N
N

N

HAL

open science

Stabilization of the Cart Pendulum using a
Homogeneous Controller

José Antonio Ortega, Denis Efimov, Andrey Polyakov, Jaime A Moreno,

Leonid Fridman

» To cite this version:

José Antonio Ortega, Denis Efimov, Andrey Polyakov, Jaime A Moreno, Leonid Fridman. Stabiliza-
tion of the Cart Pendulum using a Homogeneous Controller. Proc 17th Int. Workshop on Variable
Structure Systems and Sliding Mode Control (VSS), Oct 2024, Abu Dhab, United Arab Emirates.
pp.170 - 175, 10.1109/vss61690.2024.10753400 . hal-04895361

HAL Id: hal-04895361
https://inria.hal.science/hal-04895361v1
Submitted on 21 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://inria.hal.science/hal-04895361v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Stabilization of the Cart Pendulum using a Homogeneous Controller

José Antonio Ortega'?, Denis Efimov?, Andrey Polyakov?, Jaime A. Moreno®, Leonid Fridman'!

Abstract— This manuscript addresses the problem of stabi-
lization of a cart pendulum using a homogeneous controller.
The model of the cart pendulum is composed by a combina-
tion of strict-feedback and feedforward parts. The proposed
homogeneous controller allows the feedforward nonlinearities
to be globally dominated. Emphasizing the simplicity of the
controller’s design, the methodology relies on solving a system
of linear matrix inequalities. Furthermore, a finite-time bound
of convergence is evaluated. The effectiveness of the proposed
methodology is validated through experimental results on a real
cart pendulum.

I. INTRODUCTION

Underactuated systems constitute a class of mechanical
ones, where the number of control inputs is fewer than the
degrees of freedom [1]. The dynamics of such systems can
feature non-minimum phase zero-dynamics, nonholonomic
constraints, and feedforward nonlinearities.

Indeed, because of the underactuation, these systems can-
not be fully linearizable, and there is no output with relative
degree equal to the order of the system. Consequently, a zero-
dynamics will emerge [2]. The work [3] presents sufficient
conditions for the existence of a transformation to a normal
form and classify the underactuated systems based on the
structure of their normal forms.

This manuscript focuses on the underactuated systems
referred to as Class III in [3]. The nominal model of
this type of underactuated systems can be presented in
feedforward form (also referred to as upper-triangular form).
Consequently, such type of systems suffered the so-called
peaking phenomenon [4]. That’s why stabilizing feedforward
systems poses a significant challenge in control theory.

Two notable methods for tackling the problem are the Lya-
punov Forwarding Procedure and Nested Saturations. The
Lyapunov Forwarding Procedure, proposed in [5], focuses on
constructing an appropriate Lyapunov function that ensures
stability and convergence by designing a forward controller
that injects additional dynamics into the system.

On the other hand, stabilization using nested saturations,
as developed in [6] employs a hierarchical structure of
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saturation functions to shape the control inputs and attain
stability. By implementing successive saturation operations,
the control inputs are progressively constrained. However,
a significant drawback of this approach is that the nested
saturation requires small gain of the closed loop dynamics,
which slows the performance of the controller.

The sliding-mode control is a widely recognized method-
ology for robust regulator design, offering desirable fea-
tures such as bounded disturbance rejection and finite-time
convergence. A first-order sliding-mode based algorithm for
stabilization of the cart pendulum was presented in [7].
However, this algorithm guarantees only semiglobal stability.

In the present work a methodology based on a homoge-
neous controller design for the global finite time stabilization
of the cart pendulum is developed, which is capable to dom-
inate the feedforward nonlinearities. The gains of proposed
algorithm can be found solving a system of linear matrix
inequalities, just setting one design parameter p.

The structure of this paper is as follows. In Section II
some preliminaries about the linear generalized homogeneity
are presented. The model and description of the cart pen-
dulum are presented in Section III, where also the system
is transformed into a LTI form while some feedforward-
ing nonlinearities are considered as disturbances. Then in
Section IV a homogeneous controller is designed stabilizing
the cart pendulum in finite-time. To prove the finite-time
stability of the cart pendulum equilibrium, in Section V, the
homogeneous canonical norm is used as Lyapunov function
and also an estimation of the settling time is presented. For
the sake to corroborate the results, some experiments in a
real cart pendulum plant are shown in Section VI.

II. GENERALIZED HOMOGENEITY

Homogeneity is a symmetry with respect to a group of
transformations called dilations [8], [9], [10]. Dilations in
finite-dimensional vector spaces are characterized in [10].

Definition 1: A one-parameter family of transformations
d(s) : R® — R"™ with parameter s € R is said to be a
dilation in R™ if it satisfies

o Group property: d(0) = I, and d(¢t + s) = d(t) o

d(s),Vs,t € R;

o Limit property: lim,_,. . [|d(s)z| = e*>,Vz # 0.
The dilation is continuous if the function s — d(s)z is
continuous for any z € R™. The dilation is linear (see, e.g.,
[11]) if d(s) is a linear mapping (i.e., d(s) € R™*™). Any
linear continuous group admits the representation (e.g., [12])

= Z (SC;d)i 7

=0

d(s) = e*Ca s €R, (1)



where Gq € R"*"™. To be a dilation in R", the group (1)
must have an anti-Hurwitz matrix! G4 being a generator of
linear dilation [11]. The weighted dilation [8], [13], [14],
[15] corresponds to a diagonal generator GG4. For weighted
dilations some examples of the so-called homogeneous norms
in R™ can be found in [16], [14], [17], [15]. The linear
dilation introduces an alternative norm topology in R” by
means of the canonical homogeneous norm.

Definition 2: ([11]) The function ||-||q : R™ — R4 given
by ||z|la = 0 for z = 0 and

|z]la=e®*, where s, €R : ||d(—s.)z| =1,

240 (2)

is called the canonical homogeneous norm in R", where d
is a linear continuous monotone dilation?.

Since ||d(—In|jz|la)z|| = 1 then the mapping z
d(—In||z|la)z is the d-homogeneous projector of x on
the unit sphere [18, page 159]. For the standard dilation
d(s) = e°I,, s € R (being a multiplication by a scalar) we
have || - || = || - ||la and d(—In||z||q)z = Ty 18 the standard
homogeneous projector of x on the unit sphere.

Theorem 1 ( [11]): If ||z|| = V2T Pz with a symmetric
matrix P € R"*" satisfying PGq + G} P = 0, P > 0 then
d is monotone and the canonical homogeneous norm || - ||q
is well-defined and continuous on R”, infinitely smooth on
R™\{0} and

dlzlla _ llzllaz"d (= 1In|lz]la)Pd(~In |z]a)

Je = o dT(—Tnfella) PCad(~ melwe 270 ()
The canonical homogeneous norm is utilized below as an

implicit Lyapunov function for a control design and stability
analysis.

Definition 3 ( [10], [19]): A vector field f : R" — R"
(resp., a function h : R™ — R) is said to be d-homogeneous
of degree pn € R if f(d(s)z) = eH*d(s)f(z) (resp.
h(d(s)z) = e**h(x)), for all z € R", s € R.

In the following section the cart pendulum model is pre-
sented and also we design a controller based on homogeneity
to make stable the equilibrium of the cart pendulum.

III. DESCRIPTION OF THE PLANT

Consider the cart pendulum shown in Fig III. This figure
describes a pendulum rotating in a vertical plane and its
pivot pin is mounted in a cart. The cart can move along
a horizontal rail, lying in the plane of rotation. The vector
of generalized coordinates is ¢ = [g, ¢s]7 € R?, where the
cart position is g, [m], and the pendulum angular position
is gs [rad/s] measured counter clockwise (¢s = O for the
upright position of the pendulum). The equations of motion
of the cart pendulum are

mm(h + msx(Qs)Qs - msls bln(Qs)QE =T (4)
msw(Qs)Qw + mss(js - mslsg Sin(QS) =0
with

Msr(qs) = mgls cos(gs),

Mss 1= msls + IS,

Mygg = Mg + My,

'A matrix Gq € R™*™ is aniti-Hurwitz if —Gq is Hurwitz.
2A dilation in R™ is monotone if for any € R™\{0} the function
s+ ||d(s)z||, s € R is strictly increasing.

Fig. 1.

Cart-pendulum system: Schematic figure.

where m, is the mass of the cart, m, is the mass of the
pole, [, is the length of the pole, I, is the moment of Inertia
of the pole, g is the gravity force, and 7 € R is the control
input.

The potential energy of the system is

V (gs) = mglsgcos(gs).

Note that the external variable ¢, is actuated, the shape
variable ¢s is unactuated. The m,, is constant, and the
potential energy only depends of the shape variable gs. A
safe set can be defined as

o= fuerine (33},

such that cos (¢s) #0 Vgs € U.

One of the main challenges to stabilize the cart pendulum
is the null effect of the control input 7 when ¢, = +7 in
the dynamics of the pole, i.e., when the pendulum position is
on the horizontal plane. Note that considering U avoids the
points where the control input does not affect the dynamics
of the pole.

Consider the following change of coordinates for the cart
pole system (4),

21 = Qg + 7(q$)7 22 = (g + m;;-l(q\s)msstsa

0
and the noncollocated partial feedback linearization:

S Myy (mslsg sin QS> - A(QS)U — m,l, sin quia

Mgy (QS)

with A(gs) = mgamss — m2,(qs) > 0 and pg :
transforming the system into the cascade form:

ds»

21 = 22
ds = Ps

ps:u



Mss Sin(Qs)

T(q,) = —lesSIs)
(25) msls cos?(qs)

¥(gs) = tan(gs),
Now defining the variables

C1:=v(qs), Ca:= 7/)/(615) = Sec2(q5)ps

and applying the following control

u = cos*(qs) (v — 2sec?(¢s) tan(qs)p3) |

where v € R is the new input to be designed, we obtain:

21 = 29
29 = gG + e ()¢
G=0C
b=v
where
Hg(Cl) _ MssC1

msls (7 + 1)% .
Remark 1: Tt can be directly computed that

2Ms

3v3msly
IV. CONTROL DESIGN

?}?Rf ‘HC(QN =Pn =

The cascade system (5) can be rewritten in new coordi-
nates as follows,

x = Ax + Bv + h(x) (6)
with
01 0 O 0 0
_|100 g 0 _ |0 _ [Te(G)éd
0 0 0 0 1 0

where the state-vector x = [z1, 22, (1, Cg]T and the function
h(x) contains feedforwarding nonlinearities violating fourth
integrator structure of the system.

The following theorem gives conditions to design a ho-
mogeneous controller stabilizing the cart pendulum globally
and in finite-time despite of feedforwarding nonlinearities.

Theorem 2: Let G4 = diag (4,3,2,1) and a linear dila-
tion be defined by (1). Consider the system (6) with the
controller

v=Kr(x), K=YX' «(x)=d(=Inlxla)x-
@)
If for some p > 0, X € R*** and Y € R'** have solution

satisfying the following system of linear matrix inequalities:

P BuMX

Buxm? 1 |29

GaX + XGY >0,
X=XT>1,

where
®=—(A+pGy) X — X (A" + pGY) — BY —Y"B",

then, the origin is globally finite-time stable.

Moreover, the canonical homogeneous norm || x||q induced
by [|x]| = v/xTX~1x is a Lyapunov function of the closed
loop system (6), (7) satisfying %Hx(t)”d < —p, and x(t) =
0, Vt > t, with a settling time ¢, < %.

V. PROOF OF THEOREM 2

Consider the canonical homogeneous norm as a Lyapunov
candidate function. Its time derivative is given by
_ 9lixlla d
= —X

Ox dt
"Xt d(=In|lx]la)
T (x) X1 Gar(x)

Note that A is a nilpotent matrix and the vector field x — Ax
is homogeneous of any degree p, then

Ad(s) = e d(s)A.

Lixl
thd

= IxllaZ (Ax + Bv + h(x))

Therefore, the following identity holds

d(—=InIxfla)A = Ix[4Ad(—In]x]la)- ®)
Since G4B = B,
d(=In|[xlla)B = lIxllg" B- 9)

Consider ¢1 = —1. Using (8), (9) the time derivative can be
represented as

"X ' (A+ BK)7(x)
()X ~1Gam(x)
7" ()X d (= In||x]la) h(x)
77 (x) X~1Gar(x) '

Lemma 1: The following inequality

()X d (= In|lxlla) h(x) < 7" (x)BuM T Mn(x),

Lidla="
dt Xllda =

+1Ixlla (10)

M = :
0 00 O
is satisfied provided that the condition
X>1 (11

is fulfilled.
Proof: The proof is in the appendix A. [ ]
Then, using Lemma 1 it is possible to bound (10) as

7T (x) (X_1 (A+ BK) + BHMTM) 7(x)
()X 1Gam(x)
Consider that K = Y X! such that,

e <
thd_

Dilla < )X TOX ()
a4 = ST )X (GaX + XGT) X 1r(y)
©=AX + BY + XAT + YTBT + 28nXMTMX




Fig. 2. Cart Pendulum Inteco.

If the following inequality holds

0 < —p(GaX + XGY), (12)

the required upper estimate on the derivative of |x||q is
obtained. The LMI for (12) can be written using Schur
complement as

o BuMX

BuxmT 1 |20

which is given in the formulation of the theorem. Thus in
order to prove that ||x|la is a Lyapunov function of the
closed-loop system the following linear matrix inequalities
have to be satisfied.

GaX + XGT >0,

X=XxT>1, (13)

which are also required by the theorem conditions.
Consequently,

LIV
dt Xl > —p

and, integrating over the time interval [0, t),

Ix(®lla = [1x(0)lla < —pt.

Therefore, ||x(t)||a reaches zero in a finite time

Ix(O)]
=

Thus, we prove that the closed loop system (6), (7) it is stable
in the sense of Lyapunov and it is finite time attractive, so
the equilibrium is finite-time stable. Note that the condition
from Lemma 1, X > I, is contained in (13).

This concludes the proof of Theorem 2.

Remark 2: 1t is worth to remark that for a sufficiently
small p, the algebraic system (13) is always feasible since
the linear part of the system is in the canonical controllable
form.

tr <

VI. NUMERICAL RESULTS

For the sake to corroborate the theoretical results some
simulations are performed in Matlab with the Euler method
to solve the ODE with the parameters given in Table I.

Fig. 3 presents the trajectories of the cart pole model
with the controller (7). The upper figure illustrates how the

TABLE I
TABLE OF THE PARAMETERS OF THE CART PENDULUM SYSTEM.

Parameter | Value
ts le—5
p 0.057
ms 0.872
mz 0.08
ls 0.011
g 9.81
Is 0.0034
0 ";\: ...... — /;_—:_ e [ @
""""" -7 9s
-10 \\ R - D 0
20 | NY 7 -—-q
0 5 10 15 20 25
0.2 |
o O SN e
F02 )
-0.4 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25
Time [s]
Fig. 3. Trajectories of the cart pendulum along the simulation.

trajectories converge to zero. The above figure shows with
more detail the pendulum position trajectory.

In Fig. 4, the trajectories of the state x = [z1, 22, (1, (2
along the simulation are shown.

In Fig. 5, the homogeneous canonical norm ||x||q and the
weighted norm ||x|| are plotted. The control input applied
to the cart pendulum 7 and the controller (7) are shown in
Fig. 6.

]T

VII. EXPERIMENTAL RESULTS

This section presents experiments in the cart pendulum
showed in Fig. 2. The parameters are given in the Table I but
the sampling time is ts = 1e —3 [s]. The positions of the cart
and pendulum are measured by encoder and the velocities
are estimated using the Levant differentiator [20], with gains
Ls = 30 for the velocity of pendulum and L, = 5 for cart.

A swing-up controller based on energy is used to drive
the pendulum into the upright zone, then the homogeneous

Trajectories of the System z

/
-10 \ ;

20 \ /

-25 N .

-30 ! ! ! ! |

Time [s]

Fig. 4. x Trajectories along the simulation.



lIxla
3F lIxl

Time s

Fig. 5. Trajectories of weighted norm and homogeneous canonical norm
along the simulation.

Control Input
:

Time [s]

0 5 10 15 20 25
Time [s]

Fig. 6. Control input signal along the simulation.

controller drive the trajectories into the equilibrium.

_____ DPs

4s

---------- pT

—_— %
-15 1 1 I
5 10 15

Time |[s]
Fig. 7. Trajectories of the cart pendulum along the experiments.

Fig. 7 presents the trajectories of the cart pendulum. The
trajectory of the pendulum is plotted in Fig 8. Fig. 9O the state
x is shown. Fig. 10 depicts the homogeneous canonical norm
|[x||la and the weighted norm ||x||. The control input applied
to the cart pendulum 7 is in the Fig. 11.

VIII. CONCLUSIONS

This manuscript aimed to develop a design method for the
cart pendulum using a homogeneous controller, with the goal
of achieving global finite-time stability.

A significant advantage of this methodology is the straight-
forward design of the controller. This process involves se-
lecting a design parameter to tune the convergence rate and

"0.02

N
T
o
1

N
T

-0.02
10 12 14

Pendulum Position [rad]

o
T

0 5 10

Fig. 8.

15
Time [s]

Close up of the pole position along the experiment.

KN
o
[T
N E

6 8 10 12 14
Time [
Fig. 9. x Trajectories along the experiment.

4 6 8 10 12 14
Time [s]

Fig. 10. Weighted norm || and homogeneous canonical norm |x|q along
the experiment.

\

Control Input  [V]
o

'
[&)]

Time |s]

Fig. 11. Control Input applied to the motor of the cart pendulum along
the experiment.



then solving a linear matrix inequality to find the gains
that guarantee global finite-time stability. Furthermore, an
estimate on the settling time, when the trajectories converge
to the equilibrium, is presented.

An important remark to note is that for larger values of
p (used to tune the convergence rate), the linear algebraic
system may not be feasible. This limitation is a common
drawback in most methodologies for feedforward systems,
such as the small gain theorem in the nested saturations
methodology.

APPENDIX

A. Proof of Lemma 1

Using the definition of the dilation of the vector h(x) with
p=-1

Ixlla 7" )X~ d (= 1n|[xlla) h(x) =
0
mssClC%”XH;B
T -1 3
Ixlla 7 OAX ™ | gty (€2 +1)°
0
0
Letl=[01 OO]T. Using Remark 1 we obtain:

0
mss(lC%”X”ES

Ixlla 7™ )X | gt (2 + 1)2
0

0
< 7T ()X " BncE|xll3?

Since the weighted norm ||I|| = VIT Pl is used, it implies
that ||{|| = /P2 because of the shape of I. Consequently,
T OXHBnGlIxlg® < IXTHIV PeBucElIxlig® (14)

Let us assume that

X t<I, X>I

Then, it is possible to bound (14) with a quadratic term
as

()X MBnGlIxllg® < 7 () BnM T Mr(x).

Thus,

Ixllam” 00X~ d(—=In]x]la) h(x) <
7 (X)BuM " M (x).
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