -K,le +I5,Kyla,— 1 1- ———)
&+ Kj,

.2

. Kgle2
+ Jru((€2] — .—)(K:'ﬂ”qz_ ' +.8,
&+ Kj,

In order to satisfy the above inequity, I&t,, > ) andK,, < - &,|. And
I
L] L] 2
. . |2 . |12 ' €2 + Ky —Kyglez
V= 'Kz €l — K4 €2 +Jr;1wK30||Q2 - ’: . )
&+ Ky,
L] 2 L] (] 2
€2 + Ky, ez — Kglle2
+ ‘]r;w( R )(K31”q2 - '+ﬂ ‘
&+ Ky,

é2H||,3”_ - e,

ezH”,B"— - e,

(40)

(41)

BecauseK,, and K,; are control parameters, we aalmoose suitable values to eresur
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Z €
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Kasl€

+K,,

2
+K,,

&
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Therefore, we can achie\)és ). This implies uniformly ultimate bounded stability

given the fact that K., increases a®, decreasesSubstitute 41) into (28), the final

control torques:

£ 3 (0 K, K )+ 1=

(Kéonqz - i,, + Kél”% - ",, + ﬂ ’ (43)

Hez +Kg,

For MRR, the configuration change presents a new set of robot dynamic parameters.
Hence, decentralized control is a suitable stratedyatalle motion tracking of MRR. In
decentralized control, every joint is treated as a single input single output (SISO) system

plus a disturbance torque representing all uncertainties of the robot. In eqda}jar.§

and K, are control parameters{,,, K,, and B are determined based on the upper

bound on the link/motor dynamic§herefore, 43) does not directly depends on the link
parameters and willequire minimal (or no) change of control parameters when robot is
reconfigured.The proposed control law is a saturation type controller becatishe

bounded nonlinear term,.

IV. EXPERIMENT

The performance of the proposed robust aler was evaluated using a three degree of
freedom (DOF) modular and reconfigurable robot (MRR) controlled by a MSK2812 DSP
kit. For every DOF, joint parametadentification wasperformed according to the
procedure described [B5]. Two different configurations with and without load were set
up. For each case, the MRR was controlled to follow sinusoidal tragsitojoint space
using the same set of control parameters. The expemmesatup and results are

presentedn this section.



I. MRR System
The MRR system block diagram is shownFig. 2. Block diagram of MRRFig. 2. All
three joints are connected with DSP via controller area net¢@iR) communication
bus, andhie DSP is connected with a PC throug8232. Each joint accepts the torque
command transmitted on the CAbased on its own ID, and sends the motor and link
position/velocitysignals back to DSP for both closed loop control and daliaction.
This data ca be uploaded ta PC offline. Because of the limit of CAN bus, the control
frequency is less than standa@D5%lz. The desired trajectory for each joint is in the form
of:

Traj= ksin(zT—” g (%)) (44)

Where A= )0deg is the trajectory amplitudd, = ’s is thetrajectory period,f = 0Hz
is the control frequency, and = )1,... is the control signaindex. Fig. 3 and Fig.

4Error! Reference source not found. show the desired trajectoes of both
configurationdn the task space. Ele trajectoriesnap b sinusoidal trajectories for each

joint in joint spaceFig. 5 andFig. 6 show two differentMRR configurations. For each
configuration, two tasks were tested under load and no load conditions. The load is in the
form of a wrist assembly that weighs 20lb asvgh inFig. 5 andFig. 6.

[I. Experiment Results
Parameters of the proposed controller were tuned to reduce the trajectory tracking error
based on the first configuration wittit load,while satisfying the constraints described in

Sectionlll. We first tuned PD gain¥, and K, in equation 43), to achieve a desirable

tracking performance. Hmthe nonlinear term was added to compensate disturbances
and tuned to achieve the desired trajectory tracking performancesedane set of
parametersvere thenapplied to all other experiments, i.e. with load and forsieond

configuration.The paraneters are listed in Tabl¢. k;,i=,2 and j=, 2, 3 4, were

not shown in this table, because they weadculated from equationl§) and (7),
respectivelyThe mean squared error (MSE) shown in equatd@hWas used to evaluat

the MRR trajectory tracking prmance Equation (49 was used to calculate the



improvement of the proposed robust controller compared tocBifiroller. The results

are summarized in Tatdd andlll for both configurations.

Y_o(g - 1,)°
)= (qaij aij) (45)
N

MSE =

Where N is the number of sampled ddt= , 2, 3 refersi™ joint, and 0, and Maj are

the measured position errors andan of those errors of each joint, respectively.

PID(MSB — RobustMSE) _
PID(MSE

improvemen= 0% (46)

From Table I, it can be shown that for configuration 1 the proposed robust controller
outperformed the weliuned linear controller for ahree degrees of freedom. For the
given trajectory inFig. 3 and Fig. 4Error! Reference source not found, the
improvement in performance at no load is 38.92%, 8.93% and 27.20% ferljpihtand

3 respectively. For a payload of 20Lb in the form of an end point wrist assembly, the
improvement in performance using the robust controller is 16.35%, 14.92%, and 5.04%
for joints 1, 2, and 3 respectively. Underconfigurationall control parameters ifiable |

were kept unchanged. The robust control still outperformed the industaat control

for the configuration 2 shown ifig. 6. For the trajectory shown iRkig. 3 and Fig.
4Error! Reference source not found, the robust control showed an improvement in
tracking performance of 12.17% fint 1, 16.24% for joint 2 and 45.53% for joint 3 at

no load. With a 20Lb end point load, the improvementacking performance is 6.91%

for joint 1, 11.79% for joint 2 and 26.26% for joint Bne percentage improvemsiih
workspace tracking usintpe proposed controller compared to PID contrdibera 20 Ib

end point loaciresummarized imable4.

During exgeriments it was observed that the first joint is the most rigid compared to
others, and the third joint generated more vibrations because of dynamic interactions with
other degrees of freedom joint&g. 7 - Fig. 18 show the torque signals of each joint of

both configurations under different tasks.

V. CONCLUSION



In this paper, a decentralized robust controller is presented fonodular and
reconfigurable robot (MRR) that es a harmonic drivetransmission system. The
uncertainy compensation and goqubsition tracking performance is achieved by fusing a
linear PDcontroller with a saturated type robust control law. In ordgrégisely control
the MRR, the nonlinear propgrof HD flexsplinecompliance was introduced into the
joint dynamics(6) (7). The important features of the controller are the simplicity in
computation compared with a centralized controller, grehterdisturbance tolerance
which can be observed from ettsuccessfulposition tracking during experimental

analysis.
APPENDIX
SINGLE JOINT DYNAMIC

The detailed derivatins of the single joint dynamic equations of (3) (4) and (5) are
shown in this appendix. The single joint with HD can be modeled as asmass
system as shown iRig. 7, and it is considered as three subsystems: 1) input subsystem;
2) transmission subsystem; and 3) output subsystem. All the notations can be found in
Sectionll.

A. Input subsystem

The input subsystem consists of motor and HD wgaserator, based on Euleagrange

equation, we have:

. 2

e Kinetic energy: K= _l-JmW%

2

e Potential energy: P=)
1, =*°?
e Lagrangian: L=K-P= éJmWCIz

Therefore the resulting torque can be calculated as:



T,= d_glj_ a£= mec.lz (47)
dtaqz od,

This resulting torquer | is also related to motor put torque z, friction torque and

flexsplinestiffness torque exerted on the input side. The following equation is satisfied:

T,= '_(Fmd q2+ :msSign(qZ))_ \IT, (48)

Therefore, the input subsystatynamic equation is:

‘me q2+ I:md q2+ FmsSigr(qz) + NTf = (49)
B. Transmission subsystem

The transmission subsystem refers to the flexible HD flexspline whiakually run at
low speed, and its mass can be ignored. Tywegyof flexspline models are widely used,
piecewise linear[37] and nonlineaf36]. We have setup experiments to calibrate the
flexspline stiffness coefficients, arfdund that a nonlinear model better represdmnée
flexspline dynamics. The experiments and results are out of the scope of thisTibeper.

flexspline dynamics is in the following form:

7 = (NG — )+ {p(NGp - 1)’ (50)
C. Output subsystem

The link and load together form the output subsystem. The link generates great effects on
the robot dynamicdn comparison wittthe unexpected load which is exerted at the end
of the link, the link mass is very small. Therefpwe assume the link magsss centered

at the end of the link as shownFkiy. 7. Based on the Euldragrange equation:

2

e Kinetic energy: K= ;L Ga

o Potential energy: P = - 1glcosfy)

o2
e Lagrangian: L=«(-2= EJ, g, + nglcosq,)



The resulting torque is:

da. 3.

T = i d—: ], Q+ nagsin(g,) (51)
0} 1

The resulting torquz comes from the torsional torga@plied by the flexspline, friction

torque and disturbance, whichn be expressed as:

r = —(Fg o+ 7sign(ay)) - (52)
So the output dynamics is
3y o+ malsign(@,) + Fy G+ Fsign(@) +z,+7 =) (53)

Finally, we can rearrangg49), (50), (53) into two equation representing single joint
dynamics in (6jand (7).



Tablel

ROBUST CONTROLLER PARAMETERS

Linear parameters Nonlinear parameters
Joint K, K, Kz Ka, Ks, Kas
#1 0.25 0.025 0.1 0.2 1 0.12
#2 0.15 0.005 0.1 0.1 1 0.8
#3 0.35 0.025 0.1 0.2 0.01 0.3
Table2
CONFIG 1: PID vs ROBUST
Joint No load (position MSE) Load 20Ib (position MSE)
PID Robust Improve PID Robust Improve
(ded) (ded) (%) (ded) (ded) (%)
#1 1.4445 0.8823 38.92 1.1562 0.9672 16.35
#2 1.8327 1.3025 28.93 2.7272 2.3202 14.92
#3 1.0856 0.7903 27.20 1.9009 1.8052 5.04
Table3
CONFIG 2: PID vs ROBUST
Joint No load (position MSE) Load 20Ib (position MSE)
PID Robust | Improve PID Robust Improve
(ded) (ded) (%) (ded) (ded) (%)
#1 0.9900 0.8695 12.17 1.6999 1.5825 6.91
#2 1.9590 1.6409 16.24 3.8442 3.3910 11.79
#3 2.3647 1.2880 45.53 4.6938 3.4610 26.26
Table 4
Percentage Improvemeot trackingln Workspacecoordinates
Config Load Position | Position | Position| Rotation| Rotation| Rotation
' (X) % (Y) % 2)% | (X)% (Y) % (Z2) %
20 Ib 25.97 15.57 12.28 | -5.62 28.19 6.50
20 Ib 35.66 21.01 47.14 | 27.75 22.44 30.38
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Fig. 3 Configuration lend effector trajectory in workspace



