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APPENDIX A

experimental evaluation on adapty / experimental evaluation as

. / ‘{'\\\\H ents the bility of a
_./aﬁﬂ\\ e
/A7 AN N—

(RLS) identifier augmented With fecdfoowdrd cony ‘\\‘\ Bk

suppress large nonlinear dynamics

described in details in Chapte
certainty equivalence control 12

equivalence control law involvgs codp

d model is also derived from

another RLS identifier. Details of the contro aw farmlation are presented in Section 3.2. This
section aims to introduce the : , n and reveal some important
facts needed to be understodd befc ’ e of dynamic interplay

bﬂmﬂleRmdﬂnuFﬂidmﬁﬁu mﬁﬁaldimﬂonm:ppﬁubﬂityufﬂm

“‘“‘“*"“““"’ﬁﬂ"t‘i“‘wamwmm
ﬂw““ WIAINY1AY

Mammmww.

where X, is the n-dimensional state vector, U, is the m-dimensional vector of the control input, F

and G are the system and the input matrix respectively. A finite horizon optimal control problem
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can be formulated by assuming that we wish to find the control sequence U,  that will minimize

the quadratic performance index of the form

N-1
JNx ) =3 Bt Y {"L}Q"h; + “LJR“H-I}
=

(a.2)
\. \ead for data of the system states.
P,,Q,R are presumed to be n = e solution of this LQR problem
may be directly given in closed ﬂmfullwwgk;muhlffumm
Equation (RDE) from the matgi
K/RK, G
where K is the state feedback gain
£ (@.4)
P
The control sequences that minimi ﬂmperformmmindax 1 be derived backward in time
N F‘I‘IJEI’JVIEWIWJEI’ITI‘E
k+N=1 l'
QWWMHMWDQHEIWH
From the above, it follows that the evaluated optimal cost is quadratic in X, that is
J(Nx,) =x[Pyx, (.6)

where P, is the end matrix solution of the RDE (a.3).



The finite horizon LQR problem presented above yields a time-varying control law,

although the controlled plant and the weighting matrices, Q and R are time-invariant. However if

we pose the quadratic performance in te state measurements, i.e., allow N
to approach infinity, we will se nfmps, N is naturally
diminished and under appropzi Esﬁmﬂdmnwrgumlumqm
constant matrix P_ asji \\ \\ QR should be obtained by

(a.T)
for an infinite horizon LQR and we ol the Algebraic Riccati Equation (ARE)
' (a.8)

)
e ﬂumwﬂmwmm
ama‘&ﬂ“ﬁﬁ*ﬁ HNY1RY

and the corresponding stationary control law is
u, =Kx, (a.10)

Conformably with the finite horizon case, the evaluated optimal cost can be expressed as
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- : (a.11)

Our one-step-ahead horizon orizon LOQR with N = 1 whose stability is

(7 :
Consider the ARE wsociale “"h "‘]T-,
g

AUESIMINETHY o
- ARIAINIUNRINY1AY
K =—(G"PG +R)'G"PF

(a.13)

with Q20 and R> 0
(@). P exists iff there are no modes of [F,G) and [F,Q"?] that are simultaneously

- Observable



- Unconrollable
- Unstable
(). If P exisis, then P> 0 iff [F,Q"]is an observable pair.
(©. If [F,Glis stabilizable and [F,Q"* |detectable, then (F +GK) is

asymptotically stable.

Proof :
(a). From the optimal cost , &0 TR e it 55

(a.14)
The quadratic term in X, can be ' 5. the of the measurement output ¥, from the
output equation as follows,

(a.15)

nmmﬁw% H BTG v

and using (a.14), npnnnlmutwlhm ¢

ammﬂ‘mumwmaﬂ

I(x,) 2{3 b Yaey UG RU,, I} X Px
(a.16)

Suppose that P exists but there are modes that are simultaneously observable, uncontrollable and
unstable. Then,

J(xi) < (a. l‘n
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and some unstable mode is observable in ¥ and is also uncontrollable. Hence, for any control,
jl"rﬂjth will diverse to infinity. But this contradicts with J(X, ) < e= . This proves that P exits
implies no observable, unstable uncontrollable modes. Now we suppose the converse that there are

no modes that are observable, unstable uncontrollable, but this time P does not exists. Then we get

(a.18)

Since all unstable modes nition of being uncontrollable,

there exists some control J l % . | .nontml obviously yields that
- NS
-3 N\

J{x,‘) must converge to limiteg / dicts the assumption of

J{xt}=W.Hma, lable uncontrollable modes

implies P exists. This compiét

AN ﬁ%ﬂ’?‘fﬁﬂ%’]')ﬂmﬁ 2 R

J(x,)= g {“LJ'R“'M }

(a.21)



which implies that the optimum cost J(xX, ) = 0 by choosing u,,, =0, forj =0 to Q10
minimize J(X, ). This result contradicts the assumption J(X, ) > e above. This proves that P >0
implies the pair [F,Q"? ] is observable. Next , we proof the converse-Suppose [ F,Q"? ] is

observable, but P = 0. We get, for some X, #0,

[F,Q"?] being observablasp

J(xl)=z{fr+jfh}+ ;
M [F'Quz] hﬂw‘ [ ji 4 A e

.y:%’***" A
we choose the evaluated op i nal 4"‘;

AUETIENINEING e
o A BT R IEI

V{x,] = KIPX, >0, for any X, # 0,

V(x,)=x]Px, = 0, only if when x, =0.



Thus, V(x, ) is positive definite. Next, we evaluate AV(x, ) = V(x,,,) = V(x, ) and examine

whether AV(X, ) is negative definite.

AV(x,) =X, Px

T
-x,Px,

k+l

{a.26)

definite. Therefore V/(x, ) is
indeed a Lyapunov function o a2 3) impl Bt the system (2.23) is
ﬂ-ﬂ}"mptﬂliﬂuj' Suh]a. We observe th -“‘E._.:-.j’.; f. .: i5 mlr influenced ﬂl.ml.l,lh P h}' the
modes observable in ¥ . If thereexiis fodes tiat a R nod s

asymptotically stable hy tegiiw -‘1' ‘H:m definition of

detectability. Thereby umgum mm@a[F,Q”z] is detectable is

insisted. The condition of [ FGubeing stabilizabledig/introduced to support the existence of P

— mmmmﬂm A el i prove
mmm ABAANYUIAY .

horimroguhmr The proof will be performed in the same way as Theorem A.1 that the
Lyapunov's second method is applied. This is because that this way of proving will introduce, as
evident later, the Fake Riccati Equation (FARE) that reveals close connection between the finite and
infinite horizon LQR in the issue of stability and robustness. The connection through the FARE will
transform the finite horizon LQR problem into the infinite horizon LQR problem in stability

robustness sense.
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Before we go on to state the stability theorem of the one-step-ahead horizon LQR, we will
recast the form of the performance index presented in Section 3.1.3 into the general expression of the
performance index for a finite horizon LQR. Refer to Section 3.1.3, we formulated a one-step-ahead
optimization control problem for state regulation of the linearized perturbed model of a manipulator
by posing the performance index as

(a.27)
where J, is the optimal cost Y 2 "*stiteg maitises
presumed to be non negative . \”]\ r-*mﬁP‘ “
Lt ishes the 'lll"ﬂiﬂhﬁﬂ' inSecion'3. iy "‘ \' \ Cners qum index
expression for the finite horiZor 4 ¢ 1 "-' Py \ SA

) TP x 2 ah i
J(1,% 15;, X et X, + “ER“k, (a.28)
. _-_ y——‘"‘
ﬂ /]
(F + GK} (P, Q *)(F + GK) (2.29)

AUSINBNINGINS
) ”mﬁfmmﬁﬂmmm :

nﬂbihtyﬂ;numm!hrthummhunmm



Theorem A.2

Consider the RDE associated the one-step-ahead horizon LOR,

P, =(F+GK) P (F+GK)+Q+K'RK

where

and consider the Fake Ricéal DE above
) + KTRK

where

e AUEANENINEINS
FEIRDTUNNINY1AY

- [F, Q"] is detectable,
- B, 2P,

- (F + GK) is asymproically stable.

(a.30)

(a.31)

(a.32)

(a.33)
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The FARE is introduced to rewrite P, as a solution of the ARE with Q replaced by Q,
but the same R . Indeed, the FARE is just another rewriting of the RDE in terms of the new

weighting Q whose definition is as (2.33), ByJtllis;means, we can then proceed to draw conclusion

of asymptotic stability by exploitir “__' 1 the proot A.l. Suppose that we are given,
[F.ij] being observable, and BY's '

2 I the O

LQR as a Lyapunov function cafid // ‘«\\\

| iﬁwk\\
i, ) = kB, 3.0\or any x, #0. (a.34)
F J'JA \\
| FAEy

punev's second method, we pose the

1

;- of part (a) of Theorem A.1, we

obtain P, being positive definite st of the one-step-ahead horizon

V(xt]isapmitive:hrﬁnim uncion. Ta follow]

forward difference of V(x, ).

= xml'x,ﬂ - X; PX,

ﬂﬁﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂi

=x{{(F+GK)" R, (F+ GK) - B Jx,

QW’IﬁNﬂ‘iﬁu URIINYIaY 7
AV(x,)=-xI[Q + K'RK]x, (@.36)

Since the assumption P, 2 P, implies Q is non-negative definite and R is positive definite, hence

we conclude that AV(x, ) is negative definite. Thereby V(x, ) is indeed a Lyapunov function of
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the system (a.23). The system is then asymptotically stable. Like in part (c) of the proof of Theorem
A.1, minimum condition on the pair [ F,Q"? | is detectability and [F, G] supports the existence of
the stabilizing K. In addition, we have a result that [F,Q""? ] detectable implies [F,Q"?]
detectable, if Q > Q. The result can be proved by the followings:

(a.37)

}Q"’l . "i?-“.l

o’

tble implies [F,Q"? ] detectable.

» € -

. 14 A |-

. B

e complete the proof.

{08
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v
In this section ” mmer e m%l:nm results of a unity feedback
control system as the LQR twpratmtulhls type of linear control systems. The

mw&mﬂn%%’ﬂ%@%@%&mm
WHRY .

Gle) = 32 ILG) >-

Figure A.1: A unity feedback system.



102

K(z) and G(z) are transfer functions of the designed controller and the true plant respectively. We
use the adjective " true " to denote a plant model which is presumed to be strictly proper. We
suppose that we have an identified plant model G(z) available from identification process. We shall
call G(2) the nominal plant transfer function in the sequel. And we assume that G(z) and G(z)

(a.38)

At this point, we will treat the dheae, or characterization of
forG{z:lcmudmnnmhdmr

nﬂﬂfﬂ!ﬁm

G )3
Ee k "' % (a.39)
PP o
Z "" A7

—
wher ©,T,H epresat nm *
ARSI .

rll
espéctively. e, is the error signal,

basis can be

mnquuﬁm'smmﬂmpoleuofmmnﬂndupmlmpmfuﬁmﬁmé{z).Fnrclmdloop

configuration, we have

=5 ~Y, =5 -H, (a.42)

Replace (a.42) in the state variable description (a.40) , we then obtain
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&t =(®-TH){, + T, (a.43)

Thus, the characteristic equation of the closed loop system is

(a.44)
The zeros of (a.44) are also i play i ole in
determining stability of a T L L
system, we develop the
(a.45)
(a.46)
Replace for u(z) in (a.4; &""""-"',"- -
+G(J]() G(a)r(z
z))y(z)=Glz)r(z wih

ﬂumwmwmn's

¥@)=[1+6@)] Gt

QW]MT]?WNWWV]EHMI

huma,[I+G{z)r G{z} is the transfer function of the nominal unity feedback system. The
mu[I+G{z)]muﬂd&wmd:ﬁmmnnfnﬁudbﬂsymmdmﬂhammdqmmy
in defining the robustness margin. We also see that

(z) _ det[zl - (- TH)]

%
det[ I+ G(z }] O IO

(a.49)



104

We now proceed to present the stability theorem of a unity feedback system by utilizing the
Nyquist stability concepts. Asymptotic stability of a closed loop system could be drawn by
examining some encirclement characteristics of the open loop transfer function evaluated along the
Nyquist contour. As we consider things in discrete-time fashion, the Nyquist contour will

correspond to the unit circle and we will denote it by £2. The theorem for the nominal system

b §”y/

|
M " AN N
- LA X

by|I+G{z)i.mz 'y

AN
zeros of 5,;(2} outside or on ; \\

The proof of this fundamental the J hence will not be repeated here. It is

Consider a unity feedback
e sense, equals the number of

clear that the above result dbes not apply only to stability of the 5o dinal system. If we replace
Vi 4;3'-‘
JI+G{Z)|and¢d{z] 'll | guunclmimpmmmwm

also be asymptotically stable. Emthm:smtthnmethﬂhtmutuhhtymdnﬂmndbyﬂmmly

e S U A G e

available, at least at $9me pu}pmhemhuhm%ﬂ%nﬁmhwagoluthand:u
F=9

ﬂmurm@wﬂrﬂ.@ i Wmmw.ﬂ

the Nyquist Sense concluded from I+G(z)| and ,,(2) can still be hold with [ + G(z)| and
¢,,(z). This leads to the following theorem.

Theorem A.4 (T)
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Consider the actual closed loop system associated with the nominal closed loop system considered in
Theorem A.3, let its open loop transfer function denoted by G(z) = G(2)L(z), where L(z) is the
multiplicative perturbation to that nominal system. And let denote the actual open loop and closed

loop characteristic equations by ¢,,(2) and ¢ ,(z) respectively. Then the actual closed loop system

will be asymptotically stable. Provided thar, |

* !l//

2. ¢,,(z)and #’.;( ¢ the unit circle,
3. 9,(2)and 9,,(Z) ‘ \\ e unit circle.

4 [1+(1-0)GE b alle € [0, 1],

The central theme nfthnm.m
Nyquistdilgﬂmuiﬁ(t}-'m f G(z), the path or; passing through zero or
e i By |1+ G(z)| from that of

@5 we consider the deforming path from the

infinity in order not to diff& i

|I+G(zj as Z mvm@d
mmﬁmﬁ i} ﬁ ';‘.M;l Alik S

Y0121V i

Thwuﬁumammdmndmmmmphmthumphunmthnmmﬂchﬂdhopmisﬂm

condition prevents the path

asymptotically stable. Thus, the theorem above is proved.

Tbuesublishmmofﬂnfuurﬂlmndiﬁmintheabwethmmmpmvidmufumi[jrofthe
Nyquiudiagmmswhichmpmtamhﬂiﬁngmddmnﬁ:hboﬁngmundlhnnnm.imlsystam.
Thnuhhiﬁﬁngmdulsﬁmprmﬂthepomblavﬂmuftbeﬂulphﬂmbc,asamodel
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perturbed away from that of the nominal system, while still possess asymptotic stability. This
theorem at first time rigorously addresses our discussion into a demonstrable expression of the
robustness, but the appearance of the robustness margin is somewhat implicit. To obtain the
expression in a more comprehensive manner, we need to perform some matrix manipulation.

According to (8), the following two lemmata are required.

Lemma A.1 (8)
For a constant complex- N minimum singular value of A
5 \
(2.50)
(@5D)

r —:J;J‘J ant square matrices A and B

W
which are both nonsingular, ‘I}ﬂu we will have

ﬂﬂ&l’mﬂﬂﬁwmﬂ‘i

[[+AB|#0, »

’QW’]NT]‘?EUNWYJV]EHMI

5(B™ -1)<o(1+A) ' @.52)
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Wenuﬁmthlﬁ('}i:th&Eucﬁdimmuflmhi:dmﬂadbyH'I,,mdwallsurmll

an important property of the Euclidian norm that

1

o(A) =*E—("ﬁ~ (a.53)
where A is a constant and nonsin Vi 52), and using (a.53), we then have
(a.54)
(a.55)
Since, the left side term of (a.55) igthe , P pealing to the Cauchy-Schwarz
inequality, then we can obtain
(a.56)
or "n‘ | o/ |
ﬂlum NENINEINT
I& %(I+iﬂ“ (a.57)
Q WIAN 1IN Y
Cmdarthehrm(l+AB} we can rewrite it as
I+AB=[(B“ - I]-(I~;-¢!a)“I +I]{I+A)B o

The result (a.57) implies that (B™ = X)(X+ A)™" is nonsingular, hence the term in the bracket is
also nonsingular. The nonsingularity of (I+ A) and B are presumed from the conditions of the

lemma. Thus, we now reach the conclusion that (I + AB) is nonsingular, i.e.,
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|I+AH="—"U (a.59)

Lemma A.2 (8)
If A is a nonsingular

(a.60)
Sfor £ €[0,1], then

(a.61)
implies

(a.62)

ﬂUEl’JVIWIﬁWEHﬂ‘i
QWWﬁﬂﬂ‘iﬂJNViWﬂmaﬂ

memmxﬂ:mq G'(P(E] -I)«::a is an equivalence of the following inequality,

a’P(e)" P(e) - (P(e) - 1)" (P(e)-1)>0 (a.63)

Use (a.60) to replace P(£) in (a.63), then (a.63) comes as
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.E:’[cx‘A“A -(A-D7(A- I]] +a’(l *—E}[(l— e)l+e(A+ A")]:a- o P

In the first left hand side term, the term in the bracket is the equivalence of G'(A ™ — ) <

hence, it is positive definite as in (a.64). Furthey with @ < 1, this condition also yields

(a.65)
Thus, the second term of the lefiifnd&id. 165) is gsitive definite. Now we can complete
the proof that (a.61) indeed imp
As a result of applyifig i€ n#o lepfitiats dBove to the fourth condition of Theorem A.4, the
following theorem comes out
Theorem A.5 (7)
@Mﬁﬂlhﬂﬂﬂﬂfﬂﬁluﬂnﬂl sociated u'j., ¢ are as in Theorem A.4 .

Then, the actual closed loop sysiem will be asymptagigally stable, i.e, ¢ ,(z) has no zeros outside or

-m#wmdmk-mﬂwq 7] H‘ﬂjw El’]ﬂ‘j
amamummma d

2. ¢d{z}m¢d{z) have the same number of zeros outside the unit circle.
3. 9,(z)and $,,(z) have the same number of zeros on the unit circle.
4 E(L"{z}-l){ min(ex(z),1) ar each z € Q, where

a(z)= g(l + ﬁ'r(!)) (a.66)
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FProof:

The theorem is Theorem A.4 with the foé #lsssfimption modified by the application of
Lemma A.1 and A.2. Applying emaiA.1, ws take AmelH(z) and B = (1— €)1 + L. We
have '

(a.67)
Applying Lemma A.2, we L\‘\ then
(2.68)

Thus, the proof is compl e —

We observe that the L’—I ) is bmmdudb}'adumgnadvnluu

(-1 4 ﬂ%mmwwmmmm

mmmhmmdalmgwwm Indaa:l(L'ld'—I represents.the percentage ergop of the frequency

o b e s K byt i bt

L' -I1=G(z) [G{Z) = G{I)] (a.69)

While g(l + (}{z]) represents a quantity that comes from control design process. The theorem,
therefor, directly demonstrates the robustness of a unit feedback system to multiplicative

perturbations provided the percentage of plant/model mismatch is suitably small as implicitly limited
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by a quantity depending upon the controller's frequency characteristics. As a result, the control
design should be penalize to provide the minimum singular value of the return difference being
sufficiently large so that a large amount of modeling error can be allowed while asymptotic stability

is also maintained. It is to guaranteed that in practical situation the inaccuracy of a model used in the

strstm

-u-lc 1 L f

control design will not lead to instability of

Having established eed stability margin for a

unity feedback system, we ﬂimmguhmrin:huﬁlm*k

of the infinite horizon LQR. Siucé '/// \\\\.ﬁ roof in Section 3.3.2, we have

already shown that the stability /// _____ '\ LQR can be equivalently
ll "\\\\ s larger than QQ of the one-

0 \\ on the robustness consideration of

studied as that of an infinité ho

step-ahead problem, but the same

our one-step-ahead regulator will
ot

an infinite horizon LQR with full state ‘fes

ication of the infinite horizon results. For
5¢ shown that stability robustness is always

T NN T ,
guaranteed by the presence.of the ound of the si gulgr-value of the return difference

matrix. This means that the #abil ‘Wodeli ng error will never

disappear as it will be strict] itive everywhere on mtm@rﬁmﬁ:ﬂmmmmﬂ
LQ sense is applied. uthnI.QRmban by virtue of an
important al &Lg ’]‘ﬂimhmdm
o,mqmamiﬁm o)

now present in details its derivation as follows.

We commence with the ARE (a. 12‘},

=(F+GK)"P(F+GK)+Q+K'RK



K =~(G'PG +R) ' G'PF

It can be rewritten in another form as below,

P=F'PF i D4 R

—

Rewrite the above in terms of the falléWin:

We obtain

4

|
Q- K'SK=P- FTPF

ﬂ‘LlEl’J‘VIWﬁWEI’m‘i

methunghzhmd nfthnahow,lhufillovmg:dmh mlybumb

AMRININ N INEIAE

(a.70)

(a.71)

(a.72)

(a.73)

F)+(z'1-F) PF+ F'P(zl - F)

(a.74)

Q-K'SK =(z"'I-F) P(z - F) + (z'I- F)" PF + F'P(zI - F)

112



113

(a.75)

Next, we premultiply and postmultiply the above by (E-II = F)-r and (zI - F}‘l respectively,
yielding |

(Z-II - F}_r Q{ZI - “"‘ ] 4 -l e (Z-II ol F)'r FTP

(a.76)
Further, the above is ipliel b G fabid o iitipliéd BjG , thereafter R is added to both
side of it.
R+G7(z"1-F) Q1 -§ G'PG #R)+GPF(z1-F)"G

: '1-F)  F'PG
:'1-F) K'SK(zI-F)'G

(@.77)

memnm-ﬂamw amw g1N7
n+c{@ﬁﬂﬂﬂ&ﬁ?@.d%d%’%@ e L a xS

+G7(z'1-F) K'SK(A-F)'G

=[1-x(z"1-F)" G]rs[l -K(a-F)"G]

(a.78)

Thus, we finally obtain the return difference equality result as follows.



R+G7(z"1-F) Q@ -F)'6=[1-K(c"1-F)" 6| (6"PG + R)

[I-K{zI—FJ"G] —

From the result above, we note that fg

controller/plant combination is gi by h

(a.80)
And.thu return difference mat;

(a.81)
The results lead us directly to the theorem
Theorem A.6 (7)
Consider the infinite horizon L@R.with feedhack as above, for which we assume the

MMmﬂ‘NEI’JVIEIﬂﬁWEI']ﬂ‘i
awwmumwmaﬂ

[ ,Q] is detectable.
- R has full rank.

Then, mhmﬂmfoﬂaﬁngamdanﬁendnﬁnwnsmgwm:p’memdm'&mnmmﬁ

That is there exisis O < & < | such that

114
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o(I-K(A~F)'G)2@, forall 2 Q @.82)

The first and the second conditions are provided to support the existence of the ARE, and

hence the return difference equality.

..._..,_.;. i we observe that the second term on the left

u » we get

N \ 6] (x.82)

According to the result in (9), i il fin ite solution, P, of the ARE

hand side of it is always positive for

[1-K(z"1-F)=

exists. Therefore, (G"PG + B ighafitive | ollows that there exists 3 > 0,

such that
(a.B4)

Replacing the result in (a. 'V ve th

W‘ivfﬂw%"w i'i’i‘“"‘ s
mﬁgmmﬂimumawmaﬂ

o(B)

o(I-K(@@-F)'6)z
B . (a.86)

nmﬁmmumm#.&“slmhmmmemm{a.u}.mn has to

be full rank to yield (R) # 0 and hence, @ > 0.
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The presentation of Theorem A.6 is to show that if an infinite horizon LQ controller is
designed on the basis of a nominal plant, then the corresponding nominal return difference,
I+ G(z), will have its smallest singular value lower bounded by O . Hence, this LQ controller will
be capable of stabilizing a neighborhood of the nominal plant with a robustness margin at least as

large as O .

In a control law utilizing \\\T . there is a need to retrieve t
..//4_. \i\‘\‘\ ———

e

be achieved by performing¥ecug

be extracted from input ad n uy (1. ation of an identification
process bases on a particular férm 'F/'r-;‘ it is ¢ linear parameterized model. A
physical model can be parametric: J" ”; b express measured output in terms of a

F 'y

Cnnﬁﬂﬂnplmtcgmw : ST TS I!]]
ﬂU#@lﬂﬂﬂﬁWEﬂﬂ‘i @
- FOAIAI0L RAINSANE o

I‘hnpmblumhmumthnwawmtmmnfyﬂumndd P(z) when values of ¥, and U, . are given.
The model G(2) can be parameterized by a selected parameter vector whose value is expressed in
terms of some physical parameters. In other word, we may in very many case express ¥, as follows.

o ¢I{E)ﬂ te, (ﬂ}‘ (a.88)
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where @ is the selected parameter vector, ¢, (8) is a matrix of pseudoregressors at time k , and
€,(6) represents the error to correlate the prediction output using a parameterized model with the
measured output. If the parameterized model above is available, we can then predict the output ¥,

by

(a.89)
where ¥, is the predicted value

(a.90)
To have the best estimate . should impose & criterion that exhibits minimum of the
prediction error b medstrement dat 1 the least square methodology, the
criterion is to seek for a

(a.91)
m.ﬂfmdsforth:nﬂerufdmmtsuﬂdmm ef{ﬂﬂ)dmutﬂilhe

amaiﬁ"’a‘ﬂiiﬁﬁnwmaa

The parameter vector 7] indicates another set of parameters on which the filter may depend. This
filter is conventionally inserted to predistort the input signals to an identifier in order for achieving
some objectives. The determination of the parameter estimate can be implicitly posed as

8, =arg_minV, (6,
v =38 gin Ve0:1) (2.93)
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whméﬁisthsoptimizingpammﬁeruﬁmaumrdingh N data measurements. D, represents
the model set characterized by a number of parameter vectors. The solution to the above problem is
available in explicit form only when the parameterized model is linear in the parameters, i.e., @, is
not a function of @ . In most case, the solution of (a.93) can not be stated explicitly as a closed form
\

expression. One of many existing iterative al s must be used to compute the solution,

naturally arises is that whether gfnogithé dpération ....... s willafect the contoller

performance and in converse, thgfe should o ‘- Harthucandishn'bquahty
of on-line estimation. [f we r& s posed in (3.120), but this
time, we let the identification oCcug ,lt:sohwuusmusthtﬂ:u
mgulﬂnrandihapreﬁlterthmlm ., of the model parameters. As can be posed

':l}' the ﬁ:}l]ﬂwwg Opﬁ mization

e UMW DT
WmﬁﬂﬂWﬁﬂﬁiﬁﬂiﬁm

dmmtgmmtmthlhtmﬂy:e]dtaiahhnngclmedlmpnystum.ﬁmpumtofw&wwiﬂba
central to the discussion in this section. The case needed to be clarified is that we want to examine on
what conditions that small perturbation on the identified model parameters caused from the LQ
regulator performance will not make the resulting model swaying out of a stabilizing model set. For

the term "stabilizing model set”, we refer to a set of parameter vectors, obtained from the least

square misinformation, characterizing parameterized models that can yield stable regulators. Based
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on the recent results from (7), it can be proved that if the parameter update algorithm is initialized
with a value 8, that is close enough to the optimal value (a.93).and if the parameter update is
carried out slowly with respect to the closed loop dynamics, then the trajectory of the parameter
estimation algorithm will remain within a stabilizing model set. And further, the estimate will

converge to a neighborhood of a point ) the optimal solution @ *.

'Lufthnrmwaivemﬁm&on,u?
thﬂmnd:lnatﬂa
cusnmpracnm because the true
©. When the true system,
however, is within the modél setfang e 1 for the estimation algorithm to
I‘.hul:nmsymm and therefore,
the regulator that is designed pfefecih ‘ stem by the methodology as
discussed in the previous section Wi ptotic stability. But in facing of plant
/model mismatch, unloss somo sheslil it acdan jihere is.no obvious reason why a
.-~-.‘ results can be appealed to

mdnlthatminimima

a'”

criterion and thus stabilize ﬁmtm =d n
further hold stability provided ghat the plant/model mismatch satisfies the robustness criterion, there

e Gy b G bbbl s o e

error criterion. Rﬂfwmthnumhdmbnst‘mamdmmﬂumwdbafmm

ARIANNIUARIINE IR Y

(L' -1)<a(1+G), @.95)

we know that the LQ design methodology guarantees that the right side of the above always exists as
a positive value that is lower bounded by a computable quantity, hence always leaving some room
fnrphnﬂmndalmismtchmoecur.whmalluwublaaiuistmnndhytﬁalaﬂsiﬂaof[aﬂi]. But we

see that it is not clear that the identified model from the prediction error misinformation will make a
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quantity, &(L™ —1I), suitably small with the limitation above. According to this point of view, if
we can elaborate some special precautions imposed on the identification, it may possible to define an
identified model set that would yield small relative error enough, &(L™" — I), to satisfy the

robustness inequality above. Hence the overall stability of the control system can still be guarantee.

suppose that we have a model set D,

that covers all P'h}'ﬁlﬂ’ﬂ.}" possible v LS &s ramet _based upon the model structure we

can be parameterized by a vectg we zdopt this regulator ta work with the actual plant, we

3 “.“:‘In' mﬂﬂhﬁhﬂdﬁumnﬂhﬂl
\j is performing. We then define

then get an LQ optimal cost J
measurements of all inputs and
the best model within our model g&t D ! ‘modelt t melds a regulator that will minimize the

achieved cost J(@),as can be

(a.96)

R
This can be possible by mfgngmﬂm LQ design method mdutiﬂg additional appropriate

conditions. However, we should fiate ’ 8" ﬁm lution the prediction
error criterion mﬂ“:uﬂgm i ‘ tﬁ:apbmwmtham

m .

MR

also stabilizing, provided that the amount of unmodeled dynamics representing the plant/model

mimmhismmuhrgamdbmmdudhymupmibhmﬂntmdpmﬁdnd.hdomﬂa is
suitably restricted. Before we proceed to propose such assumptions, we shall introduce some relevant

notations. First, we will write the true system description as

Y =0;0" +C + 0, (a.97)
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Thismbalhnugh!ofuinhod:mingHladﬁﬁniﬁmnfthammddaddynmﬁm;t.wtmlﬁkisn
regressor of past inputs and outputs, and 8" defined as (2.96). U, is a zero mean white noise
process added to facilitate stochastic analysis. By definition, the description is considered to be

*.}

strictly proper, and the LQ design based chmxmmdbyﬂ"muprmmdlymﬂt

in an asymptotically stable regula ituation when the true plant is operated in
a feedback loop with a stabilizingoptumal reg med with a model 0 resulted from
performing an identifier also ' model used in the design can
be written in terms of the measwy

(a.98)

d 10 be a pseudo regressor to cover the
plant model that is not linear in the pifameters. and4€i8®bvious that a particular value of 8 will
implicitly determine the

-*- : F iintiodeled dy

uncorrelated with both 1-“'

%uﬂqwawﬁwaﬂni

‘kusxtmachsed

Q"W']ﬂﬂﬂ‘im UANINYIS e

B(6")={6:|o-6"|<r}

hen assume that U, is

the ¢ssential assumption.

centered on 8" with radius T such that

1. for all 6 € B,(6") the closed loop system is stable,

2. There exists positive constants ¢, 8,8,k such that for all 6 € B,(6™)
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(a.99)

(a.100)

(a.101)

(a.102)

(a.103)

(a.104)

o e B WEAN N NN

ARAANA TR NY A Hhor e

order to bridge the gap between the two optimal criterion: one is of the control and one is of the

estimation, through the determination of the closed hypersphere B, that is centered by the LQ
control optimizing model 8" as defined in (a.96). The first condition tells us that around the
optimizing model 8™ , there exists parameterized models that are also stabilizable, hence B, is
defined to be a stabilizing model set. If we refer to the stability robustness margin of the LQ control

design, the first condition is very reasonable as the design always yields some room for model
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perturbation, thereby it implies that the radius I of B, should never be zero. The size of the ball
B, is implicitly defined by the inequality (a.102) in the second condition. The condition is
elaborated from several important quantities. (a.99) provides the limit of the amount of unmodeled
dynamics with respect to the quantity linearly relating the amount of the regressor. (a.100) and

{mlul}mmmmnmnfmamsmmdmmﬂmdmmmamdﬂmu

impli i ir first derivative to @ must be finite. As may be
guessed, the level of persistency o £ ﬁ,ﬁdﬂumﬂﬂﬁum&dmin
(a.102). For the reason that b clear fater it ollowing lemma, the inequality
(a.102) is essential for the apgkiefBLuey of £Kd LD 1o RLS identifier cooperation. This

will be stated in Lemma A.

Lemma A.3 (7)

Consider E“ dﬁmﬂ fﬂ..ﬂﬁ) i ..! T "4..".7 k ) pﬁm E ( )meﬂ'ﬂg
Assumption A.1, then there exists O’ parameseriggdiisel within B, (8™ ) which is the
solution of the prediction ebror misinformation problen in the leabi sgiare sense as the following.

)

ﬂargs_{m‘n .ﬂ(ﬁ))- m
ﬂUEl’JVIEJVIﬁWEI’Iﬂ‘i

QW’WMﬂ‘iﬂJ URNAINYA Y

Froth the statement above, if Assumption A.1 is satisfied, for any @ to be a solution of the

(a.105)

Proof.

LSpndammmnrnnmﬁ:rmhm.umbummurpumtnfﬂr(ﬂ ).‘I‘hmfom,mahallpmuf
d:atfurmyﬂmth:hmmduyufﬂ,(ﬂ") its corresponding LS criterion cost must be more than
that of 8™, i.e., Lemma A.3 is equivalent to

v(,)>V(6"), 6, {60 - 6”|=r}. 108}



From (a.97), it is clear that when the optimizing model is used , the difference between the real and
the predicted output of the plant is

(a.107)

(a.109)

Consider any model 8 b 'r‘ LS cost is -

- fuifieinens
AN FHEIthaY wo

where 8 denotes 8, — 8" Applying Taylor's expansion about an operating point 8™ for the

expression of ¢, and {, at @, we have

6,(0.)=0(6")+ 722

g, (a.111)
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4 (ﬂo} ={, (Eu}"' ﬁ?a_‘:.a_L =
00 (a.112)

where 6, and 6, are two intermediate points in B, (6" ) between 6, and 6", The above
represents approximates by linearizing @, and g‘,’t with respect to & . Substitute (a.111) and (a.112)
into (u.llﬂ}:nd:lmnhmﬂmnqmred

v(e,)=E

=E: | ‘N (ﬂ")+v~)]

(a.113)

At w.mmmmn.mﬂ;m ;a") hence for (a.106)
“““‘*’W“‘rwﬂﬁ?wmwma 8

25[;, )+u,](¢,{e")a+afil HBT&CEL ]

E[q&,: (™) E+E"&< H+E"—1 ]

(a.114)
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The second term of the left side can be distributed as follows.

;:{ I(e")héf%[ahé’%—*

+87 2! B0 (0 )0 4BT2kl] L5 + o7 (6 ﬁ’@i} 6
301, (0" SRS/ (07" 51,
+ﬂ"?; ':aef ¢:(a“)a§f%‘a

(a.115)

E{¢I(H")§+§T ' : =E[87¢,(67 )07 (6™)6
.,.ﬂrﬁqlummm mJ]m's

ammmmumaﬂmaﬂ

Then, {1.114} comes out as
a+§r_1a‘ft
8, ae E,J

; 'r‘_ r9¢ 96
"" a6

2E[¢, (0™ +uk][ :’(s"')hﬁ‘*fi

a8
+E[67, (H“)?I(E")hé"%ﬁ 7 2 .,é*'ér%@, ar%ﬁ
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267 2| Gy7 (615 + 267 %] o7 (0~ m:arﬂl %l 550
+ aeelwt( ) aea: l-( } aﬂa:aeﬂ'
(a.117)
Next, we appeal to the Cauchy-Schwartz inequality that, for any column vector X,y € R"
Xypor (a.118)
wmchmbamwﬁumm/ |
P 1. (a.119)
Thus, the possible lowest val
(a.120)
(7 Y
Asnmnmmmmofimpleﬁﬁng the p : u---"'l r products of two vectors via the
Cmchy—schwmzmuqml:tyqﬂ we adopt the proposed bounds in the second conditions of

0(s *‘QW’# Nﬂﬁ‘{ﬁ&‘b‘i”}? i) et >0

{a.121)

where r=|§|mdrhasimufthumﬁ: ¢, is referred to as being its associated smallest
eigemra!uedutiudmotedh}r.l-kmuthﬂﬁmdﬁmmmdmbanduhiymﬂ,lhairsqum
may be considered having negligible values, then 8r* and 577 vanish from (a.121). We further

factor out (a.121) by r", readjust the terms to end up the result with the form,
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Ar>2[ pmr® + dmr + Bor? +a(m+k)(m+ Br+6)]

Since the above is satisfied directly by construction of Assumption A.1 as one of the assumed

pmpnﬁmafﬂ,{ﬂ"), thereby, we can conclude (a.106) and the proof is completed.

Lemma A.3 has pointed that i it g itions, i.e., variations in parameters of

\\\\

the regressor and unmodeled dyn n-- ire smoath t of unmodeled dynamics is
suitably restricted, are satisficd nodel 8° that is also the solution
ﬂfdﬂ-ﬂﬁ*lmﬂprﬁlﬂﬁﬂnﬂ 4 ‘ i mmﬁnﬂdlﬂbﬂﬂ

neighborhood of the LQ conffol ¢ 1// \ "

connects the LQ optimum cg

ar that Lemma 3.3 implicitly
, however, does not involve

the on-line estimation case ptive control scheme. To make

.ga 10
the result applicable with the onflinglestimat, to the powerful integral manifold

theory with an assumption of sla

The further task __ > thateith = suimably-restcled search domain and a
sufficiently slow rate nfpmﬁa Tec ‘ e least square identification
implemented in an adaptive cl ﬂ(.'lp will convergg, to the neighborhood of stabilizing models
——s %mm@wma Sidnaiie
dynamic aqunhr.:m total adaptive contgol system which.consists of the copgrolled plant

toeni. & P R TRt (T Y- TH

control symmmllheh:gh[y complicated and of several difficulties to be directly analyzed. Despite
we have known in details behaviors of each separated part. Nevertheless, by appealing to integral
manifold theory with the assumption of slow adaptation, we can argue that the whole system
dynamics can be split up into fast 6 -dependent combined state-space equations, that describe
combined dynamics of the whole adaptive system excluding only that of the identifier, and a

mmmmupdaMmmﬁmwhmnpwaﬁmismumdhbacnﬁduﬂalmﬂy%rﬂﬂiwmmu
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combined dynamics. The assumption of slow parameter update can be satisfied by using a suitably
small adaptation gain in the recursive algorithm. With this time scale separation of dynamics, it can
be shown that the averaged behavior of the recursive algorithm can be described by an ordinary

differential equation whose solution is close to the solution 8" derived from the off-line

identifier is persistent. Under appro
solution of the recursive identi by the integral manifold

arguments to converge to a l( - 5 @, with an additional condition

///‘ \\\\'\*‘\\ 0o 6,.

/ 3 :.\\\ G

7] ’7 - LA

system. We prefer that they ¢ar : n’f .

that the initial parameter value

we commence with'a cg

{a.122)

(a.123)
where Z is the combined stateinetuding the state of @hé true plant, model, of the
et Mﬂumﬂ ummﬂg e

a vector made u uflllutamllmgnﬂs 1.63 isap pdate ’mndfmmtha
QLT UAUET AR -

f.(8,,Z,) is a time-varying nonlinear function of both 8 and =.

recursive

Assumption A.2 (7)

1. There exists a compact set © containing € *and constants A € (0,1) and K, 21

such that YO €0 and ¥Vt 20
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|(0)| < kA

(a.124)
2. There exists constantsC , C, and C, such that the frozen parameter response
(a.125)
and its sensitivity iiEL{E)/
a6
forallt € Z and all 0] ff’:_—
3: mmm‘.. - ;J

respecttof, 0 €© and = hrmnpacr:m

ﬂumwﬂmwmm

ofhmmumﬁ.zwmmlhupa amundﬂ* the
m@nwamﬂwwwaanmmm
m&mnftbedmmnpmpmumdmmumywhmpmmﬂ during a frozen time
interval that the parameter vector 8 is presumed to be constant. This can be made possible as a result
of applying the assumption of slow parameter adaptation that is the parameter update equation having
a small adaptation gain. The appropriate correction function f;(6,Z) is characterized by the third
condition. The function must be bounded and be able to have its first derivative with respect to 8

and Zin the compact set. This is also the implication of having smoothness and continuity of
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/,(8,E) over the compact set. Like Assumption A.1 that defines the hypersphere B, (6™ ) of a
certain size for the prediction error minimizing 8" to stay within, in Assumption A.2 a compact set is
defined by some smoothness conditions to address an appropriate region where the solution of the
recursive algorithm possesses much potential to stay close to the off-line minimizing 8. the
following integral manifold theory based upon the presumed compact set can indeed show us that the
above potential is possible. According
adaptive control system to have

to consider dynamics of a total indirect
: one is for dynamics of = and

another is for that of 8, which is ass lower with respect to that of =. Based

10n algorithm can be approximated

by the solution of an averag -
(2.126)

whmfmmﬁnmnwmging sumed to be fixed, Hence,

asymptotic behavior of 6 can be repss o of the ordinary differential equation,

XJ

g (@.127)
The olovig mﬂu&mmmm et o

Consider 0" as the off-line solution of the prediction error misinformation problem,

0" =ag, minV(6,1(6),0(0)),

(a.128)
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where By (E'} represents the compact set around 0" satisfying Assumption A.3,

B,(6")={0eR*|0-6"|<k].

(a.129)
The size of its interior is defined such ltered regressor W is persistently
exciting for V6 € By (6").1f V@) i sme
1. the ODE ((a.127ha int @° such that
(a.130)
2. given ¥ > 0, therd exift: wall Y2 such that, for ¥ € (0,7"),the

equation {a.l123) possesses a boundetl ically stable solution éh (T} which is close

t08°,

]
| 1 (a.131)

oo BRI BB T <)
ARIAINTHURRIVIENRY

The proof and detailed mathematical manipulation can be found in (10) and (11). We shall

not repeat them here for the sake of brevity.

Theorem A.7 is based on the compact set from Assumption A.3 with additional conditions

of persistency of excitation of th filtered regressor for any & in the set and if the minimizing cost is
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smaucncmgh.mﬁmmmmm]lsusﬂmmusympmﬁcmluﬁmufthmdpmm
equation will converge to the model 87 that is close to the model 8 *, How far 6° is with relative
to 6 * is proportional to the amount of the minimizing cost V(8"). We, therefore, see that the
quality of the averaged solution of the recursive algorithm to be close to the off-line solution is

dependent upon the value of the minimizing prediction error, hence, suitably restricted unmodeled

dynamics is important to this content, T A \”/ provides the existence of a bounded ¥ of
the adaptation gain and states that for los d 7", the recursive solution 8(Y) at

any time & , during a presumed (J -froze# time /il B8 masaateed to be close to the ODE solution in

the first result. The third res / \
the above conditions that thafifiit; /‘/. v &

second results, as time procesils, ghegf o --. * ‘tom the gecursive algorithm will be kept

sive algorithm solution under all
close to 8 * by the first and

closer and closer to the asymg \ second result. These will infer the
close connection from each avai T the gecursive identification at each time
step to the off-line solution 8 *. so draw close connection with the
LQ control optimizing model 8. Alst is somewhat complicated, it can really
show us that there is such #connecti iL eld stable cooperalitil between the LQ regulator

V.
and the RLS identifier indess

J
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APPENDIX B

Control Program

#include <stdio.h>
#include <dos.h>
#include < math.h>
#include <process.h>
#include <stdlib.h>
#include <conio.h>
#include <time.h>

/* declaration of symbolic

#define IRQ9
#define IRQ10
#define IRQI11
#define IRQ12
#define IRQ14
#define IRQ15
#define GIO_USPA
#define GIO_USPB
#define GIO_USPC
#define GIO_USCW |
#define GIO_U6CTO
#define GIO_U6CT1
#define GIO U6CT2  0OxI r- Glﬂurd u6 mnherddr */
#define GIO USCW *r
#define GIO I.m-ﬂ .
#define GIO_U7P '!
#define GIO_U7PC V! ﬂxl!‘?ﬁ J‘Glﬂ?rd u‘?dawu,&ﬂpurtﬂlddr .

lduﬁmﬂl _-t-- d h,; control IEI
E& mmmm#

l’dnﬁmﬂ'rl JITC_BIN  0x70 .**munurl interrupt on terminal count, BIN */
#duﬁnaC'l‘z SW_BCD 0x97  /* counter 2, square wave generator, BCD */
#define CTO _ EDQKHZ LO 0x04 /* counter 0, LSB count value, 100 kHz output */
#define CTO SﬂﬂKHZ. HI 0x00 /* counter 0, MSB count value, 100 kHz output */
#define CT1_TIMER_COUNT OxFF - /* counter 1, full counter load, 132 ms */
#define CT2_ _SO0KHZ 0x04 /* counter 2, 500 kHz pulse generator */

#define Pﬁ_I_PBC_O 0x90 /*1/0 port A; input, port B and C; output */
#define CLAMP_ACT 0x0C  /* amplifier clamp active code */

#define INH_1  0x02 /* amplifier inhibit code 1 */

Hdefine INH 2 0x04 /* amplifier inhibit code 2 *#/

#define AMP_1_ACT 0x07 /* amplifier #1 clamp active bit "1" */

#define AMP_1_INA 0x06 /* amplifier #1 clamp inactive bit "0" */




#define AMP 2 ACT 0x09 /* amplifier #2 clamp active bit "1" */
ddefine AMP 2 INA Ox08 /* amplifier #2 clamp inactive bit "0" */
#define AMP_3_ACT OxOB  /*amplifier #3 clamp active bit "1" */
#define AMP_3_INA OxOA /* amplifier #3 clamp inactive bit "0" */

#define ADSTART 0x0B  /* putput byte to start A/D converter */
#define ADSTOP Ox0A  /* output byte to stop A/D converter */
#define PAGE_REG7  Ox008A /* address of 7th DMA page register */

#define CBPFF 0x00D8 /* address of clear byte pointer flip-flop */

#define BASE_ADDR_7 0x00CC /* address of 7th DMA base address register*/
#define BASE_WCNT_7 0x00CE /* address,of 7th DMA base word count reg, *
#define COMMAND_REG DO (4 e

#define MODE_REG ddress of ' \mode register */

#define NUM_DMA_WORD _ 0 sh of Gumber'6f DMA word transfer */
#define NUM_DMA_WORD_H™ 0306~ /* msb of £ Gf DMA word transfer */
#define COMMAND_WORI 0 sommand

#define MODE_WORD 0x:
#define MASK_WORD  0X06

#define MCO1 MCO1 */
#define MCO2 e of MCO2 */
#define MCO3 | selectionbyteof MCO3 */
#define LSB sS85 h\: put */
#define MSB s of ALD output */
#define DA1 channel #1 *+/

#define DA2 "/

#define DA3 -/

#define ZEROVOLT  0x80
#define MTR_TRQ_CST1
#define MTR_TRQ CST2

jue constant 1 (Nm/A) */
gue constant 2 (Nm/A) */

#define MTR_TRQ_CS (Nm/A) */

#define AD_ DELAY | ¥ for 500 kHz clock */
= \l

/* macro to use two gene I purpose h:

#define TTRAJ_HIGH  oufportb(GI¢ RAI butput high */

#define TTRAJ LOW  lfiporth(GIO_U7CW, OxQE); /* output low */

#define TSAMP_HIGH  outpbrth(GIO_U7CW, 0x@D); /* TSAMP output high */

e T L T T

#define NUMJOINTS /> number of joints of the manipulator */
#define NUMP‘DINTS 5UO /* numbr of data pointsito be collected */0./

et RG] O 110 D18 o4 71 1d 1T 1 6 2

#define RAND MAX 32767
#endif

/* macros for two-computer communication */

#define ENABLE OUT outporth(GIO_USCW, 0x0D);

#define DISABLE_OUT outportb(GIO_USCW, 0x0C);

#define ENABLE IN  outporth(GIO USCW, 0x05);

#define DISABLE_IN  outporth(GIO_USCW, 0x04);

#define ADAPTATION geninterrupt(IRQ12); /* invoke adaptive mechanisms */

/* A set of macro to insert End Of Interrupt command */
#define EOI_11 outportb(0x20, 0x62); outportb(0xA0, 0x63);
#define EOI_12 outportb(0x20, 0x62); outportb(0xA0, 0x64);
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#define EOI_15 outportb(0x20, 0x62); outportb(0xAO, 0x67);
typedef unsigned char unc;

/* declaration of external vaniables */

unsigned long encoder[4]; /* DMA transfer buffers, 16-byte frame */
float ang_rad[NUMIOINTS]; {* joint angle in rad(joint 3 translation in m)*/
float angrate_rad[NUMJOINTS]; /* joint velocity in rad/sec(joint 3; m/sec) */
float ang2rate_rad[NUMIOINTS]; /* joint acceleration in rad/sec”2(m/sec”2) */
float ang_tmp[NUMJOINTS]; fu-r direction determination */
float angrate tmp[NUMJOINTS]; /* . computation */
float ang2rate_tmp[NUMJOINTS]; . for filtering acc. */
float torque_msr{NUMJOINTS]; fin Nm */

float x[2*NUMIOINTS]; > L
float x_ref[2*NUMJOINTS]; "™ /+ 3
float xwdiﬂ’[Z"NUMJD * di
float T_operating[NUMJO R T
unsigned char ad_byte[2* '
unsigned int index;

float timer; [* time penod airall by hardwars time ) *f

float Kp[NUMJOINTS] = g 0f0f0.05; /A proportiosal gains */

float KdA[NUMIJOINTS] = [¥ denvatiy

float ttrj = 0.050; i

int trj_num = 500; 4 =1 Bf points to'bé perfomme:

float inp_: n.mp{NUMJCI]N‘I‘S] , 9.5 0.1} MR anip ““; reference input signals */

float inp_frq[NUMIOINTS] =0 ; frequencies of reference input signals */
int char_index; /* inde charactors
unsigned char trans_charactorf NUMTRAN mi-com?2 (ransmission buffers */

float max_angrate_rad[N15 JOINTS =110;20; 0:50} P radis, rad[s, m/s */
float max_angZrate_rad[ NUMIOINTS' 015" 2,rd/s"2,m/s" 2%/
float max_torque_ms ; TsT= i .0};/4Nm, Nm, N */

/* parameters for bin-to-volt fiinetion of the A/D conyerter

o AD- ’“’W aTr TR AT e el

f* ptrnmars I.'nr vult-m-bm functions of DVA converters 6,

TSN S0 S H Tana

f* mtnr+a.m;: first-order constants for each joint */
float mtr_amp_cst{NUMJOINTS] = {0.26113, 0.09028, 0.18341};/* Nm/volt */

/* transmission ratio of each joint compositon */
float trans_ratiof NUMJOINTS] = {160.00, 160.00, 618.42375 /* rad/m */ };

/* transmission efficiency: 98%, 99% and 90% for joint 1,2,3 respectively */
float trans_efficiency[ NUMJIOINTS] = {0.98, 0.99, 0.90};

float time_point{NUMPOINTS]; /* discrete time points associated to data */
float data 1[NUMPOINTS]; /* trajectory of joint 1 angle */
float data 2[NUMPOINTS]; /* tracking history of joint 1 angle */
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float data 3[NUMPOINTS]; /* trajectory of joint 2 angle */

float data 4[NUMPOINTS]; /* tracking history of joint 2 angle */

float data S[NUMPOINTS]; /* trajectory of joint 3 displacement */

float data 6{[NUMPOINTS]; /* tracking history of joint 3 displacement */
float data_7[NUMPOINTS]; /* trajectory of joint 1 velocity */

float data_8[NUMPOINTS]; {* tracking history of joint 1 velocity */
float data_S[NUMPOINTS]; /* trajectory of joint 2 velocity */

float data 10[NUMPOINTS]; {* tracking history of joint 2 velocity */
float data_I1[NUMPOINTS];  /* trajectory of joint 3 velocity */

float data_12[NUMPOINTS]; /* tracking histogy of joint 3 velocity */

float data_I3[NUMPOINTS];  /* icajectory ¢ jouht J acceleration */
float data 14[NUMPOINTS]; Pt ckin, hisify " nt 1 acceleration */
float data_IS[NUMPOINTS]; _"zajectory of jusfiL2#eceleration */

ﬂmtmﬂ]ﬁmmms]; LT -i g aasto _ﬂll-r-i_'uﬂv— 2 celeration *If
float data_17[NUMPOINTS];  4d-traiBctoryl of joint@-acceleration

float data_18[NUMPOI : ) Pieice T Peieration */
float data 20[NUMPOINTS]; “h ¥ of measured torque-of joint 1 */
float data 21[NUMPOINT £ r £ ﬂ {torguiof Jolbt 2 */
ﬂoﬂd.a.u_ﬂm{?ﬂ S}; (# LS . meast I;-‘._ Tt fj'ﬂmtz*f
float data_23[NUMPOINTS) i story-of eutput torus

float data_24[NUMPOINTS]; oy bf meastred ¢ i ot 3
int dltﬂ_'_Pﬂt wde T Uit | at: l‘\ -\ nction */
int now; 1* variale \x =

/* function prototypes “'J’

void power_up(void); P
unsigned long get mddr[uns:pad lon ;‘ E
void install_isr(void mtermpt{
void program_8237 2(une
void interrupt init DM AZ(Zoid}
void FACI_active(void); w,,
void RAC1_active(void);
void MHC1_active(void);
void FAC2_active(void);
wud RAC2_active(void

i ﬁnmwﬂmwmm

void RAC3_ lctwa( d);
void MHC3

i A mﬁqnﬁm URIANYIAY

Sready(void);
vtm:l data mlmg(vmd]
void lowlevel_setup(void);
void lowlevel_reset(void);
void out_torque(float *iptr);
void data_collect(void);
void data_write(void);
void home(void);
double uniform(void);
void SDP_communication_setup(void);

void power_up(void)
{
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outportb(DA1,ZEROVOLT);
outporth(DA2, ZEROVOLT);
outportb(DA3, ZEROVOLT);
outportb(GIO_USCW,PA_PB_MODEI1);
DISABLE_OUT

DISABLE_IN

outporth(GIO_U6CW, CT0_SW_BCD);
outportb(GIO_U6CW,CT1_ITC_BIN);
outportb(GIO_U6CW,CT2_SW_BCD);
outportb(GIO_U6CTO0,CTO_S00KHZ,
outporth(GIO_U6CT0,CTO_SOUKHZ
outportb(GIO_U6CT2,CT2_S00KHZ)
outporth(GIO_U7CW,PA L |
outporth(GIO_U7CW, Ol

outporth(GIO_UT

outporth(GIO_UTC

outporth(GIO_U7

outportb(GIO_U7@W, ANF

outporth(GIO_U7PE, M

printf("CHULA2
H

void install_isr{void interrupt (*faddr)()
{

}

unsigned long get_mddr( T
{ i

setvect(inum, faddr);

e

u.n.ﬁif:md long seg, m

unsigned int off;

w%wqwﬂmwmm

seg < <= 4;

ﬂmﬁﬂﬂim UANAINYAY

void program_8237_2(unc pag_reg, unc base_addr_hi, unc base_addr lo)
{

outportb(PAGE_REG7, pag_reg); /* coding page register of ch7 */
outportb(CBPFF, 0x00); /* clear byte pointer flip-flop */

outportb(BASE_ADDR _7, base_addr_lo); /* LSB of base addr register */
outportb(BASE_ADDR _7, base_addr_hi); /* MSB of base addr register */
outportb(BASE_WCNT_7, NUM_DMA_WORD _L); /* LSB of No. of DMA words */
outportb(BASE_WCNT_7, NUM_DMA_WORD_H); /* MSB of NO. of DMA words */
outportb(COMMAND_REG, COMMAND_WORD); /* program 8237 command reg. */
outportb(MODE_REG, MODE_WORD); /* program 8237 mode register */
outportb(MASK_REG_BIT, MASK_WORD);/* program 8237 mask register bit*/



}

void interrupt init_ DMA7(void)

{

}

void FAC1_active(void)

{

{

)

unsigned int tmp3;

unsigned long addr, tmpl, tmp2;

unsigned char page_reg7, base_addrh, base_addrl;

extern unsigned long encoder{4]; /* sloﬂgnforDMA transfer */
extern unsigned int index;

program 8237
printf("DMA
printf(*Servo duta
index = 1;

outportb(GIO_U7CW, 0
outportb(GIO_UZEW, 0x02);
outportb(GIO_UTEV; 0%05);
outportb(GIO_UTCY,

outporth(GIO_| l“ , 0x07Y:
outportb(GIO_U7CW, 0x06);
printf("joint 1, clnchi ibited\n*);

ﬂ‘HEl’J‘V]EWI‘ﬁWEI']ﬂ‘i

oid RACI_active(vpid)

REAIRIO NN INY1A Y

outfiortb(GIO_U7CW, 0x05);
outportb(GIO_U7CW, 0x06);
outporth(GIO_U7CW, 0x07);
outportb(GIO_U7CW, 0x06);

printf("joint 1, counter clockwise inhibited\n");

void MHC1_active(void)

{

outportb(DA1, ZEROVOLT);
outportb(GIO_U7CW, 0x0C);
outporth(GIO_U7CW, 0x03);
outporth(GIO_U7CW, 0x04);
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}

outportb(GIO_UTCW, 0x06);
outportb(GIO_U7CW, 0x07);
outporth(GIO_U7CW, 0x06);
printf("Motor 1 electrically braked\n");

void AMP1_ready(void)

{

}

{

}

void RAC2_active(void)

{

}

*“*““““*ﬂﬂﬂ?ﬂ&lﬂﬁwmﬂ‘i

}

outportb(GIO_U7CW, 0x0D);
outportb{GIO_U7CW, 0x06);

outportb(GIO_U7CW, 0x07); )
outponb{GIﬂ UTCW, 0x06);

outportb(GIO_U7CW, 0x0C):~
outporth(GIO_U7CW, 0x033i. JH
outporth(GIO_ “‘;
outportb(GIO_HICWH
outporth(GIO_ U7 &Y
outportb(GIO _ -.:. , 0

pnntﬂ_;mntz er clockwise ihibited\n ");

outportb(DA2, ZEROVOLT);

ISRl UM TN Y

Gm _UTCW, 0x08):
nutportb{GIO UTCW, 0x09);
outportb(GIO_U7CW, 0x08);
printf("Motor 2 electrically braked\n");

void AMP2_ready(void)

{

outportb(GIO_U7CW, 0x0D);
outportb(GIO_UTCW, 0x08);
outportb(GIO_U7CW, 0x09);
outportb(GIO_U7CW, 0x08);
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printf(" Ampliflier # 2 ready\n");

void FAC3_active(void)

{
outportb(GIO_U7CW, 0x0C);
MGIO_UTCW‘ 0x02);
outportb(GIO_U7CW, 0x05);
outporth(GIO_UTCW, 0x0A);
outporth(GIO_UTCW, 0x0B);
ouportyGIO_UTCW, 050, il

}

void MHC3 _active(void)

{ b .
outportb(DA3, ZEROVC )':-ﬁf ol 2 8
DWGIO mcw 0x0 ; =
‘outporth{GIO UTCW, 'ﬁ{ -.-*_
outportb(GIO mp:'-;________
outportb(GIO ,ﬁﬁ' OO —
outportb(GIO _ Vo
outportb(GIO_U7CW " oxd .
printf("Motor 3 eléttric: ,, braked\n®);

I

)

roid AP m@mmmmwmm

wtlmnb(GIo U7CW, 0x0D); ¢

outflort(GIO_U7CW. 0x0A);
) printf(" Ampliflier # 3 ready\n™);

{

unsigned char i, time_lsb, time_msb;
long tmpl, tmp3;

float tmp4;

unsigned int tmp2;

unsigned char Isb, msb;

extern unsigned long encoder{4];
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extern float angrate_rad[NUMJOINTS];

extern float ang2rate_rad[NUMJOINTS];

extern float ang_tmp[NUMIOINTS];

extern float angrate tmp[NUMIJOINTS];

extern float ang2rate_tmp[NUMJOINTS];

extern float torque_msrf{NUMJQINTS];

extern unsigned char ad_byte[2 * NUMJOINTS];
extern float timer;

/* caleulate sampling time intervs
outportb(GIO_U6CT1, Ox
time_Isb = inporth(GIO_U
time_msb = inportb(GI@

gad the timer */
Heount value on the timer */
€ount value on the timer */

outporth(GIO_U6CT 1, OxF _. elogd and-start'the timer */

tmp2 = (256*time_m:t * timerdimited n .002-137.0 msec */
if (tmp2 = = 65539)WPrinsie"Gmer vilue is B0t validd™; exit(0);)

timer = ({65535 - tm J : * jnterval ,seconds */

/* start data acquisuitn e
for (i = 0; i < NUMMOI ) L8
outporth{Gil€ o £, 0x22 *)); et MUX for MCOj */
outporthfG i ADSTARTE start A/D conversion */
ifi==0 ' | \

, rad */

b 'y ‘
=—tmyp i. De-6;/* rad/step */

A uggmmmﬂ n0s

awwmﬁiﬁmmwmaﬂ

else if (tmp2 ! = OXFFFF) {
if ((ang_rad[0] - mme{nn > 0.00)
angrate_rad[0] = 9.587380 / (65535 - tmp2);
else if ((ang_rad[0] - ang_tmp{0]) < 0.00)
: angrate_rad[0] = -9.587380 / (65535 - tmp2);
ang_tmp[0] = ang_rad[0};

/* calculate acceleration of joint 1, rad/sec*2 */

tmp4 = angrate_rad[0] - angrate_tmp[0];

angZrate_rad[0] = tmp4/timer;

if (fabs(ang2rate_rad[0]) > 6.0) {
angrate_rad[0] = angrate_tmp[0];
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: ang2rate_rad[0] = angZrate_tmp[0];

angrate_tmp{0] = angrate_rad[0];
ang2rate_tmp[0] = ang2rate_rad[0];

/* calculate measured torque of joint 1, Nm. */
outportb(GIO_USCW, ADSTOP); /* stop A/D conversion */
ad_byte[0] = Isb = inportb(LSB);
ad_byte[1] = msb = inporth(MSB) & "\x0F';

}
elseif (i == 1
imp(1]) > 0.00)
= 19.634954 / (65535 - tmp2);
), ﬁ 00)
":;f_uu‘— 4 / (65535 - tmp2);
l

ang tmp

L ca]y:uhr.e acceleration of joint 2, rad!uc*z */

A %ﬁﬂ%ﬁﬁ‘i N9

[1] = angrate_tmp[1];

ammﬁ b aeL AL E

angZrate_tmp[1] = ang2rate_rad[1];

/* calculate measured toruge of joint 2, Nm.*/
outportb(GIO_US5SCW, ADSTOP);
ad_byte[2] = Isb = inportb(LSB);
ad_byte[3] = msb = inporth(MSB) & "\xO0F";
torque_msr{1] = -1.0%(AD_slope[1]*((msb*256) +1sb) + AD_const[1])
*mtr_amp_cst{1]*trans_ratio[ 1]*trans_efficiency[1];
}
elseif (i == 2) {

/* calculate linear position of joint 3, meters. */
tmpl = encoder|1];



tmp3 = tmpl > > = 24;

tmpl = encoder{2];

tmpl < <= 16;

tmpl >>=§;

tmpl + = tmp3;

ang_rad[2] = tmpl * 1.240234e-7; /* m/step */

/* calculate linear velocity of joint 3, m/sec */
tmpl = encoder{3];

tmp2 = tmpl > :r iH

i_f{ == [k &l §

else if (tmp2 L :
siids 21 > 0.00)
248047 / (65535 - tmp2);
if < 0.00)
'*1“"" ‘Bﬂﬂ' !/ (65535 - tmp2);

F';
*256)+1sb)+AD_const{2])
‘W cst[Z]*Lrlna ]"tﬂns _efficiency[2];

o ﬂUﬂqwﬂw5WH1ﬂi
- quw UNIINYIAY

nuqoonb{Ml OxF8); /* master controller: enable timer tick,
keyboard, slave controller */
outportb(OxAl, 0x5F); /* slave mlml]er enable coprocessor,
IRQ15 */
outportb(0x70, 0x80);  /* off NMI */
printf{"setup BIOS parameters for SDP transmission\n");
}

void lowlevel_reset(void)

{
outportb(GIO_USCW,PA_PB_MODEI1); /* refresh transmission mechanism */
outportb(0x21, 0x00);  /* master controller, BIOS level standby */
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outportb(0OxAl, 0x9C);  /* slave controller, BIOS level standby */
outportb(0x70, 0x00);  /* on NMI */
printf("reinstall BIOS parameters to the original condition\n");

void out_torque(float *torque)
unsigned int i;

unsigned int output_byte[NUMJOINTS];
float voltft NUMJOINTS];

for(i =0;i < NUMJOINTS: i-
\\:\\u
/* convert actuating [oral ‘
volt[‘] = lorque AR 08 eft 1 |
10|

if (voltfi] =="1040)

else if (voltfal
i

/* convert @oltage (g 3

output_bytelil € (BOMDIA" lopelilolfi) #DA_consti));

/* compensationfor smaif-deadzo Amp */

if (output_byte{ ‘f” byte[i] <= 0x82)
output_bytefi} = :

else if (output_byiefi = = 0x71 byte[il < Ox7B)

1< - 0x88)

/* send IJI~+ code to D/A converter */ m
uutpcrrtb{DA" i, output_ byte[illg s

o ﬂﬂﬂﬂﬂﬂﬂﬁWHﬂﬂi

void data mllact[vm
{

5H$M$MMEMNWW?ﬂHWﬁH

angrate_rad[NUMJOINTS
axtum ﬂm angZrate mdﬁUWﬂM],
extern float T_operating[NUMJOINTS];
extern float torque_msri{NUMIJOQINTS];
extern int data_pnt;
extern float data 2[NUMPOINTS];
extern float data 4[NUMPOINTS];
extern float data_6[NUMPOINTS];
extern float data 8[NUMPOINTS];
extern float data 1O[NUMPOINTS];
extern float data_12[NUMPOINTS];
extern float data_14[NUMPOINTS];
extern float data 16[NUMPOINTS];



}

void data_write(void)

{
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extern float data 18[NUMPOINTS);
extern float data_19[NUMPOINTS];
extern float data 20[NUMPOINTS];
extern float data 21[NUMPOINTS];
extern float data 22[NUMPOINTS];
extern float data_23[NUMPOINTS];
extern float data 24[NUMPOINTS]:

data_2[data_pnt] = ang_rad[0];
data_4[data_pnt] = ang_rad[1];
data_6[data_pnt] = lns_radlz =
data_8[data_pnt] = angra
data_10{data_pnt] = angrate
data_12[data_pnt] = angrat
data_14{data_pnt] = angPrate"rs
data_l6{data pnt] =.ang@ate sl
data_18[data_pnt] = agg@fh lr
data_19[data_pnt]

FILE *stream: ..
extern float time Hnrl[n.l WMEOINTS s
extern float data | NI 4
extern float data T2 NUMPOINES
extern float data {1

]_uwrmmaﬂ

ﬂlﬂm float data_ _14[NUMPOINTS];
extern float data_15[NUMPOINTS];
extern float data_16[NUMPOINTS];
extern float data_17[NUMPOINTS];
extern float data_18[NUMPOINTS];
extern float data_19[NUMPOINTS];
extern float data 20[NUMPOINTS];
extern float data 21[NUMPOINTS];
extern float data 22[NUMPOINTS];
extern float data_23[NUMPOINTS];
extern float data_24[NUMPOINTS];

int i;
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stream = fopen("d:\\pos.csv", "w");

for (i = 0; i < NUMPOINTS; i++) {

fprintf(stream, " %#6.6f, %#6.6f, #6.6f, %#6.6f, H#6.6f, H#6.6f, B#6.6fn",

time_point[i], data_1[i], data_2[i], data_3[i], data_4{i], data_5[i],

data_6[i]);

}

felose(stream);

stream = fopen("d:\\vel.csv", "w"

for (i = 0; i < NUMPOINTS; i ‘

fprintf(stream, " %#6.6f, % #6.65, BI6LOF L HE65, 5 #6.6f, % #6.6f, %#6.6f\n",

tmﬂ_jﬂlnt[ﬂ. data_7[i], data 8{i}, data_SLif, d8t540(i], data_11[i],
data_12[i]); »

ﬁm*_Fﬂiﬂt[iL .
data_17[i], data_18[i
} : L
fclose(stream);
stream = fopen("d:\tor g8
for(i=0;i < P!
fprintf(stream, " %#6.6F, T#6
time_point[i], data_19]i] Jék
data_23[i], data_24[i]);

}

fclose(stream);

Pﬁn&t-m -‘:' .'
} 17
void home(void)
{

m“"ﬂ’ﬂ"ﬁi“i"‘ﬂ”ﬁ‘ﬂ‘iﬂﬂ’m‘i
SUNIINYAY

§  current_position[i] = ang_rad[
if (current_position[i] < 0.0) {
while (ang_rad[i] < -0.00002) {
outportb(DA1 +i, 0x71);
data_sampling();

ﬁMPZ rudyﬂ

}

}

else if (current_position[i] > 0.0) {
while (ang_rad[i] > 0.00002) {

outportb(DA1 +i, 0x88);
data_sampling();

data_sampling();
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switch (i) {
case 0 : MHC1 _active();
printf("joint | home, %#6.6f rds\n", ang_rad[i]);break;
case | : MHC2 _active();
printf(”"joint 2 home, %#6.6f rds\n", ang_rad[i]);break;
case 2 : MHC3_active();
printf("joint 3 home, %#6.6f rds\n", ang_rad[i]);break

default : break;
}
}
}
double uniform()
{

} return((double)(rand() & R

void raﬂ'D_updatn{int num)

extern float data 1[NUMPOINTS];
extern float data 3[NUMPOINTS]:
extern float data SINUMPOINTS];
extern float data 7[NUMPOINTS];
extern float data_9[NUMPOINTS];
extern float data_11[NUMPOINTS];
extern float x_ref[2*NUMIOINTS);



}

void onepoint_movePD(void)

{

}

void controller PD(void) /* max. sanipé

{
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x_ref[0] = data_I[num];
x_ref[1] = data_3[num];
x_ref[2] = data_5[num];
x_ref[3] = data_7[oum];
x_ref[4] = data_9[num];
x_ref[5] = data_11[num];

extern float x_ref[2
extern float ang_rad
extern float angrate_rad
int i, j;

for(i=0;i < 22,

data_collect();

401.6064 Hz */

extern float
extern float Kd ,, bt__ e ——
extern float ttrj; | A )

extern int trj_num;
extern float inp_ : OINTSL, m
extern float inp_ OINTS];

m“ﬁ?ﬁaﬁ’ ‘h’ﬂ‘n‘iwmm

9 pnnrﬁ'z > enter derivative gains (3 0 0)\");
printf("3 = > select standard input (4 4 4)\n");

printf("4 => enter input amplitude (1.0 0.5 0.1)\n");

printf(*5 = > enter input frequency (0.5 0.5 0.5)\n");

printf("6 = > enter trajectory period (0.050)\n");

printf("7 = > number of trajectory points (500)\n");

printf("8 = > start control\n");

scanf(” %d", &key);

switch (key) {
case 1: scanf(" %f %f %f", Kp, Ep+1, Kp+2); break;
case 2: scanf(" %f %f %®f", Kd, Kd+ 1, Kd+2); break;
case 3: scanf(" %d %d %d", tf_idx,trj_idx+1,trj_idx +2);break;
case 4: scanf(" %Ff %f %", inp_amp,inp_amp+ 1,inp_amp + 2); break;




case 5: scanf(" %f %f %", inp_frq,inp_frq+ 1,inp_frq+2);break;

case 6: scanf(” %f", &ttrj); break;

case 7: scanf(" %d", &trj_num); break;

case 8: yy = 1; break;

default : exit(0);

}

}
make_ref(tr_idx);
AMP1_ready();
AMP2_ready();
AMP3_ready();
for(n = 0; n < tj_num; n++

pnntf("md of

./* self-tuning controller proggiir
/* declaration of external variahjés
float T_nominal[NUMJOINTS]; #* noti i ng tijectory (Nm.) */
float KINUMJOINTS][2*NUMJOINTS <1+ adap in matri

/* function prototypes f
void lowlevel_setup ST w

void interrupt coml_ ';n- ﬂ:gmuhns*f
void interrupt com2 com1-8T(void); f* comz-mml trans

void do_trans ST[vmd}. n!* routine fur haractor transmitting control */
void trans torque _u i measy 165 pickedy T ing */
void trans_ang_ : %IT

void trans a ansmitti

void trans_ang2rate fvmd},f* ]omlnmgpmkadupfnr
void trang=x_diff(yoid)e, /

AT I ) ¢
void receivgK(void); forming received charactors as K */

void setting_ST_PD(void); /* parameter setting changing ST to be PD scheme */
void refST_update(int num); /* update reference input to controller */

void onepoint_moveST(void); /* moving one point along traj. in ST manner */
void controller_ST(void); /* performing ST controller */

void lowlevel setup ST(void)

{
install_isr(coml_com2_ ST, IRQ12);
install_isr(com2 coml_ST, IRQ11);
outportb(0x21, 0x00);  /* master controller: enable all */
outportb(OxAl, 0x00);  /* slave controller: enable all */
outportb(0x70, 0x80);  /* off NMI */
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DISABLE_OUT
DISABLE_IN

printf("setup BIOS-parameters for operating Self-tunning controller\n");

void interrupt coml_com2_ ST(void)

EOI 12
do_trans ST();
}
void interrupt com2_coml_STY(
{
extern int char_index;
extern unsigned char
EOI_11
switch (char_ind
ST(); break;
O USPB);
}
}

void do_trans_ST(void)

{
extern int char_igde
extern unsigned ehs

switch (char_in !.3- :
i 1! : R ran _lcgm_mﬂ; break;

o‘m-tb(ﬁlﬂ USPA trans chunch:r[chur - index]);
char mdux++

ammﬂﬂmwwmma

case 63: DISABLE_OUT ENABLE_IN

outportb(GIO_USPA, trans chnmutur[dur_mdax]}.
char_index + + ;break;

case 96; ENABLE OUT trans_torque_msr(); break;

case 104: trans_x_diff(); break;

case 119: DISABLE ._OUT ENABLE_IN

default: outportb(GIO_USPA, trans chu:ctor[nhar_indaﬂ};

char_index + +;

}

void trans_torque_msr(void)
{



}

void trans_ang_rad(void)

{

}

{

}

extern int char_index;

extern unsigned char trans_charactorf NUMTRANS];
extern float torque_mst{NUMIOINTS];

unsigned char *iptr;

int i;

iptr = torque_msr;

for(i=0;i < 8i++)
trans_charactor{char_index +i] = “'{:ph'-i-l},

outportb(GIO_USPA, trans_chara

char_index + +;

iptr = ang_rad;
for(i=0;i < 8; i+
trans_characi
nutpurtb{GIO USP.A
char_index + +;

fff ,'f,.--_-_.:"'

void trans_angrate_rad(void) S ..Lt::f
L o

extern int char Jinte:
extern unsigned'cHar

I
extern float angrale-rad
unsigned char ---1‘

int i;

E‘&:":ﬁ‘ﬂi“ﬁLQVlElVl‘iWElﬁﬂ‘i

+i] = *{lptl'"“ 1]!

°ﬁ’%‘? T Ny1a Yy

void h'm_lng?.ﬂta_md{void)

{

extern int trans_char_index;

extern unsigned char trans_charactor{f NUMTRANS];
extern float ang2rate rad[NUMJIOINTS];

unsigned char *iptr;

int i;

iptr = ang2rate_rad;

for(i=0;i < 8;i++)
trans_charactor[char_index +i] = *(iptr+i);

outportb(GIO_USPA, trans_charactor[char_index]);
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char_index + +;
}

void trans_x_diff{void)
{
extern int char_index;
extern unsigned char trans_charactor{ NUMTRANS];
extern float x_difff2*NUMIOQINTS];
unsigned char *iptr;

it 1;

iptr = x_diff;
for (i = 03 i < S

nutpoﬁb(GIU:U PR, 1
char_index + +;
}

void receiv_T_nominal(vaos

{
extern int char_ind
extern unsigned char t
extern float T_nomin
unsigned char *iptr;

int i;

trans_charactor{char_ing
ip-h' = T_ﬂﬂ“ i

for (i = 0;i < ii:,’-,

} chlr_ind:xﬁfl- 7
mm““ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂﬁﬂi

e?.l.l‘.ammt
utamunsnpudnhutrm charactér{ NUMTRANS);

QMNEWWﬂWﬂWW?ﬂHWQH

trans cleml:or[char index] = inportb(GIO_USPB);
lph- =
for(i=0;1<8;i++)

*(iptr+1) = trans_charactor{char_index-31+i];
iptr += 12;
for (i = 0;i < 8; i++)

*(iptr+i) = trans_charactor[char_index-23+i];
iptr += 12;
for(i=0;i < 8;i++)

*(iptr+i) = trans_charactor{char_index-15+i);
iptr += 12;



}

for(i=0;1 < 8; i+ +)
*(iptr+i) = trans_charactor[char_index-7 +i];
char_index + +;

void setting ST PD(void)

{

{

}

voi

extern float Kp[NUMJOINTS];
extern float Kd[INUMJOINTS];
extern float T_nominal[NUMJOINTS];

K[0][1] = K[O][2] =€
K[1]{0] = K[1){2] = &
K[2][0] = K[21(11 ="K 2%
for (i = 0; i < NUN
K{illi]

extern float data | S[HUMPO 5'!#1"
extern ﬂmtdm 7 (. :
extern float d {_L T Vi
extern ﬂnﬂ.td.u _-'_——_f'
extern float x_ *’ AY )
x_ref[0] = data_1[ii ll m]; m
x_ref[1] = data_ 3[nur.ﬂ

ref[4]
%x_ref[5] = ,_11[num];

Qﬁqﬁﬂﬂ‘im UAIAINYA Y

extern float x[2*NUMJOINTS];

extern float x_ref[2*NUMJOINTS];
extern float x_diff[2*NUMJOINTS];
extern float T _nominal[ NUMJOINTS];
extern float T_operating[NUMJOINTS];

inti,j, 1;

for(i=0;i < 17;i++){/*@ i = 1, exec. time must be 4 ms */

data_sampling();
for (j = 0; j < NUMIJOINTS; j++) {

. x[j] = ang_rad[j];

RN INGNT
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x[j+3] = angrate_rad[j];

for (j = 0; j < (2*NUMJOINTS); j+ +)
x_difflj] = x(j] - x_ref[j};
for j = 0; j < NUMJOINTS; j++) {
T_operating[j] = T_nominal[j];
for (1 = 0; 1 < (2*NUMJOINTS); 1+ +)
T_operating(j] -= K[jI[1] * x_diff[1];

int yy = 0, key;
long n;

]owhmlsumpST(}
while (yy == 0) {

|‘l'|| '};
equency (0.5 0.5 0.534a");

Pﬂmﬂ:: :;.miwm period (0.050)\n");
A SRR T S

switéh (key) {

AR ﬂiﬁﬁ%ﬁ%ﬁﬁﬂm

case 4: scanf(" %f %f %{", inp_amp,inp _amp+ 1,inp_amp+2);break;
case 5: scanf(" %f %f %f", inp_frq,inp_frq+1,inp_frq+2);break;
case 6: scanf{" %f", &ttrj); break;

case 7: scanf(" %d", &trj_num); break

case 8: yy = 1; break;

default : exit(0);

}
}
make_ref(trj_idx);
AMPI1_ready();
AMP2_ready();
AMP3_ready();
setting ST PD();



}

void com1_com2_ST(void);
vm:ldn trans_ST(void);
void trans_T nominal(void);
void trans_K(void);
void receiv_get A ST{void);
void receiv_get K(void);
void refST_update(int num);
void get A matrix_ST(void)
void get Phi_matrix(void);
void get K_matrix(void);
void parameter_collect ST(void);
void data_write ST(void); -
void compute_T_nominal(void);
void controller_ST{void);

{

}
void com
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for{(n = 0; n < tj_num; n++) {
ADAPTATION /* overall adaptation rate must be 50 msec */
refST_update(n);
onepoint_moveST();

}

MHCI1_active();

MHC2 _active();

MHC3_active();

printf("end of path tracking operation\n”);

void lowlevel_setup ST V?_‘H‘

wrpnrtbtn:zl.m' e
outportb(OxAl, 0x8&€);  /* slave controller: disable [R 11 %/
/* off NMI */
‘ %ﬂﬂ ﬂ%‘?l%ﬂﬁ’lflﬁ ’
DISAB
ENABLE
tf{"sd;up [0S-level parameterg for Salt' controller\n” Y

AR GINTUANINGAE

extern int char_index;
extern unsigned char trans

S];

switch (char_index) {

case 31: DISABLE_IN receiv_get A ST(); compute T nominal();
do_trans_ST(); TTRAJ_HIGH break;

case 63:

case 119: DISABLE_IN receiv_get K(); get K_matrix();
do_trans ST(); break;

default: trans_charactor{char_index] = inportb(SDI_U21PA);
char_index + +;
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}

void do_trans_ST(vaid)
{
extern int char_index;
extern unsigned char trans _charactor[ NUMTRANS];

for(i=10;i< 100;i++); /*i= 100 C '*.l’
switch (char_index) { \
case 32: ENABLE OUT

case 39: AB “‘:...‘ ENA

}

void trans_T_nominal(void)
{
extern int char i
extern unslgne-d ”"""—""'"" NUM
extern float T_nOhdls
unsigned char * “'lpt l
int i; -

g’% ANENINYINT

mltportb(SD _U21PB, trans_characfor{char_index[);,

) m*a\ﬂnituum'mmaa

void trans K[vmd}

{
extern int char_index;
extern unsigned char trans_charactor{ NUMTRANS];
extern float K[NUMJOINTS][2*NUMJOINTS];
unsigned char *iptr;

iptr = K;

for (i = 0;i < 32; i++)
trans_charactor{char_index +i] = *(iptr+i);

outportb(SDI_U21PB, trans_charactor{char_index]);
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char_index+ +;
!

void receiv_get_A_ST(void)

{
extern int char_index;
extern unsigned char trans_charactor{ NUMTRANS]:
extern float ang_rad[NUMJOINTS];
extern float angrate_rad[NUMJOINTS];
extern float B.nngI.tﬂ l‘ld[NUhﬂO ||.' )
extern float torque _ms AJOL :
unsigned char *iptrl, "lp g ' \
int i; \J

trans chumctur[char ndex]
iptrl = torque_ms
iptr2 = ang_rad;
iptr3 = angrate_rad;
iptrd = lng:!uh:_
for(i=0;i < 8;
*(iptrl +i) = trans
*{iptr2 +i
*(iptr3 i)
} *(iptrd +i)

char_index+ +;
}

void receiv_get K(void)
{
extern int char jmdex
- extern unsigned Cher
extern float torqué ms
extern float x_diff{2 MNUMJOT
unmgmd char 'Hptr ‘Ipuz

wﬂumnmmmm

iptrl = tordile_msr;
iptr2 = x_diff;

“51 ﬁﬁﬂﬁﬂiﬂlﬂﬂﬂlﬂ 9188

*(iptr2 +i) = trans _charactor{char_index-15+i];
*(iptr2 +8+i) = trans chnmtur[chu: - index-7 +i];

char_index + +;
}

:ﬁd refST_update(int num)

extern float z_ajcref[4*NUMJOINTS +1];
extern float data_|[NUMPOINTS];
extern float data_3[NUMPOINTS];
extern float data 7[NUMPOINTS];
extern float data 9[NUMPOINTS];



}

void get_A_matrix_ST(void)

{
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extern float data_13[NUMPOINTS];
extern float data_15[NUMPOINTS];

z_ajcref[0] = data_13[num];
z_ajcref[1] = data_15[num];
z_ajcref[2] = data_7[num];
z_ajeref[3] = data 9[num];
z_ajcref[4] = sin(data_1[num]);
z_ajcref[5] = cos(data_1[numl]);
z_ajcref[6] = sin(data_3[num]);
z_ajcref[7] = cos(data_ 3[lmm \
z_ajeref[8] = 1.00; b ‘~ i f10

extern float ang_rad[4§i
extern float angrat€ ra
extern float ang2rag
extern float torque
extern ﬂmIA atri
float p_A[4*
float z_ajc[4*NUMIQL
float TINUMJOINTS];
float k[4*NUMJOINT
float sNUMJOINTS
ﬂoattmpl[li*NUM]O TS
float tmp2, tmp3;
unsigned int i, j, t;

{* setup input Vi ""_—_ ‘
z_ajc[0] = angZrefE=raa{Of; Y )
z_ajc[1] = anglriite ¢
z_ajc[2] = angrate_yad[0];
z_aje[3] = angraté”rad[1];
z_ajc[4] = am{ang_

o R

ﬂmmn‘imummmaa

least square identification */
fc-r (i= ﬁ i < (4*NUMIJIOINTS +1); i+ +)
for (j = 0; j < (4*NUMJOINTS +1); j+ +)
p_Alilli] = 1000000.00;
for (t = 0;t < 4; t++) { /* 4 times iteration */
for (i = 0; i < (4*NUMIJOINTS+1); i++) {
tmpl[i] = 0.00;
for (j = 0; j < (4*NUMJOINTS+1); j+ +)
tmpl[i] += p_A[il] * z_ajelj];

}
tmp2 = 0.00;
for (i = 0; i < (4*NUMJOINTS+1); i++)

tmp2 + = z_ajefi] * tmpl[il;



}

void get Phi_matrix(void

{
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tmp2 += 1.00;
for(i = 0; i < (4*NUMIOINTS+1); i+ +)
k[i] = tmpl[i]/tmp2;
for(i = 0; 1 < (4*NUMIJOINTS+1); i+ +)
for (j = 0; ) < (4*NUMIJOINTS+1); j+ +) {
if (i == j)
p_ALIG] = 1 - k[i] * z_aje[j];

_ALG] = - kil * z_aje[j];

else

extern float torque #Mis
extern float x_diff[2

extern float T_nn min
extern float T diffme:

float tmp1[3* ',E]‘- INTS];
float tmp2, tmp3;
unsigned int i, j, t;

:~mﬂuﬂ1‘l’lﬁlﬂ§1’181ﬂ‘i

T dtl’l"mmm{ﬂ] torque nm[nf

mewﬁwmaa

A1 = x_diff{1];
z{2] = x_diff[2];
z[3] = x_diff[3);
z[4] = T_diffmeasure[0];
z[5] = T_diffmeasure{1];
for (i = 0; i < (2*NUMJOINTS); i+ +)
wli] = 0.5 * x_difffi];
/* recursive least square identification */
for (i = 0;i < (3*NUMIOQINTS); i+ +)
for (j = 0; j < (3*NUMIJOINTS); j+ +)
p_Phi[i](j] = 1000000.00;
for(t=0;t < 5 t++){
for (i = 0; i < (3*NUMIJOINTS); i+ +) {



}

{
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tmpl[i] = 0.00;
for (j = 0; j < (3*NUMIJOINTS); j++)
tmpl(i] += p_Phifi](j] * z[j};

}

tmp2 = 0.00;

for (i = 0; i < (3*NUMIJOINTS); i+ +)
tmp2 + = z{i] * tmpl[i];

tmp2 += 1.00;

for (i = 0;i < {3-Nm.uom‘rs:u i++)
k[i] =

float tmpd{NUMJDH'F MIOINTS]; o,

ﬂwmﬂ’fwm'r'swmm
A 1INYE

Q(0) = Q1] = QI2] = Q[3] = 1.00; /* tracking eror weighting */

R[0].= R[1] = 1.00; /* control force weighting */

/* compute BQ as tmpl, [2%4] */

for (i = 0;i < 2*NUMIOINTS; i+ +) {
tmp1[0][i] = Phi[i][4] * Q[i];

) tmp1[1][i] = Phi[i][5] * Q[i];

/* compute R + BQB as tmp2, [2%2] */
tmp2(0][0] = R[0] + tmpl[0][0]*Phi[0][4] + tmp1[O](1]*Phi[1][4]
+ tmpl[0][2]*Phi[2][4] + tmp1[0][3]*Phi[3][4];
tmp2[0][1] = tmp1[{0][0]*Phi[0][5] + tmp1[O][1]*Phi[1](5]
+ tmpl[0][2]*Phi[2][5] + tmpl[0][3]*Phi[3][S];
tmp2[1][0] = tmp1[1][0]*Phi[0][4] + tmpl(1](1]*Phi[1][4]



}

+ tmpl[1]{2]*Phi[2][4] + tmp1[1][3]*Phi[3][4];

tmp2(1]{1] = R[1] + tmpI[1][0]*Phi[0][5] + tmp1[1]{1]*Phi[1][5]

+ tmpl[1][2]*Phi[2](5] + tmp1[1)[3]*Phi[3][5];
/* compute det of (R + BQB) as tmp3 */
tmp3 = tmp2[0][0]*tmp2[1][1] - tmp2[0][1]*tmp2[1][0];
/* compute inverse of (R + BQB) as tmp4 */
tmp4{0][0] = tmp2[1][1]/tmp3;
tmp4{0][1] = -tmp2([0][1]/tmp3;
tmp4{1][0] = -tmp2[1][0]/tmp3;
tmp4{1][1] = lmpzlﬂllﬂlfmpﬁ i\

/* compute inv(R + BQB)BQ 4 \ i
for i = 0; i < 2°NU .~x | &
tmpS[O](i] = tepHfO}{O*tm 1[0 |

tmpS[1][i] =

void parameter_collect_ST(void) ,*'_,..,. - 2

{

extern float data SINUMPQJ E\:zv Ju *
extern float d. g l’l -
extern float datalTdENTIMPOINTS]-
extern float datal, 12

extern float data_17 ?L
extern float data_18[]

extern i oat A mmuwum'rsnammunms +1];

extern float T _nominal[NUMJOINTS]:

extern float KINUMJOINTS][2*NUMIOINTS]:

data_5[ref pnt] = A_matrix[0][0];
data_6[ref_pnt] = A_matrix[0][1];
data_11[ref pnt] = A_matrix[1][0];
data_12[ref pnt] = A_matrix[1][1];
data_17[ref_pnt] = T nominal[0];
data_18[ref pnt] = T nominal[1];
data_19[ref pnt] = K[0][0];
data_20[ref pnt] = K[0][1];
data_21[ref_pnt] = K[0][2];
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data_22[ref_pnt] = K[0](3];
data_23[ref pnt] = K[1][0];
data_24[ref_pnt] = K[1][1];
data_25[ref_pnt] = K[1][2];
) data_26[ref_pnt] = K[1][3];

void data_write_ST(void)

{
FILE *stream;
extern float data S[NUMPOI
extern float data_ 6[NUMPOI}
extern float data 11
extern float data_12
extern float data_17

extern float data_22[N 'ﬂ
extern float data 23[NETMJ
extern float data_24[NUMPQ
extern float data_25[NJ “f
extern float data_26[d

int i;

stream = fopen("b:\\st1.c8
for (i = 0; i < NUMPOINTS
fprintf(stream, " %#6.6f, % #6

data_18[i]);

felose(stream); [
meum=-fupm V . “

fnr (t = ‘7' P

" RHG. 6!’ 'ﬁ#ﬁ ﬁf RH6.6f, BHCHE T H6.6f, i#ﬁ 61"% .6f, Bo#f6. ﬁf %#6.60n",

oWy
.;.,.mam»a;ﬂicu AN Y

T

a:m float T _nominal[NUMJOINTS];

extern float z_ajeref[4*NUMIOINTS +1];

extern float A_matrix[NUMJOINTS][4*NUMJOINTS + 1];
int i, j;

get A matrix_ST();
refST_update(ref _pnt);
for (i = 0; i < NUMJOINTS; i++) {
T_nominal[i] = 0.00;
for (j = 0;j < (4*NUMIOINTS+1); j++)
T_nominal[i] += A_matrix[i][j] * z_ajcref[j];

T#6.06, % #6.6F, % #6.6, %#6.6f\n",
time_point(i], data_S[i], dati &[], data 11} i, data_17[i],
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parameter_collect ST();
ref_pnt+ +;

void controller_ST{void)

{

extern float inp_amp[NUMIOINTS];
extern float inp_frq[ NUMIQINTS];
extern float ttrj;
extern int trj_num;
int trj_idx[NUMIQINTS] = {4
int yy = 0, key; -

long i, n;

pri:lltl’{'ulf—l:!mmg I.’ 00 INMs\D

while (yy == 0) {
printf("1 = >
printf("2 =
printf("3 =
printf("4
printf("5 =
printf("6
scanf(" %d"
switch

=}

}

ref_pnt = 0;

n=0;

make_ref(trj_idx);

‘““"’mm PUNINYINT

i MxﬂS&. ]nnl}xuﬂ}

’QW’lﬁ“ﬂﬂ‘iﬂJ UNIAINYQY

if ((Ox04 & inportb(0xAQ)) == 0x04) {
coml_com2 ST();
n++;

if (n == 75500) i = 10000000;

}
printf{"number of talking interrupts = %ld\n", n);
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