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Abstract

This paper presents an effective construction method of
adaptive multiple control systems utilizing some knowledge
upon the plants.

The adaptive multiple control system operates plants un-
der widely changing environmental conditions. The adap-
tive multiple control system is composed of a family of can-
didate controllers together with a supervisor. The system
does not require any identification schemes of environmental
conditions. Monitoring outputs of the plant, the supervisor
switches from one candidate controller to another. The ba-
sic ideas of adaptation are as follows: (1)each candidate
controller is prepared for each environmental condition in
advance; (2)the supervisor applies a sequence of speculative
controls to the plant with candidate controllers just after
the start of control or just after the detection of a change in
the environmental condition. Each candidate controller can
keep the system stable during one-step period of the specu-
lative control and the most appropriate candidate controller
for the environmental condition to which the system is ex-
posed can be selected before the last trial of speculative
control step comes to an end.

We proposed a construction method of adaptive multiple
control system without any knowledge of plant dynamics
and applied the method to a cart-pole balancing problem
and a vehicle anti skid braking system.

In real applications, as we can often easily obtain a piece
of knowledge upon plant dynamics beforehand, we intend
to extend the method such that multiple control systems
can be efficiently designed using the knowledge. We apply
the new idea to the cart-pole balancing problem with vari-
able length of the pole. The simulation experiments lead
us to the conclusion that the new attempt can reduce the
manpower to design the candidate controllers for adaptive
multiple control systems.

1. Introduction

Increasing attention has been paid to adaptive control
systems which are required to operate in a variety of en-
vironmental conditions [1]. In recent years, the researches
of such systems have been focused on the unexplored area
of adaptive multiple control systems {2]-{12]. The typical
adaptive multiple control system consists of a family of can-
didate controllers(CC’s) and a supervisor [2]. A supervisor
is a logical element capable of selecting in real time which
candidate controller should be put in feedback with a plant
in order to achieve required control performance.

Approaches using multiple control system can be roughly
classified into two categories by type of information which

a supervisor monitors. In the first category, switching from
one candidate controller to another is carried out based on
monitoring estimated plant parameter values. The work in
[3] shows an adaptive fuzzy control approach. A number
of fuzzy control laws are obtained for different typical plant
models in advance. An appropriate fuzzy control laws are
inferred from them based on observing plant parameter val-
ues. This approach is successfully implemented in [4] for
the cooperation control of several wet pumps. In the sec-
ond category, switching is carried out based on monitoring
observed identification errors between the plant output and
multiple identification models. The work in [5] shows an
approach using multiple models, where models are switched
and tuned based on monitoring identification errors. This
approach was extended in [6] to nonlinear systems with suc-
cessful experimental results for a two-link direct-drive robot
arm using eight adaptive models. Despite of much success of
these approaches, several drawbacks exist. One of the most
serious problems is that their performance may degrade,
and what is worse, systems may lose their stability in case
when the enough accuracy of plant parameter estimators or
multiple identification models can’t be achieved.

We presented a construction method of adaptive multiple
control systems based on speculative control{7]-[12]. The
system does not require any identification schemes of envi-
ronmental conditions. Monitoring outputs of the plant, the
supervisor switches from one candidate controller to anoth-
er. The basic ideas of adaptation are as follows: (1) each
candidate controller is prepared for each environmental con-
dition in advance; (2) the supervisor applies a sequence of
speculative controls to the plant with candidate controllers
just after the start of control or just after the detection of a
change in the environmental condition. Each candidate con-
troller can keep the system stable during one-step period of
the speculative control and the most appropriate candidate
controller for the environmental condition to which the sys-
tem is exposed can be selected before the last trial of specu-
lative control step comes to an end. We applied the method
to a cart-pole balancing problem(7][8] and a vehicle anti skid
braking system([9]{10), and also confirmed that multi-modal
neural networks as candidate controllers can learn compli-
cated functions effectively in enough accuracy[11]{12].

This paper presents an effective construction method of
multiple control systems utilizing some knowledge upon the
plants. In real applications, as we can often easily obtain
a piece of knowledge upon plant dynamics beforehand, we
intend to extend the method such that multiple control sys-
tems can be efficiently designed using the knowledge. We
apply the new idea to the cart-pole baluacing problem with
variable length of the pole. The simulation experiments lead
us to the conclusion that the new attempt can reduce the
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manpower to design the candidate controllers for multiple
control systems.

2. Statement of The Problem

2.1 Assumptions

We consider a feedback system composed of a set of
candidate controllers together with a plant whose input-
output characteristics depend on environmental conditions.
Four assumptions concerning environmental conditions and
a plant are made as follows:

1) The region in which the environmental condition
changes during the operation of the system is obtainable
in advance. C is a set of an infinite number of environmen-
tal conditions which belong to the region. C(C C) is a set of
a finite number of environmental conditions, each of which
is representative of each partitioned region. The set Cis
given by

C = {alielc}, (1)

where Ic ={1,2,---,N¢c} and Ng¢ is the number of parti-
tioned regions.

2) The input-output characteristics of the system de-
pend on only environmental condj_tions. The system in
each environmental condition ¢; € C is described by a pair
of differential equations: &(t) = fi(z(t),u(t)) (i € Ic) and
y(t) = g(=(t)). z(t), u(t) and y(t) represent respectively
the input, state and the output of the system. f;(-) and g(*)
are nonlinear functions and a part of f;(-) may be unknown.
The required output yq, (7 € Ic) of the system is determined
for each environmental condition ¢; € C in advance.

3) In the design of a candidate controller, it is possible to
apply trial controls to a plant from an arbitrary initial state
in each environmental condition ¢; €C.

4) During the control of a plant, the environmental con-
dition to which the system is exposed can not be identified,
but the output of the system y(t) is accessible.

2.2 The Required Control Performance

We regard continuously changing environmental condi-
tions as discretely changing ones. The environmental con-
dition is unchangeable, i.e. the environmental condition
belongs to the same environmental condition ¢; € C, for
nT <t <(n+1)T. It is assumed that the control is start-
ed at t =0 and is ended before ¢t = NT. The objective is
to construct a multiple control system which achieves the
required control performance as follows:

1) An initial output value of the system is between the
lower and upper holding bounds, y; and vy, (prespecified
constants):

y1 <y(0) <yu. (2)
2) Just after the start of control in an environmental con-

dition ¢; € C, the output of the system is kept within the
holding bounds for a prespecified constant time T,(< T).
And then the output of the system is kept between the low-
er and upper settling bounds, ya; +¢ (i € Ig, € is a small
prespecified positive constant):

usy(t) <y (0<t<T,), (3)
lya; —y(t)I<e (T.<t<T, ielc). (4)
3) Just after the environmental condition changed to an-

other environmental condition ¢ € C at ¢t = nT (n =
0,1,---, N—1), the output of the system is kept within the
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Fig.1.  Structure of the multiple control system.

holding bounds for a time T,. After a period of time 7, has
passed, the output of the system is kept within the settling
bounds yq4,, +e (' €Ic):

n<y(t)<ya (nT<t<nT+T.), (5)
lya; ~y(t)]<e (RT+T,<t<(n+1)T, i'€lc). (6)

4) For the rest of time, the output of the system is con-
tinuously kept within the settling bounds:

lya; ~y(t)| <e (nT<t<(n+1)T, i€lc). (7

3. Speculative Control

In this section, the basic ideas of speculative controls[7]-
[12]are presented. A schematic diagram of the structure of
the system is shown in Fig.1.

In order to achieve the required control performance in d-
ifferent operating environmental conditions, we need to ad-
dress, in general, the design of a multiple control system
which can rapidly regulate the output of the system to the
corresponding required output. Since we do not use any
identification schemes of environmental conditions, the su-
pervisor must determine in real time which candidate con-
troller should be put in feedback with a plant based on mon-
itoring the output of the system. We consider a multiple
control system in which switching from one candidate con-
troller to another is carried out based on monitoring some
of tracking errors e;(t) =yq, —y(t).

For each environmental condition c.ndidate controllers
are constructed in advance, so that the output of the system
can be kept within either pair of bounds from an arbitrary
initial state,

yzSy(t)Syu (05t<Tr)a (8)
!yd;"y(t)lse (Tr§t<NT’ 1€lc), (9)
or
uily(t)<ya (0<t<Ty), (10)
vt S y(t) < yu and |ya, —y(t)| >e
(T. <t<NT, Vie Is), (11)

where T, is a prespecified constant satisfying 0 < T\ <T, and
we call such T, a regulation time. Because of this property,
the supervisor can judge whether the candidate controller is
appropriate or inappropriate for the operating environmen-
tal condition, and the candidate controller can at least keep
the system stable even if inappropriate. m(< N¢) candidate
controllers are selected for the construction of a multiple
control system, so that a sequence of speculative controls
can be ended in less than 7., and an appropriate candidate

E-74



controller for the operating environmental condition can be
selected before the last speculative control is ended.

Let C'Cy be the kth candidate controller in a multiple
control system. Just after the start of control, the supervi-
sor simply repeats to switch from CC; to CCa, -+, CCp at
intervals of a constant time T;. but stops switching when an
appropriate candidate controller CC} is selected. Similarly,
just after the detection of a change in the environmental con-
dition, the supervisor repeats to switch from CCy to CCy4,,
4y CCpmy CCh, +++, CCr—1. Whether the switched candi-
date controller is appropriate or inappropriate is judged as
follows. Tracking errors are measured at the time when
a constant time T, has passed since the start of a specu-
lative control. If a tracking error is smaller than ¢, such
candidate controller is appropriate for the operating envi-
ronmental condition. Else if every tracking error is larger
than ¢, such candidate controller is inappropriate. On the
other hand, the change of the environmental condition is
detected as follows. The tracking error which has been kept
smaller than ¢ is measured at all times after the candidate
controller had been judged appropriate. If the tracking er-
ror has become larger than € again, it is judged that the
environmental condition has already changed.

4. Control Performance Criteria

In order to construct candidate controllers, a holding set
Cr for stability, a settling set Cs and non-settling set Ci
for responsiveness are introduced. These sets are defined
by a set of holding criteria 74 (Vie Ic), settling criteria 75
(Vi€ I¢) and non-settling criteria 7§ (Vi€ Ic) respectively.

4.1 Criteria of Stability and Responsiveness

We consider stability and responsiveness of the system.
In an environmental condition ¢; € 5, stability and respon-
siveness for each candidate controller are evaluated for the
same set Xo of initial states given by

Xo {z(0)|z(0) =g (y(0)), ¥ <y(0)<wu}, (12)
Xo = {zilzheXo, j€Ix,}, (13)

where Ix,={1,2,:-+,Nx,} and Nx, is the number of par-
titioned state regions.

A Holding criterion 7}; (Vi€ I¢) is introduced as a mea-
sure of stability for a candidate controller in an environ-
mental condition ¢; €C, and a settling criterion 7% (Vi€ I¢)
and a non-settling criterion 7} (¥i € Ic) are introduced as
measures of responsiveness for a candidate controller in an
environmental condition ¢; € C. These criteria, T}, 75 and
T, are respectively defined by

T = min £3 14
H jeI . H) ( )
75 = max t"j, 15
s j€lx, s ( )
= max ti'j, 16
N jerx, N ( )

where t;‘,j, tfslj and tj\}j are a holding time, a settling time

and non-settling time respectively given by
t;’{j = sup {tlc.-ea, z{; €Xo,
tefo,NT)
u<y(t') <y, VE'€[0,t)},  (17)

inf {t|lc;€C, z} € Xo,

piod
s t€fo,NT)

w Sy(tl) S Yu, Vt' € [01 t)v

|ya; "'y(t')l <e Vt' €[t,NT)}, (18)

t;\}’ = ce[%)l.lli\‘f’l‘){tlc‘ec, m{)EXo,

w<y(t) <y, V¢'€[0,t),
w <y(t') <yu and |ya, ~y(t')|>¢,
vi'elo, VE'€lt, NT)}. (19)

We set a large value to the number Nx, of partitioned state
regions as to guarantee stability and responsiveness for each
candidate controller.

4.2 Sets for Stability and Responsiveness

We consider robustness of the system for changes of the
environmental condition. A holding set Cp is introduced
as a set of environmental conditions in which the candidate
controller can keep stability of the system, and a settling set
C's and non-settling set Cv are also introduced as as sets of
environmental conditions in which the candidate controller
can keep responsiveness of the system. These sets, Cy, Cs
and Ch, are respectively defined by

Cn = {ala€C, th+i=NT, §>0}, (20)
Cs = {ci|lci€ChH, T;<Tr}) (21)
Cn = cilei€Clhu, TI'.\T<Tr}, (22)

where § is a small prespecified positive constant. we also
define a subset Cx N {Cs UCw) as Cgx.

5. Multiple Control System

In order to construct a multiple control system, we s-
elect m numbers of candidate controllers. Let C¥%, C%
and C§ be the holding set, the settling set and the non-
settling set for the kth candidate controller, and let C;—N be

Ck N (C5UCY). The selected candidate controllers must
satisfy the following conditions.
1) Detect the change of the environmental condition:

Ch = C3UCKN (Cig=¢), (23)
Ckx = CiUCK (Ciy=9¢), (29)
CE = CTUCY (CZy=9¢). (25)

2} Terminate a sequence of speculative controls in less
than T,:

(m+1)xT, < T.. (26)

3) Keep the system stable during a sequence of specula-
tive controls:

Cy=Ch=...=Cg=C. (27)
4) Select an appropriate candidate controller before the

last speculative control is ended:

CsucCiu-..uCcy = C. (28)

6. Construction Method of Multiple Control
System

In real applications, we can often easily obtain a piece
of knowledge upon plant dynamics from experiment results
or simulation results beforehand. In such a case, we can
apply the following construction method of a multiple con-
trol system in order to reduce the manpower to design the
candidate controllers.
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Fig.2. Cart-pole balancing system.

(Stepl) Obtain a piece of knowledge upon sensitivity to
environmental condition changes. Quality and quantity of
the knowledge depend on applications.

(Step2) Partition the region of the set C into N¢ numbers
of regions in the following way: regions where the system
is sensitive to environmental condition changes are smaller
than those where the system is not. After that, obtain the
set C from the partitioned regions. Size of the partitioned
regions depends on applications.

(Step3) Partition the region of the set C into m numbers
of subsets, C%, C%, -+, C%, +-+,C? where m and T, satisfy
the condition (m + 1) x T. < T,.

(Step4) Decide m numbers of settling set C%, C%, - -
---,C§", no-settling set Cx» C%,+++, Ci, -+ O, holding set
Cy,C%, -, Cy, -++,CF respectively, where settling set Cf,
non-settling set C}y and holding set C}; Eatisfy the condition
Ci=0C4 Ci = {5 N C%} and Ci; = C respectively.

(Step5) Construct m numbers of candidate controllers
CC* whose settling set, non-settling set and holding set are
identical the above C§%, Ciy and Ci; respectively by rein-
forcement learning of neural networks.

°y C:‘i)

7. Cart-Pole Balancing Problem

A cart is free to move along a one-dimensional track while
a pole is only free to rotate in the vertical plane of the
cart and track. A schema of the physical system is shown
in Fig.2. The cart-pole system is simulated by following

equations:
[4/3'm,L2 mLcosO] [0]
mLcos®@ m+ M z

D, 0 6 mLgsing 0
+ [ 0 Da] [a:] h [me"’2 sin9] - [f] (29)
where L:half length of pole, m:mass of pole(= 2L),
M:mass of cart, D;:coefficient of friction of cart on track,
D;:coefficient of friction of pole hinge, 0:angle of pole from
vertical, z:position of cart on track, f:force applied to cart
and g:gravitational acceleration. The fourth-order Runge-
Kutta method with a step size of 0.01s is used to calculate
6, 6, z and .
The objective of the control is to make the system have
the following stability and responsiveness just after the start
of control:

0:<0(t)<0. (0<t<T,), (30)
6(t)| <e (T.<t<NT), (31)

Al

D I+¢&I
—V+AV

Fig.3. Pole controlled by the hand.

where 6; = —15.0 (deg), 0. = 15.0 (deg), e = 1.0 x 107°
(deg), T,=50.0, N=100, T=1.0. We pose the pole length
I changes from 0.1 to 1.0 (m) by 0.1 (m). It is assumed that
dynamics of the system and length of the pole are unknown
for controllers. Initial states are 8(0) = 0, +1,+2,+3 (deg),
6(0) = 0,+3,+6, 39 (deg/s), z(0)=0.0 (m), and &(0)})=0.0
(m/s).

Let’s imagine the situation shown in Fig.3., that is, mov-
ing the hand at a constant velocity of v, we bring back the
angle of the pole from A#f to zero.

Since a period of vibration of a pole whose length is 2! is
given by

T =2/ =, (32)

we can obtain the relationship between velocity v and pole
length [ as

v=AVl, (33)

where A is constant. Differentiating logarithms of both sides
of equation(33), we can obtain the following equation:

Al
Yol BV, (34)
where B is constant.

We consider the hand as an actuator which can generate
velocity of v. We partition an interval of velocity [v1, vm]
at by vz,vs, - ",v;m—1 whose intervals are even and prepare
m numbers of actuators, ay, a2, -, am. The actuators
can generate velocity in the interval of {v; — Av,v; + Av),
[va — Bv,vy + Av], -+, [vm — Av, v, + Av] respectively,
where Av is constant.

From the relationship between Al, Av and ! given by
equation (34), Al is proportional to ! because Av is con-
stant. This means that an actuator a; can be applied for
larger fluctuation Al in case pole length ! is larger while an
actuator a; can be applied for smaller fluctuation Al in case
pole length ! is smaller. The followings are examples for
different pole length:

Al=B+/0.10Av~0.31x BAv
Al=B+v0.50Av~0.71x BAv
Al=Bv1.00Av~1.00x BAv

As shown in Fig.4., we partition the region of the pole
length [Lo(=0.10), Lm(=1.00)] into N¢ numbers of region-
S [Lo,Ll], [Ll,Lz], ey, [LNC—ULNC]‘ ll, lz, cery lM are
the middle values of partitioned regions, respectively. From

in case [ =0.10,
in case [=0.50,
in case [ =1.00.
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DAl 241, 2014 oAl oAl Fig.5. Partition of fifteen regions of pole length.
Fig.4. Partition of region of pole length.

Fig.4., the following simultaneous equations can be ob-
tained:

L —Le = AlL, (35)
lo— Ly = 2AlL + Alz, (36)
l3 - Lo = 2(Al1 + Alg) + Al3, (37)
ls — Lo = Z(All + Al, + Als) + Al4, (38)
lm — Lo = 2(A11+A12+Al3+Al4+---
L;m—Ly = 2(Al1+Alg+Als+Al4+,
+ Alm_1 + Al) (40)
Solving equations (34) and (35)-(40), concerning Al;, Aly,
-+« Al;, -+ - and Al,,, we can find the values:
Al L — Lo +(2i —m — 1)mC (41)
2m
(‘L= 1121"'17"'),
where a constant C is given by
Lo+ Lp)—+/L24+L2,+2(2m2—-1)LoL,n
o= Tt Lm) =/ L+ L 42(2m2 Lo L. (42)

{m —1)m(m +1)

From equation (41), the bounds of L1, Ly, L3, L4, -+, Lar—1
are given by

Ly = Lo+2Al, (43)
L: = Lo+ 2(Ali + Al), (44)
Li = Lo + 2(Al1 + Al2 + -4+ Ali)a (45)
Lmo1 = Lo+2(All+Al2++Al|+

+ Al ) (46)

Fig.5. shows partitioned regions and how to assign parti-
tioned regions to five(=m) actuators in case the number of
partitioned regions N¢ is 15 and one actuator covers three
partitioned regions.

Though the above consideration of for the partition is
performed for actuators which move a cart at a constant
velocity, it is also effective for the design of actuators which
apply force to a cart.

Fig.6. shows holding and settling sets of constructed five
candidate controllers. Arrows shaded with black color mean
holding sets while arrows shaded with gray color mean set-
tling sets.

Fig.7. shows the simulation results. Each response shows
0 for the case where pole length is 1.00, 0.90, --., 0.10
respectively. A settling time is shown in each response

the region of pole lenght |

L L Le Ly Ly

e

=
o

Lii bt bt Lttt
CC{ IBARNEEEAARRRANERAREEA AN AR NARE R AL RARE
1 st e er e e v e brL g it
FTTTTTTT T T T T e T T e T e T i e T e h et
LLLGL LU et Ll L L Ly Lt ae el
CC{ AN ERARS RN IR R LR RNREANREALEARARRLRAAL
2\ g b b b b b b e b
T e e r e et vt
SN RN AN SN
CC{ INEARENERSERREEREEEnE s G RRN RN R A RN RR AR LARA
S\ by b ee b e b b L
IARMEAREARE MR AN ARER AN RERRRARIRERAAE
LLLLL L e e b e bttt
CC{ TTTE TTT T T [t e e i rrrryraryres
L) W AT PP EE ST INETR SRR R AR RS ARTRA ARRNY
T T e T T T r T T T ey e rrrv it
LA L LRl b Lttty
CCS{ Tt [T T Ty T v e r T s v e re ey
NIRRT NN AN N
ARG EAREE AR AR R AR ARERERR AR RN
t 4 t t ¢ 4 t 4
A0 20 30 40 .50 60 .70 .80 .90 1.00[m)
Fig.6. Holding and settling sets of candidate controllers.

graph. Thought in each case small oscillations are occurred
in switching, 6 is kept at all times between +15.0 (deg) dur-
ing the control and 6, is kept between 1.0 x 10~° (deg) at
the time when 50.0 (s) has passed after the start of control.
This implies that the constructed multiple control system
can achieve the objective of control.

8. Conclusions

An effective construction method of multiple control sys-
tems based on speculative control is proposed. In real appli-
cations, as we can often easily obtain a piece of knowledge
upon plant dynamics beforehand, we intend to develop the
method with which we can efficiently design multiple control
systems using the knowledge.

We apply the new idea to the cart-pole balancing problem
with variable length of the pole. The region of pole length
values was partitioned in such a way as regions where the
system is sensitive to changes of the pole length are smaller
than those where the system is not. Candidate controllers
were efficiently constructed for these partitioned regions.

The simulation results show the new attempt can reduce
the manpower to design the candidate controllers for mul-
tiple control systems and the constructed multiple control
system can achieve the required control performances.

This research is partly supported by Japan Science and
Technology Cooperation.
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