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Abstract

In this paper, the formulation of a block-backstepping control approach is presented to address the trajectory tracking
problem for a general class of nonlinear n degrees of freedom (n-DOF) underactuated mechanical systems (UMSs) in
nontriangular normal form. First, the Euler-Lagrange model of the general form of UMSs is transformed into block-strict
feedback form. Then, control input for the n-DOF UMS will be obtainable by synthesis of the backstepping approach.
Additionally, an integral action is incorporated to the proposed controller to enhance the steady state performance of the
overall system and also to improve the trajectory tracking precision of the control system. Lyapunov theory is utilizable to
prove the stability and convergence of the overall system. To demonstrate the effectiveness of the designed controller, the
proposed control algorithm is applied through numerical simulation for the trajectory tracking of a single-link flexible-link
flexible-joint manipulator (SFLFJM) as an UMS with the nontriangular normal form.

Keywords Underactuated mechanical system - Trajectory tracking - Block-backstepping control - Flexible-link
flexible-joint manipulator

1 Introduction and walking types for example, aerospace vehicles such

as helicopters, aircrafts, spacecrafts and satellites, marine

An underactuated mechanical system (UMS) is referred
to a mechanical system with n degrees of freedom (n-
DOF) with configuration variables ¢ € R" and conjugate
momenta p := dL/dq € R" (where L is Lagrangian),
if the generalised forces, T € R™, be such that m < n
[1]. For the UMS, the degree of underactuation is equal
to (n — m) [2]. In last decades, some researchers showed
strong interests in the control aspects of UMSs because of
their broad applications in robots of flexible-link, mobile
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vehicles, underwater vehicles, etc [3-5].

In the UMSs, the absence of actuation in some
configuration variables causes a challenging topic to
achieve the desired control objectives with only output
information available. The underactuated configuration
variables can only be driven by the coupling movement
of actuated variables. Hence, their internal dynamics is
very complicated and generally is not feedback linearizable.
Collocated partial feedback linearization and also an
additional change of coordinates have been proposed to
transform the UMSs into the cascaded normal forms
with a useful classification of UMSs [3]. On the other
hand, based on actuation/passivation of shape variables, i.e.
configuration variables that appear in the inertia matrix,
UMSs have been classified into two classes [3]. The first
class called Class-I has actuated shape variables and is in
lower triangular normal form, i.e. strict feedback form or
semi strict feedback form, and the second class called Class-
I has unactuated shape variables and is in nontriangular
normal form. A restriction of Class-II UMSs is that they
have equal number of external and shape variables. This
is in fact not necessary, if a collocated partially linearizing
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feedback is used which linearizes the dynamics of external
variables, or a non-collocated nonlinear combination of
external and shape variables. In order to extend the
application of Class-II systems to systems with non-equal
number of external and shape variables, a global normal
form for a class of UMSs with unactuated shape variables
has been presented in [3]. This so-called Class-1Ib of UMSs
is important particularly due to its application in tracking
control of flexible-link manipulators [6]. Therefore, in this
classification, flexible-link manipulators are UMSs with
unactuated shape variables that are classified in Class-IIb
and also have nontriangular normal form [3].

On the other hand, the design of controller for
UMSs is more complicated than that of a fully-actuated
mechanical systems. Many of well-known control methods
and also nonlinear control methods proposed for fully-
actuated mechanical systems cannot be directly applied
for the UMSs. Therefore, the control issue of UMSs is a
challenging task and open problem to be solved and has
attracted a lot of interest over the past decades [4]. Various
control techniques have been developed to stabilize and
design of controllers for UMSs in order to tackle with their
difficulties and to control them more effectively. Most of
these techniques are based on nonlinear control methods due
to the lack of control input to the unactuated configuration
variables [5, 7].

In last few decades, many researches have been
carried out to enrich the findings in nonlinear control,
and backstepping method has emerged as one of the
most efficient feedback control methods for nonlinear
systems [8]. Backstepping is a Lyapunov-based control
design approach for nonlinear systems that guarantees the
convergence of the tracking error variables to zero [9, 10].
To apply the ordinary integrator backstepping technique
for a system, it is essential that the system be in the
strict feedback form [11]. In general, Class-I UMSs are
in lower triangular normal form i.e. strict feedback form
or semi-strict feedback form and thereby, the integrator
backstepping can easily be applied. However, owing to
the nontriangular normal structure of Class-II UMSs, the
ordinary integrator backstepping is not directly applicable
in design of control system for the Class-II UMSs.

Recently, several modified backstepping algorithms have
been proposed to extend the advantageous features of
backstepping technique that can effectively address the
control problems of more generalized class of nonlinear
systems [12, 13]. Block backstepping-based algorithm
as an effective backstepping technique has addressed
the stabilization problem of nonlinear systems [12, 14];
however, the trajectory tracking problem of the Class-II
UMSs is still an open research problem. Chang proposed a
block backstepping control for a class of multi-input multi-
output (MIMO) systems to solve the tracking problem [15].

@ Springer

Rudra et al have developed a block-backstepping based
tracking control for nonholonomic wheeled mobile robot
[16]. A modified block backstepping approach for trajectory
tracking control of underactuated unmanned surface vessel
is also applicable [17]. However, the studied methods are
not directly applicable for tracking control problem of more
generalized nonlinear systems.

The tracking control problem of robotic manipulators
considering both the link flexibility and joint flexibility
concurrently, i.e. flexible-link flexible-joint manipulators
(FLFJMs), have not been investigated yet to the best of
our knowledge. Hence, the control system of FLFIM, as
an example of Class-IIb UMSs, is still an open problem is
investigated in this research work.

Motivated by the above discussed subjects, in this paper,
we introduce a novel block-backstepping method to address
the trajectory tracking control of a class of n-DOF UMSs
with nontriangular normal form. The main contributions
of this paper are summarized as follows: (i) The class
of UMSs with nontriangular normal form is distinguished
which is called Class-II UMSs, (ii) Based on the constructed
formulation for the UMSs, a block backstepping control
algorithm is proposed for trajectory tracking problem and
its stability is proved by means of Lyapunov theory, (iii)
Eventually, the proposed control algorithm is successfully
applied for the end-point tracking of the SFLFIM as
an UMS of Class-IIb with 4 degrees of freedom and 3
underactuation degrees. The simulation results verify the
performance of the proposed control scheme.

The remainder sections of this paper are organized as
follows. Section 2 describes the problem formulation and
dynamics of the UMSs with nontriangular normal form in
detail. Section 3 presents the trajectory tracking control
design for the class of n-DOF UMSs. In this Section, first,
the procedure of the control law design for the UMSs is
described. Next, the proof of stability for the proposed
control scheme is given. In Section 4, the dynamics of
a SFLFJM as a case study for the UMSs of Class-IIb is
described. Section 5 presents the software simulation results
of the proposed control algorithm on the SFLFJM. Finally,
the concluding remarks are released in Section 6.

2 Problem Formulation

In this section, we first describe the dynamics of the n-DOF
UMSs and then the transformation of its Lagrangian form
to a cascade suitable form for the control system design.

We consider the general form of n-DOF UMSs whose
dynamics can be formulated as

Myxx (QY)C]x + mxs(CIs)é].s + hx(qa CI) = B(g)t
My (gs)gx + mgs(qs)Gs + hs(q,q) =0 (1
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where g, € R™ and g, € R"™" show external variable
and shape variable vectors, respectively. ¢ = [, g5 17 €
R" is the configuration vector of n-DOF UMS. The time
derivative of the configuration vector g is expressed as,
p =1px Ps 1T € R". v € R™ stands for the control input
(m < n) of applicable torques or forces on the system, and
hyx(q, p), hs(q, p) for the centrifugal, Coriolis and gravity
terms. My, My, Mgy and mgg represent the components of
the n x n inertia matrix, and B(g) € R™*™ denotes input
matrix which is of full rank.

In this paper, we will consider the control problem of the
most difficult class of UMSs in their control design which
are called Class-IIb UMSs. The following properties are
distinguished this class of UMSs:

Assumption 1: The shape variables g, are unactuated.
Assumption 2: There exists kinetic symmetry w.r.t ex-
ternal variables g, .

Assumption 3. ¢, does not appear in the centrifugal,
Coriolis and gravity terms, i.e. hy and A;.

This class has a nontriangular normal form which has
attracted attentions particularly due to its application in
tracking control of flexible-link manipulators.

For this class of UMSs, there exists a noncollocated
partially linearizing invertible change of the control input t
as follows [1]

a(q)u + B(q, q)
(BTB)_IBT [(mxx(q‘f) — Mg (q.r)ms_sl (QS)msx(q‘s)> u

._,
Il

+ (he(a. @) = mas@m @Ohs (. )| @)

which transforms the dynamics of the Lagrangian model
of Eq. 1 into a cascade combination of two reduced order
nonlinear systems in the following form

C}s = Ps

Ps = f(q,p)+g(qu

4x = Px

px =u 3)

where, f(q, p) : R — R"™ g(q) € RO™*M are as
follows

f@. p)=-m (@hs(q. p)
g(q) = —m3 (@)msx(q) )

Now, we can express the state vector X as X =
[qs Ds qx Dx ]T € R?". The control objective is to design
block backstepping algorithm for the trajectory tracking of
the UMS shown in Eq. 3 such that the closed loop stability
and asymptotic tracking are achieved.

3 Block Backstepping Control for the Class
of UMSs

In this section, we present the design procedure of the block
backstepping control method for the class of n-DOF UMS
described in Section 2. We first devise the control algorithm
to address the tracking control problem of the n-DOF UMS
and then the stability of the proposed control approach is
analysed.

3.1 The Controller Design

Since the Lagrangian model of the UMS under consider-
ation in Eq. 1 is not in strict-feedback form and it may
contain nonlinear coupling terms, so the integrator back-
stepping control algorithm is not directly applicable [11].
Therefore, we first transform the model of the UMS in Eq. 1
into a reduced order model with block-strict feedback form.
Afterwards, the expression of the control input « is obtain-
able such that the reduced order system can track the desired
trajectory.

The detailed procedure of designing the block backstep-
ping approach is described in the following five steps:

Step 1: We consider the desired trajectory as:
T
Xa =4sa Psd qxd Pxd | (%)
The desired trajectory can be substituted in Eq. 3
in the following form:
ésd = Psd
Psd = f(qa, pa) + 8(qa)ua ©)
4xd = Pxd
Pxd = ud
So the tracking errors can be defined as follows:
T

e=X—Xd=[el e e3 64] @)
By differentiating both sides of Eq. 7, we have:

él = e

e = (f(q, p) + g(@u) — (f(qa. pa) + g(qa)ua)

é3=¢ey

é4s=uU— Uy
3

We define the following new control variable z; €
R™ by inspiring from [13] as:

Step 2:

71 =e3 — K(e1 +ex — ges) 9)

where K € R"™*("=™) is a positive gain matrix
with K;; = k when i = j, otherwise K;; = 0.
In Eq. 9, we denoted g(q) by g. Henceforth, for
concise, we will show f(q, p), g§(q), f(qd, pa),
8(qa) by f, g, fa, &a, respectively.
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The dynamics of z; is derivable by differentiat- and
ing both sides of Eq. 9 as follows
71 = ey — K(ex + (f + gu) — (fa + gaua) 99 _ _ 3[mg' eitgsahs(etqa.é+pa)] n 3[mz' (@sa)hs (qa.pa)]
3‘1311 jl 04sd 0q5d
—gu — D(g)es) + [m5s <q§%3;zn<qd>] ua - AD(eletgil o, y
= €4 — KQ (10) d[;)% — _ ;;lx((ﬂ‘g;j)[x[‘;c."'[’d))]]ms—sl (e1 + f]sd) + [}:hsé(zz;;.”d))]]mx—sl(qsd)
0@ _ _ dlhs(etqa.é+pa)l, —1 dlhs (g, pa)l ) —1
where Q = ey + f — f4 — gaua — D(g)ey. %m_(q N mng((Ziei'qq;')‘]J )t g Mss (dsa)
In Eq. 10, D(g) € R™™>M denotes the time 4;973‘;).“,” s +<qsd_>+ud)]— B TP o]
derivative of matrix g(q). The elements of D(g) ey = — APy ey 4 gsq) + FEEELDm L (gsa)
n
can be expressed as D(g;j) = > (ag,,-/aqk) Dk- an
Step 3: We define integral error variable as:
/ Therefore the dynamics of the second control
X1 = / 21dt (11) variable becomes
0
Then we can choose the following virtual control y=u—ug+ci(z2—cizi —ix1) +rz1 — K
to stabilize z; subsystem: (18)
a1 = —c121 —Ax1 + KQ 12 .

X (12 In the steps above the cascade nonlinear form of
where A and c; are arbitrary positive gains which n-DOF UMS of Eq. 3 was transformed into the
should be designed. Considering the integral block-strict feedback form.
action in Eq. 12 may improve the tracking control ~ Step 5: The desired dynamics for z; can be written as:
performance

Step 4: We define the second control variable z; € R™ as: 2 = —Z71 — (222 (19)
2 =e4 — 0y (13) where ¢ is an arbitrary positive gain which should
By substituting Eqs. 12 and 13 into Eq. 10, the be designed.
dynamics of first control variable becomes: Eventually, the control law u is designable to establish
31 =22 —e121 — A (14) the desired Fiynamlcs in Eq. 19. By combining Eqs. 18 and
19, we obtain the control law u for the UMS as follows:
Consequently, by differentiating both sides of )
Eq. 13, the dynamics of the second control —u = —(1 —C%—H»)Zl —(c1+c2)z2+Acix1 +Hug+KQ (20)
variable z3 is obtainable as: o )
Now, by substituting the above control law Eq. 20 into
PR Eq. 18, the following error dynamics is resulted
=u- S+ Ak — KQ .
! udimélik{(l {Z] =22 —C121 — AX1 @n
= U—Uq TC171 X1 > —
=-21—C
Q2 . 02, 02, 02, 2 “ 22
—-K (EEI + @62 @83 + Em
0 e e o~ 3.2 Stability and Convergence Analysis
F——Gsd + 77— Psd + 7——qxd + 7—Pxd (15)
9qsd Opsa 9qxd Opxa
Theorem 1 By applying the control law of Eq. 20 for
where the expressions of the partial derivatives of ¢ UMS under dynamics of Eq. 1, the trajectory tracking
vector 2 with respect to different sub-components "0 continuous desired trajectories is achievable which are
of error vector and the desired trajectory vector ~ differentiable of order 2 with respect to time.
can be written as
Proof To this end, we prove that the closed-loop system
s 3[mg Ctashs etaaitin] | LD+l obtalped in Eq. 21 is asymptotlcally stable and the traject01.ry
der = - der E der €4 tracking is achievable by employing the control law u in
Q a|mgy (e1+qsa)hs(e+qa.e+qa) 9[D(g(e+qa)]
5o = 1— ‘ d{')ez R e ey Eq. 20.
0 _ 3[’”;1(é’l+‘1.u/;hs<e+fid~é+4d>] _ ADGleta] We define a candidate for Lyapunov function as:
e3 €3 €3
I a[my! (e1+qsa)hs (e+qa.é+4a)) A[D(g(e4qa)]
des = bes - e e D) L, L, 1,
ae V= zkxl +5a+ 52 (22)
@ Springer
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By differentiating both sides of Eq. 22 and substituting by
Eq. 21, we obtain:

V = Axix1 + 2121 + 2282
= Ax1z21 +21(z2 — c121 — Ax1) + 22(—z1 — €222)
= —c1z} — 223 <0 (23)

The inequality V < 0 resulted in Eq. 23 implies the fact that

V(t) < V(0), thus, x1, z1, and z» all are bounded together

with z; and z», since the expressions in Eq. 21 are fulfilled.
The second time-derivative of V' is obtainable as:

V = —2c12121 — 2622222 (24)

Since z1, 22, 21, and 23 all are bounded, Eq. 24 implies that
V is bounded, too. Therefore, the convergence of z; and z;
to zero is achieved as t — oo according to Barbalat Lemma
[10]. O

Theorem 2 By applying the control law in Eq. 20
and considering the initial conditions X (0) =
[qx(O) Ps(0) gx(0) p,(0) ]T, the trajectory tracking
errors in Eq. 7 asymptotically converge to zero in a finite
time.

Proof Since the convergence of z; to zero point has been
proved and K is a positive gain, Eq. 9 yields:

lim e3 = lim [K(e; + e — geq)] =0 (25)
t—0o0 t—00

By convergence of z» to zero and considering Eqs. 12 and
13, one can conclude that:

lim eq = lim o = lim Q=0 (26)
t— 00 t— o0 — 00

Therefore, Eqgs. 25 and 26 result in:

lim ey = lim e; =0 27
t—00 t—00

Hence, the four components of the tracking errors in Eq. 7
asymptotically converge to zero. 0

4 Dynamics of the SFLFJM

The schematic diagram of the planar SFLFJM with
coordinate system is given in Fig. 1. It consists a link of
length L, Young modules E, mass per unit length p and
second moment of area I, a joint with flexibility kj,, an
actuator with a hub mass of m; and hub mass moment of
inertia of Iy, and a rotor mass of m, and rotor mass moment
of inertia of I,. Since the actuator of the link is attached to
the ground, my, I, and m, do not affect the dynamics [18].
Finally, the mass and mass moment of inertia for the payload
are represented by m;;, and I;,, respectively.

Dynamics of the planar SFLFJM is presentable as
follows [18].

Mg+ Cqg+ Kq+ G =Bt (28)
q7 qL

whereg = —~—"""01 17 includes the first two mode
6y 6L 81 &

shapes, §1 and §, are flexible modes or mode amplitudes, g
is the vector of states related to the joint and gy, is the vector
of states related to the link, B=[1 0 0 0 ]T, 7 is the torque
of the actuator and M, C, K and G are given in Appendix.
For SFLEJM, we have B € R**! with m = rank(B) = 1,
which is not of full rank n = 4 (m < n), therefore the
underactuation degree is n — m = 3.
We define the tip position for the SFLFIM as

y(L,t) =LO;(t)+LOL(t) +&(L, 1) 29
where
§(L, 1) = ¢1(L)81 (1) + ¢2(L)S2(7) (30

stands for tip deflection of the flexible-link.
We consider the following output g, by dividing both
sides of Eq. 29 by L as follows

1

ar =01+ 060+ 7 ($1(L)d1 + ¢2(L)d2) €2y
The first and the second time derivatives of Eq. 31 yield
. 1 . .

gr =05 +0L+ I (¢1(L)d1 + ¢2(L)52) (32)
Gr=0;+06L+ I (61(L)31 + ¢2(L)33) (33)

We can rewrite Eq. 28 in the following form
KEAIAREA FAREA A A
0 Myr | 4r 0Cr |l Kgr Kpp | Lac
G, _J1
+|:Gf_]—|:0:|r (34)

where subscriptions r and f refer to rigid and flexible
deformations, respectively.

By defining the new coordinates g = [g, qL]T, the
dynamics of the planar SFLFJM in horizontal plane (G = 0)
is obtainable by Eq. 34 in the new coordinates as:

M§+C3+Kg =Bt (35)

where the new mass, damping and stiffness matrices are
obtainable as follows.

w=y ]
~[0c,]
<=8 )

&\ Springer
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Fig.1 Schematic of the planar Y
SFLFIM |
Hub
e 3
X
B — 1 (39) In the following, a brief description of the applied four
031 control systems comprising PD control, SMC, LQR and the

where & = [ 1 ¢1/L ¢2/L ]
Now, we can define the conjugate momentum in the new
coordinates as:

p=Mq (40)

5 Simulation Results

In this section, the proposed control system compared with
some related control systems are applied to control the
SFLFJM as a case study for the UMSs. To this end, through
simulation tests carried out by using MATLAB software, the
effectiveness and performance of the proposed controller is
investigated.

We employ the model of the flexible-link flexible-joint
manipulator presented in [18] whose parameter values are
listed in Table 1. Also, we use a quasi-static tracking error
system along desired trajectory of the end-point of the
SFLEIM as qg = [7/2 7/400]", with g4 = G§a =
0 and p;, = pg = 0. The objective is to track the
trajectory of the end-effector of the SFLFJM to the desired
position with vibration suppression. To this purpose, the
initial state vector is selected as x(0) = [e(O) pe(0) ]T =

[]T /2 /4 O1x6 ]T in accordance with the defined desired
trajectory.

@ Springer

proposed control on the SFLFJM are given.
5.1 PD Control

First, the following PD control law like that proposed in [19]
is imposed to the SFLFIM.

u = kpx, + kg, 41)

The PD gains applied in our simulation study are
set as: k, = [020.160.080.05] and kg =
[0.25 0.20 0.12 0.08 |.

Table 1 Physical parameters of the SFLFIM used for the simulation
study [18]

Physical parameters Value

L (Length of the link) 0.3 (m)

E (Young’s modulus of the link) 20 (GPa)

I (Second moment of area of the link) 833.3 x 10712 (m*)
p (Mass per unit length of the link) 0.0549 (kg/m)

1.2 x 107* (kg.m?)
1.2 x 1076 (kg.m?)

I, (Mass moment of inertia of the link)
I (Mass moment of inertia of rotor at the joint)

kjo (Spring stiffness at the joint) 100 (N.m/rad)
h (Gear ratio at the joint) 10

myip (Mass of the payload) 0.19 (kg)

I;ip (Mass moment of inertia of the payload) 0.01 (kg.mz)

www.manaraa.com
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Fig.2 The tracking error of g, 2 : g i ; ' i i
through LQR, PD, SMC and —LQR
proposed control systems —PD
—SMC
1.5 ——Proposed Control | -
1r i
E
o
0.5F 4
0 -
_0.5 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4
Time (Sec)

5.2 Conventional Sliding Mode Control with PD
Sliding Surface

The second simulated controller for the SFLFIM is a
conventional SMC with a PD sliding surface similar to that
proposed by [20]:

s(t) = %e — Cx, (42)

where, C = diag (¢1, ¢3, c3, ..., cg) with ¢; > 0. The system
will operate in the sliding mode while satisfying: s(#) = 0
and s(¢) = 0.

In order to get a suitable sliding surface, we must design
of the

the SMC in such a way that it can drive the states

SFLFJM into the sliding surface s(r) = 0. We obtain the
SMC law as:

ue = (Cg)"'CI(J = R) (Vo He) 1 = nsat(s/p) 43)

where n > 0, and the saturation function, sat(s/u) is
a replacement for the discontinuous term sgn(s). In our
simulations, we set the values of these parameters as: n =
300, 4 = 0.02, C = diag ([ 10101515222 2])

5.3 Linear Quadratic Regulator (LQR)

In order to design the well-known LQR controller, a linear
state space dynamic model of the SFLFJM should be

Fig.3 The tracking error of 6,
through LQR, PD, SMC and
proposed control systems

0.8

0.7

0.6

e, (m)

T T T
—LQR

—PD 4
—SMC
— Proposed Control| |

ol LElUMN Zyl_i.lbl

3.5
Time (Sec)
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Fig.4 The tracking error of §; %1073

through LQR, PD, SMC and 3.5 T T T T T T T

proposed control systems —LQR
3+ —PD b

—SMC

2.5 ——Proposed Control

1.5 y

e, (m)

_1 .5 1 1 1 1 1 L 1
0 0.5 1 1.5 2 25 3 3.5 4

Time (Sec)

obtained by linearization of the equations of motion of the

system in Eq. 35. We consider the tracking errors,x, = r 0 1 0 0 0 0 0 0
X — X, as our states in which, —832(;325.4 8 1665850.8 (1) 5471327.5 8 —649g914.9 8

. . . . AT A = 478039 0 —95607.9 0 279071.5 0 2528899.4 0
x=[q 4 6L 6L 8 81 & 5] @ A= "0 0 o 0o 0 1 o of
—78322 0 156644 0 —65394.8 0 —673431.3 0
and 0 0 0 0 0 0 0 1
T L =737 0 14741 0 -—-10896 0 —153211.6 O
xdz[rr/ZOzr/400000] 45) r o0
8333.3
By linearizing Eq. 35, we obtain the LTI system as 0
. B=| ¢ 7)
Xe = Ax, + Bu (46) 0
with A and B being as: 8
Fig.5 The tracking error of 6, «10™
through LQR, PD, SMC and T T T T T T T
proposed control systems 4 —LQR E
—PD.
—SMC
2 —— Proposed Control | |
0
=2 B
)
of = )
-6 g
-8 i
10t i
_12 1 1 1 1 1 1 1
0 0.5 1 L5 2 2.5 3 35 4

Time (Sec)
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Fig.6 The momentum error of

Pe1 through LQR, PD, SMC and
proposed control systems

T T T T T T
—LQR

—PD

—SMC

— Proposed Control

P, (Kg.m/Sec)

-8

The LQR control system is simulated based on the following
cost function and design weighting matrices therein.

2 2.5 3.5
Time (Sec)

where X is the solution of the following algebraic Riccati
equation

ATX + XA—XBR'BTX+0=0

0 (51
s = [T oxsu Ruyar (48) | . |
0 For the aforementioned system in Eq. 46, the LQR gain
matrix is computed as
Q — diag ([1 0.1 0.5 0.05 100 2 2000 20 ]) K=[ 106.1 1.013 —205.45 0.1959 604.7 —0.5164 5999.7 —0.4846] (52)
R =0.1 (49)
The LQR control law is applied as 5.4 The Proposed Block-Backstepping Approach
u = —Kx In this subsection, we consider the SFLFIM in Eq. 35 as an
K = R7'BTXx (50)  UMS which its dynamics was shown in Eq. 1 with ¢, =
Fig.7 The momentum error of 3 - - T T T T
Pe2 through LQR, PD, SMC and —LQR
proposed control systems 25 —PD ]
—SMC
2 — Proposed Control | |
15 -
3
2] 1 i
g
en
% 05 1
3
= 0
\/k
0.5 1
-1F E
_1'5 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4
Time (Sec)
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Fig.8 The momentum error of
Pe3 through LQR, PD, SMC and

proposed control systems 0.2

0.15
0.1
0.05

-0.05

P (Kg.m/Sec)

-0.1
-0.15 |
021
-0.25

—SMC

—LQR

=Pl

— Proposed Control

1 1 | L ! | | |

-0.3
0

[ gr qL]T and g; = [ 3§ 82]T . Hence, the state vector can
be expressed as

< e . . 1T
X=[688 616 g qr 4 qr | (53)
Now, z; is defined as
71 =e3— K(eg + e — ges) (54)

where e1 = gy — gsa, €2 = s — qsd» €3 = 4x — qxd;
and e4 = ¢y — ¢xq- The matrix K is a diagonal matrix as
K = diag {k, k}. For the defined regulation problem of the
SFLFJM in this section, the desired control input is zero, i.e.
ug = 0. Therefore, the control input u is resulted according
to Eq. 20 as follows

u=—1—-c4+0z1 —(c1+e)z+rcin+KQ (55

Fig.9 The momentum error of 0.1r
Pea through LQR, PD, SMC and
proposed control systems 0.08 -
0.06

0.04 |

0.02 |

-0.02

P, (Kg.m/Sec)
(=)

-0.04

-0.06 -

0.5 1 1.5 2 2.5 3 35 4
Time (Sec)

Then, the control torque t required to drive the SFLFIM
in Eq. 35 is computed using Eq. 2. The control design
parameters ci, c2, A, and k should be chosen such that
the conditions ¢y, ¢p, k, . > 0 are satisfied. The control
parameters values are chosen as ¢y = 300, ¢c; = 0.9,
k =10,and A = 0.3.

Now, the simulation results for the tracking errors and
resultant momentum errors (p, = Mé) of the three LQR,
PD and conventional SMC control systems are compared
with respect to the proposed block backstepping control in
Figs. 2,3,4,5,6,7,8,9 and 10.

In Figs. 2-10, the simulation results show the superiority
of the proposed control method compared with the LQR,
PD controller, and the conventional SMC. The dynamic
responses of the SFLFIM for the tracking errors of the tip

—SMC

—LQR

——PD

— Proposed Control

L 1 L | | L ! |

Ol LEN Zyl_i.lbl

0.5 1 1.5 2 2.5 3
Time (Sec)
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Fig. 10 The control torque t of 6

LQR, PD, SMC and proposed

control systems 5
4
3 H

Control Torque (N.m)

—LQR
—PD
—SMC
Proposed Control

1 1 1 1 | |

position and the first two flexible modes in horizontal plane
are shown in Figs. 2-5. Figures 6-9 show the simulation
results for the resultant momentum errors corresponding to
the four tracking errors whereas all the tracking errors and
the resultant momentum errors converge to zero, i.e. to the
equilibrium point, x, = 0 without any residual vibrations.
Furthermore, the applied control torques by the application
of the four control systems are depicted in Fig. 10. It is
observable from the results of the four controllers, under
the proposed controller the SFLFIM is moving faster to its
desired tip position and the vibrations are alleviated in a
faster manner. From the torque results, it can be seen that the
variations of the control torque applied to the system are in
a practically applicable range. Hence, the simulation results
show that the proposed block backstepping approach has
an excellent performance and a very rapidly convergence
to the desired trajectory during the motion control of the
SFLFJM. From the simulation tests, we found that although
higher control torques can cause faster convergence to the
desired trajectory, however, they may also lead to residual
vibrations, concurrently.

6 Conclusions

In this paper, a novel trajectory tracking control was
proposed for the upmost general class of UMSs called as
Class-II UMSs from the control point of view. The reduced-
order block backstepping method was used to address
the tracking and stabilization problems associated with
the UMSs with nontriangular normal form. The designed
control system can ensure the global asymptotic stability

2 2.5 3.5
Time (Sec)

and convergence of the UMSs according to the Lyapunov
theory and Barbalat Lemma. The proposed algorithm was
employed to address the end-effector trajectory tracking of
the SFLFJM in horizontal plane as a case study for Class-
IIb UMSs to demonstrate the performance of the control
scheme. The simulation results of the proposed control
system were compared with three conventional controllers
comprising LQR, PD, and SMC and thus verified the
superiority of the proposed control scheme in terms of fast
converging and low tracking errors.

Appendix: Dynamic Model of the SFLFJM
Mass matrix:

M = Mp; + Mpg

where
21, 000 00 0 0
| o o000 | 0 My M2 M3
Mrr = 0 000 »Mrr = 0 Mz Ma; Mp3
0 000 0 M3; M3z M3;3

where

My = (pL3)/3 4 p(1187 + 2128182 + $2283)
+1p + Lip + mtipL2 + Myip (¢12(L)5%
+261(L)2(L)8152 + ¢2(L)83)

My = p®ix +myipLd1 (L) + Lipgi(L)

Mz = M2

@ Springer
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Mz = p®oy + myip Lo (L) + Liipds (L)

M3 = M3

My = p®i1 + mupdi (L) + Lip¢i (L)

M3 = p®i1 + myipd1(L)pa(L) + Lip®) (L)@5 (L)
Mz = My

M3z = p® + myip®3 (L) + Lipg5 (L)

Stiffness matrix:

K =Kp; + KFrR

where
kioc —kjo 00 00 0 O
| —kjo kjo 00 |00 0 O
Krr=1"9"0 o0 |'XF*=] 00K, Kp
0O 0 00 00 Ky Koo

where

K11 = EI®q1xx
Kip = E1®px
Kz = K12

Ky = EI®gx

Dissipation matrix:

00 O O
C— 0Cy1 Ci2 Cy3

0 Co1 Cxp Cy3

0 C31 C3; C33
where

Cii = p(81(81 P11 + 85,P12) + 52(8, P22 + 81 P12))
+miip (97 (L)6181 + ¢1(L)$2(L)8182
+o1(L)$2(L)8281 + 825205 (L));

Ci2 = pfrL 1P 11 + 82D 12) + myipbL (3197 (L)

+¢1(L)p2(L)d2);

Gy = —Cp2

Ci3 = pOL (5@ + 81D 12) + myipfr (8191 (L) 2 (L)
+823(L));

C31 = —Cy3

Cypn =0

Cy» =0

Ciy3 =0

Gravity vector:

Gy

_| 6

G = Ga
Gy

@ Springer

where

G =0

Gy = pg(L*/2)cos(6L) — pg(819P10 + 82P20)sin(0L);
G3 = pgPiocos(OL);

G4 = pgProcos(6L);

where

L
<I>10=f0 ¢1(x)dx
L
q>20=/0 @2 (x)dx
L
<D11=/0 $2(x)dx
L
<I>12=[0 ¢1(x)d2(x)dx

L
Dy = /0 ¢3(x)dx
L
Dy =/ x¢1(x)dx
0

L L/ g2 2
s =/0 22 ()dx D11y =/0 (d ‘W)) dx

dx?

_F(dPh1(0) ((dPha(x)
chZxx-/Q( dx2 )( dx2 )dx

(P
Doy _/() < dx2 ) dx

where

¢1(x) = cosh(u1x) — cos(p1x) — y1(sinh(u1x) — sin(1x))
¢2(x) = cosh(uzx) — cos(uax) — ya(sinh(uzx) — sin(u2x))

where

BB
M1 L’MZ I

Bi = 1.8751, Br = 4.6941 , y = 0.7341 , y» = 1.0185

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
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