A FLYWHEEL TO STABILIZE A TWO-LINK
PENDULUM

Yannick Aoustin* Alexander Formal’sky **
Yuri Martynenko **

* IRCCyN, Unité mizte CNRS 6957 - Université de Nantes
Ecole Centrale de Nantes - Ecole Supérieure des
Techniques Industrielles et des Mines de Nantes

BP 92101, 1 rue de la Noé, 44321 Nantes cedex 03, France

{Yannick.Aoustin}@irccyn.ec-nantes.fr
** Moscow Lomonosov State University, 1, Michurinski
Prospect, Moscow 119192 Russia.
{formal ,martynenko}@imec.msu.ru

Abstract: Control laws are designed to stabilize three unstable equilibriums of a
planar double link pendulum. A flywheel, actuated by an electrical drive equips the
first link. The control signal - voltage is applied to this drive. The limits imposed
on the voltage are explicitly taken into account. Our under actuated system is
controllable. The number of unstable modes, one or two, depends on the considered
unstable state. The control laws are designed to suppress the unstable modes
using the linear models of the motion near each unstable state. The numerical
investigations of the nonlinear model with the designed nonlinear control laws are

presented C’opym'ght© 2005 TFAC.
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1. INTRODUCTION

Many mechanical systems have fewer indepen-
dent control actuators than degrees of freedom.
The stabilization of under actuated processes is
difficult and there has been major interest in
developing stabilizing algorithms which use lin-
ear and non linear control laws, energy based
controllers, etc. For example inverted pendulums
are considered in (Akensson, 2000; Astrom and
Furuta, 2000; Beznos et al., 2003; Chung and
Hauser, 1995; Fantoni et al., 2001; Grishin et
al., 2002). The challenge is to deal with an un-
stable equilibrium point. The control law has to
”suppress” the instability. Another difficulty with
actuated mechanical systems is to take into ac-
count the limit on the control, as for example
in (Aoustin and Formal’sky, 2005; Astrém and

Brufani, 1997; Beznos et al., 2003; Gilbert et
al., 1994; Grishin et al., 2002; Martynenko et
al., 2004). In (Beznos et al., 2003; Fantoni et
al., 2001; Grishin et al., 2002), one-link inverted
pendulums with a flywheel are considered. It is
shown that one inverted pendulum can be sta-
bilized, using a flywheel with an energy-based
control and linear feedback designed with the
Jordan form of the motion equations. These re-
sults are expanded by experiments in (Beznos et
al., 2003; Grishin et al., 2002).

This paper is devoted to the stabilization of un-
stable equilibriums of a two-link pendulum with
a flywheel. The control law design is based on
a pole placement method and/or on the Jordan
form of the motion equations. The limits of the
input voltage are explicitly taken into account.



The organization of the paper is the following.
Section 2 is devoted to the model of the two-link
pendulum with a flywheel. The linear model of
the double-link mechanism motion around each
unstable equilibrium is presented in Section 3. The
statement of the problem is defined in Section
4. Section 5 considers the stabilization problem
of two equilibriums with only one link inverted.
Section 6 presents the stabilization problem of the
third equilibrium with the two inverted links. Sec-
tion 7 presents our conclusion and perspectives.

2. MODEL DESCRIPTION OF THE
TWO-LINK PENDULUM WITH FLYWHEEL

2.1 Motion equations

We consider a two-link planar mechanism with a
flywheel (see its diagram in Figure 1). The stator
of the electrical actuator is connected to link 1, the
output shaft is connected to the flywheel. Thus,
the actuator rotates the flywheel with respect to
link 1. Let m; (i = 1, 3) be the masses of the links.
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Fig. 1. Diagram of the two-link pendulum with a
flywheel.

The inertia moment of link 1 around point O is
denoted I;. Let OO; = b and OC7 = a; be the
length of link 1 and the distance between joint
O and the center of mass C; respectively. The
mass and the inertia moment around the center
of mass C5 of the flywheel are denoted mo and
I, respectively. The distance between joint O and
the center of mass Cy of the flywheel is equal to
OC5 = ag. The inertia moment of the second
link around its center of mass C3 is denoted I3.
The distance between joint O; and the center of
mass C5 of link 2 is O;C5 = a3. The variable ¢
(p3) is the angle between the vertical axis Y and
the first (second) link, s is the absolute flywheel
rotation angle. The generalized coordinates ¢,
2, 3 and the three associated velocities 1,
Y2, @3 characterize the behavior of our system.
The generalized force is the torque I" due to the
electrical actuator of the flywheel. This torque is
directly proportional to the electrical current in
the armature winding. By neglecting the armature

inductance, this torque can be written in the form
(Gorinevsky et al., 1997):

I'=c,U = cy($p2 — ¢1) (1)
where c¢,, ¢, are positive constants, U is the
voltage supplied to the motor

|U| < Uy, Uy = const (2)

The difference ¢o — 7 is the velocity of the
flywheel with respect to link 1.

The expressions for the kinetic energy FE. and
potential energy II of the mechanism are the
following (g is the gravity acceleration):

2F,. = aj 5 + azps + azgzps + ... 3)
2a1391¢3c05(01 — 3)

IT = —cyicospy — c3c08p3 (4)

where a7 = I; + THQClg + T)’l?,bQ7 age = Iz, a13 =
m3a3b, azz = 13 + mgag, c1 = (m1a1 + moag +
msb)g, cs = msasg and ug = ¢, /c1Up.

The motion equations can be derived using La-
grange’s method and expressions (1), (3), (4):

ai1p1 + aizcos(pr — p3)Ps + ...
arasin(p1 — @3)$3 + c1sing; (5)
= —cuU +cy(p2 — ¢1)

azoPa = c,U — cy(p2 — 1) (6)

a13c08(p1 — p3)P1 + azzPs — ... (7)
arzsin(p1 — p3)@; + casings =0

The motion equations (5) - (7) do not depend on
angle ¢o. This cyclic variable is not important
for the problem of the pendulum stabilization.
System (5) - (7) has three unstable equilibriums:

Y1 = 0, Y3 =TT (8)
p1r=m @3=0 (9)
pL=T, @Y3=T1 (10)

The determinant of the controllability matrix
(Kalman et al., 1969) of the model (5) - (7),
linearized around each instable equilibrium is:
afzcicsed
azz(aiiasz—ai,)s "

Then the linear model is controllable near each
unstable equilibrium, if a3z # 0, b # 0, ¢, # 0 and
miai + moag + msb 75 0.

2.2 Dimensionless motion equations

Let us introduce the dimensionless variables 7, agg
13, (433, ﬂa c and u:



T=t/T (T =+/a11/c1), @22 =ag/a,
Q13 = Cl13/6l117 Q33 = Cl33/6l117 c= C3/017
B = C'U/\/ a1y, U= CuU/Ch |U| < Uo,

Substituting the dimensionless quantities in (5)-
(7), we rewrite these non linear equations in a
simpler form with only five parameters (' = d/dr):

<p’1/ + agscos(p1 - <p3)<pg + singo,l + o (11)
argsin(er — @3)ps” = —u+ By — ¢1)

"

asapy = u— Blpy — 91) (12)

CY13COS(<P1 - @3)%01 + azzps — .. (13)
. ’9 . _
aq3sin(p1 — w3)e” + esingps =0

3. LINEAR MODEL OF THE PENDULUM
WITH FLYWHEEL

Let us linearize (11)-(13) near equlibriums (8)-
(10). If = is (bx1) state vector, then linear state
model has the form

2’ = Az + Bu (14)
with
1 0 O
A= -5 B 0 ;
D~'E D71 8- 0
0O 0 O
O2x1
-1
B=|p 1
0

The matrices D, E and vector x are

(1) for o1 =0, p3 =

1 0 —Q13 —-10
D= 0 Q22 0 5 E= 00 y
—a13 0 ass 0c

. L NT
L= ((pla (@3 - W)a #1, ¥2, 303)
(2) for o1 =7, p3 =0:

1 0 —oa3 1 0

D= 0 Q292 0 ,E = 0 O 5

—Q13 0 Q33 0 —c

. . . N\T
z = ((p1 — ), @3, $1, P2, ¥3)
(3) for p1 =m, @3 =m:

1 0 Q13 10
D = 0 29 0 ,E = 00 5

Q13 0 Q33 0c

. . . T
= ((901 - 7T)7 (803 - 7T)7 L1, P2, 903)

Introducing a nondegenerate linear transforma-
tion z = Sy, with a constant matrix S, we obtain
the well-known Jordan form of equation (14):

y' = Ay +du (15)

where, with the eigenvalues of A, \; (i =1,...,5)
A= S7'AS = diag(\;), d=S"'B=1[d;]".(16)

Let the eigenvalues with positive real part have
the smaller subscripts. For the equilibriums (8)
and (9), we will obtain A; > 0, ReX; <0 (i =2 —
5). For the equilibrium (10) Ay > 0, A2 > 0,
Re); <0 (i = 3,4,5).

4. PROBLEM STATEMENT

Let + = 2z, = 0 be the desired equilibrium
state of (14). Let us design the feedback con-
trol to stabilize this equilibrium z. = 0, under
constraints (2). Then, the objective is to design
an admissible (satisfying inequality (2)) feedback
control v = wu(x) (Ju(z)] < wup) to ensure the
asymptotic stability of the desired state z. = 0.
Let W be the set of piecewise continuous functions
of time u(t), satisfying inequalities (2). Let Q be
the set of the initial states x(0), from which the
origin x, = 0 can be reached, using an admissible
control functions of time w(t) € W. In other
words, system (14) can reach the origin . = 0
with the control u(t) € W, only when starting
from the initial states 2(0) € Q. The set @ is
called controllability region. If A has eigenvalues
with positive real part and the control variable
w is limited, then @ is an open subset of the
phase space X for (14) (Formal’sky, 1974). Let
us consider system (15), (16). If, for example,
only one eigenvalue A; is positive, then we can
extract from system (15), (16) first scalar equation
corresponding to one unstable mode

Yy =My + dyu (17)

Here, the controllability region () is described by

ly1| < |di]|uo/M (18)

When two eigenvalues have positive real part, the
origin z. = 0 can be reached, only if both initial
values y1(0) and y2(0) are bounded (see Sub-
section 6.1). For any admissible feedback control
u = u(z) (Ju(z)] < ug) the corresponding region
of attraction V' C Q. Here, as usual, V is the set of
initial states z(0), from which system (14), with
the feedback u = u(z) asymptotically tends to the
origin point x. = 0 as t — oco.

Some eigenvalues of matrix A are located in the
left half of the complex plane. The other eigen-
values of A are in the right half. We will design a
control law which ”transfers” the latter eigenval-
ues to the left half.

The structure and the properties of this control
law depend on the unstable equilibrium that we
stabilize. These different cases will be now de-
tailed.



5. STABILIZATION OF THE EQUILIBRIUMS
WITH ONE LINK INVERTED

5.1 Control design for p1 = 0, p3 = 7 (link 2
inverted) and o1 =, @3 =0 (link 1 inverted)

Matrix A for both equilibriums has one real pos-
itive eigenvalue A; > 0. In this case, our system
contains only one unstable mode. Equation (17)
corresponds to this mode. This unstable mode can
be suppressed using control

U= YY1 (19)

with Ay + dyy < 0 (Grishin et al., 2002). For (14)
in closed loop with feedback (19), only pole A;
is replaced with a negative pole A1 + di7y. Poles
A2.3,4,5 do not change. Under feedback control (19)
with saturation (2)

ug, 1f yy1 > uo
yy1, if vyl < uo (20)
—uo, 1f YY1 < —uo

u(r) =

we obtain the largest possible region of attraction
V for (14) (or (15)), (2) (Grishin et al., 2002). The
region of attraction under control (20) is V = @
and consequently it is described by inequality
(18).

Note that variable y depends on the original
variable x because x = Sy. Due to this, (20)
defines a control feedback, which depends on the
original variables z; (i =1 —5).

We can “suppress” the instability due to Ay > 0
also by using a pole placement design with a linear
feedback control,

u=—-Kz (21)

To find the gains of feedback control (21), we use
Ackermann’s formula:

K=[00001]C a.(A)

where, a.(A) represents the matrix polynomial
formed with the coefficients of the desired charac-
teristic polynomial a.(s). For (14) in closed loop,
any poles can be prescribed, because this system
is Kalman controllable.

If (2) is taken into account, we obtain from (21) a
linear feedback control with saturation,

ug, if —Kx > ug
Kz, if |Kz| < uo (22)
—ug, if —Kz < —uyg

u(z) =

According to Lyapounov’s theorem (Slotine and
Li, 1991) the equilibrium point z = 0 of the
nonlinear system is asymptotically stable under
control (22) with some region of attraction.

5.2 Numerical results with link 2 inverted

The following numerical values of the parameters
of our mechanism are considered:

m1 = 0.04 kg, my = 0.313 kg, m3 = 0.03 kg,

a1 =0.15m, as =b=0.3m, az = 0.12m,

I, = 12.10~* kg-m?, I, = 803.10~7 kg-m?,

I3 = 144.10~% kg-m?, ¢, = 0.0069 N-m/V,

¢y = 0.000099 N-m/s, Uy = 19 V.

In open-loop the poles (eigenvalues) of linear sys-
tem (14) are

A1 =1.3858, Ag3 = —0.0003 £1.0115¢,

Ay = —0.2136, A5 = —1.3858.

Our system contains only one unstable mode. Us-
ing control (20), we obtain the largest region of at-
traction (18). With inequality (18), the maximum
initial tilt of link 1, which can be handled for linear
model (14) under control (20) is ¢1(0) = 12.38°
(93(0) = 1(0) + 7 = 192.38°, ¢ 25(0) = 0).
However, eigenvalues A2 3 are too close to the
imaginary axis and, with control (20), the tran-
sient process is too long. We hereafter prescribe
the eigenvalues to avoid a long transient process.
Linear feedback control law (21) is designed to
obtain in closed loop the following poles: A\; . 5 =
—1.0.

In simulation, control law (21) with the prescribed
poles and under saturation, i.e. control law (22)
is applied to the nonlinear model (11)-(13). Con-
sidering the initial position of link 1, the maxi-
mum tilt which can be handled is ¢1(0) = 10°
(p3(0)) = ¢1(0) + 7 = 190°). The graphs of
variables o1 23(t) as functions of time are shown
in Figure 2. At the end, the pendulum is steered
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Fig. 2. Stabilization of Equilibrium ¢ = 0, ¢35 =
m: Angles @1 2 3(t) (in radians).

to the desired equilibrium. When the stabilization
of the pendulum is reached, the rotation of the
flywheel is stopped. The maximum control voltage
is applied at initial time, as shown in Figure 3.

5.3 Numerical results with link 1 inverted

In open-loop the poles of linear system (14) are
A1 =1.0113, Ag3=—7.010"% 4 1.38584,
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Fig. 3. Stabilization of the Equilibrium ¢; =
0, 3 = m: Voltage supplied to the motor.

Ay = —0.2136, A5 = —1.0119.

In this case, our system contains also one unstable
mode only. This mode can be suppressed using
feedback control (20) with saturation. Under this
control we obtain for system (14), (2) the largest
region of attraction (18). Using inequality (18),
the maximum initial tilt of link 1, which can be
handled for linear model (14) is ¢;(0) = 186.1°
(¢3(0) = ¢1(0) =7 = 6.1°,¢1,2,3(0) = 0). How-
ever, poles Ay 3 are too close to the imaginary
axis and we prescribe new poles to avoid a long
transient process. To obtain large basin of attrac-
tion for nonlinear system we have tested different
poles. We have obtained a ”good” result with the
following poles in closed loop:

A1 =—1.0113, A3 =—1.04+£1.0924,

Ay =—1.0, X5 =-1.0113.

In simulation, the corresponding control law (22),
is applied to nonlinear model (11)-(13). Consider-
ing the initial position of link 1, the maximum
tilt which can be handled is ¢;(0) = 185.9°
(p3(0) = ¢1(0) — 7 = 5.9°). Considering the
graphs of variables ¢j 23(t), we can see that at
the end of process, the pendulum is steered to
the equilibrium and the flywheel is stopped. The
maximum voltage is supplied to the motor at
initial time.

6. STABILIZATION OF THE EQUILIBRIUM
WITH BOTH LINKS INVERTED

6.1 Control design for o1 =m, 3 =T

Matrix A has two real positive eigenvalues Ap,
Ao and three eigenvalues in the left half of the
complex plane. Let us consider the first two scalar
differential equations of the system (15), (16)
corresponding to eigenvalues A1 and Ag:

Y1 = My1 +diu,  yh = Aoys + dau (23)

System (14) is Kalman controllable. Then, (23)
is controllable too (Kalman et al., 1969). The

controllability region @ of (23), and consequently
of (15), is an open bounded set with the following
boundaries (Boltyanskii, 1969)

diug

(1) = +
vi(t) Y

(26747 — 1),
i=1,2

(0 <7< 00) (24)

We can "suppress” the instability of coordinates
y1 and yo by a linear feedback control,

u = k1y1 + kayo (25)
With,
(A1 + po)? (Xo + po)?
k‘ = N O k = TN N W 26
T =) T da(a — ) (26)

the characteristic equation of system (23), (25) is:

(b+p0)> =0 (27)
If we take into account constraints (2), we obtain
a linear feedback control with saturation,

Ug, if kiy1 + kay2 > ug
kiyr + kayo, if |kiyr + kaye| < uo (28)
—ug, 1f kiyr + kays < —uo

u(x) =

With po > 0, solution (y1(t), y2(t)) of system
(23), (28) tends to 0 as ¢ — oo for initial y;(0),
y2(0) belonging to the basin of attraction of this
system. But if y;(t) — 0 and y(t) — 0, then
according to expression (28) u(t) — 0. Therefore,
the solutions y;(t) (¢ = 3,4, 5) of the third, fourth
and fifth equations of system (15) with any initial
conditions y;(0) (¢ = 3,4,5) converge to zero as
t — oo because Re)\; < 0 for i = 3, 4, 5. Thus,
under control (28) and with inequality po > 0,
the domain of attraction of system (15), (28) is
described by the same relations, which describe
the domain of attraction of (23), (28).

6.2 Numerical results

In open-loop the poles of linear system (14) are
AL = 1.4471, Ay = 0.9684, A3 = —0.2136,
Ay = —0.9689, A5 = —1.4472.

Using (24), we have designed the controllability
region ) for (23) that is shown in Figure 4. The
region of attraction V for (23) under control (28)
is also shown for py = 0.7. The periodical mo-
tion (cycle) is the boundary of V. This cycle is
computed using the backward motion of system
(23), (28) from a state close to the origin. We have
computed the domains of attraction for different
values pg. For pup = 0.7, V is close to Q.

In simulation, control law (28) with pug = 0.7
is applied to nonlinear model (11)-(13). The ini-
tial position with maximum tilt of the straight



Fig. 4. Controllability region @ (dashed line) for
system (23) and region of attraction V' (solid
line) with po = 0.7.

(¢1(0) = ©3(0)) double-link pendulum, which
can be handled is ¢; 3(0) = 181.757°; the initial
angular velocities are equal to zero. The graphs of
variables 1 2 3(t) are shown in Figure 5. At the
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Fig. 5. Stabilization of Equilibrium ¢; = 7, 3 =
7: Angles @1 2,3(t) (in radians).

end, the pendulum is steered to the equilibrium
and the flywheel is stopped. The transient process
is long because A3 is close to the imaginary axis.

7. CONCLUSION

Different strategies are defined to stabilize a two-
link pendulum with a flywheel around three un-
stable equilibriums. The Jordan form of the linear
model of the double-link mechanism and a pole
placement are used to extract the unstable modes
and to suppress them by the feedback control.
When the linear system in open loop has a unique
positive pole, an optimal (largest) domain of at-
traction for the system can be obtained, i.e., it
coincides with the controllability domain. We try
to increase the domain of attraction in the case
with two positive poles as possible. All these re-
alistic numerical results lead to test these control
laws experimentally. The results of paper for the
attraction domain allow to construct in future

the nonlinear and global control to transfert the
pendulum to the upright position.
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