Nonlinear Adaptive Control
Professor Srikant Sukumar
Systems and Control
Indian Institute of Technology, Bombay
Week 8
Lecture No: 46
Generalization of Adaptive Integrator Backstepping Method (Part 2)

Hello everyone, welcome to yet another session of our NPTEL on Nonlinear and Adaptive
Control. I am Srikant Sukumar from Systems and Control IIT, Bombay. So, we are well to the
8-week lectures of this course, and we are already looking into several algorithm design
methods through which we can actually control autonomous systems such as the Space X

satellite that we see in the background hovering the earth.
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1 Adaptive Integrator Backstepping Extension

For the given systom
= f(e)+ F(e)f -+ gle)u

with & € B" being the atates of he systen, ¢ € B i the unkuown paameter, @ & B™ is

[
the control input. £ /{im‘ assiuned o he mifficiently smooth
Vi

Assiine that there exigts an adaptive controller
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for designing controllers in nonlinear system).

Consider a double integrator system given by,

=1y

iy =0 f(e.t) = u

where, 7,20, u € Rand f:RxR™ 2R

The objective is to achieve
-7
y0ast— o0
i =7
The transformed dynamics are now given by:

€ =€

e r di;:(/'f(.z./) tu—7

Now, what we were doing last time was essentially the beginning of the generalization of the
adaptive integrator backstepping method. So, this was the method that we had, we had sort of
looked at in the weak 7 lectures, if you remember. So, this was essentially the unmatched

technique.

(Refer Slide Time: 01:24)

4:41PM Sun 29 May

Adaptive_Control_Week7 v

fp=1u

where, 21, 79.u € Rand f : R — R. In this case, the parameter is unmatched with control

(different from the previous case) i.e., the unknown parameter does not appear in the same

dynamics as the control.

Objective is to drive z; = 0 and 2, — 0 stabilization.

2.1 Known Parameter Case

So, this was sort of what we had done in the week number 7, where we had the parameter
which was actually unmatched with the control. So, and we had essentially devised how to

use the backstepping method in order to design an adaptive controller for such cases.

(Refer Slide Time: 01:49)
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1 Adaptive Integrator Backstepping Extension

For the given system
b= f(x) + F(z)6 + g(x)u

with x € R" being the states of the system, 6 € R? is the unknown parameter, v € R™ is

the control input. F, flare assumed to be sufficiently smooth.
/

Assume that there exists an adaptive controller,

u=ar l;)

= 1(.0)

and a smooth V : R x R” = Rwhich is radiallv wybounded in (r,6) such that b
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2 DBackstepping:

Consider the double integrator (of different type) system dynamics given as follows:
‘g ,f ) #O

o

vy + 0f(x1) ot (21)

22

where, 71,2, u € R and f : R = R. In this case, the parameter is unmatched with control
(different from the previous case) i.e., the unknown parameter does not appear in the same
dynamics as the control.

Objective is to drive z; = 0 and 5 = 0 stabilization.

2.1 Known Parameter Case
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Now, what we are, we have started already to look at in lecture 8.3 is how to extend it to the
general case because here everything was a scalar I mean, you had a scalar x1 and x2 and u
and even the parameter was a scalar. So, now, we are looking at the general case of a system
where you have an x which is in Rn, you have an unknown parameter, which is also in Rp

control, which is in Rm.

And so, and then, of course, there is an extended state psi, which is also the same dimension
as the control and therefore is in Rm. So, how did we start the setup of this system was that
we said that, we have this form for the system and we are now used to this form for the
adaptive integrator backstepping for the general case, I hope all of you remember that, here
there is one term which is corresponding to the drift a second term which contains the
unknown parameter which appears linearly and the third which contains the control which

also appears linearly.

So, what we assume is that for such a system, where of course, the dimensions are stated and
functions are sufficiently smooth, there exists an adaptive controller, which means that there
exists a u and there exists a theta tilde dot such that the system has bounded states and some

nice thing happens to the theta typically to the error states or say x states.

(Refer Slide Time: 03:31)
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u=ar (;)

P=1(x.6)

and a smooth V : R" x R” = R which is radially unbounded in (z,) such that

o vV

Vo= W(.r.lﬁ){t(r)vF(r}(l+Mrju(v,(l;}-%(1:0)_["(.:‘.(‘) <-W(x.6) <0

Then, if we add an integrator (u is replaced by another state € € R™)

i = f(z) + F(2)f ~ ga)e

f=u

then the following Lyapunov function allows for computing an adaptive controller

antees closed loop signals remain bounded and regulation of W(z,0), (€ — a(z, §8
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and a smooth V : R" x R? — R which is radially unbounded in (z,6) such that

; QEUﬁ”Mﬂ¢FUW+qUM“H”A%%Uﬁxﬂnﬁfg—ﬂluﬁfﬂ

= oz

Then, if we add an integrator (u is replaced by another state ¢ € R™)

i = f(z) + F(a)f - gla)e

E=u

then the following Lyapunov function allows for computing an adaptive controllel

R 1 —_—

So, this is codified in terms of the existence of a smooth function V, in this case of x and theta
tilde, such that its derivative is negative semi definite at least and from this negative semi
definiteness, we can actually conclude more often than not, this function W x theta tilde,
which is what you have on the right-hand side goes to 0 as t goes to infinity. This is exactly

what we had here.

(Refer Slide Time: 04:03)
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1e double integrator (of different type) system dynamics given as follows: 0°
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iy=u 22)

where, 21, 20.u € R and f: R — R. In this case, the parameter is unmatched with control

(different from the previous case) i.e., the unknown parameter does not appear in the same

dynamics as the control.

Objective is to drive z; = 0 and x5 — 0 stabilization.

2.1 Known Parameter Case

In order to design a controller for the above system we can use the classical ba

approach. To ensure 7, — 0, let us assume zy to be the control and choose,

= kvry =0 f () which will oive Se————
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Objective is o drive z; — 0 and z — 0 stabilization

2.1 Known Parameter Case

In order to design a controller for the above system we can use the classical backstepping
approach. To ensure z; — 0, let us assume 2 to be the control and choose, 7, = x5 =
—kyzy—6f (2;) which will give & = —kyz; where k; > 0. Thus we can guarantee convergence

of 2y — 0. We assume that f({0) = 0. Consider Vy(-) and V5(-) as follows:

E(-"z . JM)Z

Srikant Sukumar Adaptif
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50, Va = (g — 23g) (1 — dag). <ip ?} 11_ )
il (" el

2

Let us consider the control law u = &gy — ko(az — a39) for some ky > 0. The overall

candidate Lyapunov function is chosen as the following

luboe ¥3
&
V=Vi+h zklz'z""ef V
5 - = l/"l i 17"
[ =iy — ko(2g — 29g)* Qf(’ﬂ =
= may+ 140f (1) = oy = 320)° %z
K, (-2
=24y + 2y (~ 299 — ki) — ko2 — 200)* = -G T L )

2, (2,- 2o

0ol —

(L 2. L 2 gum A
L=(ky =)y - AJ‘Q;(-‘Q‘"‘H) q""’"a/z

=V<0 Yk, kg >

o=

Guas  GES
— =

which from the Lyapunov theorems proves that z; — 0 and xy = 294. Now, 254
/

You have you had this sort of a system, and the assumption was that you had a function V in

this case.

(Refer Slide Time: 04:17)
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Lyapunov Function:

\‘] =mE= :HH
=y +8f(m)) -

- 0
==k + 02 f(21) - =)

First Update:

= 0=y f(xy)

= Vi=-hal<0
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, = 4
= =k + 0@ f(n) - 2)

First Update:

7 0= vy f ()

= Vi=-k2i <0

,w(?.,é)

Lyapunov Function:

.1 )
V= E[u —&2q)°
Vo = (g — woq) (& — dpq)

Wank b Choose i = u = dng — koits — y

g = =kyiy =y A (ay) = 0f ()
e

by

Let us, in this case, the function V is something like this, this V1 function, and the derivative
of V1 after taking some theta hat dot, which is essentially the same as having a theta tilde dot
came out to be this quantity, which is what is the minus W quantity, and we could prove that
this goes to 0. And because this goes to 0, of course, we could prove that, you know,

something nice happens to the x. I mean, I am sorry, there's is no x2 state yet.

So, of course, we can prove this goes to 0, which means that x1 goes to 0. So, that is exactly

what we also claimed here.

(Refer Slide Time: 04:50)
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and a smooth V : R" x R” = R which is radially unbounded in (z,6) such that

y o= %m-«?)\/‘(wf'(rw+'/<r;~(~v9;1A‘(")—‘éw>uw1 <-W(h)<0

Then, if we add an integrator (u is replaced by another state € € R™)

i = f(z) + F()f ~ gla)é

E=u

then the following Lyapunov function allows for computing an adaptive controller

antees closed loop signals remain bounded and regulation of W(z.6). (¢ — a(z,

Srikant Sukumar 2

Remember again that we are looking at the tracking progress sorry the stabilization problem,
but the tracking problem would have been exactly identical. Not there would not be
significant difference in the tracking problem either. So, now if we had an integrator state,
that is when the u gets replaced by the state psi, which is Rm, you, of course, had this psi dot
equal to u sort of thing.

(Refer Slide Time: 05:32)
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where, 2 = €=a(x, ) is the backstepping error variable and ¢, 6 (overestimation also known

as overparametrization in vector case) are both estimates of f as the scalar case. /\)
ld
a1 — & rt”v
Proof. Dynamics in (z,z) ’NL
4 f i 5 S
# = "'9
: & 4 Bt
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Then, what we claim is that this sort of Lyapunov function V bar now, which is essentially
the previous V with an added backstepping error term, which is norms z squared and a new

parameter error term, because, if you remember, there was a over parameterization. And
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because of the unmatched states, that is the new parameter estimate is called theta bar, the old

parameter estimate was called theta hat.

And so, with the quadratic term and the new parameter error, you can actually show negative
semi definite V bar for the new system. That is the system with an integrator norm. Now, as
you would imagine, because there was a nice adaptive law for the original system, we define
them backstepping error, state z which is the psi minus the alpha, because, although psi is not
the actual control of the system, we want it to follow the alpha because we know that is the

good control. So, we try to sort of push this towards 0.

So, that is what we do. Now, since everything is vector now, instead of scalars, that is z
squared, and theta squared and theta tilde squared, we have norms, that is the only difference,
so now I have z transpose z, which is norm z squared, which is essentially this quantity. And
then you have sort of a norm squared here, but with the scaling with this, this scaling is

simply the adaptation gain.

That we already know about and the scalar case, also, we had an adaptation gain. Yeah, even
in the matrix case. And now also in the vector case. So, this is the modified V bar, which will

work.

(Refer Slide Time: 07:28)
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Lyapunov Function:
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where i = ¢ — ji . Notice there is one parameter and two estimates of that parameter

(overparametrization).

Overall Lyapunov Function:

ge

%7[12 in V; corresponds to the overestimationy term.

V=n+V

. 1- 1.
V =2y + a0 f(x1) = =01 f(1) + (22 = 224) (u = £20) = ~fift
e o

N o ]
VI - A v. (B

And this is, again, not very different. And because V1 if you remember, was the original
function here. And so, the take our overall Lyapunov function, as just this guy added with
this, which is exactly what we are talking about now, because this is the backstepping error

term squared. And then there is a squared and the new parameter error.
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where; 2 = §—a(z.f) is the backstepping error variable and .,  (overestimation also known
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ool s ™ 4
485 IR =2 qu\l)ﬂ ] [

Proof. Dynamics in (r,z) ‘—/:——a:—j?/d\ r
4 ol ~ = g

- |KN [ ;‘Dﬁ 6
~ @)+ P+ g +ae) 26" _EF 7 7B
i=u- %l/uﬂ)ﬂrﬂfwm g(x)(z +afz,0)] 4 QM " o

"
€k
33

T R
\'::L/'(r]—F(.)HM/[ s+ a(e,0) + Zherd — BVr(ﬂ,e)

). e

+z \“*71’ )+ F(2)8 + g(z)(z + a(z H))] HI() 9’) #-6Tr"!
il

< - Wix.d)+ [,,,f;‘, (2)+ F(2)0 + 9(2)(z + alz,9) ]711

Let us take,

o0+ ol ) + 0 ) - o) 5
or
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= f(z) + F(x)f + g(a)u

with 2 € R™ being the states of the system, # € R? is the unknown parameter, v € R™ is

the control input. F, flhre assumed to he sufficiently smooth
/

Assume that there exists an adaptive controller,

u=o(r (;)

and a smooth V : R* x R? = R which is radially unbounded in (x,8) such that

v
= o

(@.0)[f(z) + F)f + g(x)a(s.6)] + (f‘)"j(l,()‘)il'(.r,{u <-W(n.b) <
[

So, squared in the new parameter error and the backstepping error squared. All right, that is
it. So, it is essentially very similar to the scalar case, just taking into account the fact that we
are now dealing with vectors. So, a lot of norms appear in place of simple squares. Great, so
now, this is this is it. So, we essentially use this. And now, we simply started taking

derivatives. That is what we had. That is where we had stopped.

So, I am going to mark my lecture, right here. So, we start our lecture 8.4. Right here. Also
remember, again, that we are looking at the week 9 notes, we are not going to worry about it.
The purpose of these markings is simply to sort of help align the homework’s, so let us not

worry too much about this.

So, let us take the derivatives for this V bar in order to prove that this in fact, helps us claim
that you know, our W goes to 0 and you know, our psi goes to alpha and all that nice stuff.
So, this is the dynamic. So, what we do is we now start to write a dynamic in terms of the

new variable psi. Sorry, in terms of the new variable z, which is the backstepping error.

So, x dot was the fx plus capital Fx theta plus gx psi. And psi is simply z plus alpha. That is
what we do. And now, we also write the dynamics of the second state, which is psi minus
alpha. So, psi dot is just a control and the derivative of alpha has two pieces, because it is

depending on two different quantities and two different quantities.

So, this is u minus del alpha del x, u and this del alpha del x times x dot, which is essentially,

this guy plugged in, and del alpha del theta cap theta cap dot. And so that is this with the plus
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sign. So that is what you will have here. That is what we verified here, because theta cap dot

is minus theta tilde dot, and that is, gives me the plus sign. And that is what we have.

So now, when I write V bar dot, I get, again, two pieces from this partial, which is del V del x
times this, plus del V del x times a gamma. Let us see, it is not del V del x this is. So, I need
to check the signs here. So, this is actually equal to. So, V is a function V was a function of x
and theta cap. So, this term is not this, but it has to be del V del theta cap, theta cap dot, so

this is minus gamma x theta cap. Yeah, so that is what you have.

The second term will be minus del V del theta cap gamma x theta cap I am simply taking the
derivative of V, which is a function of both x and theta cap. And remember that theta tilde dot
was declared as gamma, and theta cap dot and theta tilde dot are related by just the negative

sign. Let us just remember that much. And that is all we are doing.

The second term is not del V del x again it is del V del theta cap times negative of gamma x
theta. And then the second term is the derivative of the second term is just you know, this guy
z transpose z dot and we already have written z dot here. So, z transpose z dot is this entire
thing, this guy getting plugged in here, and the final term is this. So, I have theta minus theta

bar transpose. So, I changed the S, gamma to S, because we already have used gamma.

So, you have theta minus theta bar transpose S inverse theta bar dot. So, I get the negative
sign because theta bar has a negative sign here. So, therefore, I get a negative sign here all
right. So that so it looks messy, but honestly, we are just doing careful book keeping, just
careful. Now, look at this expression for the V carefully right here, if you look at this

carefully.
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with o € R"™ being the states of the system, # € R? is the unknown parameter, u € R™

the control input. F, /811‘0 assumed to be sufficiently smooth.
/

Assume that there exists an adaptive controller,

w=afz6)

and a smooth V : R" x R” — R which is radially unbounded in (:.(}) such that

(, 0)[f(z) + F(2)0 + g(x)a( upﬁ r.0)[0(z,0) < Yf(x.6) <
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= E(/( )+ Fa)i+ g(x)(z + a(e (JJ)Jr()ll'(w‘.(l]fz/[r) ﬂ —k
a0 da

and thus we get,
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Let us take,

o, , § ; s —da A 0V
1= o (f(z)+ F(x)0 + g(z)(z + a(a.0) ® U‘gl(w.ﬁ) g(x) .

and thus we get,

V< =W(x, ) = k|2 - 2 "1/( )0-0)= 0T 0 -8), k>0

I already know a few things I know that V dot from the previous case when there was no
integrator has del V del x fx plus cap Fx theta plus gx alpha and del V del theta tilde I see. So,
here it is written as a function of theta tilde I am sorry, this is this has gotten messy, this is

actually V was a function of x and theta tilde. So, this was a mistake here.

I apologize. This was a mistake here. So, this is fine. So, V was a function of theta tilde in
fact, so that is okay. All right, that was okay. This was so then the second partial is in fact
with respect to theta tilde, and then this is theta tilde dot, which is just gamma. So, if you look

at this expression, this guy is actually available here.

If you look at this, there is del V del x fx plus cap Fx theta plus gx alpha plus del V del theta
tilde gamma. So, this entire thing is available, and so this entire thing can be written as minus
W. And that is what we do. And then we pull this piece out. This piece is the only thing that
is remained. So, if I take this out, I have a z transpose. And that shows up here. So, this piece

is the only thing that is remaining is this piece and that becomes this guy.

All right, this is z transpose g transpose and del V del x transpose but del V del x being as,
del V del x, will be. Since V is symmetric, so there is no need to transpose it. But if you want,
you can just use the transpose here, no problem. Okay, that is not a problem let us just use the

transpose here. So, let us look at this.

So, you have the rest of the terms as is, u minus del alpha del x times x dot minus del alpha,

del theta cap, gamma, sorry, this signs had to be corrected here. This is a plus sign again. And
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this is a plus sign again. Correct? And so that is correct. And then that is it, this additional

term comes in from here.... So, that is it, we have this additional term.

And everything else is accounted for. And then this entire term goes out. I mean, it is just
reproduced here, as it is. Now, you start to see what is the advantage of you, you will start to
see very soon, what is the advantage of this sort of a term? Yeah, because, because if you see
Fx theta, which is the unknown, theta is the unknown has appeared once again, in the along

with the u.

And if we do not have another handle here, I would be in trouble. I would be in some trouble.
So, what do we do? We as usual, cancel as much as we, we can get rid of this, all of this
great, this guy also. And this guy also. And then we introduce a good term, which is the
minus kz. But then for this term, I have to introduce another cancelling term, which is not

again, which is again, not the true value of the parameters, since it is not known.

But it is an estimate and a new one. That is what we do. And once we do that, what will we
be left with all? Everything else cancelled out. Except for this guy. Yeah, corresponding to
which I will have a theta minus theta bar vector. And that is what is this guy? Yeah. So, again,

I need to be careful about the sign here.

Because this was a plus, this has to be a minus sign. And so, this term yields this gain. And

this is, as it is, of course, with the S inverse instead of the gamma inverse.

(Refer Slide Time: 17:58)
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And similarly, the S inverse instead of the gamma inverse, so good things happen, as we
expect, the you have a nice negative term in the z we have a nice negative term W, which we
know has to be a nice negative term. And then we are left with these guys, which we know

how to cancel.

(Refer Slide Time: 18:22)
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We can now show W,z — 0 as t — co,

This analysis can be extended to systems in parametric strict feedback form,
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And how do we do that? We simply use this quantity to cancel this and how do we do that?
So, we take theta minus theta bar common and then therefore, we have an expression here.
And in this case, it will be S times F transpose del alpha del trans... del x transpose times z.
Basically, it will be the transpose of this whole guy. Pre-multiplied by S. So, that is what it is.
You have the transpose of that whole quantity, pre-multiplied by S, which is the adaptation

gain. So, this is the adaptation gain.

All right. So, I hope that is, these steps are clear. See, all we did was very careful book
keeping, and carefully clubbing terms and cancelling terms. Yeah, it is not very different from
the scalar case at all. So, the purpose was to show that this method, in fact, has a very nice
vector extension also, and also to show that dealing with vector states is not significantly

different from the scalar counterparts.
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V< -W(.f) - kz? <0

We can now show W,z = 0 as t = oo,

This analysis can be extended to systems in parametric strict feedback form,
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This analysis can be extended to systems in parametric strict feedback form,

=1y + ;I(nw

iy

Bt = T+ Oy (T1, T2, oo, T )0

T Skl ieellllr € R"

475



456 PM  Sun 29 May

Adaptive_Control Week9 «

O ® B D

4( itf —» P s 84 1f
@—/_"_’:——Qi r(/
4 Aot oh
: 3 s
i = [(2) + F(2)0 +g(x)(z +a(e.8) 2

Proof. Dynamics in (r,z)

+ F(2)0 + g(x)(z + alx,0) T-](l 0)
Vb(' gla) ) 09.,4:”2?
JV

g,
,U['l - F(2)0 + gla)(z Mn[/())]“fl(/‘l (0-0)9®9

R
. v av r@e
—[ )+ F(x)0 + g(z)(z + a(x.0)) W f) .

T

T D -V S
< =Wia,0) + 2 Tfu = —[f(2) + Fx)8 + 9(x)(z +afz,§ ) +g(x) —]-(6-0)TT"9
< -W(z,0) [u o f(2)+ F(x)0+ g(x)(z + a(z )]“ ()(l ) + g(x) i @-0)'T

Let us take,

O ) W
w= 22 (10) + P+ o) +a(e,0) + 220z, 6) — o)7L —
Or a0 da

and thus we get,

So, we have this nice expression norm. Now, after we have used theta bar dot in order to
cancel this guy up not to cancel all the unwanted parameter terms that appear in the V bar dot
V to get this nice V bar dot expression. And therefore, we can show very easily that W and z
do go to 0 as t goes to infinity, and this is, of course, standard signal chasing plus Barbalat’s

lemma.

Notice that for a long time now, we have in fact stopped showing these arguments, because
now we have assumed pretty much that all of you are experts in this since we did it quite a
few times. And the steps were very, very standard. And therefore, we find no further need to
keep repeating these steps. So, what so, what sort of is from a little bit of a philosophical not
really philosophical, but actually an implementation concern is the fact that we have two

different estimates. Which is theta bar and also theta hat.
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Assume that there exists an adaptive controller,
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yd = %(.,-.Q)L/‘(.,)- /-'(,wﬂ,(,‘,n(.hy;]-“é")—;(lﬁ),r(.r.m <-W(x6) <0

Then, if we add an integrator (u is replaced by another state £ € R™)

&= f(z)+ Fx)d + g(x)¢

E=u

then the following Lyapunov function allows for computing

g aptive control
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and a smooth V : R" x R? — R which is radially unbounded in (z,0) such that

y" = %(.r.ﬁ)l/‘(.:)—['[1)04‘-;/(:‘,”[‘.‘(};]—%(1.(})»['(.:’.(’) <-W(r6) <0

Then, if we add an integrator (u is replaced by another state £ € R™)

&= f(2) + Fla)f - gla)e

E=u

then the following Lyapunov function allows for computing aptive controllerg

antees closed loop signals remain bounded and regulation of W (z,0), (£ — a(z,

Srikant Sukumar 2 Adapti

Also, the theta hat here, yeah, in order to you know, estimate the same parameter theta, yeah.
And as the number of unknowns keep increasing, and just you know, Rp, in this case, you
will of course, see that the number of excess unknown parameterizations or unknown
parameter estimates also keeps increasing. And this is, of course, not a convenient situation to

be in. Yeah, I mean, eventually, these are all going to be implemented in a microcontroller.

And you definitely do not want to load your real time control system by adding more and
more states. Alright, so that is really one of the critical concerns here and we seek to address
it of course, but anyway, the important thing is even for the unmatched case, we are able to

design very nice adaptive control loss.
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We can now show W,z = 0 as { = cc. & ‘fi le

This analysis can be extended to systems in parametric strict feedback form,

i =1+ @] ()0

And which actually help us to deal with unknowns that are not matched with the control.
Remember, this is the way it is set up right now, it currently works only when there is the

unknown parameter one step above the control.
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We can now show I,z = 0 as - 0o, 4 Ay’

This analysis can be extended to systems in parametric strict feedback form,

)=y + ;I(u)(l

by = T3+ ¢y (1, 22)0

Bt = Tn+ Opy (T1, T2, oo, Tn1 )0

iy = Bzjut o, (x)8, Blx)#0,Yr R

where & = {ay,...,2,} T € R". This is also expandable to multi-input case (refer

tion 3.3) for details).

So, if you have a system like this, it is fine right because the control the control is one step
below one integrator below if you may, from the unknown parameter. So, this method can
also be generalized to the you know sort of the more complicated situation where you have
unknowns you know, that sort of appear you know, in several levels above the control. And

the way you would do it is to do it sequentially.

Of course, I mean, this is essentially what is called the parametric strict feedback form. And
the idea here is that you would think of x like x3 as the control and work with x1 x2 and then
so on and so forth. I mean, you move forward further down. And similarly, until you reach xn

being the control and then you finally have u as the controller itself.
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So, this is of course, these details are available in the K. K. K. book, which is the
Kanellakopoulos, Kokotovic, Krstic adaptive control book which is one of the important key
references for this backstepping based adaptive control design. In fact, the book has
significantly more details and significantly more methods and examples and what we do in

these lectures, I would in fact strongly recommend that all of you do look at that material.

(Refer Slide Time: 24:12)
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2 Extended Matching Design

Previous adaptive integrator backstepping leads to overparametrization (two parameter esti-
mates for one parameter). We avoid this for the one-stage mtegrator using extended matching

design. The system under consideration is

Assuming 5 as control, choose an ideal or desired x5 as,

Now, as I already mentioned, one of the big issues is that requirement for extra parameters,
extra parameter estimates. And this is a you know, significant constraint when we talk about
real implementation, typically, if you have 100 parameters, for example, yeah, I mean, a

typical engineering system may have even 500 unknown parameters.

And if you are talking about such large numbers of unknown parameters, and you have
double the number of states required to be estimated, so, if you 500 parameters, you actually
estimated using 1000 states, then you can imagine that this is a real concern. So, you can
imagine this is a real concern. So, that is the idea that of extended matching design is how to

overcome this sort of over parameterization.

So, I will not do it, I will not start it now in this lecture. But the system that we consider is
almost exactly identical. That is you have this kind of a setup, again, we go back to the scalar
case, because everything is easier in the scalar case in the vector case, although it is the same,

it is just a lot more book keeping, and it becomes more complicated to explain things.
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So, otherwise everything is exactly the same. What we will try to do is do one vector example
also at a later point. Yeah, so let us not worry about that too much. But the system is again the

same scalar system that we saw in week 7, [ mean, let me go back and try to match itself.

(Refer Slide Time: 25:50)
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* Detectability Obstacle avoided using backstepping method.

2 Backstepping: Parameter Unmatched with Control

Consider the double integrator (of different type) system dynamics given as follows:

f wte ™Y
Safw Llo,.n.

i =1+ 0f(21)

ig=1u

(different from the previous case) i.e., the unknown parameter does not appear i

dynamics as the control.

Objective is to drive 2y — 0 and x5 — 0 stabilization
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2 Extended Matching Design

Previous adaptive integrator backstepping leads to overparametrization (two parameter esti-
mates for one parameter). We avoid this for the one-stage integrator using extended matching

design. The system under consideration is

@y =2+ bp(y)

Ty =1

Assuming x4 as control, choose an ideal or desired x, as,

So, this is the exact same system. If you see these two looks exactly identical. And now, we
want to do extended matching design, which means that we do not want to have multiple
parameter estimates anymore, and just one, and that is what you will see in the subsequent

lecture. Great.

So, what did we look at today, we had started the generalization of the backstepping design

last time. Now, until the week number 7 lectures, we had looked at the backstepping method
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for the matched case, that is when the uncertainty appeared in the control dynamics. And
also, had looked at the case where the uncertainty appeared one integrator level above the

dynamics in which the control was present.

Now, of course, the case when the uncertainty appears in the control, it can be easily
generalized to the vector case, it is not a big deal. Yeah, although we did not do that, again,
we can try to do all of this at a slightly later stage. Now, the point is that here, we look at a
generalization of the unmatched case, that is when the uncertainty appears one level one

integrator level above the control.

And we want to look at vector states, vector controls and vector unknown parameters. And
that is what we did in today's lecture and also the previous one. So, we completed the proof,
we started with the assumption that the first layer integrator has a nice adaptive controller

along with the stabilizing Lyapunov candidate construction.

And what we can actually show is the construction of the complete candidate Lyapunov
function for the system when integrator layer is added to this, and we can also show that you
know, our backstepping error goes to 0. And you can also show that you know, whatever your
W that is this negative semi definite function we had from the first integrator layer will also

go to 0. So, this is what we have been able to show today.

And in the subsequent lecture, we will look at what is called the extended matching design,
great. So, I really hope that all of you are with me, I know that the book keeping part does
make things look rather complicated, but I hope you understand that it is just a matter of

closely following what is going on and not really any big innovation in terms of theory.

And so, you know, I hope that all of you enjoyed these lectures, and you are able to follow
what we are doing here in these courses. Great, so this is where we will stop today. And I will

see you again soon. Thank you.
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