LUND UNIVERSITY

Safe Reference Following on the Inverted Pendulum

Akesson, Johan

1999

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Akesson, J. (1999). Safe Reference Following on the Inverted Pendulum. (Technical Reports TFRT-7587).
Department of Automatic Control, Lund Institute of Technology (LTH).

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/67534df3-992b-49d8-85f4-6cf98e01cedf

ISRN LUTFD2/TFRT-7587-SE

Safe Reference Following on
the Inverted Pendulum

Johan Akesson

Department of Automatic Control
Lund Institute of Technology
August 1999



Lund Institute of Technology
Box 118
SE-221 00 Lund Sweden

Department of Automatic Control

Document name

INTERNAL REPORT

Date of issue

August 1999

Document Number

ISRN LUTFD2/TFRT--7587--SE

Safe Reference Following on the Inverted Pendulum

Author(s) Supervisor
Johan Akesson Karl Johan Astrom
Sponsoring organisation
Title and subtitle

Abstract

This work discusses methods to obtain reference following on unstable systems. The task is critical;
introduction of refernce signal might cause instability in some cases. It is thus interesting to develop
strategies that offer acceptable reference following, but also guarantees stability. In practice similiar
problems arises in flight control systems for unstable fighter aircrafts.

Experimental verifications of the discussed strategies have been carried out on a Furuta pendulum, i.e.
an inverted pendulum. The system is ustable and thus well suited for the task. A few different strategies
for achieving have been examined and experimentally evaluated.

Key words
Inverted Pendulum, Manual Control

Classification system and/or index terms (if any)

Supplementary bibliographical information

Security classification

ISSN and key title ISBN
0280-5316

Language Number of pages Recipient’s notes
English 26

The report may be ordered from the Department of Automatic Control or borrowed through:

University Library 2, Box 3, SE-221 00 Lund, Sweden
Fax +46 46 2224422 E-mail ub2@ub2.1u.se







Contents

L. Introduction . . . . e e« s s o 55 e s o o eme o o 6o
1.1 Problem Formulation ...................
1.2 Experiments. .. ... .......uuuuunnenn..
1.3 Roadmap wvsw srva e s va am @55 50e & o % a0a o & % &
2. The Furuta Pendulum ....................
2.1 Mathematical model . . ... ... ............
2.2 Stabilization of the pendulum . .............
283 SwingUp . . . .ttt e e e e e e
24 Friction .......... ... ... ..o,

3. Reference Following with Guaranteed Stability . . . .

3.1 A Control law for Velocity Control . . . .. ... .. ..
3.2 Objectives . . . . . . . .. i e e
3.3 A Heuristic Approach . . ... ..............
3.4 The Double Loop Approach . . . ... ..........
3.5 Results s e mm e o5 s v @ @ &8 aa s e 59
4. Implementation . . .. ... .. ... .............
41 Experimental SetUp ...................
4.2 The Simulink Interface . .................
4.3 Experienced Problems . ... ... ............
A. UserInterface . . . ... ... .................
B. References . .. ...........0 i

© 9 9 6o 6o o ov L

=
N O






——® Stabilizing Control Unstable X

Y
Y

Reference Following Process

Y

Figure 1 An illustration of the problem formulation dealt with in this work.

1. Introduction

This report deals with manual control of an unstable system with actuator
saturation. The control task is critical, the manual control must not be
performed in such way that it causes instability. Typically this problem
arises when the process has limitations on the control signal, i.e saturation
and / or rate limits. The available control authority is thus limited and
must be shared between stabilization and manual control.

Examples of manual control of unstable systems in practise are modern
fighter aircrafts, e.g JAS 39 Gripen. The aircraft is unstable and has to
be stabilized by the control system in order to operate. The problem here
is the rate limited control servos, that may reduce the stability drastically
when saturated. This issue is discussed further in Rundqwist et al. (1997).

1.1 Problem Formulation

Our problem formulation can be illustrated as in fig 1. The process to be
controlled is unstable, and the control signal is restricted by saturation
which is the basic problem in our set up. Further, we have two objectives,
possibly conflicting, for the controller. The first and most important is to
guarantee stability of the process. This issue should always be given the
highest priority. The second objective is to perform manual control of a
certain state of the process, e.g position or velocity. This introduction of
reference signal may lead to violation of the stabilization condition if the
authority of this control task is not limited. Strategies to achieve “good”
reference following (the meaning of “good” is discussed in section 3.2) with
guaranteed stability is thus the main subject of this work.

1.2 Experiments

This work focuses on experiments. Desirable is an unstable process that
is fairly simple to use and calculate controllers for. We would like to con-
centrate on evaluation of different control strategies. The process used is
an inverted pendulum. In our implementation, the pendulum is attached
to a rotating arm instead of the classic linear cart, see fig 2. This is a nice
property since there are no end points, which is an advantage, for exam-
ple when velocity control is performed. The pendulum may seem far apart
from an complex fighter aircraft, but it has the capital similiarity of beeing
unstable. Thus, the inverted pendulum serves as a suitable process for our
purposes.

The control task is to control the velocity of the pivot point for the pen-
dulum, this is the controlled state, but not in a way that violates the sta-
bilization condition. As discussed earlier, the problem is that the control
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Figure 2 A schematic picture of the Furuta pendulum

authority is limited, i.e there is a saturation on the process input. The con-
sequences of this is investigated in Brufani (1997). In order to guarantee
sufficient authority to the stabilizing control, restrictions on the reference
has to be made.

1.3 Roadmap

A detailed description of the inverted pendulum is given in section 2. A
stabilizing control law is derived. This section also discusses the issues
swing up of the pendulum and friction compensation. This sections are
less relevant for the solution of the manual control problem and may be
skipped, but they are indeed recommended for the interested reader.

In section 3 the problem formulation and different strategies is discussed. A
few quantitative measures of control performance is given in 3.2. A heuris-
tic approach based on rate limiters is given in section 3.3, while the strategy
presented in Brufani (1997) is implemented and evaluated in section 3.4.
A description of the experimental set up is given in section 4, which also
contains a report of experienced problems during the project. In appendix
A the user interface is described. This section serves as a brief user manual
for the control application used for the experiments.

2. The Furuta Pendulum

In this section a mathematical model for the Furuta pendulum which was
used in the experiments is presented. The model is based on the derivation
in Gafvert (1998), only the results are given here.

Consider the Furuta pendulum in fig 2. Let the length of the pendulum be
[, the mass of the weight M, the mass of the pendulum m, its moment of
inertia o and the moment of inertia for the arm J,. The length of the arm
is r. The angle of the pendulum, @, is defined to be zero when in upright
position and positive when the pendulum is moving clockwise. The angle
of the arm, ¢ is positive when the arm is moving in counter clockwise
direction. Further, the central vertical axis is connected to a DC motor
which adds a torque proportional to the control signal .



2.1 Mathematical model

The complete derivation of the Furuta pendulum dynamics is excluded
here. The derivation is based on Lagrange theory and can be read in
Gafvert (1998).

Using the definitions made above, the equations of motion can be written

(Jp + M1%)(6 — 92 sin 6 cos 0) + Mrlpcos 6 — gl(M + m/2)sind = 0
Mrl8cos @ — Mrl§%sin 6 + 2(J, + mi%)8¢ sin O cos 0 (1)
+(J +mr + Mr? + (J, + mi%)sin® 8)§ = u

Introduce

a=dy+MI? B=dJ+Mr*+mr?
y=Mrl e=1g(M+m/2)

and the equations of motion can be rewritten:

ab —ap?sin@cosd + ypcos@ —esind =0
76 cos 6 — y6? sin 0 + 20 sin 6 cos 6 + (B + ¢ sin® 6)p = u

The coefficients for the pendulum used in the experiments are (see Svens-
son (1998)):

1 =0.413m r=0.235m
M =0.01kg J = 0.056kgm?
Jp = 0.0009kgm? m = 0.02kg

This model was used for further calculations and simulation.

2.2 Stabilization of the pendulum

Our first objective before manual control can be performed is to stabilize
the pendulum in upright position. Notice, that the angular velocity of the
arm is taken into account when the linearization is made. This is because
our objective is to perform velocity control, and gain scheduling will be
used to modify the control law with varying velocity. This means that the
controller will not be linear, it will change with varying arm velocity.

Since all states is measurable, linear state feedback is used. The method
is simple and allow arbitrary placement of the closed loop poles. It is then
necessary to derive a linear model of the pendulum. Introduce the state
vector

. \T
x = ( 6 6 ¢ ¢ )
and linearization of the system (2) around

x=(0 0 0 ¢0)T



gives

0 1 00 0
aboithe o o o -
x=Ax+ Bu = ey x+ | BTy (3)
0 0 01 0
—aypi—ye a
—%—a A 0 0 0 77
The control law can be written
u=Lx (4)

where
L=(t b ls l)
The control law (4) applied on the system (3) gives the closed loop dynamics
x=(A—BL)x

The characteristic polynomial of the closed loop system is

&t aly — }’lzsa n ol — fe — aﬁ(pg — }’Ilsz . (ocqo(z, + 6‘)l4s B (a(p(z) + &)l
aff —7* aff — 7 af —r? af —y®
Let desired characteristic polynomial for the closed loop system be
(s + 20181 + 0?)(s% + 20385 + 03)

Identification of coefficients gives

aﬂ¢(2)+ﬂ3 af —y? 2 9 2 2
Hh = — - - ojw; + w7 + 4 0102 + @
1 y z (aqog-i-e 105 + 0F + 451{201 03 + @3)

_ af —y? 20 2 2

lp = — y (aq})g+g(§2w1a)2+§lw2wl)+2§1wl+2§2w2)

a —

0!(1?04-8

af —y*

Iy = (2820iwe + 20 100501)

api+e
For the experiments presented in this work, the following parameters were
used:

1 = w2 = 8.5

{1=02=09

An important observation concerning the closed loop system can be made.
If the transfer function from u to ¢ is examined, zeros appear at

\/012b1za14 —ai2bys
z=4=4

bia

(coefficients from the system matrices) which is, one zero on the positive
real axis. This corresponds to a non minimum phase system and will limit
the achievable control performance.



2.3 Swing Up

An issue that has not so much to do with the main problem of manual
control is swinging up the pendulum from rest to upright position. Never
the less it is a practical feature to implement, and a nice feature for a
demonstration. A brief description of a swing up strategy will be presented,
interested readers are encouraged to consult Astrém and Furuta (1999)

In this section a simplified model of the pendulum will be used. Instead of
the Furuta pendulum a pendulum attached to a linear cart is modeled. The
reason for this is that the calculations will be significantly easier and the
model will still be sufficiently accurate for our purposes. Using the same
terminology as above, the equations of motion may be written

2
% = Mglsin@ — Mlacos®
5
By (5)

de

Jp

where a is the applied acceleration.

Introducing the normalizations

Mgl a
Do = u=—
0 Jp g

the equations of motion may be rewritten as

2
dd—f = w2 sin @ — wiucos @
d?¢
o T uE

Swing Up by Energy Control The strategy used is based on energy
control and is presented in Astrém and Furuta (1999). The basic idea is to
pump energy into the system, so that it finally contains enough energy to
pass the upright equibrillium. Well there, switching to a control law that
catches and stabilizes the pendulum is performed.

The energy of the uncontrolled pendulum, using the same terminology as
above, may be expressed as

E 62
E =_> -7 1
"= Mgl 2m§+cos0

The energy is thus zero when the pendulum is at rest in upright position.
The energy is normalized with respect to Mgl.

A control law proposed in Astrom and Furuta (1999) is
u = sat(k(E, — Ey)sign(6 cos 6))

E, is here the desired energy of the system, i.e zero. The design parameters
for this method is % and the saturation limits. In our implementation k£ was



set to 100 and the saturation limits to +1. This control law performs the
desired swing up.

The control law presented above perform a swing up that makes the pen-
dulum pass the upright equibrillium. However, it remains to catch and
stabilize the pendulum. This is done by switching from the swing up con-
trol law to a catch control law and finally to a stabilizing control law. LQ
theory is used for calculation of the catching controller. Large punishments
on the states 6 and 4 and a smaller punishment on ¢ gives a LQ controller
with the desired properties. When the pendulum i catched, switching to the
stabilizing controller is performed.

A Nonlinear Observer In order to implement the swing up strategy
measures of 6 and 6 is needed. This is a problem since both this signals
are discontinues at a certain angle. The measurement of 8 exhibits a step
form O to 27 at this angle, which can be dealt with by adding an offset to
the measured signal. @ however exhibits more serious discontinuesies and
we have therefor chosen to use a nonlinear observer presented in Eker and
Astrém (1996) in order to obtain an estimate of 6.

The nonlinear observer has the following structure:

dx,

— =X ki(x1 —x

gy 2 + k(%1 — %1)

dx . o "
d_t2 e a)(2) sinX; + a)(z,u cos Xy + ka(x1 — %1)

where x; = 6 and xo = 6. The design parameters ki and ks were set
to 20 and 60 respectively. The nonlinear observer produced a sufficiently
accurate estimate in order to perform successful swing up of the pendulum.
(Notice that the measure of @ was used directly for the swing up control
law, not the estimate.)

2.4 Friction

On the process used for the experiments friction is a severe complication
that can not be neglected. Notice however that it is the friction in the
arm (and motor) that is severe, friction in the pendulum pivot point is ne-
glected. The friction gives rise to limit cycles, see Svensson (1998). Friction
compensation is therefor highly desirable. We have chosen to use a simple
model, Coulomb friction with stiction, which can be written

(Ff ¢>0

Ff =0, u>Ff
Fe(puy=q u ¢=0, F; <u<F}
Fy ¢=0, u<F;

F; ¢<0

\

The dimension of the friction is angular acceleration, which gives conve-
nient integration with the process model. In the implementation used in
the experiments the friction model is simplified further by

Ff=F¢
F; =F;

10
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Figure 8 A schematic figure of the Karnopp model.

Estimations of F;" and F, showed that the friction is asymmetric.

Friction compensation is then performed by modifying the control law (4):

A practical problem when dealing with the real process is that the mea-
sured velocity of the arm is not zero when the arm is at rest, there is a
small bias and also measurement noise. To deal with this the Karnopp
model presented in Olsson (1996), p. 29 is used. A schematic figure of the
model is shown in fig 3. The arm velocity is set to zero if it is within the
tolerance limits +dv. In this case compensation for the stiction effect is per-
formed, otherwise friction compensation corresponding to Coulomb friction
is used.

The effect of the friction compensation is significant, the limit cycle is not
entirely eliminated, but reduced in amplitude (see fig 4).

11
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Figure 4 The effect of friction compensation. Notice the significant reduction of
the amplitude of the limit cycle for the arm angle.

3. Reference Following with Guaranteed Stability

In this section, a few strategies for implementation of manual control on
the inverted pendulum is discussed. A joystick which is connected to the
process is used for generation of the control signal. The controlled state
is the velocity of the pivot point, i.e ¢. An essential condition is that the
control of the pivot point must not be performed in such a way that the pen-
dulum cannot be recovered to upright position. Stabilization is considered
to be of primary concern.

3.1 A Control law for Velocity Control

When velocity control of the pivot point is performed, it is not a good choice
to use the measure of the state ¢ directly for feedback. Only 6, 6 and
¢ is used by the state feedback control law. Notice that it would not be
acceptable to set the /3 element in the control law (4) to zero, since the
poles of the closed loop system would then not have the desired location.
Instead we solve this by deriving a new control law based on a reduced
state space model based on only the states 8, 8 and ¢.

Usage of this reduced control law may result in the pivot point drifting
even when the velocity reference is set to zero. To avoid this switching to
the control law derived in section 2.2 is performed when the velocity of the
pivot point and the velocity reference have both been zero for some short
time. (1 s in our implementation.) When the velocity reference deviates
from zero, the reduced control law is switched back into use.

12



If the new state space vector
. T
i=(0 6 ¢)

is is introduced the system (3) may be rewritten as

0 10 0
1 = = i —
f=Az+Bu=| LI 0 0 |i+| 5% |u (6)
—ayPi—ye 0 0 —Za
af—72 af—y*
Applying the control law
u=Lx (7)

where
L= ( Lol Iy )

on the system (6) gives a closed loop system with characteristic polynomial

E ols — ylgsz —fe—afpi — 7l18 B (a2 + €)ls
af —y? af —y? af —y?

Let the desired characteristic polynomial of the closed loop system be
(82 + 20187 + w%)(s + wz)

Identification of coefficients gives

_oBd§tpe _aB—7

i = 0? + 2{ 10109
- v 1 )
aff —y: 2o
Iy = — A 7/( ) w%w2+602+(02§10)1)
¥ aQps+ €
o
l3 — _.61‘32_7(9%(02
oPps+E

Notice that the feedback vector L is gain scheduled with respect to ¢. The
numerical values of the design parameters used for the experiments are:

w1 = Wy = 14.36
£1=09

3.2 Objectives

Before investigating the different methods further the objectives for the
control system and a few measures for evaluation is discussed. The mean-
ing of “good control” is usually depending on the process and the demands
on the control system. Here we choose to consider two measures of control
performance; rise times and state deviations.

13



Figure 5 A rate limiter structure.

The rise time for a step is a measure of how fast and well damped the
response is. A fast and reasonably well damped response is of course de-
sired. The rise time is here defined as the time from the reference step til
the time from which the response stays within given deviations from the
reference.

As a measure of the deviations in the states a loss function is introduced
as

L; = kg% + k60 + ky?

where the coefficients is chosen so that the different states get a reasonable
weight. The loss function may be considered a measure of the cost in state
deviations when control of the pivot point is performed. We have chosen to
weight the state errors so that they have about the same influence on the
loss function. The following coefficients has been used:

ko =1 kg=026 kj=0.02

3.3 A Heuristic Approach

Since the dimension of the reference signal is velocity but the control signal
represents an acceleration (the derivative of the velocity), it is reasonable
to focus on changes in the reference. Neglecting friction, constant reference
signal does not give rise to a control signal, but changes in the reference
does. Abrupt changes in the velocity reference may lead to large control
signals, possibly saturating, and thereby prevent successful stabilization
of the pendulum. This leads us to the idea of using a rate limiter applied
on the reference signal to restrict the rate of change in the reference. The
rate limiter used here is presented in Rundqwist et al. (1997), see fig 5,
which provides not only rate limiting, but also a filtering of the reference
signal. The parameter K may be used to tune the filtering effect so that
the reference gets a little smoothed. This strategy may be implemented so
that stability is guaranteed by setting the maximum rate sufficiently low.
This would however be a quite conservative method.

A better approach would be to let the limits of the rate limiter be adaptive,
i.e. change with the states of the pendulum. It is reasonable to think that
the maximum rate of change in the reference, that does not drive the
pendulum out of stability, is depending on the states of the pendulum,
primarily the pendulum angle and the angular velocity. We introduce

B =06+Fk6

where % is chosen so that the weighting between the states is fair. Further,
[ is used to determine the rates of the rate limiter. A large value of ||

14
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------ Set. Lim, Seltling lime =1,33 s Sellling lima =0.96 s

Figure 6 Step responses when using the rate limiter strategy

indicates need of stabilization, the limit should therefore be set tight in
this case. On the other hand, small B indicates that the pendulum is not
near instability, and faster changes in the reference signal can be allowed.

The mapping from S to the rate limiter limits leaves many possibilities.
Here a linear function is used for this purpose,

y =k(1—18])

where 7 is the rate limiter limits and % the maximum rate of change. It is
here assumed that  is scaled and so that |§]| < 1. This approach gives a
result shown in fig 6. Numerical values of the design parameters for this
experiment are; S scaling factor is set to 2, and & equals 40.

3.4 The Double Loop Approach

In this section a method described in Brufani (1997) is implemented and
evaluated. A few differences may be noted though. In the referenced work
a classical inverted pendulum with a linear cart is used for simulations,
which differs a bit from the Furta pendulum used by us. Further, Bru-
fani (1997) focuses on position control of the pivot point, not velocity con-
trol which is our task. Our experience is that the same basic concepts may
be used, but some modifications has to be made in order to achieve good
results.

The method presented in Brufani (1997) is based on having two separate
control laws for stabilization and reference following respectively. The con-
trol law responsible for stabilization should be given high priority so that
it keeps the pendulum stable, regardless of the reference signal. The outer
loop is allocated the remaining control authority. It should be noticed that

15
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Figure 7 A schematic picture of the double loop strategy. Notice that the state
¢ is not used for feedback when velocity control is performed.

the inner loop is only used for control when the outer loop is saturating,
otherwise it is transparent. A schematic picture of the control structure is
given in fig 7. Notice the saturation on the process input which gives rise
to the problem. Further, the state feedback vector Lg only uses the states
6 and 6, while L uses ¢ as well. (The state ¢ is not used when velocity
control is performed).

The allocation of control authority is a critical issue as we have argued
earlier. In this method this is done by constraining the outer loop with a
saturation. Selecting the saturation limits is a key issue.

Stabilization The inner loop should provide stability. Only the states
6 and @ is considered for this proposed, that is, the state ¢ is neglected.
This makes sense since stabilization should be given the highest priority.
The control law may be written

us = Lyx
where

L= (1 Ly )

and

3E=<0 9')

There are several ways to obtain the feedback vector L. Since we are
also interested in examination of stabilizing regions for the controller, LQ

16



design is used. This method not only gives us the vector L, but also a
Lyapunov function which may be used for stability analysis. Notice that
the vector Ly is gain scheduled with respect to ¢.

The process model for the states 8 and 6 is a reduced version of the state
space model (3):

T?I
Ezl

- 0 1 0
aﬁn 5& 0 ap—r*

=7

LQ theory give the linear controller that minimizes the loss function
[o¢]
J = / T Q% + u” Rudy
0

where Q and R are positive definite symmetric matrices. These are the
tuning knobs used to obtain desired behavior. The optimal controller is
given by

L,=R'BTS
where S is the matrix that solves the steady state Riccati equation
ATS +SA+Q—SBR'BTS =0
The matrix S can also be used to form a Lyapunov function:
V(z) = &7 Sx

The Lyapunov theory specifies three condition for Lyapunov stability:

It is obvious that the first condition is satisfied. The second i satisfied since
S is positive definite. It remains to examine the region where the derivative
of the Lyapunov function is negative; this gives us the region in which the
control law stabilizes the system. However this Lyapunov function is valid
for the linearized system, but not necessarily for the real system.

In the experiments the design parameters for the LQ design have been
chosen as:

96.98 17.10 )

R=020 Q=
17.10 3.03

17



Velocity control of the pivot point The control law responsible for
velocity control is the outer loop in fig 7. The feedback vector L is iden-
tical with the one calculated in section 2.2. The vector L; (L, is actually
extended with two zeros for the states ¢ and ¢ in order to get the correct
size) is added to L to make the inner stabilizing control law transparent
when the outer loop is not saturating.

To summarize the characteristics of the controller, a few different modes
of operation may be recognized.

Qo u=-110—-120—-140p  |ue+u<u®  |u|<ud
Qf u=ul—1,6—156 us + ue| < u® ue > ud
Q7 u=—ul—1,0— 1,00 lus —ue| < ul ue < —uf
QFf u=ud us +ud > u’

Q5 u=—u’ us +ud < —u®

When in mode Qg the system is controlled by the control calculated in
section 2.2. This control law takes changes in the reference signal into
account; it is responsible for the reference following.

In the next two modes, QF and Q7 the outer control law is saturated.
This means that the inner loop is in action, stabilizing the system. Notice
however that a constant contribution (i.e the saturation limit of the outer
loop) is added to the control law.

In the last two modes of operation, Qg and Qg, the inner control loop is
saturated. This desirable to avoid this modes, stability is likely to be lost
in this region of operation.

So far the saturation limits of the outer loop has been considered fixed. An
attractive idea would be to let these limits depend on 6 and . When the
pendulum is in fairly upright position the limits may be set wide apart,
but if the pendulum approaches instability the limits should be set tight
in order to guarantee sufficient control authority for the inner stabilizing
loop. As measure of the stability of the pendulum we choose to consider the
momentary energy stored in the pendulum. An expression of the energy
similar to that presented in 2.3 is used here.
: . :
E, = 2wgszgn(é’) + (cos @ —1)sign(0)

Notice however that the signs of 8 and 8 is also considered. Not only the
magnitude of the energy is important but also the sign of the angle and the
direction of the angular velocity have to influence the choice of saturation
limits for the outer loop.

The mapping from the energy E, to the saturation limits may be imple-
mented in many ways. We will choose a quite simple method, and may
thereby not take full advantage of the concept.

Firstly we have experienced that it is desirable to low pass filter the energy
estimation. If the value of the energy was allowed to directly affect the
saturation limits, a chattering effect appeared which cannot be accepted.

18
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Figure 8 Step responses for the double loop strategy. Fixed saturation limits,
+1.5 is used.

A Bessel filter with a bandwidth of 4 rad/s was used for this purpose.
Further, the energy is normalized so that |E,| < 1. In order to get a good
coverage of the interval [-1 1] E, should be scaled, we have used a scaling
factor of 70 for the experiments.

The mapping from the normalized energy to the saturation limits is illus-
trated in fig 9. The saturation limits are asymmetric; high positive energy
(e.g positive angle and positive angular velocity) means that large positive
reference changes may be made, while negative reference changes gets
little response.

The design parameter of this mapping is the slope of the saturation lines.
In fig 9 the slope is set to 1, but in our experiments the value 2.5 is used.
Low values of the slope indicates tight saturation limits and thereby a
restrictive strategy. Larger values may give faster control strategies, but
it is then possible that the guaranteed stability is lost. Hence, the choice
of saturation limits is a tradeoff between fast control and robustness. An
experiment showing a step sequence and the ¢ response when the adaptive
saturation limits strategy is may be seen in fig 10.

3.5 Results

Two different strategies (and two different versions of the later) have been
implemented and evaluated in this section. The results can be seen in
the figures 6, 8 and 10. Comparing these plots, the rate limiter seems to
be superior. This strategy is both faster and better damped than the ones
based on the double loop strategy. This however, does not necessarily mean
that this method is superior compared to the other. A few reasons for this
may be recognized. Firstly, the rate limiter strategy is fairly easy to tune
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Figure 9 Mapping of saturation limits for the outer control loop from normalized
energy.
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Figure 10 Step responses for the double loop strategy. The limits of the saturation
for the outer loop are here adaptive.

for optimal performance, quite few design parameters have to be decided.
The double loop strategy contains numerous design choices; the LQ design,
choice saturation limits etc.

Further, the analysis of the double loop strategy may be extended in order
to gain improved understanding, and thereby probably improved perfor-
mance. The concept of adaptive saturation limits for the outer loop (i.e.
adaptive allocation of control authority) is discussed only briefly in this
work, and it is likely that significant improvements can be made here. The
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analysis of these issues, however, is left for future research.

4. Implementation

So far all calculations have been done in continues time. The experiments
however have been performed using discrete controllers implemented on a
computer. This approximation should not affect the validity of the results,
since a short sampling period, 10 ms, has been used. Matlab has been used
for calculations of the discrete controllers.

4.1 Experimental Set Up

A Furuta pendulum, a joystick and a personal computer were used for the
experiments. This section describes the set up; connections etc.

The Pendulum The pendulum used for the experiments provides sev-
eral measured signals; arm position and velocity, pendulum angle and an-
gular velocity. The later signals exist in two separate versions, one that
covers all possible pendulum angles and one that only covers angles near
the upright position. The top angle measurements were used for stabiliza-
tion and velocity control, while the the full lap signals were used for the
swing up sequence.

The signals from the pendulum were connected to the I/O interface on the
computer in the following way:

1/0 Connection | Pendulum Signal

Al2 Pendulum Angle (Top)
AI3 Pendulum Velocity (Top)
Al4 Arm Position
Al5 Arm Velocity
Al6 Pendulum Angle (360°)
AT7 Pendulum Velecity (360°)

L AQ0 | Control signal

| Ground | Ground

The Joystick A joystick connected to the computer offers a quite good
reference generator when to demonstrate manual control, but for the exper-
iments computer generated reference signals were used in order to enable
fair comparison between the different strategies. The joystick signal (only
the X axis signal was used) represents the desired velocity of the pivot
point. For power supply a DC servo were used. Connections were made as
follows:

1/0 Connection | Joystick Signal
AIO White (X Axis)
All Blue (Y Axis)
DC Servo, +9V | Red
DC Servo, Ground | Black

21



The Computer A PC, 166 MHz Pentium, running Linux as operating
system and an I/O interface connected to it were used. For all simulations
and experiments Matlab 5.2 in combination with Simulink were used.

4.2 The Simulink Interface

All control structures has been calculated using Matlab and implemented
in Simulink. Simulink in combination with the I/O interface (the interface
with the hardware I/0 implemented as S-functions, see [Anders Blomdell])
offers the possibility to easily evaluate controllers by simulation before
performing the experiment on the real pendulum.

A few practical advices are worth mentioning to ease the procedure of
reconnecting the pendulum reprocducing a well functioning demonstration.

Firstly, it is critical to make sure that the measured signals are transformed
from Volts to rad, rad/s etc in a proper way. This is done by examining the
signals in the block Process/Hardware / Conversion of Inputs. Especially it
is critical to make sure that the measurements of the 8 angle is zero when
the pendulum is in upright position.

Further it is possible that the tracking coefficients has to be adjusted, in
order to achieve accurate static reference following. This is done by modify-
ing the blocks Controller / Reference/Conroller/ Johan Heuristic/ Tracking
and Controller / Reference/Conroller/Double Loop/ Tracking respectively.

4.3 Experienced Problems

In this section some of the practical problems experienced during the
project will be discussed.

A major problem at the beginning of the project was measurement noise.
Although stabilization of the pendulum was possible, it was hard to distin-
guish the signals, (this problem was most serious for the angular velocity of
the pendulum) because of noise. The most significant reason for this was
that the pendulum and the computer were connected to power supplies
with common ground point far from the plugs. This caused a long ground
loop which received a lot of noise. The problem was significantly reduced
when pendulum and computer were connected to plugs close to each other.
Shielded cables were used for the measured signal with the most severe
noise and the control signal. This reduced the noise further. The remaining
noise was found to be acceptable.

A problem that appeared right after the swing up sequence finished was a
high frequent oscillation in the pendulum. High frequent is here meant to
be compared to the natural frequency of the pendulum. Since the frequency
of this occillation was higher than the bandwidth of the closed loop system
it could not be damped by the control law. Our solution to the problem was
to simply damp the occillation manually.

A problem experienced in Simulink is worth to mention. The original idea
was to include both a model of the pendulum and the hardware interface
in the same structure, enabling fast and easy switching between simula-
tion and experiment. However, this turned out to be a problem since the
continous states of the model required to much calculation time when ex-
periment were performed on the real pendulum. It was not possible to
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keep up the sampling rate which was unacceptable. The solution was to
remove the pendulum model during the experiments and insert it for the
simulations.

A phenomena that grew more and more significant durig the project were
periodic spikes in the “jitter” curve. The measured signals exabited more
or less significant discontinousies at those times. This problem caused a
lot of confusion, but was tracked down to depend on the numerous Scopes
used in the application for debugging purposes. When the Scope buffers
were updated every fifth second, the sampling time could not be held. The
problem was solved by removing the scopes from the application.
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Figure 11 The main view of the user interface.

A. User Interface

The main view of the user interface is seen in fig 11. All relevant plots and
controls should be located in this view. To start the demonstration, make
sure the pendulum is at rest (either hanging down or standing upright)
and press Ctri+t. If the pendulum was at rest hanging down, the swing
up sequence is started by moving the joystick in any direction along the
x-axis. When the pendulum has reached its upright position the velocity of
the pendulum can be controlled.

A few buttons appear in the main view, their function is explained by the
following table:
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Button

Function

Options

The application may be set to operate in two
modes, either open loop or closed loop. Closed
loop is normally used, but open loop may be
used for debug purposes. In the later case
no control signal is given to the process, but
all measured signals are logged. Further, two
ways of generating reference the signal is al-
lowed. Either the joystick or a sequence of
reference steps. It is possible to change the
step sequence by modifying the block Con-
troller/ Reference / Controller /| Reference gen-
erator. Finally, any of the implemented strate-
gies may be selected.

Plot Graphics

Displays a plot showing 6, 8, ¢, ¢, u and jitter

Reference Evaluation

Displays the loss function as well as the refer-
ence signal and response. Also calculates rise
times. (Works best when the step sequence is
used.)

Ref, ¢ A real time plot showing the reference and
phidot.

0,0 A real time plot showing 6 and 8.

Jitter A real time plot of the jitter.

Both control of the real pendulum and simulation using a model is possible.
However the pendulum model is not included when control of the real
pendulum is performed. If it was, the sampling rate may not be kept since
the continous states of the model takes too much calculation time. Instead
the model has to be imported before simulations can be done. The model
is stored in the file pend_model.mdl and should be imported to the block
Process. Double click the block Process to enable the simulation.
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