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0.1 Sampled data system and its mathematical representation

0.1.1 Discretization of continuous linear time invariant (LTI) systems
We consider a system represented by a state space model :

t = Az + Bu, 2(0) =z

y = Cx + Du
We assume that a zero order holder is inserted in front of the system and the output of the holder is denoted w(kT),
which is a input for the plant. The output of the plant is sampled at time instance kT and it is denoted y(kT). If we
consider u(kT) and y(kT') are input and output of the system, the system can be considered as a discrete time system

which convert the input sequence {u(kT)} into {y(kT)}. The input-output relationship of the system can be easily
calculated as follows. Since the input for the continuous system is held constant during the sampling interval:

u(t) = uw(kT) (KT < t < (k+1)T) (1)

and the solution of the differential equation (1) is given by

z(t) = eMrxy + /teA(t_T)Bu(T)dT (2)
0
y(t) = Cux(t) + Du(t), (3)
y(kT) is represented by
kT
w(kT) = eTzy + / eAFT=T) By(7)dr (4)
0
y(kT) = Cuz(kT) + Du(kT). (5)

Next, let consider the output at time ¢ = (k + 1)T. The output at the instance is similarly obtained as

(k+1)T
e(k+1T) = AT 4 / eAEHDT=T) Boy(7)dr (6)
0
y(k+1)T) = Cz((k+1)T) + Du((k+1)T). (7)

From this equations, we can easily obtain a recursive representation of z(kT) as follows. Since
kT
e((k+1)T) = eATe Tz, + eAT/ eAFT=7) By(7)dr
0

(k+1)T
+ / eAEHDT=T) By (1) dr (8)
kT

and u(t) is u(kT) over[kT, (k + 1)T), we have
(k+1)T
z((k+1)T) = eATx(kT) + / eAEHVT=T) By (1) dr. (9)
kT
Moreover, the second term in the above equation can be modified as
(k+1)T T

/ eAEHVT=T) Boy(r)dr = / eATdr Bu(kT). (10)

kT 0

If we define the following constant matrices;

T
d =T ::/ eATdr B, (11)
0



y(kT) can be represented using(xz(kT),u(kT)) as

z((k+1)T) = ®x(kT) + Tu(kT) (12)
y(kT) = Cz(kT) + Du(kT). (13)

This difference equation is a discrete time state space representation of the continuous system. Please notice that
once the sampling interval T is given, the matrices, (®,T’), are calculated as constant matrices. As in the preceding
procedure, determination of the discrete time state space representation from the continuous one is called discretization
of a system. If we should know the state value during the interval, it can be determined by

e(kT+7) = eMa(kT) + /T eAdrBu(kT), (0 < 7 < T) (14)
0

ykT +7) = Czx(kT+71) + Du(kT) (15)

z transformation and pulse transfer function

In the previous section we have learned how to obtain a discrete time state space representation form the continuous
one. Of course, we can use the representation for controller design, however, sometimes input-output property is
required. In a continuous time case, input-output relationship is represented by a transfer function using Laplace
transformation. In the discrete time case, the Laplace transformation is replaced by z-transformation. Before we
mention the input-output relationship of the system, how to solve difference equations using z-transformation, which
is similar to how to solve differential equations using Laplace transformation. The z-transformation is define as follow.

[Definition] O z transformation of a sequence {f(kT)}

Z{f(kT)} = F(z) = > f(kT)z"" (16)

k=0

Properties of z transformation can be listed as follows;

1. (Linearity)
Z{afitefel = aZ{fit + Z{f}

2. (Shift)

Ukt mT)} = 22U - 3 F0T) )

=0

Z{f((k=n)T)} = z7"Z{f}
3. (Convolution)
Z{f gy = Z2{f} - Z{g}
goano

k
frg =Y f((k—=DT)g(IT)
1=0

4. (Inverse formula)

fET) = % F(z)zF tdz

5. (Initial value theorem)



6. (Final value theorem)
flo0) = lm(1 - z")F(2)
7. (Parseval theorem)
oo 1 . '
D LKD) = o | |F(e7)d0
k=0

2r J_

As a transfer function is defined as a fraction of a Laplace transformation of output signal and a Laplace transformation
of input signal, a pulse transfer function of a system is defined as a fraction of a z-transformation of output sequence
and z-transformation of input sequence. The pulse transfer function can be also obtained using a discrete time state
space representation. That is, z-transforming (12) as

zX(z) — zz(0) = ®X(2) + T'U(2), (17)

if we assume 2(0) = 0, we have
X(2) = (21 —®)"'TU(2).

Therefore, the pulse transfer function is determined as
H(z) = C(zI —®)"'T" + D. (18)

[Example] Discretize the following LTI system and obtain its pulse transfer function.

£ = [g 3]“[?]“
y = [1 0

Since the matrix A has a special property, (®,T") can be easily determined as follows;

P

0 1

T T lTQ
r = / A" B :/ I+ ArdrB = | 2 .
0 0 T

From the definition of a pulse transfer function, the corresponding pulse transfer function is calculated as

o - va(a- [ T[] - B

Pulse transfer function and its frequency property

T+A40+4... = [1 T],

In the previous section, pulse transfer function is introduced in order to characterize input-output relationship of
discrete time systems. Since the pulse transfer function is not defined based on continuous time ¢, it has no relationship
to the sampling interval T'. If we design a controller for continuous time plant using a sampler and holder, frequency
property of the controlled system is very important, however, the frequency property is not linked directly so far. In
this section, how to extract the frequency property from the pulse transfer function is discussed.
As is well known that if we inject a input:
u(t) = sin(wt) (19)

into a stable continuous LTT system, the output of the system can be represented by 0 O O

y(t) = [H(jw)|sin(wt + ArgH (jw)) (20)



after a transient, where H(s) is the transfer function of the system. In this case H(jw) is referred to a frequency
transfer function. This equation means that the frequency transfer function is obtained by substituting jw into s if
the plant is stable. H(jw) contains information how the magnitude and phase of the injected sinusoidal signal whose
natural frequency is w are influenced by the system.
Next, we consider how to obtain the frequency transfer function in a discrete time case. Let consider to inject a
input signal:
u(kT) = sinwkT (21)

into a system whose pulse transfer function is H(z). Using z-transformation, Y (z) is obtained as follows:

zsinwT
U(z) {u(kT)} 22 — 2zcoswT + 1 (22)
Y(z) = H(()U(z). (23)
Using the inverse formula, the inverse transform of Y (2) is calculated by
zsinwT
KT) = 2z '{H
y(kT) {H() 22 — 2zcoswT + 1}
1 2FsinwT
= —o¢QH . 24
2mj (2) 22— 2zcosT +1°° (24)
If H(z) does not have any pole on a unit circle, the output is calculated as
H(eij)ejwkT H(e—ij)e—jwkT i
y(kT) = 5 - 5 + ) R(a)a*. (25)
|| <1
Moreover, if k is large enough, a third term in the above equation vanishes, we have
y(kT) = |H(e7*T)|sin(wkT + ArgH(e?*7T)). (26)

From this equation, we can see that the frequency transfer function of the pulse transfer function can be obtained by
substituting e/“T into z. Moreover, if we substitute w + w; in stead of w, where
27

s — T 27
w =2 (27)

the value does not change since ' '
H(e?@HedTy = [g(esvT). (28)

Therefore, the frequency property of H(z) is a periodic function whose period is ws. This property is due to that if
we inject a signal:
u(t) = sin(w + ws)kT (29)

into a sample and holder, the signal can not be distinguished from () = sinwkT by sampling operation. This kind of
phenomena by sampling is referred to aliasing which has strong relationship to well known sampling theorem, however,
it is not discussed here.



Chapter 1

State Space Representation, Shift
Operators, and DARMA Model

We are now familiar to state space representation and its pulse transfer function. The pulse transfer function represents
input-output relationship without the intermediate variables, states, in z domain. Now we consider a time domain
representation of the input-output relationship of the systems.

1.1 Forward and Backward Shift Operators

1

Forward and backward operators, ¢ and ¢~ are defined as follows:

qy(k) = yk+1) (& = 0) (L1)
ORISR S A (12)
and consequently,
dy(k) = ylk+i) (k > 0) (1.3)
g y(k) = { g(k =) glg i ,?< ) (1.4)

Please note that the shift operator ¢ seems to be very similar to z transformation, however, it has very different property
as they ’ignore’ initial value of the signal though it is always taken account into in the z transformation.(That is, if
we ignore the initial value, ¢ is equivalent to z in a form.)
In general input-output relationship of time invariant linear system can be represented as
P(g)z(k) = Q(q)u(k), k =0 (1.5)

y(k) = R(q)z(k), z(k)e R’ u(k)e R™ y(k) € RP

using the forward shift operator ¢ where z(k) is a ’'partial’ state. To ensure existence and uniqueness of the solution
to (1.6), we require P(q) to be square and nonsingular for almost g.
The difference operator representation includes the state space representation as a special case when

Plg) = ¢ -A (1.7)
Q@ = B (1.8)
R(q = C (1.9)
z2(k) = (k) (1.10)



1.1.1 Left Difference Operator Representation and Observer Form

As a special case of the difference operator representation, left difference operator representations are given by

Dr(q)z(k) = Ne(Qu(k), k=0 (1.11)
ylk) = =(h), (1.12)

or equivalently,
Dr(q)y(k) = Nr(q)u(k). (1.13)

If we consider a single-input single-output (scaler) system whose pulse transfer function H(2):

H(Z) . b1zl by 2+ by, (1 14)
Cap"+ a1z M+t ap_1z +an '

then ignoring the initial response we have
Y(z) = H(2)U(z). (1.15)

Therefore, we have

(@02 4+ a1z a1z 4+ a,)Y(2) = (b2 be2" 2 4+ b,)U(2), (1.16)
and since now z can be considered as a forward shift operator, it can be represented as

(aog™ +a1q" '+ + an—1g+ an)y(k) = (b1g" "t + bag" 2 + -+ by )u(k) (1.17)

in the time (index) domain k. From the pulse transfer function we have derived a particular left difference operator
representation of the system where

Dr(q) = aoq"+a1q" '+ -+ an-19+an (1.18)
Qulg) = big" " Hbag" P+ 4 by (1.19)

Once we have a left difference operator representation of the system, a special state space representation can be
easily obtained as follows. In (1.17) operating shift operator and shifting the index, we have

a an b bn,
y(k) = Zy(k — 1) + -+ Zy(k —n) + —u(k — 1) + -+ Zu(k —n), (1.20)
ao ao ao ao
where we assume qg # 0. Introducing new variables so that the right-hand side of the definition of the new variable
just contains the term whose index is just smaller than 1, i.e.

y(k) = —Z—;y(k 1) - = Z—Zy(k —n)+ Z—Zu(k -+ 4+ 2—"u(k —n) (1.21)
= Bylk—1)+rk-1)+ b—lu(k —1) (1.22)
ag ago
ri(k) = —Z—zy(k )+ ralk—1)+ Z—Zu(k ~1) (1.23)
(1.24)
rn-1(k) = —a—ny(k -1+ b—"u(k -1) (1.25)
aq ap
Now we define a state vector as
(k) = [y(k), ri(k), - rn—a (B)] (1.26)



leading to the following state state representation:

_a 0 b
ao ao
—Z—f} 0 1 . 0 .
z(k+1) = e 0 |x(k)+ u(k) == Ayx(k) + bou(k) (1.27)
—Gn-1 1 .
—moo 0 0 ba
ao ao
yk) = 1,0, 0a(k) = cor(k) (1.28)

which is called observer form or observable canonical form. The above representation is called observer form since
an observer can be easily designed based on the observer form. Let & be the estimated state of the system and the
observer dynamics is given by

Tk +1) = Aoz (k) + bou(k) — ko(9(k) — y(k)) (1.29)

where

ko = [ko k1, -, k) (1.30)

Then the error system of the state is geven by

Tk +1) = (A, — boko)Z(k), z:=z(k)— x(k) (1.31)
Since we have
—k1 — Z—; 1 . .0
—ko — Z—f) 0o 1 . 0
A, — Kyc, = . 01, (1.32)
—kp_1 — GZ_O—l . 1
—kn — ‘;—; 0O . 00

and det(z] — (Ao — Koco)) = 2" + (k1 + ¢)z + -+ kn + 9=, {ki} is easily determined if the desired pole allocation
of the observer is assigned. Please note here that once the observer form is obtained, the backword operations in the
preceding discussion gives the representation of (1.20). In the preceding discussion, the observer form was derived
from a transfer function, however, it will be dangerous for the design, especially for servo controller design, since
uncontrollable modes may disappear in the model. For the controller design purpose, the state space model should be
transformed into observer form from the original state space model but from the transfer function. See the details in
an example below.

1.1.2 DARMA Model

From the above derivation, it has been seen that if the expression as in (1.20) is given, the other expressions can easily
obtained. The expression itself, however, has very natural meaning how the current output is influenced by the past
output and the input. The model like (1.20) is called DARMA model. The name DARMA stands for Deterministic
Auto Regressive Moving Average where ’deterministic’ means that there is no stochastic term in the model. ARMA
is a model of a stochastic system and is also combination of AR and MA. If the ARMA model has no input u(k) but
stochastic signal w(k), i.e.

ai

y(k) = Lyl = 1) oot 2y =) el = 1) 4o (1.33)

it is called AutoRegressive model. If ARMA model has only stochastic term, i.e.
y(k) =cwlk—-1)+--- (1.34)

it is called a moving average model. If the right-hand side of the equation contains all terms, i.e.

n b bn
y(k) = ﬂy(k—l)~6-~-~-|-a—y(k—n)—i——1u(k—1)—|--~-—|— —u(k—n)+cawlk—-1)---, (1.35)
ag ag ao Gn,



it is called ARMAX model where "X’ stands for auXiliary input u(k) and ARMAX model is just a DARMA model
with stochastic signal w(k).
In general DARMA model is defined by

Agy(k) == Ajy(k —j)+ Y _Bju(k—j—d), k >0 (1.36)
J=1 j=0

where y(k) € RP,u(k) € R™, Ao is square and nonsingular, A;, B; are appropriate matrices, and d stands for time
delay.
Using the backword shift operator ¢—1, (1.36) can be expressed as

A(gH)y(k) = B(g")u(k) (1.37)

where
AlgY) = Ag+Aig M+ + Ay (1.38)
B(gY) = (Bo+Big '+ 4 Bp,g ™)g (1.39)

As shown in the previous section, this model is just one of a left difference operator representation.
Moreover, (1.36) can be expressed as

y(k) = ¢* (K)o, (1.40)
where 0] € RP*V is a parameter matrix (low vector for scalar case) which contains elements of A; and Bj, ¢ €
Rv*m1tmi g called a regression matrix (regression vector for scalar case) which contains {y(k—1),---,y(k—n1),u(k—
d), - u(k —my —d)}. (Note that in the scalar case, 61 ¢ = ¢T6y.)

[Example]
Let consider a system ,which is an one-step delay element with constant disturbance, given by the following
difference equations:

nk+1) = n(k)
z2(k+1) = wu(k)

y(k) = z(k)+n(k)

it can be represented as

wk+1) = [(1) g]x(kﬂ—[?]u(k)
y(k) = [1, 1] (k).
Using the PBH(Popov-Belevitch-Hautus) tests, i.e.,
rankC = rank[b, Ab] =1 (1.41)
rankNT = rank[cT, ATcT) = 2, (1.42)

it can be seen that the system is not completely controllable but completely observable. Then the all state will give
influences to the output.

First we will consider a "'wrong’ derivation. Let consider a pulse transfer function H(z). The transfer pulse function
is given by

H(z) = ez — A =11 11M[0]_2_1
- - -1 |1 -1 =z



As shown in the above equation, the uncontrollable mode z = 1 is cancelled out. If we use this transfer function to
obtain the DARMA model, we have

y(k) = u(k —1).

Since this model does not include the information of the disturbance n(k), controllers based on this model may cause
an offset in the output if n(0) # 0.
The ’right’ procedure is given as follows. Using a dual procedure given in Furuta, we can employ a coordinate
transformation matrix 7" as
T 0 1
(2]

and the equivalent system is given by

z(k+1)

Il
| —
— O

y(k) = [0 1z
Furthermore, reversing the order of the elements in T gives
k1) = | g g |2+ (k)
z = 0 0l% |
y(k) = [1 0]z
From this observer form we directly obtain the following DARMA model:
ylk) =ylk—=1) +u(k—1) —u(k — 2). (1.43)

Moreover we have a form using a regressor vector as

1 y(k —1)
ylk) =[y(k=1) uw(k—1) u(k—2)] 1 =11 =1 uk—-1)
-1 u(k — 2)

Of course in this case, since we know that the system is completely observable, we can derive the above DARMA
model from the transfer function without the cancellation.

10



Chapter 2

Identification of Linear Discrete Time

Systems

2.1 Projection Algorithm

Suppose that a scalar discrete time system is represented by the following equation:
y(k) = ¢" (k = 1)

where ¢7 (k — 1) is a regression vector (matrix) and 6y is a true parameter vector as :

T (k—1) = [yk—-1), - yk-—n)uk—-1-d), - uk—-1-d)],d=1
Gg = [(91,”',9,1_._[].

The projection algorithm for this system is given by the following iteration.

O(k) =6(k—1) + p_y d);zi(’f I);)(k Y [y(k) —¢T(k—1)0(k—1)

where a, ¢ are scalar constants satisfying

c > 0
0 < a< 2

Now we define the parameter error vector and error signal as

0(k) = 0(k)— by
e(k) = y(k)—¢"(k—1)8(k—1)
= —¢T(k-1)0(k-1)

then we have the following properties about the projection algorithm.

[Lemmal]
1. A A
[6(k) = 0ol| < [[6(0) = boll, k=1
2. N 2
N kZ:l P d)T(l:—(li;(b(k - =%
and

11

(2.5)

(2.6)



ﬁmk+wxﬁﬁQw4mﬂ:° 29
(b) i
(c) N
&T&E%W@O—mk—lw2< o0 (2.11)
(d)
Jim Z [6(k) —6(k — M)|* < 00,1 > M < o0 (2.12)
(e) ) )
lim 6(k) = 6(k — M)|” = 0 (2.13)

[Note]
The last equation does not mean that 6(k) converges to a parameter vector. Consider a sequence {S;} given by

We can check easily that limg_ o | Sk — Sk—ar| = 0 but limg_ o Sk = oc.
[Proof]

1. Subtracting 6y from both sides of (2.4), we have

ag(k — 1)
c+¢T(k—1)p(k — 1)

Ok —1)=0(k) — ¢T(k—1)0(k —1). (2.14)

Using (2.6), it follows that

. ~ T(k—1)p(k —1) e2(k)
B2 = 80k — D)2 = a | -2+ 22 ] . 2.15
On the other hand, from the condition 0 < a < 2 and
ag” (k—1)p(k — 1)
-2 -2 0 2.16
|2+ e Dao ) < w2 <o (210
(2.7) is derived.
2. Adding both sides of (2.15) from j=1 to k, we have
T(k—1)p(k—1) e2(k)
B0 = 6(0)] ad ] . 2.17
IoGRI* = ot "*E: 2 et ) e - =T 247
On the other hand, from the condition of a, the following inequality is satisfied.
k 2
e (k) (2.18)

08I < WO +ala ~2) Y =Gy

12



Therefore,

k
e?(k) 7 2 7] 2
-0 Y ey < WO - I, (219)
and taking k — oo leads to (2.8).
(a) (2.9) is obvious from (2.8).
(b) From
(k) R e S (e VU RS

c+¢T(k—1)p(k—1) (ct+oT(k—1o(k—1))> ~ (c+¢T(k—1)p(k—1))
the relation is obvious.
(¢) (2.4) and (2.10) lead to the end.

(d) From
10(k) — 0(k — M)|> = |0(k) — 0(k —1) + 0(k —1) — -+ 0(k — M + 1) — 0(k — M)|?
and
la+0l* < 2(|lall®+ [Ib]?),
we have

16(k)—6(k=MD)|* < C(M)(|0(k) =0k =1)[* +[10(k—1) = -+[[6(k =M +1) = 0(k = M)|*), C(M) < oo,

and (2.12) is derived.
(e) Tt is obvious from(2.12).

2.2 Least Square Method

If we use the projection algorithm when noises are present at system equation and in the measurements, the parameter
vector does not converge to a constant value and are changing due to the noises. The least square method, however,
will give a true value in that case because of the averaging property.

The algorithm is given by the following iteration:

o Pk — 2)p(k — 1)

bk) = O8) + T D Pk — et = 1)

P(k — 2)¢(k — Vo7 (k — 1) P(k — 2)
T+ 6T (k—1)P(k—2)pk—1)

e(k —1) (2.21)

Plk—1) (2.22)

P(k—2)—

where P(—1) is an arbitrary positive definite matrix Py.
Before considering the above algorithm, we have the following lemma.
[Lemma] Matrix Inversion Lemmal]
Assume A is nonsingular and A 4+ BC is also nonsingular, the following equality is satisfied:

(A+BC)™ = A7' — A7'B(I + cA7'B)"lcA™! (2.23)

[Proof] Multiplying A + BC' to both sides and observe that results become identity matrix.
If P~1(k) satisfies the following equation:

Plk—1)=P Y k-2) + ¢(k—1)¢" (k- Da(k — 1), (2.24)

13



the above lemma shows the following equation:

P(k—2)p(k — 1)¢T(k —1)P(k — 2)a(k — 1)
1+ ¢T(k— 1)P(k — 2)p(k — D)a(k — 1)
P(k—2)p(k —1)

Pl=Dek=1) = a0 o= 2)o( = Dath = 1) (2.26)

P(k—1) P(k—2)— (2.25)

The least square algorithm is derived considering the following function as the criterion function.

1 & X 1. . ) )
In =3 > lly(k) — ¢ (k — DON)|* + S (O(N) — 0(0))" Py H(O(N) — 6(0)) (2.27)
k=1
Now we define Yy and @ using the observed output and injected input as
Yy = [y(1),--,y(N)] (2.28)
dy_1 = [9(0),--, (N —1)]". (2.29)

Using the above definitions, we have

[ e(1) ] [ y(1) ] [ ¢ (0) ] A
. = R - : O(k — 1)
e(N) y(N) ¢" (N 1)

— Yy — ®y_i0. (2.30)
Using this relationship (2.27) can be expressed as

In = 2(Viy = By 1 O(N)T (Y — By _16(N)) +

: (B(N) = 6(0))" P~ (0)(B(N) — 0(0)). (2.31)

N~

Using the expression, the optimal estimated value é(N ) is given taking the the partial derivative of the criterion
function with the argument as

OIv__, (2.32)
00(N)
Therefore, we have . . .
—®} 1 (Y — @n-16(N)) + PTH(0)(B(N) —0(0)) = 0. (2:33)
Then §(N) is expressed by
) = [@h_,®xa+ PO (P 00) + 9F_, V)
= P(N-1) (Po—lé(()) + @ﬁ_lyN) , (2.34)
where
PYN-1) =, on1 + P (2.35)
The above equation can be also expressed as
PYN-1) = &L &y, +PY0)

¢*(0)
= [¢(0) - |o(N=-1)] + Pyt (2.36)

¢T(N -1

— [0} N 1 (1)7]\}_2 P—l
= [ on_2 ]| & —)][m]ﬂL 0

Dy @Yo+ Py + (N —1)¢" (N 1)
= PYN-2) + ¢(N—-1)¢p" (N -1). (2.37)

14



On the other hand, §(N) satisfies the following equation:

O(N) = P(N = 1)(F;'0(0) + ®x—2Yn—1 + ¢(N — 1)y(N)),

and using (2.34), we have

= P(N = 1)(P'(N = 2)(N — 1)+ 6(N — L)y(N))
= P(N = 1)(P'(N = 1) = 6(N — 1)¢" (N = 1)I(N — 1) + P(N — 1)g(N — 1)y(N)
= OGN — 1)+ P(N = 1)$(N — 1)(y(N) — ¢" (N = DA(N — 1)).

Furthermore, using (2.26), we have

P(N — 2)¢(N — 1)
1+ ¢T(N - 1)P(N —2)¢(N — 1)

—O(N —1)+ (y(N) = ¢"(N = I(N — 1)),

and (2.21) is derived. (2.22) is obvious from the matrix inversion lemma.
The least square algorithm has the following properties.

[Lemmal]
1.
16(k) = 60[|* < #1110(0) = oI, k > 1
where M (P
k1 = Cond(Pyt) = #Po_l)
2.

lim i ¢ (k)
N—o0 £~ 1+ ¢(k—1)P(k—2)pT(k—1)

Jim 0(k) —0(k — M)|| =0, for M < oo

< o0

[Proof] Omitted.
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Chapter 3

Linear Diophantine Equation and
Adaptive Predictor

3.1 Linear Diophantine Equation

Suppose that a0 b0 ¢ and d are polynomial of d. O In the analysis of the control system we consider d as d = ¢~ *.0
The following equation in terms of z and y expressed by (3.1) is called Linear Diophantine Equation.

ar + by = ¢ (3.1)

A fundamental property about the Diophantine equation is given by the following theorem.
[Theorem]

Suppose that (a,b) is the largest common factor of @ and b. The Diophantine equation (3.1) has a solution if and
only if (a,b) is a common factor of c. We denote the condition as

(a,b)|e. (3.2)
[Proof]
O Only if0)
Assume that xg and yo are the solution of (3.1). If g = (a,b), we have
a = gao, b:gbOa (33)
therefore the equation can be represented as
arx +by = glagz + bo) = ¢, (3.4)

and the only if part is proven.
0 If0
Assume that (a,b)|c and ¢ = gcg. From the fundamental property of polynomial we know that there exist polyno-
mials p and ¢ satisfying
ap + bg = g. (3.5)

From the above equation, we have
c = gco = a(pco) + blgeo) = ax + by, (3.6)

where x = pcy and y = gcg. Therefor, the equations has the solution.
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In the above theorem, we just consider polynomial case. We can extend the result to matrix case. In the matrix
case, we have, however, two equations equivalent to (3.1) since matrix multiplication does not commute. The equations
are given by

XA +YB =C (3.7)
AX + BY = O, (3.8)

where A, B,C, X,Y are all matrices whose elements are all polynomials of d. Concerning to the above equations, we
have the following theorem similar to the above theorem.
[Theorem]

Assume that G is the largest right common factor of A and B. (3.7) has a solution if and only if G is also the right
common factor of C. O For (3.8), we simply replace right common factor with left common factor.O

From this theorem, in particular if A and B are right (left) coprime, there exist a solution, where right coprimeness
(left coprimeness) of A and B means that the largest right (left) common factor is unimodular matrix. We say a
matrix M is unimodular if the matrix has inverse in the set of M. In our case, the condition is equivalent to that the
determinant of the polynomial matrix is non- zero constant.

The right and left coprimeness can be easily checked by the following conditions. Assume that A and B are
polynomial matrices whose sizes are p x n and p X m. They are left coprime each other if

rank[A B] = p. (3.9)

Assume also A and B are polynomial matrices whose sizes are n x p and m X p. They are right coprime each other if

A
rank[ B ] =p. (3.10)
As an example, we consider (3.8) where
1 1
A = 0 1 ] (3.11)
1—-d 2d
B = || Y d] (3.12)
c - 1;]. (3.13)
We can easily check that
rank[ g ] =2 (3.14)

it can be seen that they are right coprime and the equation should have a solution. The one of the solutions is given
by

X = [ 1_22_ d* ] (3.15)

|

8 ] . (3.16)

3.2 d-Step Ahead Predictor

Now we consider a system represented by the following DARMA (Deterministic Auto Regressive Moving Average)
model :

Alq=y(k) = Blg~"u(k), (3.17)
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where

Alg") = T+ Ag ' + - + Apg” (3.18)
B(q_l) = q_d(B() + qu_l + -+ Alq_l)
g "B'(q7") (3.19)

The a d-step ahead prediction can be expressed by

y(k+d) = alg M ylk) + B(q " u(k). (3.20)

where
a(g™h) = G (3.21)
Bla") = Fl"B(), (3.22)

and F' and G are the solution of the following Diophantine equation:

F(gHA@™) + Glg g ? = I (3.23)
For the above equation, it can be easily understood that it has a solution if we consider A = A(g~') and B = ¢¢
in the Diophantine equation. Now assume that one of the solutions can be represented as
F(gYy) = T4+ Fig' 4 - + Fg_1q7%! (3.24)
G@™) = Go+ Gig7' + -+ + Gporg ™ (3.25)
Coefficients of F; and G; are easily calculated by the following iteration:
F = I (3.26)
1—1
Fi = =) FiAij i=1,.d-1 (3.27)
§=0
d—1
Gi = =Y FjAya, ,i=0..,n-1, (3.28)
§=0
where if A; (i > n) does appear, we consider it as zero matrix.
[Proof]
As in the above discussion, (3.23) has a solution. Multiplying F/(¢~!) to (3.17) from the left, we have
FAy = FBu=Fq%Bu
(I — Gqg Yy = FqBu
y = q %Gy + FB'w), (3.29)

and (3.20) is derived. Relationship of the coefficients of F; and G; are obtained considering the following equation:

I = (I +Fq" + o+ Foag ™I+ Aigh + o+ Ang™) + Gog™® + - + Gpogg @
= I+ (FP+A)g " + (B+FPA+A)? + -+ (Go+Ag+ FiAg1 + -+ Fa1A)g® + --(3.30)

Equating the coefficients gives the relationship.
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3.3 Adaptive d-Step Ahead Predictor Using Projection Algorithm

Assume that there exists a true parameter vector & giving the following equation corresponding to a definition of

o (k).
[Assumption]
y(k+d) = ¢" (K)o (3.31)
If a d-step ahead adaptive predictor is constructed by the following equation:
Ay 4 ¢(k — d) T A1
0(k) = 0(k—1)+ T STk = Dotk —d) (y(k) — o' (k—d)0(k — 1)) (3.32)
g(k) = ¢ (k—d)b(k —d), (3.33)

then the following properties in the lemma follows.
[Lemmal]
Under the following assumptions:

1. ¢() is compatible to the orders of the plant. That is, there exists a true parameter vector 6y satisfying y(k+d) =
¢ (k)bo
2. {y(k)} and {u(k)} are bounded signals,

we have

lim > (y(k) —5(k)* < oo (3.34)

and §(k) — y(k).
[Proof]
From the properties of the parameter estimation, we have

N+M ~
. (87 (k — d)f(k — 1))
B 2 T det—d) <
N+M
Jim Z 0(k) —6(k — M)||> < .
On the other hand, we have
e(k) = ylk)—ik) =—¢"(k— d)0(k — d)
= —¢T(k—d)f(k—1)—¢T(k—d)[f(k —d) — O(k —1)], (3.35)
and
(k) = (" (k—d)f(k—1))*+ 20" (k — 1)p(k — d)p" (k — d)[[0(k — d) — O(k — 1)]
+ (@7 (k= d)[O(k — d) — O(k — 1)))?
< 26" (k—d)i(k —1))* +2(¢" (k — d)[0(k — d) — 0(k — 1)])?
< 2" (k- d)0(k —1))* + 2] ¢" (k — d)||210(k — d) — O(k — 1)]||*. (3.36)

Therefor, dividing both sides of the above equation by (1 + ¢ (k —d)¢(k — d)) and summing up with respect to k, we
have

N N
e? (k) 6" (k — d) G(k 16" (k — d)|[2/|8(k — d) — 6k — ]|
2T o7 (k — d)o( = Z 1+ ¢T(k — d)o( QZ 1+ ¢T(k — d)p(k — d)

/\
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N
0" (k — d)f(k — 1))
Z 1+ ¢T(k — d)o(k — d)

+2sup|\¢T(k d)||? ZHM d) =0k = 1)]|I* < oo.
k=1
(3.37)

From the assumption, ||¢(k — d)||? is bounded, and we have 3 e?(k) < oo , which shows the lemma.
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Chapter 4

Basic Control Method and Adaptive
Control

4.1 Basic Control Method

In this chapter we consider following two basic control algorithms:
1. One-Step Ahead Control
2. Model Reference Control

We assume that the objective plant can be expressed by (3.17).

4.1.1 One-Step Ahead Control

One-Step Ahead Control is a method that output of the plant exactly coincides with the desired signal y* just after
d steps where d is a delay. A basic equation for the method is d-step ahead predictor as

y(k +d) = algyk) + Bla")ulk). (4.1)
The control input is determined by reversing the equation:
y*(k+d) = alg y(k) + Bl )u(k) (4.2)
namely, solving the equation in terms of u(k) as

1
o

Note that the control input can be determined by the current and past output, and past input. Concerning about the
control, we have the following theorem.
[Theorem]

Using the control given by (4.3), we have

u(k) (B(g™") = Bo)ulk) +y* (k+d) — alg™)y(k)} (4.3)

y(k) = y*(k), k = d (4.4)
and the input signal is bounded if the following conditions are satisfied.

1. 22B(z71) does not have zeros outside of a unit circle.

2. Zeros of B'(z71)/A(271) is within the unit circle.
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3. The size of a Jordan block of B’(z~!) whose eigenvalue is on the unit circle is one.

[Proof] O Omitted.
(Example)
Let consider the following system:

n(k+1) = n(k) (4.5)
z(k+1) = wu(k) .
y(k) = =(k) + n(k) (4.7)

The corresponding DARM A model can be given as
ylk) = yk—=1) + w(k—-1) — u(k—2), (4.8)
and the polynomials A and B are given as
Alg") = 1 —-¢7! (4.9)
B'@ghH = 1—-q¢g'd=1 (4.10)
For this system the 1-step ahead predictor can be obtained solving the Diophantine equation as
Flg') =1,G(¢YH=1 (4.11)
Then the control input is expressed as

u(k) = y*(k+1) — y(k) + u(k—1). (4.12)

4.1.2 Model Reference Control

In some cases we want to match a input-output relationship (transfer function) to a desired one repressed by a
dynamical model. The control method is called Model Reference Control. For the control we assume the following
conditions:

[Assumptions]

1. Desired property of the model is represented by
E(q )y* (k) = gg~ " H(g~")r(k),
where r(k), y*(k) and g are input, output and gain, respectively.

2. E(z71) is stable polynomial.

3.d > d.
Before mention about the control method, we require the following lemma.
[Lemmal]
The plant considered can be represented as the prediction form as
E(q y(k+d) = alg y(k) + B(g~"ulk), (4.13)
where
alg™) = Gl (4.14)
Bl = Fl@HB'(a™) (4.15)
and F' and G are solutions of the following Diophantine equation.
E(¢™") = F(¢HA(g") + Glg g™ (4.16)
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Keep the above lemma in mind, we have the following theorem.
[Theorem]
Using the following input:

Bla~ u(k) BE(q Ny * (k+d) — alg”)y(k) (4.17)

= BE(g YHg"YgH (g Yr(k) — alg Hy(k), (4.18)

the output of the plant will approaches to the desired one:
y(k) — y* (k). (4.19)
[Proof]

By the determination of u(k), we have

E(qg y(k+d) = alg My(k) + Bla~")u(k)
= E(g Yy (k+d). (4.20)
Therefore, we have
E(g ) (y(k +d) —y*(k+d)) =0, (4.21)

and the error will converge to zero because of the stability of the model.

4.2 One-Step-Ahead Adaptive Control

Let consider about adaptive version of the one-step-ahead control taking account of the parameter estimation. Before
mention the control scheme, we explain the key technical lemma to show the convergence of the adaptive method.
[Lemma] The Key Technical Lemma)

Assume that sequences {s(k)},{o(k)}, {b1(k)} and {b2(k)} satisfy the following conditions:

1.
lim 5 (k)
k—o0 bl(ki) + bQ(kJ)O’T(kJ)U(k‘)
where {s(k)},{b1(k)} are {b2(k)} are all real sequences and {o(k)} is a vector of p x 1.

=0 (4.22)

2. Uniform bounded condition:

0 < bi(k) < Koo, 0 < ba(k) < Koo (4.23)
is satisfied for each k > 1.
3. Linear bounded condition:
lo(®)|| < e1 + c2 max |s(l)] (4.24)
0<k<k

is satisfied where 0 < ¢; < 0o and 0 < ¢ < oo0.
Under the above assumptions, we have
(1) limp—oos(k) =0
(ii) {Jjo(k)||} is bounded.
[Proof]

(a) Boundness assumption of {s(k)} shows the boundness of {||o(k)||} due to (4.24). Therefore, we have limy_, o s(k) =
0 using (4.23) and (4.22).
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(b) Assume that {s(k)} is not bounded above. There exists a sub-sequence k, of k such that

nh—{%c s(kn) = 00 (4.25)
and
ls(k)| < [s(kn)| for k < kny. (4.26)

O |s(kn)| is non-decreasing sequence with respect to n)
Consider about |s(ky)| for the sub-sequence {k,}, we have

[s(kn)| |5 (k)|
(k) + ba(kn)o™ (kn)o(kn)] [1/2 (K + Kllo(ka)|?]"/?

§ 50k
T K'Y+ KV2lo(kn)|
. 50|
— K'Y/2 4+ KY2(Cy + Cols(kn)
1
> . 4.27
= K1/2(1—|—02)/|8(k‘n)| + K120, ( )
Therefore, we have
n 1
lim [s(kn)| (4.28)

W T en) + baGen)oT (en)o ()l =172 = K205

The above inequality contradicts the assumption, then {s(k)} should be bounded and the lemma is proven.

4.2.1 One-Step-Ahead Adaptive Control

We assume that the plant is represented by (3.17) and the following conditions are satisfied:
1. Delay time d is known.
2. Upper bounds 7 and { of n and [ are known.
3. The following conditions are satisfied:

(a) 2?B(z~') has no zeros outside of a unit circle.
(b) Zeros of B'(z71)/A(z7!) are within the unit circle.

(c) Size of Jordan block of B’(z~!) whose eigenvalue are on the unit circle is 00 .

We also assume that the plant can be expressed as

A(gHy(k) = Bg~)u(k) (4.29)

where
Al = T+ At + -+ A" n<n (4.30)
B(g™") ¢ By + Big™t + -+ Big), 1< 1, (4.31)

and the d-step-ahead predictor is given by

y(k+d) = alg " y(k) + Bl uk) = ¢ (k)o, (4.32)

where
alg™h) = a4+ o+ anag Y (4.33)
Bla) = Bo+ o+ Bap—rqg Y By = bo # O, (4.34)
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and
oT(k) = [yk), - y(k —n4+1),u(k), - ulk —d—1+1)] (4.35)
67 = [0, ano1, B0, Bario)- (4.36)

The one-step-ahead adaptive controller is given by the following theorem.
[Theorem]

Parameter estimation and the control input are determined by the following equations:

[Parameter estimation |

0(k) = 0(k—1) + a(k)p(k—d)[c + ¢T (k—d)p(k—d)] " (y(k)—oT (k—d)0(k—1), 0 < a(k) < 2, ¢ > 0, (4.37)

[Control input |

oT(R)O(k) = y"(k +d), (4.38)
which is
1 A R
uk) = 25 [—aoy(k) =+ = Gnay(k —n+ 1) = Bru(k = 1)+ = Basrqu(k —d =1+ 1) + 5" (k + d)] .
0
(4.39)
Note that usually we assume a(k) = 1, but a(k) is determined by the following equation if a(k) = 1 will make
Bo(k) zero:
alk) = v, e <y < 2,7y #1 (4.40)

Using the above control method under the assumptions, we have
1. {y(k)} and {u(k)} are bounded signals.
2. Timpoo y(k) = y* (K)0
3. im oo Spsa(y(k) — y*(k))? < oo
[Proof]
Part I From the properties of the parameter estimation, we have

e(k)

e A ) R 4y
Jim 10(k) — O(k—d)|| = 0 for0 < d < (4.42)

where R
e(k) = yk) — ¢ (k—d)0(k—1).
Now define €(k) := y(k) — y*(k), it can be represented as
k) = ¢"(k—d)fy — ¢"(k— )bk —d)
—¢T (k- d)0(k — d), (4.43)

where

0(k) := 0(k) — 6.
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From the above equation, we have

—e(k) _ ¢T(k — d)0(k — d)
[c + ¢T(k —d)p(k — d)]*/? [c + ¢T(k —d)p(k — d)]*/?
¢ (k= d)((O(k —1) = 60) + (O(k —d) — 60) — (B(k — 1) — 60))
[c + ¢T(k—d)p(k — d)]/?

oL (k—d)o(k — 1)+ ¢"(k —d)(0(k —d) — O(k — 1))

[ ]1/2
—e(k) | ¢T(k—d)(0(k —d) —0(k—1))
BEE + B , (4.44)
and Q(k)
a3 s g P R 1.45)

Part IT We use the Key Technical Lemma. We consider s(k) = e(k)0 o(k) = ¢(k — d)Oby(k) = cOba(k) = 1 in
the lemma and the first condition of the Lemma is satisfied and the second condition is also met. Finally, let
consider about the third one.

From the assumption of the plant, we have

lu(j —d)] < mg + my max ly(k)| for 1 <j <k, 0 < mgzg,mg < 0. (4.46)

Therefore, taking the property of the elements of ¢(k — d) into account, we have

lotk DIl < plms + maz(1,ma) mas y(k)]). (4.47)
On the other hand, we have
le(B)] = ly(k)| =y (R)] = |y(k)| — m1, m1 = maz|y* (k). (4.48)

Therefore, we have
o0k =) < plms + maz(Lmy) mas (0] +m1))
= o + comari<<kle(l)], 0 < 1 < 00, 0 < 2 < 00, (4.49)

and the third condition is satisfied. Then from the key technical lemma, it follows that e(k) — 0 and the
boundnesses of y(k) and u(k) from the boundness of ¢(k) and (4.46). Also form (4.44), we have

k) _, [ek) | NIo7(k— )@k —d) — bk — 1) (4.50)
TS\ T [ ] |
and
N

summing up both sides of the above inequality from k = d to N.
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Chapter 5

The Kalman Filter and Minimum
Variance Control

5.1 The Kalman Filter

5.1.1 Minimum Variance Estimator

Assume that there are two stochastic variables, X and Y, and we know some stochastic properties of them. In that
situation we want to estimate X based on the observation of Y. That is, assume ¢(Y") is a function of the observation

Y and we want to find g() such that
ming(y) E{[lg(Y) — X]|*}

This g(Y) is called minimum variance estimator of X.

First notice that
//fﬂry (z,y)dzdy = //fﬂry (z|y)dzp(y)dy
E{E{f(X,Y)[Y}}.

E{f(X,Y)}

Hence if we consider f(X,Y) is equal to ||g(Y) — X|[?, we have

E{llg(Y) - X1} E{E{|lg(Y) - X]|*[Y}}

= B{E{llg(Y) - B{X|Y} + E{X|Y} - X|’[¥}}

Since

E{E{(9(Y) - EAXIYD(E{X[Y} - X)[YV}} = E{(g(Y) - E{X|Y ) E{(E{X[Y} - X)[Y'}}

E{(g(Y) - EAXY})(E{X|Y} - E{X[Y})} =

we have
E{llg(Y) = X[1?} = E{E{||9(Y) — E{X|Y}||*} + E{||[E{X|Y} - X||*}|Y}.

Therefore, the minimum variance estimator is given by the conditional mean as

9(Y) = E{X|Y}.

(5.1)

(5.6)

(5.7)

Note that the above result is not affected by the property of the distribution function. In practice, it is very difficult to
obtain the conditional mean in general , however, it is easily calculated if two variables are Gaussian as in eq. (5.19).

In that equation we consider X; is the estimated variable and X5 is an observed data.
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5.1.2 Preliminary

In order to explain how to derive the Kalman filter (Minimum Variance Estimator) we requires some basic matrix
calculation and the properties of multi dimensional Gaussian distribution. The properties are shown in this section.
First we consider a matrix ¥ given by

Y11 Y2 T
= , 2 =3 5.8
[ o, Ze ] (58)

For this ¥ we have the following formula:

1. If 395 is non-singular and 317 — 21222_212{2 is also non-singular, the the inverse of ¥ is given by

X1 —X-ly
-1 _
by - |: _(X—ly)T Z—l + YTx—ly (59)
where
X = Tu-31355,5h
Y = ¥1%5
Z = Yo
2.
det(X) = det(X)det(Z) (5.10)
[Proof] Please note that we can factorize ¥ into
v _ [ ZuZyp ][ Su-Seindh 0] (5.11)
0 I, o1 Yoo

From this equation, two properties above are easily derived.

As you might know that a n dimensional Gaussian probability density function whose mean is p and whose
covariance matrix is X is given by

1 1 Ts—1
X) = —5(X—p)" T (X —p) 5.12
where
&1
X = 5_2
én
Note that from the property of the probability desity function, we have
/ eap™ 3X WIS X1 ge — (2m)/2 (det ()12, (5.13)

Suppose X7 € R™ and Xo € R™ and the joint probability density function (p.d.f.) is given by

1 _l[ oom ) et T Xi-m
X, . _ | Xo— 2 DI I 39 Xo — pio
p(|: X2 :|)(_ p(Xl,XQ)) - (W)(n1+n2)/2(d€t(2))1/2 ETD . (514)
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In order to compute a conditional p.d.f., we modify the exponent as

T _
X1 —m S T TN X — p1
Xo — o ¥T, Y Xo — o

= (X1 =)' XTNX =) = (X1 — ) XY (X = o) — (X2 — po) (XT'Y) (X0 — )
+(Xa — M2)T(Z_1 + YTX_lY)(X2 - M2)

= (X1- Y(X2 — )" XX, — V(X2 — o)) = (Xo — p2) YT XY (X — o)
+(Xo — uQ) (Z7'+YTXx~ Y)(X2 — u2)
= (X1 = = Y(Xo— )" XN (X1 — 1 = Y(Xo — p2)) + (X2 — pi2)" 271 (X2 — pio) (5.15)

where X, Y and Z are defined as before. On the other hand, p(X3) = [ p( [ ] dx; is computed using the above

relation as

1 1 VT 71 o > 1 o — T x -1 o — — T

PS) = e ) [ eap o e o (i
(5.16)
Using (5.13) and (5.10), we can modify the above eq. as
1 1 T r7—1
_ ni/2 1/2 — 2 (Xo—p2)" Z7H(Xa—p2)
— T ) e (0) ey 0 e
1 1 )T 71 o
- (27T)"2/2(det(Z))1/2€xp 2(Xempa) 2T (Xamuz) (5.17)

Therefore, the conditional distribution function P(X;, X2) conditioned on Xy = x5 is given using (5.15) and (5.17)
and again (5.10), by

Xl p(Xl,XQ = .I‘Q)
— (X Xy = = ALLA27 02
p([ o ])( p(X1[ Xz = x2)) (Ko = 72)
1 1 T —1
_ —3(X1i—p1=Y(z2—p2))” X (X1—p1—Y (z2—p2))
= erp”? (5.18)
(m)m1/2(det(X))1/2

That is, the conditional mean F(X;|X32) and the conditional covariance matrix cov(X1, X1|X2) = E((X1 —E(X1]X2))(X1—
E(X1]X2))T|X2) is given as follows:

E(X1|X2) =1+ Y(X2 — ,U,Q) (519)
COU(Xl,X1|X2) =X (520)

This relationship is the most important formula in the following.

5.1.3 The Kalman Filter

Let consider the following system represented in the state space model:

z(k+1) = ®x(k) + Tulk) + vi(k) (5.21)
ylk) = Cx(k) + va(k) (5.22)

where vy (k) and v2(k) are system and measurement noise which are both white and Gaussian signals and, we assume
the following conditions are satisfied:

E{z(0)} = o, cov{z(0),2(0)} =X, (5.23)
E{[ 528 ] [vi(k) v2(k) [} = [ 5‘;% }2 ]5(k—l), Q=Q" >0, R=R" >0 (5.24)
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where §() is a Kronecker’s delta. We consider an optimal estimator or Kalman filter which estimates the state x(k+1)
based on output measurements Y(k) = {y(k),y(k —1),y(k —2),- - -}, namely Z(k + 1) is an estimate of z(k + 1) which
satisfies

ming 1) E{||z(k+ 1) — &k + D||*} = ming g0y BE{E{||z(k + 1) — 2(k + 1)|| 2|V (k) }}. (5.25)
In order to use the preceding arguments in the previous section, we re-represent (5.21) and (5.22) into a matrix form
as
k)
sk+1)] _ [® I 0 z( r
[ (k) ] = [ c oo I ] vi(k) | + 0 u(k) (5.26)
va(k)

Let assume that the conditional mean of z(k) and the conditional covariance is given as &(k) and X(k). This is true
at k = 0 because we assume zy and ¥ are known. From (5.26) we can calculate the conditional means of x(k + 1)
and y(k) conditioned on Y(k — 1) as

5] - [88] « [£]

On the other hand, the conditional covariance is given as follows. Since
[i(lﬁ—l)] [x(k—i—l)] B [i(k+1)]
y(k) y(k) g(k)

Di(k) + v1(k)
= [ Cilk) + vs(k) ] (5:28)

where Z(k) = z(k) — &(k). Then the conditional covariance is calculated as

(k) 7 _ oy (ke + Q@ oxn(k)CT + S
E{[ ]J(k) ] [ x (k) Yy (k) ]|y(k )}— [ (k‘)(I)T + ST CE(k‘)CT 4 R .
Since we have one more observation y(k), we can modify & (k) based on y(k). Let consider z(k+1) and y(k) as X; and

X in (5.18), then we can directory calculate E{xz(k + 1)|y(k)} = E{x(k + 1)|{y(k), Y(k — 1)}} = E{z(k + 1)|V(k)}
and its conditional covariance if we consider

(5.29)

ERE
B ox (k)T + Q@ ex(k)CT + S
= [ CS(k)dT + ST CS(k)CT + R | (5-30)
That is, using (5.19) and (5.20) we have
k+1) = ®i + Tu(k) + (@X(k)CT + S)(C2(k)CT + R)“(y(k) — Cz(k)) (5.31)
Yk+1) = OX(k)DT + Q — (@2(k)CT + S)(CE(k)CT + R)TH@Z(k)CT + S)T. (5.32)

As in the previous section, #(k + 1) is the conditional mean of the all observations and it is therefore optimal. If we
introduce Kalman filter gain K (k) as

K(k) = (@2(k)CT + S)(CZ(k)CT + R)™! (5.33)

then the Kalman filter is summarized in the following theorem.

[Theorem](The Kalman Filter)
For the system given by (5.21) and (5.22), the optimal filter is given by the following Kalman filter:

i(k+1) = ®i(k) + Tuk) + Kk)(y(k) — Ci(k))), #(0) = o (5.34)
Sk+1) = ox(k)d’ + Q — K(k)(CZ(k)CT + R)KT(k), 2(0) = X (5.35)
Kk) = (oX(k)CT + S)(Cx(k)CT + R)™* (5.36)
(5.37)
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5.1.4 Innovation Process
Let consider the property of the estimation error given by
v(k) = y(k) — Cz(k). (5.38)
The sequence of v(k) is called innovation process. In order to consider the process, we consider the Kalman filter as
a system whose input and output are y(k) and v(k). That is,
zk+1) = (- K(k)O)E + K(k)y(k) (5.39)
v(k) = =Cz(k) + y(k). (5.40)

Then we can show that the output v has no correlation, which means that v(k) is a white signal even though the
input signal y(k) is not. So this system is sometimes called a whiting filter. In order to show the property, we consider

E{v(k)vT(k —1i)}. Since if we define (k) = x(k) — 2(k), the error system is given by

FE+1) = (®—KKO)FEK) + vi(k) — K(k)va(k) (5.41)
— D ()E(k) + vi(k) — K(k)va(k), (5.42)

where ®.(k) = ® — K(k)C, then the state Z(k) can be expressed explicitly as

e
|
—

(k) = H(k—1Lk—i)(k—i) + ' H(k—1,5+ 1)(v1(j) = K(j)v2(5)) (5.43)

I
>

—1i

where
H(k,k—1i)=®.(k)P.(k—1) - - D.(k—1).

Since
E{v(k)vT (k—i)} = CE{a(k)ZT (k—i)}OT + CE{z(k)v (k—i)} + E{va(k)z =i (k)}CT + E{va(k)ol (k—i)}, (5.44)
the first term in the right-hand side becomes

CE{z(k)zT(k—i)}CT =CH(k — 1,k — )X (k —i)CT (5.45)

and the second term is
CE{z(k)vI(k—i)} = —CH(k — 1,k —i + 1)K (k — i)R. (5.46)
The third term is zero since they don’t have correlation and the fourth one is trivially Rd(z). Therefore we have
E{v(k)wT(k—i)} = CH(Mk—1,k—i+1)(®(k—i)%(k —i)CT — K(k—i)R) + RS(i)
CHk—1,k—i+1)((® - K(k—49)C)2(k —i)CT — K(k —i)R) + R6(i)  (5.47)

On the other hand, from the definition of the Kalman filter gain, we have
K(k—i9)R=®%(k—i)CT — K(k—4)CX(k —4)CT. (5.48)
Substituting the above equation into (5.47), we have
E{v(k)vT(k —1i)} = R6(i), (5.49)
which means that v(k) is white.

Up to now, the Kalman filter gain is time varying. Though the gain is time varying but it can be pre-determined,
it is suitable for actual implementations that the gain is constant. For the steady state of the Kalman filter, the

following fact is known.
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[Fact)
Assume (C, A) is detectable and a matrix D is defined by

Q = DDT. (5.50)

If (A, D) is stabilizable and does not have uncontrollable mode on the unit circle, there exist a unique steady state
positive definite solution of ARE which stabilize the steady state Kalman filter, where ARE is given by

y — oxo? 4+ oxct(cxct + R)~lezel = 0 (5.51)

5.2 Minimum Variance Control

Let consider a time invariant model of the system based on the Kalman filter represented by

#(k+1) = ®z(k) + Tu(k) + Kv(k) (5.52)
y(k) = Cz(k) + v(k). (5.53)
Note that v(k) is the innovation process. If we take a Z transform of the both sides, we have
y(z) = C(zI — @) 'Tu(z) + (C(zI — @) 'K +I)v(z). (5.54)
From the above equation, we have an ARMAX model as follow:
Al Ny(k) = BlgMulk) + Clg~")v(k) (5.55)
where
Algh) = 1+ aig7t + -+ + apg™ (5.56)
Blg™") = ¢ + Ka ' + - + Buag ") (5.57)
Clg") = 1+ g+ - + yg™" (5.58)

Note that the coefficients of C(¢~!) depend on the Kalman filter gain. The minimum variance controller is a controller
which minimizes

J = E{lly*(k + d) — y(k + d)||*}. (5.59)

First let us consider optimal d-step ahead predictor. Assume that a(¢~!) and $(¢g~!) which satisfy the following
equations are given:

alg™h) = G (5.60)
Ba™) = FaHB'(¢") (5.61)

and F(q~!) and G(g~?!) are the solutions of the following Diophantine equation:
AlGHF@™) + ¢ 'Gla™) = Cla™) (5.62)

Note that the highest degree of F'(¢~!) is d — 1. As usual, multiplying F'(g—!) both sides of the system and using the
Diophantine equation, we have

y(k +d) =1/C(q ") (alg y(k) + B(¢™")) + Flg~ v (k + d). (5.63)

On the other hand, v(k) is an innovation process and it has no correlation of J(k) since the highest degree of F(g~!)
is d — 1. Therefore, the optimal prediction of y(k + d) is given by

gk +d) =1/C(q™ ) (g™ Hy(k) + B(g~u(k)). (5.64)

Hence, §j(k + d) is given by
gk +d) = alg”Hy(k) + BlgHu(k) — (Clg™") — gk + d). (5.65)
Therefore, the optimal control which we can do best is an input which will coincide §(k + d) with y*(k + d), which is
u(k) = 1/8(g~ ") (y" (k+d) — alg™Hy(k) + (Clg™) = 1)g(k + d)). (5.66)
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Chapter 6

Model Based Adaptive Control of Robot
Manipulators

In this section a basic model basic adaptive control method proposed by J.J. Slotine [6] is first explained in cases where
dynamic parameters of the robot manipulators are unknown. This algorithm utilizes properties of the mechanical
systems and is an adaptive version of well known "resolved acceleration control”. This method does not require
acceleration measurements and is very practical for implementations. In this section other two modified methods
which are robust for disturbances are also explained. The second one is the one which is robust for system noise [10]
and the third one is that which is robust for measurement noise [11]. In order to explain those methods we need some
properties of the structure of the robot manipulators, which will be explained in the following sub-section.

We can assume that the dynamic equation of the robot manipulators are expressed, without loss of generality, by :

M(q)g + (Clq.q) + D) + Glq) = 7 (6.1)

where

q : Generalized coordinate vector

M(q) :  Inertia matrix

C(q,q) : Colioli’s and centrifugal force term

D : Damping factor

G(q) : Gravity term

T :  Generalized force vector

We should note that the expression of C(q,q) is not unique. In the following discussion we assume that the state
(¢,¢) is measurable, and for the simplicity we consider that the term D is zero. For this dynamic model, we have the
following properties about each term.[1][11]

O Property 1 | M(q) is symmetric.

0 Property 20 M(q) is positive defined and there exist constants, A, and Aps, which satisfy the next inequalities if
all joints are of revolution.

0 < My < XNM(q)) (6.2)
AM(q)) < My < (6.3)

where A(M) is a eigenvalue of a matrix M.
(Later A is also used as a design parameter but it does not make confusion from the context.)

0 Property 30 C(q, ¢) is bounded by ¢, namely

IC(a. DIl < Cumlldll (6.4)
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0 Property 40 C(q, -) satisfies the following equalities:

Clgz)y = Clg,y)x (6.5)
Clgz+ay) = Clg,x) + aC(q,y) (6.6)

O Property 50 K := M(q) — 2C(q,§) is a skew symmetric matrix, namely which satisfies
K+ K" = 0or2TKaz = 0 forVa (6.7)

0 Property 60 Gravity term, G(g), is bounded for all bounded g.

0 Property 70 If we choose a proper parameter vector a of the manipulator, the dynamic equation (6.1) can be
represented as a multiplication of a regression matrix Y whose elements can be all calculated using observation
signals and the parameter vector a. That is

In the preceding explanation, we assume the dynamic equation is represented in a joint coordinate space, however,
the similar properties are also satisfied in a world coordinate space.

Let consider about the above properties in the case of planar two link manipulator whose dynamic equation is
easily derived based on a straight forward calculation, e.g., Lagrangian formulation:

[ ¢1+ P2+ 2¢3c2 P2 + P3c ] [ 91 ] +
@2 + P3c2 ®2 0

b 01+ 6o di 0 6,
SRR kI

= [ T ] (6.9)

T2

where sg, co stand for sin(f2) and cos(f2) and

o1 = mllf + mQaf + I
¢2 = mgl% —+ IQ
¢3 = maails

0 Property 10 The symmetry is obvious from the dynamic equation (6.9).

O Property 20 The positiveness of the matrix M is shown by calculating a determinant of the matrix as

M1 > ¢1 + ¢p2 — 2¢3

=mili + 1 + I+ ma(lz — a1)® > 0
detM > 165 — b5

= mimal213 + ma 113 + (m1l2 + maal + 1)1

> 0.

Furthermore, the constants My, M,,, are given as

My = (¢1+¢2)®
D192 — ¢3
Mo o1+ 262 + 265
where p s
. 2+ @3
® :=mazx {1, 7(;51 n ¢2}
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Fig.1 Considered planar two link manipulator

0 Property 30 Let consider z = [r1, 72]T, we have

27 CT(q,¢)C(q, 9z

2 2 20 112 ) y Y 2/ Y \2
= ¢355(x1||q|” + 2x12202(01 + 02) + x5(01 + 62)7)
< o5 @4l + 2lz122]|02(61 + 02)] + 25 (61 + 62)7)

Using
2la”b < |lall* + |lo]|?,

we have T ~T 2 2 2 215 Y y 2/ Y \2
z” C" (q,9)C (g, 9z < ¢ (z7[[dl]” + [[2]|7102(01 + 02)| + 25 (01 + 02)7).

Furthermore using this inequality:
(@ + b)? < 2(a®> + b?),a, b € R,

we haVe T ~T 20 2 2 2019 y y 2 2
20" (¢, 0)C(a, ) < 57 1dl|* + [[]* (1626 + 62)| + 2a3]1d]1*).-

The similar alculation shows
I1C(¢. 91 < 2|os]l|dl|-

0 Property 40 Let z = |71, 22]7, y = [y1, y2]T, we have

x y
Clg,x)y = ¢392[ o ] [ e ]
_ y1z1 + (y1 + y2)z
_ ¢3g2[ 121 —yll’rl 2 2}
- o[ 5 "5 ]2]
T3
= C(q,y)z.

The other equations are also shown similarly.

35



O Property 50 O Calculation of M — 2C shows that

: [ —20, —b,
M -2 = .
c $352 4, 0 ]
[ 292 291 + 292
oSz a5 ]
T —(26, + 6,) 0 '

O Property 60 00 This term is zero since the manipulator is planar one.

0 Property 70 From (6.8), we set ¢4 = d1, ¢5 = da, and we have

0 61+06, cofh + 829% 0 6>
$1
o]
X ¢53 = |: T ] .
o
®s5

[ él 91 + 92 02(2é1 + (92) - 82(9.2.(2(9.1 + (92) 91 0 ]

Now we have two basic lemmas which play very important roles to show the stabile of the adaptive control
algorithms.
(Lemma 1) [12]
Assume that H(s) is a strictly proper stable transfer function whose input is v and whose output is y. If u € Ly, then
y € Ly N LooOy € Lo. Furthermore, y(t) — 0 (t — 00).

(Lemma 2) [12]
If y € Ly and § € L, y is uniformly continuous and y(t) — 0 (¢ — o00).
Using these Lemmas, the basic adaptive control algorithm is given in Theorem 1.

(Theorem 1) [6]
Let consider that gg, ¢4, ja € Lo are desired position, velocity and acceleration. We define s (augmented error ) and
gr (virtual reference) as follows:

s = é+ Ae, e := q—qq (6.10)
qr = qGa—Ae. (6.11)

If the following control input and parameter update (adaptation) law are used, then ¢ and ¢ converge to qq and ¢q4
respectively:

T = n(QadvdT’aijT’)a’_de (612)
a = _F_lnT(Qa47QTaijT)s (613)
Ki > 0, T >0

where . . .

and ~ means that the corresponding term is calculated using estimated parameters. Please note that in this control
law we do not require acceleration signal.

(Note)

In the algorithm we used the word ’parameter update’. Please note, however, that it is not assumed the estimated
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parameter converge to true ones, and the adaptive control law can be considered as a kind of direct adaptive control
method in a sense.
(Proof)

Let a be a difference between the true parameter and the estimated one as
a = a — a, (6.15)

and consider the following Lyapunov function candidate for s and a: (In the following the arguments are omitted for
the simplicity.)
1 1
V= 5sTM(q)s + §aTra (6.16)

Taking a derivative of V7 gives us

. 1 . .
Vi=sTM(G— )+ 5sTMs +alTa.

Using the relationship of (6.1) and noting that a is a constant vector and @ = &, we have

1 . .
=sT(r-C4—G)—sT" Mg, + 5sTMs +a'ra.

Using the property 5 and the definition of ¢,, we have
=sT(r = M§, — C4, — G) + a'Ta.
Substituting the control law and the parameter updation law into the above equation, we have
=—-s"K s < 0. (6.17)

From this inequality, it is obvious that V7 (¢) is monotonically decreasing function and s and a are bounded signals.
Furthermore, integrating the above inequality, we have

1 .
Is||* < )\—dV1(0), Ad = minA(Ky),

which shows s € Ly. Let now consider that the definition of s is a first order state space differential equation whose
input is s and whose state is e. Then the transfer function from u to e is a strictly proper stable transfer function
and we can use Lemma 1. The lemma shows that ¢ — 0 and e and é € L, and é € Ly. Furthermore, from the
conditions, it is shown that q, g, ¢, ¢ are all bounded, and using

1M ]| = [|T = Cq =Gl

and the roundedness of G and the property 2, we can show ¢ is bounded signal. From these properties we have é € Ly,
and it follows that é — 0 from Lemma 2,. This completes the proof.

[

The adaptive control method given by Theorem 1 takes advantage of properties of the dynamics of the mechanical
systems and is very sophisticated one in theory. In practice it has some difficulties for the actual implementations.
One is that since the parameter updation law is just a integration law, the convergence of the parameters is not good
in general. For this problem, J.J. Slotine has proposed a similar adaptive control method but it incorporates the least
square parameter estimation law. The other problem is that in order to derive the control law, any disturbance, e.g.,
system noise or observation noise, is not assumed in the system. In the real situations, however, there always exist
the disturbances. In the linear systems, bounded noise signal does not cause instability problem, however, in the
non-linear system as the adaptive control system, they sometimes cause instability phenomena. In such a sense, the
adaptive control method is not robust.
In general we use the following three methods to make adaptive control algorithms robust for the disturbances.
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1. Introducing dead zone for parameter updation law.
2. Normalization of the signals used for parameter updation law.
3. Introducing a feedback term in the parameter updation law.(o modification)

In the parameter updation law, error signals (augmented error signals) are used and the error signal become small
when the parameters converges to the true ones without the disturbances. They does not becomes small when there
exist miss-match between the model and the actual plant, then the persistent error will make the estimated parameters
diverge. In that case we can not expect that the error signal becomes smaller than a certain value. For that case,
the error signal should be considered zero even though the signal is not zero, and the parameter is not updated. The
zone of the certain value of the error signal is called dead zone. The second method is a method to avoid parameter
divergence introducing a normalization factor and a constant number as a denominator in the updating law as in the
least square method. The third method is a method to avoid parameter divergence introducing a feedback term in
the parameter updation law, which is given in the following theorem. (Theorem 2) [10]

We assume that a bounded system noise d exists in the dynamic equation as

M(q)§ + (Clq,4) + D)q + G(q) + d(t) = 7 (6.18)
where d(.) is a function of only time and it satisfies
l|d|| = d. (6.19)
We also assume that a norm of the parameter vector is bounded above by
lal] < a, (6.20)

and a is known. If the control law and the parameter updation law are modified as

T = }/C(Qa 47 q?’a qf’)a’ - Kd57 Kd > 0 (621)
a = TV (q.d.d4d)s + oa),
I'>0,0 >0, (6.22)

where AT K, is a symmetric and positive define and oy is a certain positive scaler and ¢ is determined as

0 it la| < a
o= o %_1) if a< | <2 , (6.23)
70 if 2a < |l

then (e, ¢) does converge into the region expressed by

D s= {(c.e) el + Al < Z—Z<1+c2>,} (6.24)
where
Ain. = minAA), Amas 1= mazA(A),
¢ = i: B = min\(K.).
(Note)

This theorem shows that if the disturbance is large, then the region will become naturally big. On the other hand,
the values of A, and K4, which are gain and design parameters, are big, the region will become small. When ¢ = 1
and the manipulator is of one degree of freedom, the region of the convergence is directed as in Fig. 2.
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Fig.2 Region of the convergence.

(Proof)
Modifying the Lyapunov candidate in Theorem 1 as
1 1
Vo = §STM(q)s + T ATKqe + §dTFd. (6.25)

Taking the derivative of V5 and following the previous derivations in the proof of Theorem 1, we have
Vo = —¢TKqe — e"ATKjhe — 0a”a + s7d. (6.26)
Due to the determination of o, we have ¢a’a > 0 since

o(a—a)la=o(|a|® —aTa)
> o(llal|* — llallllal])
> ollal[(lla]] —a) = 0. (6.27)

Therefore, we have

s < —éKge — el ATKahe + s7d
BlIel® — B2, llell + l1elllldl] + Amac|lellldl]
Bl = BAZ,. llell + 11elld + Amaz]lelld

>

S_
S_

In order to cancel out ||¢]|d, ||e||d from the above equation, completing a square we have

. Bi.n2 B, d ., d?
Vo< —Zpenz = ey - 4
o< =Sl - Sae- 9 + &
BAgrnn ﬂ )‘mazd ﬂkgn,azdg
I [lel]® — E(AmmHeH— )\mmﬂ)2+ A2
B & Aas
<5 (=l = Nllell* + F+ =) (6.28)

Since in the region of [[¢[|? + A2, [[e]|? > Zz(1+¢?), Vo < 0, then (e,é) — D.

[

In theorem 2, we just considered the system noise, in practice there exists observation noise. In particular, if
we obtain velocity signal taking a difference of the position signal, the quantization error sometimes leads to drift of
the parameter signal. This phenomena is crucial when the desired signal is constant and the position error is small.

39



Let consider this phenomena in the basic adaptive control method. Let assume that e is zero and é is n being the
observation noise, and the parameter updation law becomes as

a= T (¢g,n,0,—A(n))(n). (6.29)

Please notice that there exists a term consisting of the square of n, and this term becomes the source of the drift. For
this problem, the following Theorem give a solution.

(Theorem 3) [11]

Assume that the control input is determined by

T = }/C(Q7q - Ae) qda Qd)a' - Kde - er (630)

d = F_lxz(Qaq_ Ae,Qd,ijd)S (631)

where
Ki=Kj >0, K, =K} >0.

Assume also that A = A\ and

Ao
A= (6.32)
L+ [le]|

and

0 < Xo < min{ Kam AKpm } (6.33)

0 (3Mur + 2Ca1) (Kant + Kam) J '

where

Kagm = min\(Ky), Koy :=mazA(Ky),

Kpm = minA\(K,), Kpu = mazA(Kp),

M., My, Cy are constants in (Property 2) and (Property 3). Then e and é does converges to zero in large and all
internal signals are bounded.

(Note)

In this algorithm, since we need M,,, M s, Cy,, the algorithm is not a pure adaptive controller in a sense. The resultant
control algorithm is just a PD controller with gravity compensation. From this structure, please notice that there does
not exist square term of n but that of the desired value.

(Proof)

Substituting the control input into (6.1), we have

Mé + C(g,§)é + AC(q, €)da + Kaé — Kype
= }/c(q’ q - Ae) qda qdd)& (634)

Let now consider the following Lyapunov function candidate:

1 1 1
Vs = 5sTM(q)s + §eTer + 5&%&. (6.35)
Taking the derivative of it, we have
‘./3(67 é’ &)
=57 [)\M(q)é + AM (q)e + AC(q, ¢)e
~A\C(q,€)qa — K¢ — Kpe] + T Kpe. (6.36)

Introducing the following a new variable s; defined by

s1=¢é+ —e, (6.37)

N[ >
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the above equation can be re-expressed using the variable as

Now

Va(e,é,a) = st [AM(q)é+
AM(q)e + AC(q, §)e, —AC(q,e)qa — Kqé — er] + éTer.
(6.38)

consider the second and third terms, we have the following inequalities using the determination of A and the

property of C(g,.) :

ATM@e < roMu(lsil® + 15 el?) (6.39)
ATOW e < 2oCu(lsal + 5 el?). (6.40)
From these inequalities, we have
Vi(e,&) < —mallsa|* = ol Sell” (6.41)
where
k1 = Kgm—3 oMy —2XCu (6.42)
Ky = %Knm — Kgpm — 20oMpyr — 2X00C .
(6.43)

From

the condition of \g, we have V3 < 0 and V3 is a monotonically decreasing function. As in Theorem 1, we can

show that e,s1 € L7 ;and A € L and e € LY, é € L. Therefore, from Lemma 1 we have e — 0 (t — c0). We can
also show the convergence of é as in a similar way in Theorem 1.

In
easily

[

actual implementations the computation of Y.() is the most difficult part. The computation is, however, relatively
executed using spatial notation. Since this discussion is beyond the scope of this manuscript, please refer to the

reference. [7]
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