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Abstract. The purpose of this paper is to construct a trajectory tracking feedback controller for prismatic and revolute joined
multi-link robotic manipulators using a new form of sliding modes. Methods. In this paper, the Lyapunov functions method
has been applied to establish the stability property of the closed-loop system. Results. Due to the presence of rotational joints,
the motion equations of the manipulator are periodic in the angular coordinates of the corresponding links. A control law is
constructed which is also periodic in the angular coordinates of the links. Thus, a closed-loop system has not one, but a whole
set of equilibrium positions that differ from each other by a multiple of the system period. The dynamics mathematical model
of a complex five-link manipulator with cylindrical and prismatic joints has been constructed on the basis of the Lagrange
equations. Simulation results on a 5-degree-of-freedom robotic arm demonstrate the applicability of the proposed control
scheme. Conclusion. We obtain a relay controller such that the set of all equilibrium positions of the closed-loop system is
uniformly asymptotically stable. The novelty of the obtained control law is based on a new approach that takes into account
the periodicity of the model in angular variables with the solution of the tracking problem in the cylindrical phase space.
The simulation results for a 5-degree-of-freedom robotic manipulator clearly show the good performance of our controller.
The applied significance of the results obtained in the paper is as follows. At present, in connection with the widespread
introduction and mass production of manipulators, it seems important to develop the mathematical foundations for designing a
control structure that has a universal character, namely, allowing to perform the required process without additional adjustment
of control parameters with simple and convenient algorithms and programs of their implementation.
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Annomayus. L]ens HACTOAIETO UCCIICNOBAHUS — C UCIOIb30BaHUEM HOBOI (DOPMBI CKOIB3AIIMX PEKUMOB HOCTPOUTH 3aKOH
YIpaBIEHHS JUIS OTCIICKHBAHUS TPAGKTOPHH MHOTO3BEHHBIX POOOTOB-MAaHHIIYJIATOPOB C IMPH3MATHICCKUMU M BPaIaTeIbHBIMU
mapHupamu. Memoovl. B naHHO# paboTe 1 yCTAaHOBJIECHHUS CBOWCTBA YCTOWYHBOCTH TIOJIOKCHUN PAaBHOBECHS 3aMKHYTOU
CHCTEMBbI puMeHseTcsi MeTox (GyHkumii JIsmyHoBa U €ro pa3BUTHE JJIsl HCABTOHOMHBIX CHCTeM. Pesyiemamoi. V3-3a Hamu4us
BpalllaTeIbHBIX IAPHUPOB YPaBHEHUS JBIKCHHSI MAHUIYIIATOPA SIBIIIOTCS NEPUOAMYCCKUMH IO YINIOBBIM KOOpPAMHATAM
COOTBETCTBYIOIIHX 3BEHBEB. II0CTPOEH 3aKOH yNpaBiIeHUs, TAKKE ABIIOMIMICS IEPHOAUIECKUAM IO YIIOBBIM KOOPJUHATAM
3BeHbeB. TakuM 00pa3oM, 3aMKHYyTas CHCTEMa UMEET He OfIHO, a IIeJI0€ MHOXKECTBO TTOJI0XKEHNH paBHOBECHS, KOTOPhIE OTIHYa-
I0TCA JpYT OT Jpyra Ha BeJIMYMHY, KpaTHyo epuofy cucreMsl. Ha ocHoBe ypaBHeHuil Jlarpanxa nocrpoeHa MareMaTudeckas
MOZENb JUHAMUKY CJIOKHOTO IIATU3BEHHOIO MaHUIYIATOPA ¢ UMIMHAPUYECKHM U IPU3MAaTHYECKUM IIapHUpamMu. PesynbraTel
MOJICJIUPOBAHMA Ha IpHMepe POOOTH3MPOBAHHON PYKH € 5 CTENEHSAMH CBOOOIB! NIEMOHCTPUPYIOT IPUMEHUMOCTD MPEATIOKEH-
HOI CXeMBI yIpaBleHus. 3akaioyenue. J{js MHOTO3BEHHBIX POOOTOB-MaHHITY/IATOPOB C IIPU3MATHIECKUMH U BpaIaTeIbHBIMI
LIapHUPaMH IIOJy4YEH PeICHHBIA 3aKOH yIpaBlIeHHs, TAKOH YTO MHOXKECTBO BCEX IIOJOKEHHH PABHOBECHUS 3aMKHYTOH CH-
CTeMbl PaBHOMEPHO aCUMIITOTHYECKH YCTOHunBO. HOBH3HA NOMy4e€HHOTO 3aKOHA yNpaBieHUs OCHOBaHA HA HOBOM IIOJXOJE,
YYUTHIBAIOIIEM TIEPHOIMYHOCTh MOJICNIU B YIIOBBIX NIEPEMEHHBIX C PEIICHHEM 3aJladd CIIeKEHHS B HIIMHIPUIECKOM (hazo-
BOM TIPOCTpaHCTBE. Pe3ynbTaTsl MOIEIUPOBAaHUA POOOTAa-MAHUITYIISTOPA C MATHIO CTETICHSIMH CBOOOABI SICHO ITOKA3bIBAIOT
XOpOILINE XapaKTepPUCTHKH HAIlero 3aKoHa ynpasineHus. [IpukinanHoe 3HaueHHe MOTy4YEeHHBIX B CTaThe PEe3yJIbTaTOB COCTOUT
B cieayromeM. B Hacrosiee BpeMs B CBA3H C IOBCEMECTHBIM BHEJAPEHHEM M MacCOBBIM IIPOU3BOACTBOM MaHUILYJISTOPOB
MIPEACTABIIETCS] aKTyaJIbHOM pa3pabOTKa MaTeMaTHYECKUX OCHOB IPOCKTHPOBAHUS YIPABISIOMIEH CTPYKTYpPHI, IMEIOIei
YHUBEpCAJIbHBII XapakTep, a IMEHHO MO3BOJIAIONIEH Oe3 IOMOTHUTENbHON HACTPONKH YIPaBIAIOIIUX apaMeTPOB BHINOIHATH
TpeOyeMBIii IPOIIecC C IOMOIIBIO IIPOCTHIX M YHOOHBIX aJTOPUTMOB M NIPOTPAaMM UX PealIi3alHH.

Knrouegvie cnosa: oTcnexuBaHue TPACKTOPUH, POOOT-MaHHITYIIATOP, BPAIATEIbHBIN M MPU3MATHUECKUN MIAPHUPBI, METO
¢dyHkumii JISmyHoBa, CKOIB3SIINGA PexXnM, HelTMHEeHHas: CHCTeMa.
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Introduction

The trajectory tracking control problem for robotic arms has been considered in great detail in
the literature (see the survey [1] and the monograph [2]). Many control schemes have been proposed
by the researches to solve the control problem for serial robot manipulators. A feedback linearization
method has been used in [1, 3], a sliding mode control methodology has been considered in [4-8],
a passivity-based technique has been applied in [9], and a robust adaptive control design has been
implemented in [10]. In [11], a robust control scheme has been proposed based on the combination of
both proportional derivative (PD) and sliding mode terms for the global trajectory tracking of robotic
manipulators with uncertain dynamics. In [12], a PD with a feedforward scheme has been proposed to
provide the global tracking of robot-manipulators under the bounded constantly acting disturbances.
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The main contribution of this paper consists in the following. We propose a solution to the
trajectory tracking control problem for prismatic and revolute joined robotic manipulators using a
discontinuous bounded controller without a feedback linearization.

We denote by || - ||, both the Euclidean vector norm and the operator matrix norm. We use the
symbol lgn|| - || as a logarithmic matrix norm which corresponds to the Euclidean vector norm and can
be calculated as Ign||A|| = hpax(AT + A)/2 VA € R™™, where Apax(-) is the maximum eigenvalue.
The symbol E € R™*" denotes the identity matrix.

1. Robot Model and Preliminaries

The dynamics of an n-degree-of-freedom (DOF) serial rigid robotic manipulator with revolute
and prismatic joints is defined by the following equations

A(q)G+ C(q,9)q + 9(q) +d(q,q) = u, (D

where the vector of joint positions is represented by g € R”, the inertia matrix A(q) € R™*™ is positive
definite, the Coriolis and centrifugal forces are expressed by the term C(q, ¢)¢ with C(q, ¢) € R™*™,
the gravitational forces are expressed by the vector g(g) € R", the vector d(g,q) € R™*™ is the viscous
damping forces of the manipulator links, u € R™ is the vector of control forces.

Proposition 1. Let Jp and Jp be two subsets of the set J, = {1,2,...,n} such that Jr U Jp = J,
and Jg N Jp = () . Let the generalized coordinates q; Vi € Jgr be the angular displacements of the
revolute joints, and let the others q; Vi € Jp be the linear displacements of the prismatic joints.

Remark 1. The matrices A(q) and C(q,q) have some properties such as follows [2].
1. The following inequalities hold

Wlal)* < T Alg)q < A3||q||* Vg € R, )

where h1 and o are some positive constants.
2. The matrix A(q) — 2C(q, q) is skew symmetric.

Define the set of the reference trajectories for the robot-manipulator (1) as follows
X ={q2t): [0,400) = R : [|[{O @) < g1, 11§V )] < g2}, 3)

where the time functions ¢(©) (t) are twice continuously differentiable, g; and g2 are some constants.

The problem of trajectory tracking control consists in constructing a feedback controller
u = u(t,q,q) such that the reference trajectory ¢(®)(t) € X of the manipulator (1) is uniformly
asymptotically stable.

2. Problem Solution

For some reference trajectory ¢(°)(t) € X, define the feedforward term of the controller
u = u(t,q,q) as follows

u@t) = A )i ) + 0@V (1), ¢V )iV (1) + 9 () + d(¢V (1), 2). @

The tracking errors are given by 2 = ¢ — ¢(9(t) and & = ¢ — ¢{°)(¢). The error dynamics
equations can be expressed as

AW (t,2)i + CO(t, 2,240 (t) + @)d + Ri(t, ) + Ro(t, x, &) = ull), (5)
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where A(l)(t,x) = A(q(o) t) + x), c )(t x, &) = C(q(o)(t) +z,%), Ri(t,z) = (A(q (0)( )+ x) —
—AGOONIO ) + (CD(t2,q0(0) - CO,0,4OWNIO ) +9(a® (1) + ) — 9(g (1) +
+fll()q(0)(t)+$(b§i(0)(t))—d(q(°)(t ,dO)), Ra(t, x,2)=d(q"V (t)+z, ¢ (t)+2)—d(q'V (t)+z, 4 (1)),
u =u —uV(¢t).

Proposition 2. Assume that there exist positive reals ka, kc, kg, and kq such that ¥(t,z) € Rt x R"
the following conditions hold

14 (@) +2) = A(@O D] < kallp(2)]],
ICW(t,2,¢ 0 (1) = CD(t,0,4 O )| < kellp(2)],
l9(a®(t) + 2) = g(d P W) < k Hp( ik

| (6)
(g () + 2,49 t) = dg (1), V)| < kallp(@)]l,

where the function p : R" — R" is such that p(0) = 0 and p = (p1,p2,...,pn)", pi = pil;)
(i =1,2,...,n) are continuously differentiable functions, and the following holds

llp(z)|| = ||p(x + 2=l)|| Vi€ Z: ;=0 Vi€ Jp, VreR",

(7)
llp(2)]| € pmax = constant > 0.
Also assume that the functions R1(t,x) and Ra(t,x,y) satisfy the equalities
Ry(t,x) = F(t,z)p(z) V(t,x) € RT x R", ®

Ro(t,x,y) = B(t,z,y)y V(t,z,y) € RT x R" x R",
where F : RT x R? — R™"™ B : RT x R" x R" — R"™ " are some continuous matrix functions.

Remark 2. Note that the inequalities in (6) with p(x) = x represent the well-known important
properties of the robot-manipulators [2]. We generalize these inequalities by introducing a periodic
Sunction p(x) satisfying the conditions (7). Thus, we took into account the following property of the
robotic manipulators with revolute joints: they are described by the equations with periodic functions of
x with period 2m. For example, the motion equation of the pendulum is given by ¢ + b + asinp = cU,
where  is the angle between the pendulum bar and the vertical axis, a = g/L, b=k/m , c = 1/(mL?),
L is the pendulum length, m is the pendulum mass, k is the coefficient of the damping torque, U is
the torque applied to the pendulum. The function conszdered as a controller is given by uw = cU. The
aim of the controller is to stabilize the desired motion ¢\ ( ) of the pendulum. The equality that the
feedforward controller satisfies has the form u® (t) = ¢ (t) + b (t) + asin ) (t). The error
dynamics equation is given by & +bi+asin(z+ @ (1)) —asin(e® (1)) = uV), where x = ¢ — @ (¢).
This equation can be represented as follows & + bi: + 2a cos(z/2 + ¢ (t)) sin(z/2) = uV). If one
chooses p(x) = sin(x/2), then the constant kg, of (6) is such as k, = 2a. Note that the function p(x)
has a period of 4w, and the function |p(z)| has a period of 2.

Construct the feedback term of the controller w as follows
uM) = K Sign (i + r(z)), 9)

where K € R™*" is the constant gain matrix, lgn||K || < —ko = constant < 0, the vector function
r : R® — R" is continuous, r(0) = 0, and r(z) = (ri(z1),72(x2),...,7(zn))" Vo € R,
ri(y) = rod(p?(y))/dy Yy € R, Vi € {1,2,...,n}, ro = const > 0, the vector function Sign () is
given by Sign (z) = (sign (z1), sign (z2), ..., sign (z,))T Vz € R™.

Anopees A. C., Ilepecyoosa O. A., Ilemposuuesa IO. B.
W3Bectus By3os. [TH/I, 2021, 1. 29, Ne 3 401



Remark 3. One can easily see that r;(y) = ri(y + 2nl) Vi € Jg, Yy € R, VI € Z.
Proposition 3. There does not exist a vector v € R™ such that R1(t,x) = 0Vt € R™ and p(z) # 0.

By substituting (9) into (6) and using (8), we get the closed-loop system such as
AW, z)i + O (t, 2, 2¢O (t) + &)& + F(t,2)p(z) + B(t, x, )i — K Sign(d + r(z)) = 0. (10)

Note that under Assumption 3 the closed-loop system (10) has the set of all equilibrium positions
such as

H={(y,y) e R" xR": p(y) =0, 5 =0} (11)
One can easily see that the set H can be written as

H={(y,9) eR" xR": y;=2mnl;, y;=0, y=0, L;€Z, icJg, jeJp}. (12)

Theorem 1. Consider the closed-loop system (1(0) under Propositions I, 2 and 3. Let the positive
constants m1, me, and Oq exist such that the following holds

kJA—l—kic—}—k‘g—{—k:d—FTO

(C0(0.1(2) 2490 4001y 220 )

C(l)(t,$7q(0)(t) _ T‘(:L’)) +A(1)(t’x)ag(?

lgn

M1Pmax + m260/>\-1 < kO-
Then, the set (11) of (10) is uniformly asymptotically stable.

Proof 1. Consider the Lyapunov function candidate V.=V (t,x, &) as follows

V(t,z,i) = /(2 +r(x)TAD(t, 2) (3 +r(x)). (14)

Note that the function V (t,x, &) is periodic on x;, i € Jr with period 2n. Note also that the
Lyapunov vector function candidate V' is continuous but not continuously differentiable. We will use the
right hand time derivative of V' along the trajectories of the closed-loop system (10).

The time derivative of the function V2(t,x,1)/2 is given by

VV = (@ + () TAW (b ) (@ +r(2)) + (@ + () TAD (8 2) (@ +r(x)) =

= (CO(t,z, 3 + 24 () + B(t, x,@)3 + F(t,2)p(x)+
+K Sign (¢ +7(2))) (AW (t,2)) T AWt 2) (@ + r(x))+

~_ T

ox

T
N (87"(9”):&) A1, 2)(& + r(2)) + (& + () TAD ¢, 2) (G + r(x)) =
= (i +r(z)" <C(1)(t, x, @+ ¢ (1)) + %A(l)(t, x)) (& +7(z))+

+(& +r(x)T (F(t, z) = 7o (B(tv &) + CO(t, 2,240 (t) — r(x))+
+AD (¢, x)aT(w)> 8p(x)) p(x)+

ox ox
(i + ()T <B(t, z, &) + CW(t, 2,40 (t) — r(z))+

or(x)

+ AW (¢, x) 5
X

> (& +7r(x)) + (& +r(z))TK Sign (2 + r(z)).
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Using Remark |, one can easily obtain the following estimate

V< HF(t,x) — 1 (B(t,x, T) + C'(l)(t,:v7 24(0)@) —r(x))+

+ 40,02 ) 2y e, )+

+1gn || B(t, z,4) + CW(t,2,¢O(t) — r(z))+ "
+ AW (¢, z) 82(;) ’ V/(Mt,z,%)?) + lgn | K| /A(t, z, %),
where the function \(t,x, &) satisfies the following relationship
Mt,z, )|z +r(x)|| =MV, A <At x,2) < Ao (16)
From (15) using (13), we get the following inequality
Vlt.0.) < s o)+ 5 sV () = s, (7
From (17) using (13), we get the following inequality
V(t,z,i) < —e <0 Y(t,z,%) € Ryg x R" x R, (18)
where € > 0 is some constant.
Using (18), one can obtain
V(t,z(t),2(t)) < V(to, x(to), z(to)) — et Vit > to. (19)
From (19) one can easily see that there exists the time moment t; > tg such that
V(t,z,2) =0 Vt=>t. (20)
Consider now the Lyapunov function candidate W = W (x) such as
W = [lp(2)]- 1)
The time derivative of the function W? /2 is given by
W = p() 25 = () 2O (54 () — o)) =
op(a))” op(a). 22
= —rupta) (22 ) bt + ) 5 i 4 1)
From (22) one can easily obtain the following estimate
W(t,z,4) < lgn ||—ro (82(;6))2“ W(x) + X(t,i,yb) '8];(;) V(t,z, ). (23)

Using (20) and (23), one can obtain that the estimation of the right hand time derivative of the
Sfunction W (x) is given by

W(t,xz,z) < lgn

2
—rg (a;;f)) ||W(:c)<0 Vit > 1. (24)
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Using Theorem from [13], we get that the positive limit set Q" (to, yo) of the solution (z(t, ty, zo, @),
@(t,to, z0,%0)) T of (10) is such that the following holds

Q7 (to,y0) C {W*(t,2,%) = 0} = A, (25)

where yo = (0, 40) T, W*(t,z, &) is a limiting function to W (t, z, &).

From (25) one can conclude that the set of all equilibrium points (11) of the closed-loop system
(10) is uniformly attractive.

Using Assumptions | and 2 note now that the function V (t, x, &) satisfies the inequality

w1 ([[(r(x), &) ") < V(t 2, i) < w(|[(r(x), @) ])), (26)

where w1 and wo are Hahn functions.

Then, using (18) and (26) we obtain that the set (11) is uniformly stable.

Thus, the set of all equilibrium points (11) of the closed-loop system (10) is uniformly asymptotically
stable.

3. Solution to the trajectory tracking for a 5-DOF robotic manipulator

In this section, the simulation test for a 5-DOF serial robotic manipulator (see Fig. 1) is illustrated.
The robot has one prismatic joint and four revolute ones.

Each link of the manipulator is represented as a solid body. The kinematic pairs of the manipulator
are assumed to be single-link, their geometric centers are denoted by Oy, (k = 1,2,...,5). The centers
of mass Cj, (k = 1,2,...,5) of the links lie on the axes OOy 1, the axes OxOx 11 (kK =1,2,...,5) are
their axes of symmetry. The first base link is vertical, it rotates around OOy, its rotation angle is 6. The
second kinematic pair allows rotation of the second link around the horizontal axis passing through O,.
The third kinematic pair allows rectilinear movement of the third link along O304 (O3 € O10,), let us
introduce the notation for the displacement of the third link z = d3 = O10y4. The fourth link can rotate
around a horizontal axis passing through O4 with the angle of rotation 04. The fifth link simulating
the gripper allows the rotation around 0405, its
rotation angle is denoted by 05. We will assume
that the centers of mass C}, of the links lie on
the axes O;Ory1 and these axes are the axes
of symmetry of the corresponding links (kK =
=1,2,...,5). Let’s introduce the main central
axes Cpxi, Cryg, Crzr of the links. We will
assume that for links 1 and 5 the axes Ciz1
and C5z5 are the axes of symmetry. For links
2, 3 and 4 such axes are Cyzo, C3x3 and Cyxy
respectively. Let us assume that the axes Coza,
C3z3 and Cyzy4 are horizontal. The masses of
the links are denoted by my (k = 1,2,...,5),
and their main central moments of inertia are
denoted by Ig(gk), I?Sk) and I 5’“). Accordingly, we
have 11V = 1§V, 1 = {1 = i,

L/ /6,
\\-/ ! I (3)21 753), 1354) =1 ,§4). Let’s introduce the lengths
0203 = Iz, O304 = I3, 0405 = 204Cy = 2ly,
Fig. 1. Model of a 5-DOF robotic manipulator and O5C5 = 5.
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By using Koenig theorem we can find the kinetic energy 7; of each link ¢ = 1,2,...,5 as the
kinetic energy of an absolutely rigid body.

1 1.
T = 51063,

1 1 () . .
Ty = Smal3(sin 0,03 + 03) + 5(1;%% cos? 0y + I (62 sin2 05 + 62)),

1 . . 1 . . .
Ty = gms(@? + (2 — 13)202 4 (@ — l3) sin 0 - 03) + (1”0 cos? 0 + 11 (6% sin? 0 + 03)),

1 . . . .
Ty = §m4((3’7 + 1404 8in 04)? + (202 — 1404 cos 04)% + (2 cos 04 — 14 sin(02 + 04))20%+

1 . . L

—1—5([3(04)6% cos2(02 + 04) + 117 (67 5in2(02 + 04) + (02 + 04)2)),
1 ) . )

Ty = §m5((1’ + (214 4 15)045in 04)% + (202 — (214 + 15)04 cos 04)%+

+(xcos O — (214 + I5) sin(02 + 04))207+
4519 (0 cos(02 + 04) + 05)2 + L1 (6% cos2(02 + 02) + (62 + 62)2).
The kinetic energy of the manipulator is given by
T=T1+To+T5+T,+T5.
The potential energy of the manipulator has the form
IT = —magly cos B — msg(x — l3) cos 02 — myg(x cos By + 1y cos(02 + 04))—
—msg(x cos Oz + (214 + I5) cos(02 + 04)).

The motion equations of the manipulator are as follows

d (0T or ol N
S ) 2y,
dt \ ¢ 0q 0q ’
where q= (ela 627 xz, 647 95)T'

The dynamics for the manipulator can be expressed by (1).

The vector functions p = p(z) and r = r(x) are chosen such as

. T . T2 . xq . x5\ T
p= Sln?,sul?,:rg,Sln?,Sln? ;

(27)
r = (sinzy, sin zg, 3, sin x4, sin z5)T.
Choose the reference trajectory of the manipulator as
qgo) (t) = % rad, qgo) (t) = 2cos% rad,
AVt =054+0.1 sin% m, (28)
qio) (t) = 4COS% rad, qéo) (t) = BSin% rad.
We fixed the control gains to K = —koF, ky = 600.
Let the initial position of the manipulator be such as
q1(0) = —3.1rad, ¢2(0) =—2.8rad, ¢3(0)=0.6m 29)

q4(0) = —3.1rad, ¢5(0) =2.9 rad
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In Figures 2—6, one can see the time evolution of the link positions as well as the references.

From the simulation tests, it can be seen that the controller

u=ul"(t) + Ksign (¢ — ¢ ) +r(g— ¢ V(1)) (30)

provides the asymptotic stability property of the reference trajectory.

B
BRI R0

T T

35 4 45 5

Fig. 2. Time evolution of the first link angular position
and reference

ST T g
1R 1 ik 0

0.5

Fig. 4. Time evolution of the third link linear position
and reference

A
; : : : : —_ - qé )(t)

0O 05 1 15 2 25 3 35 4 45 5

Fig. 3. Time evolution of the second link angular position
and reference

0
- (t)

T T T

35 4 45 5

Fig. 5. Time evolution of the forth link angular position
and reference

Fig. 6. Time evolution of the fifth link angular position

and reference
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Conclusions

We consider the trajectory tracking control problem for serial robotic manipulators equipped

by revolute and prismatic joints. The generalized coordinates of such mechanical systems include the
rotation angles of the manipulator links which makes it possible to consider the trajectory tracking
control problem in a cylindrical phase space. The paper proposes and substantiates a technique for
constructing a relay control law consisting of the sum of two components: the feedforward term and the
sign function of a feedback component. The asymptotic stability property of the set of all equilibrium
positions of the closed-loop system is obtained by constructing a Lyapunov function which is periodic
in angular coordinates with a semi-definite time derivative and using the principle of quasi-invariance
for non-autonomous systems of ordinary differential equations. The numerical simulation of a five-link
robotic manipulator demonstrates the good applicability of the controller.
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