Lecture 13: Average Sub-Gradient Method in DNN

Control (Continuation)

Plan of presentation

Guidance Control of Underwater Autonomous Vehicle
2-4 steps of Backstepping

Desired dynamics

DNN version
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2-nd step of Backstepping control (1)

o Considere now the situation when the desired control
v* = [ u* v w* |7 at the first stage is fixed and equal to uf,
given in the previouse theorem.

@ Take as the second intermediate pseudo-control u; = [ Ty q r ]T.
Then the equation for v* can be represented as
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2-nd step of Backstepping control (2)

@ Define then the translation velocity tracking error as @, = v — v™.
Following the same scheme of representation as at the first stage we
are able to formulate the tracking trajectory problem at this stage an
optimization, realized by an uncertain controlable dynamic plant:

Z }4)2 :‘ t—00 (- )rgl?jz‘;dm (2)
subjected to (1).

The ideal u} solving the problem (2) denote by us = [ 7 (w*)T ]".
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2-nd step of Backstepping control (3)

Under the accepted assumptions the intermediate pseudo-control u3,
realizing the soltion of the problem (2), satisfies the following ODE'’s

¢ (Baw) + g = —koSign (s2) , u3 (0) = w3, k2 > {7, 3)
Sign (sp) := [ sign (sz,1), sign(sz2), sign(sy3) }T,

.__U*_I_i)—l')*_v—v*—l—oq
go . t+9 (t+9)2
_t+9r2+t+ea‘]2(¢2)+f2(v )'
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2-nd step of Backstepping control (4)

Theorem (continuation)

where the integral sliding variable sy is defined as

t
P, + a2 1 /
I, I'p=—— >
110 + 1 I oy OaJl((pl)dT,t_O,6>0,
T=

\

52:4)2—'_

92 (@,) = [ sign ((PZ,I) . sign (¢2,2) . sign ((P2,3) ]T'
ay = —0¢, (0) — ¢, (0).

It guarantees that

b, 1
@y (1) < =25 = 0,92 = 04(@, (0) + 5 [eal.|  (5)
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2-nd step of Backstepping control: proof

[Proof of Theorem 1]

V(SQ) = S;$2 =
- v—0" v—v"+ar 1

s) [v—v + o (107 _t~|—9r t+98J2((I’2)]

d . , .
=s} [E (Baup) 4, + 82| = s] [—kaSign (s2) + ¢, ]

and then the proof exactly folows the proof of Theorem about the first
step. L]

v
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3-rd step of Backstepping control (1)

@ The orientation dynamics can be represented as

|

w="Ffh+Buz+7,,
f3:=1, (v,cclu,n) =
I (B — h) urw* — 2 g% — I mghsy:
It (h = h) v — I tdgr®

- is a vector measurable (available) on-line,

1

— 0

R Tq R I5
U3.—<Tr>,33.— 0 l
5

/

@ In the third stage, consider that the dynamic of the angular velocity is
regulated by the pseudocontrol action defined by truster 7, and 7,.
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3-rd step of Backstepping control (2)

Define the angular velocity tracking error as ¢; = w — w™, where w™ is
obtained from the previous stage. The corresponding tracking trajectory
problem at this stage may be formulated as an optimization, realized by an
uncertain controllable dynamic plant:

min

2
Js(gps) = :
s(#2) = Lloail =, o @
subjected to (6).

Denote by uj = [ 7 T} ]T the soltion of the optimization problem (7).

Septiembre - December 2023 8 /26



3-rd step of Backstepping control (3)

Under the accepted assumptions the intermediate pseudo-control u3,
realizing the soltion of the problem (7), satisfies the following ODE's

d . * * 7
p (Bsus) + g3=— k3Sign (s2) , u3 (0) =u3,, k3 > CZ,

Sign (s3) := [ sign(s31), sign(ssp2) |',

___w*+w—w*_w—w*+oc3
== t+0 (t+6)
(9)
Lt ake) B (W)
t+6 > rrgl 3\ T RIWH
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3-rd step of Backstepping control (3)

Theorem (continuation)

where the integral sliding variable s3 is defined as
4 Pat s
4’3 1o T1v
I's = t+9/08J3(p3dT t>0, 60>0, (10)
9J3(¢p) = [ sign ((P3'1)i sign (@;,) . sign (?3,3) ]T
a3 = —0¢; (0) — 5 (0) . )
It guarantees that
Js( 1r)<GI>3 0, @5 = 0J5(@; (0)) + = [|as 11
(s (1) < 125 =, 0. 93 = 0Ua(y (0) + 5 laall®. | (11)
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3-rd step of Backstepping control (4): proof

[Proof of Theorem 3]

- w—w* w—w"+ a3

V(S3> = S§$3 =

1

st [0 — w* + —
’ t+6 (t+0)°

= I's
t+06

t—{—GaJ3((p3)

d - . .
=5} [E (Bsu3) + 83 + Gy | =3 [—ksSign (s3) + o

and then the proof folows the proof of Theorem concerning the 1-st

step.
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4-th step of Backstepping control (1): torque tracking

@ The dynamic actuators model is

‘T: Zeg + Byuy, By = ZE‘ (12)

@ Here
U4:[1/u Vg Yy ]T
is the last intermediate control affecting the general dynamics.

@ Define the last tracking error as ¢, = T — T*, where T* are obtained from
the previous stages.

@ Then the corresponding tracking problem at the last stage may be
formulated as an optimization, realized by an uncertain controllable dynamic
plant:

h(ea) = Z a2 oy, (13)

subJected to (12).

Denote by uj = [ vi vy v ]T the soltion of the problem (13).
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4-th step of Backstepping control (2): torque tracking

Under the accepted assumptions the intermediate pseudo-control uy,
realizing the soltion of the problem (13), satisfies the following ODE’s

d . 1)
; (Baua) + 84 = —kiSign (s4), i (0) = uio, ks > [|Ze] &7,

Sign (s4) := [ sign (ss1), sign(sso) sign(ss3) |7

.__%*_F"r—‘r*_'r—'r*—i—m
o |t T (eroy
_ )
ot Tl )
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4-th step of Backstepping control (3): torque tracking

Theorem (continuation)

where the integral sliding variable s3 is defined as

. +
5424)4 (P‘;+94+F4,
F4—t+9/aj4go4dr £>0, k>0, (15)
Aalp,) = [ Slgn (¢4 1) sign (¢,,) . sign () ],
= —0¢, (0) — Py (0). J

It guarantees that

1
=0, @4 = 04(e, (0 ))+§||“4||2- (16)

v
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4-th step of Backstepping control (4): proof

[Proof of Theorem 5]

SI [T — T+ Tt:rg — ek mr‘* + t+96J4(¢4)}

d
=sj [d (Bsus) + 84 + ZEg]

—kys}Sign (s4) + [|sal| | Ze]| 61 <

— [Isall (ka — [1ZE1I 7). )

and then the proof folows the proof of Theorem from the previouse
lecture. []
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Diagram of control structure

UV with actuator  [RCRI “_:“’t
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Figure 1: Diagram of control structure
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DNN model

Recall the model of UVAV: v = [ VI vg ]T € R® where vy = [ u v w ]T
the translation velocity and v = [ q r }T is angular velocity. The dynamic
model of the state vectors of the UAV is given by

d

—_ = f
) tht (@) (Xt) vy + 11 (Xt, Vt) , (17)
7dtVt =f, (Xtv Vt) +Byt:+f (Xtv V¢, Tt) .

Define the state ét = [ &] 0] }T € R of DNNO:

d

Ezt =X (gtft:ﬁ ' Wf) ' %Wt =Q <gt'2t> } (18)

Here (, is treated as the current estimation of the vector {, = [ XI

TT
vl |
with the structure dynamics 2. containg the adaptive parameters W; which are
adjusted on-line to provide a "good quality" of the identification process. Only

the state X; is observable on-line.
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DNNO model: open format

Define the dynamics of DNNO as

d

<t =AZt+F(Z)+Wual (Z)+
W2 t02 (Ct) 0t+W3 t03 <Z>Ut+L(xlt Xit),

Co= [ or ) F(8) = | 0%

Here {, € R0 is the state of DNNO, while W ; € R10*P21,

(19)

Ws,: € R19%P1t and Wi, € R19%P22 are the time varying matrix weights

parameters. The vector 9; € R® is the estimate of v; and

xt = Gl Co=| bxs Osxs |,

X1t = Cxy = (Xtth,Zt)T = CCoCt € R3.
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DNNQO model: error of tracking

The error of tracking:

Or =x1,0 —xj, = CCo (§; — ;) (21)

Notice that

l6cl = 116G @~ &)1l = || cGo ([60 &) + [& - @]
<|ca (s -2)||+|ca (& -2)].

To characterize the quality of the tracking process St =X,—X; € R3 let us
use the loss function

J(8:) = il [$170 — x5 - (22)
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DNNO model: sliding variable

Introduce also for all t > ty the auxilary vector function s; € R® which
below is referred to as "sliding variable":

d ) ~
St:—gt‘i‘ t+11+Gt,11€]R3,
G, = e 2 (&) dt, 6 >0,

where a (315) =dJ (3t) is the subgradient of the function J (3t> (22) in
the point d;. Suppose that

st =0 forall t > tg. (24)

Then the following result holds.
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DNNO model: functional convergence

If (24) holds, then we may guarantee the functional convergence

@, B 1, .o
J(8e) < 20 = 0 Dy = (0 +6)F (3y) + 5 Inl™ | (25)

To have sy, = 0 at time ty = 0, namely,

d Sty=0 + ~ d do +
St :agtozﬁ%’u%:o:agﬁ 09 Ul

=0

it is sufficient to take

d
= —GESO — o, (26)
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DNNO model: dynamics of sliding variable

Let us represent the DNNI dynamics (19) the short following format:

d
azt:gt‘i‘lgtutv Zt: [ XI o-tr ]T’

g = Azt + F (zt) + VAVLtch <Zt>

s (£) vk Ll ).

= e (1), £ (1) <[ %) ]

\
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DNNO model: dynamics of sliding variable

In view of (23), we have

“ g [ (2 —Cf)} rrpa G (L))

a(d;
_(ffei)i _(t—|—9)2 f a(8) dr+ t<—|—0> -

Ccojt [dth gt] thog [jtzt_g]
SIAOR
CCO% & + Beug] + Cf’e g + étut] +

Ccoé’§+ti9 a(8)- Slfieﬂct —CCOZI>=
CGy [Btut+ (Bt +_ti98 ) ut: + p:,
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DNNO model: dynamics of sliding variable

So, we have

. 1
5= CG [Btilt + (Bt + t—G—GBt> Ut] + pt., (28)

where

. 1 1
p: ;= CG (Ct - mgt + &t + t+9gt>

) |

31»"‘11 ~
t 10 + G;
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DNNO model: Dynamic Controller

Let the control action u; satisfies the following ODE:

. 1
CCO |:Btl:lt + (Bt + t‘—f—08t> Ut:| + pP: = —kSlgn (St) , k > 0, (30)

or in the resolving format

. ; 1
Uy = B?_ |:— <CC0)+ [pt -+ kSlgn (St)] — Bt + th u;

= —Bf (CG)™ [p: + kSign (s;)] — B | B: + B: | ue,

t+0

. +
B (CG)" = [W3,tff3 (Ztﬂ [ 3 Osx2 || loxs Osxs |
W3 =B W (W3 S ]R10><P22), B, = [ Os5x5 I5xs ]T
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DNNO model: Lyapunov function analysis

1
The Lyapunov function V(s) = 5 ||S||2 we have

. 1
V(s:) =sls =s] <CC0 [Btut + (Bt + —|—GB ) ut] + pt>

= —ks]Sign (s;) = —kZ\s,t\ < —kl|s¢|| = —kv2y/V(st),

implying

0 < [Ise = V/V(se) < V/V(so) — S5t = 75 (Ilsol| — kt)

S
which means that for all t > t,eych = HISH we obtain the desired regime

st =0 forall t > treach - ‘
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Figure 2: The position and velocity of the underwater vehicle model and by the
neural network model
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Figure 3: Translaton velocity and angular velosity state by the underwater vehicle

and the neural network model
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Figure 4: Error estimation by the Neural Network model in position and
orientation
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Figure b: Estimation error by the Neural Network model in translation and
angular velocity
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Figure 6: Tracking trajectory in x axis by ISM and ISM-NN controllers
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Figure 7: Tracking trajectory in Y axis by ISM and ISM-NN controllers
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Figure 8: Tracking trajectory in z axis by PD, ISM and ISM-O controllers
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Figure 9: Tracking trajectory in 3D space by ISM and ISM-NN controllers
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Figure 10: Cost function of the tracking error 6
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Figure 11: The position and velocity of the underwater vehicle model and by the
neural network model
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Figure 12: Translaton velocity and angular velosity state by the underwater
vehicle and the neural network model
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Figure 13: Error estimation by the Neural Network model in position and
orientation
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Figure 14: Estimation error by the Neural Network model in translation and
angular velocity
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Figure 15: Weights of matrix Wj
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Figure 16: Weights of matrix W,
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Figure 17: Weights of matrix W
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