Oyl ... eaw
=)l

JUazd J)iis gw)d
1391 )¢

PR pag Y5

N
POWEREN.IR



hag o e
o

C050j9) ) > Gukd
3> 59 b (pi8L (399 (gl )lis) s

" > yob 4 (o 0205 ]S gy

(9““. 5
A0 3912 b JyiS 3)Slac 9 03)3 usal |y 3ialhé laisle (gloyiohly o5 cuwl (gaiaT)s

.. loo d):is

)9hio & g 3l led lils Cuog 3590 jd (laiwgn wlelbl oS Caawl (A
duQJUU9lb.owm9bL,l§9w5)ilncw .).JSL,,O.)..\JgJ“).ul)QUJL»L\w
CRlg )3 3550 g0 plinnaw GakdS jokbiay (§yaSpanial o pulsl p 9 o3 dunlic
daw plplo dgibse Jlecl phwaw )3 cuslie gusual «oglhe Cuog G (3w, )9b..m.)
Caidld Aolg 3929 ikl @imus by )3 FASuAT g (5SS praal (Pl Jac

el @i by (gloail)s
(IP)>)Slac Lol ¢ly (6,a565131 by aislissls sLoyiolyb (5 lwlids (1
S U89 (59 » 6y el (2



GRS el <y )lisle
d.aiwd.o.b9.))|b_o_ub_)d)u.§wd)
o

JyiS 9 a8 Jolid (Jgemo chasd dil> el -1
o0 0LS

N SRy b yiolyb pubdis ddls> -2

POWEREN.IR

)g}:‘s Lam o&-.\ LS




ADAPTIVE CONTROL, Def.

A person who can drive
any of these vehicles in
all  kinds of road
conditions  can be
considered to be a very
adaptive system.



LINEAR MODEL DESCRIPTION OF A CONTROL SYSTEM

Desired
speed &
direction

[

( @ ”* inputs

Throttle
& steer

Output
speed &
direction

Command
Reference
r

Error
e

O

I

Confrolled
output
¥

Confrol
input
U
G, (s) G,y (s)
controller plant

G, ()G, (s)

7| 1+ G.(9)G, ()

Closed-loop transfer function




Throttle =
& steer

Desired
speed & .
direction =S}

Output
speed &
direction

An example of a conventional pole assignment control design for a simple
Proportional + Integral Controller:

Plant
Pl-controller dynamics
o he designed is known
(hs+h) 2
+ 3 -
O ks +k | , s s+l
5 5+1 ! (ks+k) 2
- + — e
[ 5 5+1
2(&154‘1&2) 25"‘6
 — — —_— —
52 + (14 2k )s + 2k, — F13546
If k1 =1 and kz = 3, then the dynamics
of the resultant closed-loop system is
as shown above.




ADAPTATION TO INTERNAL CHANGE IN PLANT DYNAMICS

Desired Throttle

speed & 3 & steer Qutput
direction = N speed &
direction
—_

Plant
dynamics .
cganges Resulting closed-loop system If 'the dynam|CS Of the
@ N Lihiy T S 0.3(k;s +ky) original system
5 5+0.2 57 +(0.2+0.3k )5 + 0.3k,
: changes, then the

resultant closed-loop
system will behave

035409 differently.

If ks =1 and kz: = 3 (no change in contral {driving) scheme), —* +055+00 —
then the closed-loop systems behaves differently (more &l ) '
sluggishly). R
Adaptation may be
(]
required when parameters
If kv = 8 and kz = 20 {change in confrol {driving) scheme),
then the closed-loop systems behaves as stable as 175+6 Of the plant Change’
25+6 — = .
o - the system may respond slightly differently 5 +295+6
s +35+6

because of the different zero.

Mote: Just as you'd control your action to move faster when
you feel that you are slowing down.



ADAPTATION TO EXTERNAL CONDITION

Throttle
& steer
| inputs

Output
speed &
direction

Desired
speed & ’
direction e===u

Adaptation (control strategy) may be required depending on external operation conditions.

You may use different control gains depending on the error between reference and output.

g
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PI-controller

foys + Ity

Svstem dynamics

+ may be UNKNOWN at
time of design

* may change with time
and condition

—

&

L J

s+05

Automatic
¢« Detection & estimation
of unknown or varnation
in system
charactenstics, and
o adjustment of k=9
=

k, =2

to keep the resulting
control performance
to specification

DEFINE ADAPTIVE CONTROLLER ?
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Reference Ym
Model

L +

Controller | up Up

C(6) Plant *

(! Adjustment
Mechanism

3

Yp

w

1

Some of the basic methods used to design adjustment mechanism are
(i) MIT Rule
(ii) Lyapunov rule



General MRAC
G292 OR > 93y J8las jghiay )iiS (gloyiol)ly (yig) ()2l )d eadiumo (g,

Reference Model

e
e

1"1:':??: (5]
/
Controller U Plant
Input c
Command
g On-Line
Parameter
Estimation of 8}
f. |

ARlpripRRdRdiue )8 9 Jio

(Indirect MRAC)IQ_‘_a_';Mm JOIRVYS

o0 gaeual p3lie ol bl j ))iES (yiehly 9 634 635 aadd W) (oyiehly o) 2l )

Reference Model

Ym

S

-+

1’{':,??1 { & )
Pl
Controller " Plant
c'(8:) P(o*)
Input
Command
r Omn-Line
Parameter T
Estimation of &*

Lo

Calenlations
He(t) = F(08(t))

y
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(k) =

A(Q ) =1+49 +K +4 g™
B(q')=bg™ +b,q? +K +b,q™"

- —y(k-1) |
M
—y(k—n)
utk—d-1)
M
u(k—d —m)|

o(k) =
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e(k) s G(k) jleslaztly

Y
[ F®) et e |

O

£(k) = y(k) - 0" (k - D)o (k)

S ' (K)F(k=Do(k)

2

O(k) = 0(k 1) + G(k)e(k)

F (k) = %[I ~G(K)e" (K)F (k1)




Unified Approach 0 552 gy 43 S Lohb IS Jolys

AG ) Ye(k)=q"B(q u(k)
A(Q)=1+aq " +a,0°+A +a,q"

B(q™")=b, +bg™ +A +b, g™ b, %0

RS i 639)9 9 u->9)-‘> u(k), v (k)
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PRI
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C.(q7)yy (k) =q°D(q ")r(k)
02555 )85)0 5 Oy Iy (5295 (slaS S|

e(k) = yp (K) =Yy (k)

Al 515 39U 505 dlagly (99 53 634 (ylay Slawl Gl jokiiay 4S 394 50 0 Line

C,(a " )e(k +d) =0

Kd O

3900 unigiil ) <3902 olesBL( ™)

C,(a™)=AQ™")S(q™)+q™T(q™)



C,(a™)=A@™)S(@)+q°T(q™)

S(@)=1+807+5,07 +.. 5,4 n —d-1
T =ty +ta" +t,q7 +..+t, g™ N, =max(n, -1n., —d)
Saolyd ¢ JUo
L b
o _ C.(q ) =1+crv.q™
(A =1_qt i | crv. =-0.001
AldT) : ~1ncrv, <0
Bi (q_l) - boi

Ci(a)=A@)S(@)+a T, (a™)

S, (q")=1+s,a" s (q?)=1+0.999q" s, =0.999
T.(q™) =ro, T.(9™) =0.999 ro, = 0.999



C,(q e(k+d)=[B(q)S(q )u(k) +T(a )Y (k) =C,(qd )Yy (K +d)]

=bou(k) + 6y ¢, (k) —C,(a ™)y, (k +d)
=0"¢(K)-C,(q ) yy (k+d)

¢y (K) =[u(k=2),....u(k =d —=ng +2); Y5 (K),..., Yp (k = 1;)]
0, =[bys, +b;,bys, +bis; +by,., b, Syt ]

¢ (k) =[u(k); ¢, (k)]

' =[b.: 6!
[O O] i“ m“ézdm

C.')L))

(1-q7")Xv, (k) = g |oo,u; (k) - d,

(1-q ™)Xy, (k) =60 ¢, (k- 2)
o7 =|bo, d;]
) (k) =[u, (k) 1]




3950 dunlowe 535 Oyguar wglhe J)iS (493

u(k) =bi[cz(ql>yM (k+d)-T(a™)y, (K)-B,(q ™ )u(k)]

0

B,(0 ) =B(a)S(q ") -b,
S9u 0 oS 505 9y JyiiS 99 i

u(k) =bi[cz<q1)yM (k+d)— 6] ¢, (K)]

0

Saolizd ¢ Jlie
C’)L’)

u; (k) = —s;;u; (k = 1) + %[Ci (q")Xvd, (k +2) —ro, Xv, (k) + S, (g 7)d;]



Unified Approach
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u(k) =< |C, (@ ™) Yy (k+d) =] ¢, (k)

D,

¢y (K) =[u(k=2),....u(k =d =ng +2); Y5 (K),..., Yp (k = 1;)]
Oy =[byS, +0;,0,8, + B8, +10,,.0.,b, 8y i fgrennnnf, ]

#' (k) =[u(k); ¢y (k)]

6" :[bo;‘gg]

0,00 =5, 0D+ @)X 021000, 09
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Reduced Order Unified Approach

Fosition
Controller

Eeference
Model

Cohtroller

?Sgeed

Adaptation | F

Mecharizin

Part Subject To

/

Ly Pararneter
Wariatinh

..r"_,‘_\_‘_‘-—

1fs -
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Xpds; (k) = [Xpd., (k +3) + Z,.Xpd. (k +1) + Z,.Xpd. (k) + Z,.Xpd, (k -1)]/ Z,

Z, =05
Z,=2,-1
Z, =22,
Z, =2
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Unified Approach

X (1) = X, (t)
X (1) = f (X (1), u(t),t)

Saolizs ¢ Jlie
L"Jl.?)

r=M©@)&V(©0,8+G0O,8+ A (O)F,

7’-1 91 Vl G M O
9 — V - | — — _1 — !




Unified Approach

X - Z& 10
o= 1xou0n mOZEO_qw a0

_________________________________________________________________________________

Xp (k) = Xp. (k =1) +TXv (k =1) +0.5(T?/m)|q, (k 1) —d. (k - 1)]
Xy, (K) = Xv (k=1) + (T /m)[q (k=1 —d. (k-1)] '

________________________________________________________________________________

Qi(k) - Ui(k _1)



Unified Approach

Xp; (k) = Xp, (k =1) +TXv (k=1)+0.5(T?/m.)[q, (k —1) - d. (k —1)]
Xv; (k) = Xv;(k =1) + (T /m;)[q; (k -1) —d; (k -1)]

(1-q7™)Xv, (k) = q*bou; (k) - d, |

bo, =T /m,
d. =bo..d,

baw,)@gf);l)lu;mx d'



Unified Approach
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Adaptive Control of Manipulator

* Two types

— MRAC (Model Reference Adaptive
Control)

— STC (Self-Tuning Control)

Reference

=wstem i Systen

7
i

signal parameter adaptation
swanthesis )
adaptation Bdaptive Etg;m |
=cheme k,

Model Systen " 0 utput
U +
4 output [ X J
g -
‘ - -
+ ﬁdjustabie . Estim ated
+

-stumcture k
known
- RLE

Desired (e ference)

o

Input



Adaptive Mechanism of MRAC

Gradient method (MIT rule)
Lyapunov direct method
Hyperstability and positivity concept

The reference model is given by

The adjustable system is given by

X (1) = A, X,, () +BLu(t)

X(t) = At)x(t) +Bu(t), x(0)=%,, A(0)=A, B(0)=B,
(1) = A, X, (1) + B u(t) - ADX() ~BEOU()

= A, (%, () = X(D) + (A, — ADX(E)+ (B, ~BOU()

- Ae(t) + (A, — AM)X(1) + (B, ~BOU()



The goal is

Im(x, (t) - x(t)) =Ime(t) =0
limA(t) = A,, mB(t) =B,

V=e"Pe+T {[A -AMD)] MA —A1)]}
+T{[B,, —B(1)]' N7[B, -B(1)]}

where P, M™%, N* >0 p.d.m

\B=eT (ATP +PA e+ 2T [A — AM)] [Pex” —M *&t)]
+2T [B. —B(t)]" [Peu” —NTB(t)]

Define AP +PA =-Q, Q>0

T . -1 —
Pex” —MAft) =0 matching
Peu” -N'Bt)=0 conditions



W= —-e'Qe <0 n.d.m
At) = MPex"
BYt) = NPeu”

A(t) = A0) + [ MPex"dt

ot
0
ot
0

NPeu' dt

B(t) =B(0)+



Adaptive Computed-Torque Control-Based on Parameter
Linearization

Manipulator
r=M(q)q4V,(@.Na+G@@)+F(@) = @
Controller
r =M(a)[dy +K,e+ K el+V, (a,0)a+G@)+F(@) = (2)
From (1) K?Sr\:g.g?e Unknown

p . __— constant
M(a)g'+V,(a,4)a+G(q)+F(@) =W (a,q.d)¢=7 [ (3)

ex) Consider the dynamics of a two-link planar

arm
T = (2rﬁ2|1|2C2 T rﬁzlzz + (rﬁl T rﬁz)'f)@

+(mIZ +m.llc,)g, —m,ll1, (29,0, +gZ)s,

+(m, +m,)gl,c, +m,gl,c,,




TZ = (rﬁ2|1|2c2 + rﬁ2|22)q——1u+ rﬁZIZZ@ + rﬁZ'l'Z@SZ + rﬁ 2g|2C12

ml}
m2

W W
W(q,@g@{wﬂ Wﬂ} | ¢{

where

W11 = If@"" I19(:1

W12 = lzz(@"' @) + I1|202 (@"' @) + If@‘_ |1|252(!|% — 2'1'252 11
+1,9¢,, +1,9c;

W21 =0

sz = |1|202@+ |1|252q% + |29C12 + |22(§L—|— @)



From (2) and (3)
- = M(q)[e+K,e 4 K e]+M(@)q+V,(a,9)d+G@)+F(q)
=M(q)[e+K,e+K el+W(q,q,¢)¢ 1 (4)

* From (4) and (3)

et K, erKe=M(qW(q,aq)¢ where ¢=¢-4

In the state-space form

é'= Ae +BM (q)W (,9,G)¢ 1 (6)

. - 0 | B= 0
where - K, K, | ol

Let V=e'Pe+4'T'9 >OfMwhere T =diag[y,y,  7]=I"



V=e'Pet e Pe+ 24"
— e"P(Ae + BM (q)W (0,4,0)¢) + (Ae + BM (@)W ()¢)' Pe +24'T %
= —e"Qe +2¢" (Mg +WT ()M (q)B"Pe)

V'=—e"Qe <0 if ¢=-TWT ()M *(q)B"Pe

Since ¢ =¢-¢,

$=TWT(q,0,4)M (q)B"Pe



Remarks:

The tracking error vector eis
asymptotically stable.

£ andg should be measured.
Vi) Should exist.

For preventing parameter estimate
drifting, the parameters are forced to
remain within some known values.

/\g
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t = (2I’ﬁ2|1|2C2 B rﬁ2|§ T (rﬁl T rﬁz)lf)@

© Example : S .
+(mM,12 +m,llc,)g, —m,ll, (29,0, +q5)s,

+(m, +m,)gl,c, + m,gl,c,,

r, =(m,lLc, +mI)g/+m,lZq, + m 1 1gls, + m,gl.c,,

m1l=0.8 11=1 ml=0.85
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