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Abstract

This paper presents a novel robust fractiondl d®htroller design for flexible joint electrically
driven robots. Because of using voltage contratsgy, the proposed approach is free of problems
arising from torque control strategy in the desagid implementation. In fact, the motor's current
includes the effects of nonlinearities and couplmghe robot manipulator. Therefore, cancellation
of motor current by feedback linearization in vgkacontrol strategy can cancel the highly
nonlinear dynamics of manipulators. Thus, it caargatee robustness of control system to both
structured and unstructured uncertainties assaciaih robot dynamics. As a result, the proposed
control is simple, fast response and superior tqui control approaches. The control method is
verified by stability analysis. Simulations on aothink actuated flexible-joint robot show the
effectiveness of the proposed control approach. gamed with ordinary controller, the fractional
type shows a better tracking performance.
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1. Introduction
Although torque-level controllers are used more andre frequently for controlling robotic
manipulators [1-7], the role of voltage-level catigrs should not be undervalue. Indeed, torque-
level controllers have some natural limitations aogrfrom their practical implementation point of
view, such as
1- A torque-level control law cannot be given dilecto the torque inputs of an electrical
manipulator, because physical control variablesnatethe torque vector applied to robot links but
rather electrical signals to actuators.
2- The dynamics of motors and drives are excludetthé torque-level control strategies, while the
actuator dynamics are often a source of uncerthile, e.g. to calibration errors, or parameter
variation from overheating and changes in enviramntemperature [8].
3- The control problem becomes hypersensitive wiaster trajectories (motions along specified
paths at high speeds) are demanded. The main re&sas sensitivity refers to dynamic problems
arising from high velocities. Therefore, robot'sfoemance degrades quickly as speed increases.
4- The main discussion in the joint torque con&olk that all of three customary approaches for
transmitted torque’s measurement through motordt,sha. (I) torque measurement by using
reaction force in shaft bearings, (II) the Prongkar method and (lll) torque measurement through
induced strain in rotating body, suffer from seVarderent weakness. As a sample, the first
5
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method uses reaction force and the arm lengthofgue measurement indirectly. It also becomes
touched from bearing friction and wind age torqudsch are not avoidable in practical robotic
systems. The second approach measures the togma girough a rope wounded around the shatft.
This approach needs a standard mass, the measuoedii the spring balance, shaft age’s
parameters for torque calculation. It also utilizes few mathettical calculations for torque
measurement. Furthermore, the produced heat arisamg friction between the rope and shaft
demands water cooling process, which is anothekmess of this approach. Finally, the third and
the most common method utilize bonding four stganges onto the shaft for torque measurement,
where they have been arranged in a DC bridge tirdlie output from the bridge circuit is a
function of the strain in the shaft and hence eftibrque applied. It must be noted that, difficutty
precision of the positioning of the strain gaugestlte shaft has made them relatively expensive.
Also, this technique is ideal for measuring thdletiatorque in a shaft before rotation commences,
because a main problem is founding a suitable ndetihonaking electrical connections to the strain
gauges in the case of rotating shafts. AlthougBystem of slip rings and brushes is a suitable
choice in many commercial instruments, howevendteases the cost of the instrument still further
[9]. Recent developments in electronics and optit@r technology have made the alternative
methods for torque measurement possible, with ivelst low costs and small physical size.
However the lateral devices extend with the in@ed<DOF robot manipulators [9].

The considerable point is that, the control schgr@osed therein was confined to trajectory
tracking control by integer order controllers amhte the trajectory tracking control of robots with
fractional order controllers was remain as an gp®flem. Therefore, design of a fractional order
controller that solves the above problems has beeisubject of many researches over the two last
decades. For instance, [10, 11] proposed a fragdtiomer position/force control algorithm for rigid
and flexible joint manipulators under the assumptié weak joint flexibility with 2x16 Nm.rad*
amount. [12] Investigated a fractional order PIDntcoller for a position servomechanism control
system considering actuator saturation and the stagional flexibility. In addition, [13] proposed
a feedback control for Direct Current (DC) motoresg with using the fractional-order*Bf
controller. However, none stability of all thesgagaches were demonstrated in the literatures. [14]
Proposed a fractional order sliding mode controlggolar 2DOF robot manipulator and utilized
Genetic Algorithm for having optimized control pareters. [15] employed a fractional order fuzzy
sliding mode controller for elastic joint robotshalugh, there is yet problem arises from ignoring
actuator dynamics in controller design as samel@s 11] and [14]. Therefore, such a proper
controller cannot be easily developed to implemeobotic applications in experimental
verification.

To tackle this problem, two good robust voltagetoarstrategies were proposed aiming to prevent
nominal performance degradations in presence df patametric and unstructured uncertainties
[16, 17]. The key issue of the proposed controksuds is ignoring the knowledge of manipulator
dynamics in controller design, which makes it siggecompared with torque-level controllers.
Very recently, the extension to the rigid-link fiebe joint robot manipulators was reported in [18,
19]. In the mind of authors, the aforementionedticrstrategies are the first results that can be
deal with all the uncertainties in actuator dynanming free model of the robot dynamics to the
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controller synthesis at the same time, although fithctional order application of the voltage-level
controllers is yet an open problem.

This paper is dedicated to design a robust fraati®ft controller for the flexible joint electrically
driven robots, using voltage control strategy. @anécheme presented here has several attractive
features with respect to its design and implemamtatirst, overall complexity of the scheme is
reduced to the motor dynamics control needlessydkaowledge from robot dynamics. This is the
main advantage, which makes this approach novei treeoretical point of view. The rest of this
paper is organized as follows. In section 2 we lfed@me basic relationships for describing
fractional order calculus. Further information abowarious approaches to fractional-order
differentiation and integration can be found in treailable literatures on this topic [20-22].
Nonlinear dynamic description is studied in sectBrirhe overall control structure of the robust
fractional order controller will be outlined in s 4 and the closed-loop system stability is then
established. In section 5 a simulation study wél firesented to show the effectiveness of the
proposed control approach. Finally, we give ourabating remarks in section 6.

2. Fractional Calculus
To study the fractional order controllers, the tatgr point is of course the fractional order
differential equations using fractional calculusac¢tional calculus is a generalization of integnati

and differentiation to fractional order fundamerdpérator, D, which is defined as follows [23]
da'
at?
D = 1 ,R(@)=0 Q)

,R(@)>0

j(dr)'” ,R(a)<0

Where . is the order of the operation, which can be a derapumber and the constaatis related
to the initial conditions. There are three defonis of fractional integration and differentiatidrhe
most often used are the Grunwald-Letnikov (GL) migbn, the Reimann-Liouville (RL) and the
Caputo definition [22]. The GL definition is as:

[(t_a)/h] (o
DI F () =limh™ > (‘1)J[jjf(t‘jh) ()
N =

Wheref (t) is an arbitrary differinte gralable function. Indiitbn, the RL definition is formulated as

1 d"¢ ()

DY f (t) = —_—
DT F(n-a)d": t-7)""™

®3)

For (n-1<a<n) with r(x) denoting the famous Gamma function. Moreover, @eputo’s
definition can be written as:
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1 ¢ fO0)

aDta f (t) = r(a_ n) J (t ~ Z.)a—n+l

(4)

For (n-1<a<n). For shortening of the paper, other important progs of the fractional

derivatives and integrals can be found in the abéel literatures on this topic [20-22]. Nonlinear
dynamic description is studied in the next section.

3. Nonlinear Dynamic Description
Let us consider an n-link electrical flexible joimbbot manipulator, whose dynamics can be
described as [24]

D(@)g+C(q,9)g+9g(q) =K(@-0q) (5)
J B+B O+K(@-q)=1 (6)

wheregO0"and qOO"represent respectively the vectors of link posgicamd motor angular
positions,K 0O""is a diagonal positive definite matrix representing joint stiffnessp (q)00™"

is the symmetric positive definite manipulator trermatrix, C(q,q)d00"is a vector function
containing Coriolis and centrifugal forceg() 00" is a vector function containing of gravitational
forces, J,00™"[kg.m?]is a diagonal matrix of the Ilumped actuator rotameriias,
B, OO™"[N.ms/rad]is diagonal matrix of the lumped actuator dampingefticients, and
rO0"[N.m]is the vector of actuator input torque. It mushloéed that the link dynamics (5) and the

mechanical subsystem of the motor dynamic are eoughly by the elastic torque ter@-q) and

no any inertial coupling between actuators andslinias considered in control system design. This
assumptions true, since the off-diagonal terms of the inertiatrix and the associated Coriolis
forces are considerably weaker compared with ofleerrce of interaction between degrees of
freedom [25].

Now due to have motor voltages as the inputs fectatal flexible joint robot, some modifications
are required. Toward this end, consider the eladtequation of permanent magnet DC motors in
the matrix as

Li +Ri +k 8+ ¢(t) =u (7)
whereL 00" " is a constant diagonal matrix of electrical indaceg ROO™" is diagonal matrix of

armature resistancek, 00" "[volt/ rad /sec]is a diagonal constant matrix for the back-EMets,

u00"[volt] is the control input voltage applied for the joarmtuators; 00O"[A]is the vector of motor
armature currents angt) represents an external disturbance. It must belribtdt, the motor torque
vector as the input for dynamic equation (6) isdoced by the motor current vector as

=k (8)
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Wherek,, 00" is an invertible constant diagonal matrix chardzteg the electro-mechanical

conversion between the current vector and the eovgator. As can be seen from (5)-(8), there exist
strong couplings between the joint motions, sinaeheelement ab(q), C(q.q), andg(q) is highly

complicated nonlinear functions of the manipulatonfigurationq and the speed of motign as
well as the inertia parameters of the payload edrply the manipulator end-effecter.

4. Robust Control Design

In this section, we design a robust control forceleally driven flexible joint robots by applying
the recursive procedure. It follows from (6) and (Aat the overall system of actuated robot
manipulator can be viewed as two-cascaded dynamsyséém, ifi is considered as the input signal
to robot dynamics of rigid body. One consequencethid definition is that the rigid-link
manipulator input cannot be commanded directly, and instead it meisehlized as the output of
the actuator dynamics through proper specificatibthe actuator control input Hence, in order

to control the robot manipulator to track the desitrajectory, first a robust control scheme is
designed to generate the fictitious control inptequired to ensure that the system (6) evolves as

desired. The next control objective is, naturalbygenerate a suitable control voltage that the
motor currenti can follow the desired current commapdand thusqwill follow the desired

trajectoryyy . Based on this observation, a recursive contrbese is developed. By the last
definitions, the first attempt is define a currentor as the form of

i =1 =iy 9)
Or equivalently
i =iy +ig (10)
By substituting (10) in to (6) we have,
J O+B O+K(@-0q) =K i, +K i, (11)
Multiplying both sides of (11) ik, yields
kit (30 + B8+ K (6-0)) =iy +i (12)
Now, the problem is to design a desired currefedtary i, so that a robust inner-controllarcan

be constructed to have - i, which further implies convergence of the outpubeas desired. To

solve this problem, we define the desired curigmats
i, = I?,;l(jmé+ B +KO-K(q, + KlD‘”le)) (13)

Where: =q4 —q is the position erro@) denotes an estimation @f, K,is a diagonal positive definite
gain matrix andy 0O"is a desired trajectory in joint-space. Now by digfon of
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8(t) = Kk (Bynf+ B8+ (6-0)) (14)
With

A, =k -k

Doy =k By — kB, (15)

A =kK k7K

Substituting (13) into (12), rearranging with somanipulation this leads to dynamic of the output
tracking loop as

e+K,De=K %k i, -Jt) (16)

By the last result, the design procedure is nowldsign a control input, to realize the perfect
current vector in (13), such that, the currentrecan be bounded by a constant. Toward this end,
we may construct the control input in the form

u=K i, + K D™i, (17)

Wherek ,andK; are diagonal positive definite matrices. Withowgdmf generality, assume that, the

voltage of every motor is limited to protect thetoraagainst over voltages. Therefore, control law
(17) is modified as

ut) =v fofvi < Vo (18)

U(t) = VieoSION(Y) ~ forv >V, (19)

Where v, IS a positive constant called as the maximum péedhitvoltage of motor awnds
expressed as

V=K j, +K D™, (20)

Stability Proof:
Here, we will prove stability of the proposed apmio. Toward this end, we make the following
assumptions.

Al. The actuator dynamics can be linearly parameteraedhe multiplication of a constant
bounded parameter matrixa0"*™with a vectow (8,6,6,q)00™ , i.e.

k1 G+k 'B 9+k'K(@-q) =1 =PW(4,6,6,9) (21)

Where

10
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T

Z (S
wW,8,6,9=| 8 | , P=|k'B, (22)
6-q k'K

A2. The external disturbangg) is bounded as

| )] < B (23)

Wherey, ., IS a positive constant.

A3. It is possible to show that 8, i,i and therefore the left hand side of equation (Bpisnded in
compact sets for alboas stated in [18]. For shortening of the paper,akglicit description of
calculating these bounding functions are ignoree.he

A4. The parametric uncertainties are bounded as

”AJm”S”l’ ”ABm”S”z’ Ay =15, (24)

AS5. Assume that, there exists a positive scalar denogg that
H Li, +Ri + kb9+¢(t)u <u (25)

As can be seen from (18)-(20), the control law afEein two areas of | <v . andv|>v,,. The
tracking performance should be evaluated in bathsar

(@) Area of Vv|<v
Substituting (18) into (7), one obtains the dynaniar the current tracking loop as

. _/1 . _ . . A
Kol + KiD™2i, = Li + Ri + k6 + ¢At) (26)

Since the variables, i, #andgt) are bounded, then the RHS of (26) andisare bounded.
Therefore, boundedness gfcan be achieved. From (22) it can be easily shdwat the constant
matrix P is bounded. Thus, the vectorwf(,6,4,q) is bounded. By the same manipulation, similar
to those utilized for (22) we can obtain a boundunggtion for 3 first terms in (13) as

6 knidin
W(4,0,6,q)=| & =| k'B (27)
-

f-q
Therefore (14) is bounded sinée ™k, is a constant. Besides, by usifg, all terms in the RHS of

11
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(16) are bounded as stated by (26) and (27). Sheeénput of (16) is bounded akgis positive,
system (16) is stable and therefoees bounded. Since the desired joint angles bounded, the
bounded variablesimply thatq =q4 -e is also bounded. Moreover, from (11) we have

J 8+B 9+KO =Kk i+Kg (28)

System (28) is a second order limited system wdskitfve gainsJ,,, B,,,K , and a limited input
kmi +Kg . This system is stable based on the Routh-Hurriterion and implies that éandd are

bounded. Therefore, the robotic system has the @mlitnput-Bounded Output (BIBO) stability. It
must be emphasized that, due to stability of th@p@sed control scheme, we use the following
lemma for Equations (16) and (26).

Lemma: The system is BIBO stable, if it is asymptotiddea This requires that
-1, Amr
—ar >
QFKl) 5 (29)

Proof: For stability analysis, generally, we derive thansfer function and then we study the
location of the roots of the denominator. The tfanfunction is stable if the roots are in LHP [26-
27]. Hence, Due to stability we consider the traniinction as the form:

_es)_ 1
C(5)= ns) 1+Ks™

(30)

Wherey(s)is the bounded lumped input signals. Hawrge!?for Stability(g<9<3—;), and

equating the denominator of equation (30), we have

-1
arg—)=-16 (31)
Kl
That is:
1. Am
_ar >_
9?1) > (32)

(b) Area of || > Vay
To consider the convergence of current trackingreyin the area that| >v .., a positive definite
function is proposed as

Y, :%iguezo (33)
By taking the time derivative aof one can obtain
V =il L (34)

12



Journal of Modern Processes in Manufacturing awdi&ation, Vol. 7, No. 1, Winter 2018

Substituting control law (19) into (7) forms th@séd loop system

Li +Ri +k @+ ¢(t) =v__sign(v) (35)
Substituting (9) into (34) yields
V =-i (Liy + Ri + k &+ @(t) —v__sign(v)) (36)

Now, according t&\5, the sufficient condition to establish the conesrge ofv <0is

Ve, SIGN(V)7SiGN(; (37)
Proof: Substituting (37) into (36) yields

V =] (Liy + R +k8 + () - pssign(i,)) (38)
Notice that, to satisfy <0, the assumption (5) is required, that is

V <|if || Ly + R +k6+att)| - £dZsign(i.) (39)

Sincei] sign(, )=i,, thus

(H Li, +R +k 0+ qa(t)” —~ ,u) (40)

Equation (37) means that

T
e

V<l

Voo™ (41)

Therefore, the maximum voltage of motor should séat(40) for the convergence of current
tracking error. From the closed loop system (3% ,can obtain

Li + R =V,sign(v)- k.6 - ¢t ) (42)
The RHS of (42) is bounded as

[VrarSIgNO)~ K8 = 96 ) < Vi Ko st P (43)

Thus, the linear system (42) under the boundedtingy + k, fmax+ ?ma0btains the bounded output
i . Since is limited and considering boundednessiof we have a limit for,. Therefore, the

boundedness of all control signals can be achidyethe same manipulation as same as before.
These conditions together withl-A5 complete the proof of the closed-loop system btgbiThe
block diagram of the proposed approach has beemrshoFig. 1.

A main advantage of the proposed approach is tfeaPt controllers in outer and inner control
loops are less sensitive to changes of parametersantrolled system. This is due to the two extra
degrees of freedom to better adjust the dynamiocgbeties of a fractional order control system
[17].

13
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5. Computer simulation

In this section, we present the simulation resfdtsthe validity of the proposed controller. The
simulation task is carried out based on a two D@Rqy flexible joint robot driven by permanent
magnet dc motors.

b i 2, [Fractional P .
—»(4 Ea.(13) 'd Controller > 7|£ —it (1)

—»q Saturation

i

Wotor Dynamic

Figurel. The block diagram of proposed scheme

The dynamic model of the robot system can be desdiin the form of Equation (5) as
d, d | ~2mllosin(g,)(ag,+ 0.5
D(q):{ 11 12} ’ C(q,q)q: 1 2 ( ?2 2)
dy dy myll.,sin(q,)d;

g (CI) _ {(”Ucl +m) 1) geos(q,) +mJ, geos(q,+q 9}
ml;,gcos(q,; +d,)

dy = mz(lf +1g,+ 21 pos(q 2))+mhc21+| il

dyy =dy,= mzlczz"'mzlllczCOS(QQ)"'l 2
dy, :m2|c22+ I,

(44)

where q; and g, are the angles of joints 1 and & andm, are the masses of links 1 and 2
respectivelyl, andl.are the lengths of links 1 and R,is the link's moment of inertia given in
center of masd; is the distance between the center of mass ofdimk the ith joint, ang is the
gravity acceleration. The manipulator dynamic paters are defined ad;=1,=0.75m,
lc1=12=0.375m, my=m,=0.5kg and 1,=1,=0.0234; Also, the exact-actuator dynamic model
parameters are selected dg=diag(0.02,0.01),B=diag(5,4), R=diag(1,1), kp=diag(1,1) and
L=diag(0.025, 0.025)K=diag(1000, 1000) ank,=diag (10,10). Due to comparison purpose, we
will present the simulation results for both integad fractional order control design. In order to
keep fair comparison scenery, we have used the sammerical values for the proportional and
integral gains. Due to observe the effect of th@ppsed controller, the robot is required to track a
circle, characterized by 0.2m radius circle cemtesié (0.8m, 1.0m) in 10 seconds. We set the
controller with K; =0.1,K; = 0.5 K; = 24, = 0.50,=0.8and 80% parametric uncertainties in actuator

dynamic model. The initial tracking error is coresigd zero in all simulations. By the last
definitions, the desired and actual joint angles @dnawn in Fig. 2, while the task-space trajectory

14
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tracking are observed in Fig. 3. Fig.4 shows thawion of the link position error norm obtained
for controllers (18)-(20). From Figure 4, it is elbged that the fractional controller presents bette
tracking performance with respect to the integes. ofhe technical limits such as applied control
voltage and performance in the current trackingplace illustrated in Figs. 5 and 6, respectively.
The simulation results clearly show the effectiveanef the proposed control scheme to robustly
stabilize of the system, despite the imperfectiarthe actuator and robotic arm dynamics.

0.8

- .| mmm——— desired
°© .
8 o6l Fractionl
— ———— Intiger
X
£ 04
S
S 0.2
c
<

0 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10

Time(Sec)
2

----- desired

Angle of link 2 (rad)
(=Y

0.51 Fractionl
O | | | | | | | T Intlger
0 1 2 3 4 5 6 7 8 9 10

Time(Sec)

Figure2. The joint angular positions
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Figure6. Tracking error in current loop

6. Conclusion
This paper presents a robust fractional order obtdrcope with the tracking problem for robots
with uncertainties in actuator dynamics, and neettieany knowledge about robot manipulator. It

17
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is shown that robotic system has the Bounded IBoutrded Output (BIBO) stability. Simulation
results show that the performance of the proposettaller is comparable with that of torque-level
controllers.
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