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Adaptive output regulation of unknown linear
systems with unknown exosystems

Ikuro Mizumoto and Zenta Iwai
Department of Intelligent Mechanical Systems, Kumamoto University,
2-39-1 Kurokami, Kumamoto, 8§60-8555, Japan

1. Introduction

The problems of the output regulations and/or disturbance reductions have attracted a lot
of interest and have been actively researched in the consideration of the control problem for
systems which are required to have servomechanism and for vibration attenuation in
mechanical systems. It is well known that such problems are solvable using the Internal
Model Principle in cases where the system to be controlled and the exosystem which
generates the output reference signal and external disturbances are known. In the case
where the controlled system is unknown and/or the exosystem is unknown, adaptive
control strategies have played active roles in solving such problems for systems with
uncertainties. For known systems with unknown exosystems, solutions with adaptive
internal models have been provided in (Feg & Palaniswami, 1991), (Nikiforov, 1996) and
(Marino & Tomei, 2001). In (Marino & Tomei, 2001), an output regulation system with an
adaptive internal model is proposed for known non-minimum phase systems with
unknown exosystems. Adaptive regulation problems have also been presented for time
varying systems and nonlinear systems (Marino & Tomei, 2000; Ding, 2001; Serrani et al.,
2001). Most of these methods, however, assumed that either the controlled system or the
exosystem was known. Only few adaptive regulation methods for unknown systems with
unknown exosystems have been provided (Nikiforov, 1997a; Nikiforov, 1997b). The method
in (Nikiforov, 1997a) is an adaptive servo controller design based on the MRAC strategy, so
that it was essentially assumed that the order of the controlled system was known. The
method in (Nikiforov, 1997b) is one based on an adaptive backstepping strategy. In this
method, it was necessary to design an adaptive observer that had to estimate all of the
unknown system parameters depending on the order of the controlled system. Further, the
controller design based on the backstepping strategy essentially depends on the order of the
relative degree of the controlled system. As a result, the controller's structure was quite
complex in both methods for higher order systems with higher order relative degrees.

In this paper, the adaptive regulation problem for unknown controlled systems is dealt with
and an adaptive output feedback controller with an adaptive internal model is proposed for
single input/single output linear minimum phase unknown systems with unknown
exosystems. The proposed method is based on the adaptive output feedback control
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66 Adaptive Control

utilizing the almost strictly positive real-ness (ASPR-ness) of the controlled system and the
controller is designed based on an expanded backstepping strategy with a parallel
feedforward compensator (PFC) (Mizumoto et al., 2005). It is shown that, under certain
assumptions, without a priori knowledge of the order of the controlled system and without
state variables, one can design an adaptive controller with a single step backstepping
strategy even when the system to be controlled has an unknown order and a higher order
relative degree. Using the proposed method, one can not attain perfect output regulation,
however, the obtained controller structure is relatively simple even if the system has a
higher order and a higher order relative degree.

2. Problem Statement

Consider the following single input/single output LTI system.

x(t) = Ax(t)+ bu(t)+ Cyw(t)

y(t)="x(t)+d wi(t), (1)

where x = [xl,m,xn]T e R"is the state vector and u,y € R are the input and the output,

respectively. Further w(t)e R™ is an unknown vector disturbance.

We assume that the disturbances and the reference signal which the output y is required to
track are generated by the following unknown exosystem:

(2)

where Ay € R™™ is a stable matrix with all its eigenvalues on the imaginary axis. It is also

assumed that the characteristic polynomial of A4 is expressed by

det(N—Ay)=N"+a, A"+ +a,\+a,. (3)
The objective is to design an adaptive controller that has the output y(t) track the reference
sighal ym(t) generated by an unknown exosystem given in (2) for unknown systems with
unknown disturbances generated by the unknown exosystem in (2) using only the output
signal under the following assumptions.

Assumption 1 The system (1) is minimum-phase.

Assumption 2 The system (1) has a relative degree of r.

Assumption 3 ¢’ A"'b > 0, i.e. the high frequency gain of the system (1) is positive.

Assumption 4 The output y(t) and the reference signal ym(t) are available for measurement.
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Adaptive output regulation of unknown linear systems with unknown exosystems 67

3. System Representation

From Assumption 2, since the system (1) has a relative degree of r, there exists a smooth

T
nonsingular variable transformation: [ZT,I]T] = ®x such that the system (1) can be

transformed into the form (Isidori, 1995):

) At o)+ 1 ) D)

z

=0yl )+ Fl) @

y =[1,0,---,0]z,(t)+d"w(t),

where

01
AZ _ { r—Ixr-1 }
_aO -..—ar_l

b, =[0,---,b,] b, =c"A™ b,

V4

and ¢, e R"" is an appropriate constant vector. From assumption 1, Q,, is a stable matrix

because 1(t) = Qnr](t) denotes the zero dynamics of system (1).

3.1 Virtual controlled system
We shall introduce the following (r-1)th order stable virtual filter 1/f(s) with a state space

representation:
2(t) = Ay, z¢(t) + by, ult)

ug (t)= sz z(t),
_[ T
where z; = zfl,---,sz] and

0 I
Au _ r—2xr—2 :|,
‘ |:_ﬁ0"'_[3r—2
bl =[0,--1] ¢y =[1,0,---,0].

Ug

With the following variable transformation using the filtered signal z; given in (5):
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¢ t) t
u(t) 1 uf1( ) ! u(t) Controlled

—» —— | ——L» f(s) —» —
f(s) system

------- Virtual controlled system Sm——=
Fig. 1. Virtual controlled system with a virtual tilter

&1 (t) = z,(t) |
&(t)= —b,u; (t)+2z;(t)+ ch Zi | (t), (6)

=1
where

ce =6;-a,, (1<i<r-1)

r-1

Cg, =—ap + Zﬁj—l Ce,
j=1

E]1 = Br—Z

i1
0 =P+ Zﬁr—ﬂj—lC@j ’
i=1

the system (1) can be transformed into the following virtual system which has u; given

from a virtual input filter as the control input (Michino et al., 2004) (see Fig.1):

& (t)=a,g(t)+ CF1FIIy (t)+ b,ug (t)+ Eg] w(t)
1y (£) = Ay (£)+ ;8 (1) + Cy wit) (7)
y(t) =& (t)+d w(t),

where Ily = [gT/r]T]T’ gz [§2/§31"'/§r]T and C;F = [1'0""’0]’ CI] = [Cg’o’”.’o’l]T : Edl and Edn
are a vector and a matrix with appropriate dimensions, respectively. Further, A, is given by

the form of

0
A, =| 2w
0] Q

s
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Adaptive output regulation of unknown linear systems with unknown exosystems 69

Since Auf and Qr] are stable matrices, Ar] is a stable matrix.

3.2 Virtual error system
Now, consider a stable filter of the form:

icf (t) 5 Acfch (t)+ Ccf uf1 (t)
ug(t)= 0"z, (t)+ug (1),

where C., = [O,- . -,0,1]T and
0 Im* xXm-—
A = 1xm-1
f _ﬁco ""/_pcm,l
6" = [C[O - ﬁco 7 dme ﬁcm,1 ]
Be, B, /B, arechosen such that A_ is stable.

Let's consider transforming the system (7) into a one with u¢ given in (8) as the input. Define
new variables X; and X, as follows:

X = §gm) + C[m—1§(1mfl) +o+ag§y +apdy

X, = r]g,m) + am_lr]§,m_1) +  agl)y + Aoty ®
Since it follows from the Cayley-Hamilton theorem that
AT pa, AR 4 r A +apl =0, (10)
we have from (2) and (7) that
(0= 0,0+ €1Xa(0)+b,7() o
X, (t) = A, X, (1) + ¢, X, (1),
where
U = ugn) + am_lugnfl) +eb gy +aguy (12)
Further we have from (10) that
e™yq ™Dy paqérae=X,. (13)
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70 Adaptive Control

Therefore defining E = [e, e ',e(m_l)]T , the following error system is obtained:
(14)

Obviously this error system with the input u; and the output e has a relative degree of m+1
and a stable zero dynamics (because A, is stable).

Furthermore, there exists an appropriate variable transformation such that the error system
(14) can be represented by the following form (Isidori, 1995):

L0500 G0 3

z Z,

A,0-Q,n, 1] 1,0 a5)

et) =z, (t),

where z, =[Ze1/"'/Zem+1]T and n,_ eR"! . Since the error system (14) has stable zero

dynamics, Q . is a stable matrix.

z

Recall the stable filter given in (8). Since we have from (8) that

(m) (m-1) :
ug -+ ﬁcm_l Ug Tt ﬁcl ug + p’couf
(m) (m-1) : T (16)
=Up AUy et agly +douy = Uy,

the filter's output signal u¢ can also be obtained from

7 (0= A7, (04] )
)= 110,012, ()

by defining z_ =[uf,1'1f,---,u§m71)]T .Using this virtual filter signal in the wvariable

transformation given in (6), the error system (15) can be transformed into the following form,
the same way as the virtual system (7) was derived, with ur as the input.

&(t) = age(t) + buy (t)+ ce e (t)

17
i1,(t) = Qe () + bye(t), (17)

www.intechopen.com



Adaptive output regulation of unknown linear systems with unknown exosystems 71

where
Virtual error system
| Virtual controlled system | o
o g ol o ol et s
D e m———— e me :

Since A and Q, are stable matrices, Q. is a stable matrix. Thus the obtained virtual error

system (17) is ASPR from the input us to the output e.

The overall configuration of the virtual error system is shown in Fig.2.

4. Adaptive Controller Design

Since the virtual error system (17) is ASPR, there exists an ideal feedback gain k* such that
the control objective is achieved with the control input: u(t) = —-k"e(t) (Kaufman et al., 1998;
Iwai & Mizumoto, 1994). That is, from (8), if the filter signal u; can be obtained by

ug (t)=-k"e(t)-0"z (), (18)

one can attain the goal. Unfortunately one can not design u; directly by (18), because uy, is

a filter signal given in (8) and the controlled system is assumed to be unknown. In such
cases, the use of the backstepping strategy on the filter (5) can be considered as a
countermeasure. However, since the controller structure depends on the relative degree of
the system, i.e. the order of the filter (5), it will become very complex in cases where the
controlled system has higher order relative degrees. Here we adopt a novel design strategy
using a parallel feedforward compensator (PFC) that allows us to design the controller
through a backstepping of only one step (Mizumoto et al., 2005; Michino et al., 2004).

4.1 Augmented virtual filter
For the virtual input filter (5), consider the following stable and minimum-phase PFC with
an appropriate order ny:
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ye(t)=-agye(t)+agn(t)+ bu(t)

. (19)
1¢(t) = A (t) + bey(t),

u 1 ug I‘Id(S) Ug e
_» — > ———p{ Virtual error system |——p
f(s) dy(s)
u,,
5 PFC [ —>

Fig. 3. Virtual error system with an augmented filter

where y; € Ris the output of the PFC. Since the PFC is minimum-phase A; is a stable

matrix.
The augmented filter obtained from the filter (5) by introducing the PFC (19) can then be
represented by

iuf (t) = Azfzuf (t)+ bzfu(t)

u, ()=l 2z, ()= ug )+ y(t) )

where z,, = [z;r,yf,q;r]T and

A, 0 0 b,
A, =| 0 -a aj|b, =D, ]|,
f 1 2 f
0 by A 0

ch = [cuf ,1,0,---,0]

V4

Here we assume that the PFC (19) is designed so that the augmented filter is ASPR, i.e.
minimum-phase and a relative degree of one. In this case, there exists an appropriate

variable transformation such that the augmented filter can be transformed into the following
form (Isidori, 1995):

t,, (t) =a,, 1, (t)+ 25,1, (t) + byult)

0= A0+ o, )

where A, is a stable matrix because the augmented filter is minimum-phase.
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Using the augmented filter's output u,_, the virtual error system is rewritten as follows (see
Fig.3):

é(t) = age(t) +bfu,, (t)+ 0"z, (t)-ys(t))+ ln.(1) -
Ao (t) = Qute (£ + by,

4.2 Controller design by single step backstepping
[Pre-step] We first design the virtual input a; for the augmented filter output u, in (21) as

follows:

A

ay (t) = —k(t)e(t) - ()" z, (t)+Wo(t), (22)

where k(t) is an adaptive feedback gain and é(t) is an estimated value of 0, these are

adaptively adjusted by
k(t) = yie*(t)—ouk(t), i >0,0, >0
3 A (23)
B(t) = Toz,, (t)e(t)—ogb(t), T§ =T >0,04 >0.
Further, W,(t) is given as follows:
(1) = Dly) (-2, Wo(t)+ byu(t)
0, if |y]<5 (24)
D(Yf): 1. if | f| SYf
r 1 |Yf| > M
where &, is any positive constant.
Now consider the following positive definite function:
V, = Ly ey 1A9Tre—1Ae +NeP.1,, (25)
2b, PAV 2 AN

where
Ak =k(t)-k*, A8 =0(t)-8,

k* is an ideal feedback gain to be determined later and P. is a positive definite matrix that
satisfies the following Lyapunov equation for any positive definite matrix Re.

P.Q.+Q!P, =-R_ <0.
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Since Q. is a stable matrix, there exists such P..
The time derivative of V( can be evaluated by

v, < —(k* - vo)e2 ~ (i [Re]=p1) el + e
_{Yf —‘I’o}e—(o—k—szAkz (29)
Yk
_ (06}\min [re—l ]— pa)AB2 +R,

with any positive constant p; to p;. Where o, =u

e

—a; and

)2

ag

- 2
be 4b P1 27)
O§k*2 09(}\mm ] )
Ry =2 oF"
P2Yk
[Step 1] Consider the error system, @, -system, between u, and a, . The @, -system is
given from (21) by
i =1, —d o5
T .
=a,u, +a,n,+ bu—a,.
The time derivative of a; is obtained as follows:
oa, 6 ay 60[1 a; T
= —18jz, +—1b +—
1 de e€ a 12 cf de eufl de Ce e
L0 g 8a1 5+ 2% (29)
ak(t) f08
+ D(Yf )(‘ ar, lp0 + bau)/
where 8] =b,8" . Taking (28) and (29) into consideration, the actual control input is
designed as follows:
1 2
_ b_[clml + 20( u, | + ||r]a||2 jml +e, W0, — ‘PQ},
if <0
|Yf| A (30)

u = ®q
b,y

a

2
o+ 20, -, |

Y I T

ban
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where g, to g5 and y; are any positive constants, and ¥, and W, are given by

2
oa, 60[ oa, » ~ (Oa
P =-—14 e W' 1 —lbu, + (—1] W1,
2 e a.e P 1Z [ de et f; ﬁl . 1

6(:[1 8a1 8(11 2

zZ || +1

W =

R

Cf

A

where 1 is any positive constant and a.,b,,0,,p; are estimated values of a,,b,,0;,B;,

respectively, and adaptively adjusted by the following parameter adjusting laws.

o (8) = -y (O 2 elt) - 0t (1)
b (6)=-ye01 () L (6)- 0y (1)

(31)

where Y.,V ,Yp, /94,01 ,0g, ,0p, are any positive constants and Iy = T6T1 >0.

4.3 Boundedness analysis
For the designed control system with control input (30), we have the following theorem

concerning the boundedness of all the signals in the control system.

Theorem 1 Under assumptions 1 to 3 on the controlled system (1), all the signals in the
resulting closed loop system with the controller (30) are uniformly bounded.

Proof: Consider the following positive and continuous function V.

1 2 1 Tr+-1 1 2
Vy+—w7 +—=A0;I; A0, +——Aa
0501 T A e, AV TS e

a

1 2 1 2 2 .
JFWAbeJFTAQ1 26y , i |y <8y,
v, = b b (32)
! 1 -, 1, 71 1 2
Vo + 07 + A8, Ty A8, + —Aag
2 2 2y,
1 2 1 > 1 5
+—Ab, +—ABT+—v:, if >0
2Yb e 2Y‘31 61 2 Y |Yf| V¢
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where

Aa, =&, (t)-a,, Ab, =b,(t)-b
AB, = 61(t)—91r APy = él(t)_ﬁlf

e

and 6, is any positive constant.

From (26) and (32), the time derivative of V; for |yf| <d,, can be evaluated by

. . 1
{1 v e - CnlR 1 - o e
(b
k
- Cl(‘)% - (06] }\min [re_]l ]_ H1 )AB% (33)
- (O—Q ~He2 JAag - (& ~Hs ]Abﬁ
Ya Yb

(e)
-(Yﬁ -m}Asi -y e R,
B1

with any positive constants p, to p, . Where

3 051 ()\min [re_ll])z

2 .2 212 o022
R, =R, +—+ ||61||2 4 0a%e , Obbe | P .
de 4y AHave  4HaYy  4HaYp
Here we have
(Yf +1P0) [ (Yf —Wo)2 2
B (Yf -% )e ="Ms5y€— + + Hs€ (34)
2p5 4ps

with any positive constant p5 . Furthermore, for |yf| <y, since W (t)=0 is held, there

exists a positive constant W, such that |yf (t)- ¥, (t)| <Wy,.

Therefore the time derivative of V; can be evaluated by

for |yf| < 6},f , where
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a, = min ZbE(k* - vy N p5j,sa,2
4l

s, = min

4

Amin [Re] = P1 ~ Ho ™ ( o pz} , (oo min 5] —p5)
AP Vi Ac ]
2,2 (oe1 A in [Te]l ]— 1 )/2\(“ (O_Q - j’

a

_ P2
4

For |yf| > 8, , the time derivative of V1 is evaluated as
. i 1
Vl = _(k — Vo~ 4_je2 - (}\min [Re ] —P1~Ho )”rlen2
el
- [z_k —P2 jAkz - (OGAmin [rél ]— Ps3 )A92 - 01
k

- (091 A min [re_ll ]_ H1 )AB% - [z—a —H2 ]Aag (36)

a

o Op,
—[—b—PaJAbg—( P —P4JA5%+R1
Yo Yp,

2 2 2 2 2
—ag Vi +ag NeYe — VeYs — eofne]” v — €35
+We —yee,

and thus we have for |yf| > 8, that

V, <—a,V; +R,, (37)

where

a, = min[2be[k* ~v, _%_L_%],sa,zyf]
el a €3

1
2

af2

RQ:I{1+‘4€2
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Finally, for an ideal feedback gain k* which satisfies

x 1 1 1
k >V0+_+V1, V1=maX p5,___,
4el ag, 4,

the time derivative of Vi can be evaluated by
where a = min[aa,ab] >0, R= max[ﬁl,RZ] . Consequently it follows that V1 is uniformly

bounded and thus the signals e(t), o, (t),n.(t),y;(t),n;(t) and adjusted parameters k(t), é(t),
a, (t),él (t),‘tA)e (t),f%l (t) are also uniformly bounded.

Next, we show that the filter signal z. and the control input u are uniformly bounded.

Define new variable zg as follows:

m m-1
Zél ) + ﬁCmAZ(ﬁl : Tt ﬁcozgl = §1 (40)
§1 = a8 +ciny +b,u; +cf w (41)
fly = Agny +b,§; +Cy W, (42)

where §; and n, have been given in (7). Further define z5 by

zg =a,zg +b,z. +1g ()
B+ B e B, =l +Ew, “

where z, = [1,0,-- -,O]ZCf and we set zgj)(O) = zg:)(O),k =0,---,m .We have from (40) and (41)
that
§1 - C[z§1 = Z(§11n+1) + (ﬁcm,1 —-da, )Zgn)
+ (ﬁcm—z - aZﬁCmfl )Zgln_l) + o

+(ﬁco _aZﬁcl 251 _aZZ§1

_ T =T
=b,u; +cgny +cg W.

Further, we have from (43), (44) and (8) that
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1 -1
ZESIIH— ) + (ﬁcm,1 —-a, )Zg?) + (ch,z - azp'cm,1 )Zg:l )
ot (Be, —aBe, S —a,zg (46)

_ T =T
=b,u; +ceny +cg W.

It follows from (45) and (46) that z{ =z, k =0,---,m .

. . m-1 T . m-1 T . 1
Define zg = [z§1,z§1,---,z(gl )] and zg = [zm,zﬁ],---,zé] )] . Since s™ +[3cm_15m 1+---+[3C0

is a stable polynomial, we obtain from (40) that

2] = [lze] < 1l + 1o, @)

with appropriate positive constants 1y, .. From the boundedness of w(t) and e(t), we have
&,(t) is bounded and thus zy is also bounded.

Furthermore defining ng = [I]Bl ,Ijﬁl L -,qgln_l) ! , we have from (44) that

(0= A0+ ety 0w 9)

From (8) and (48), we obtain
bzicf (t) + r][i (t)

oz g0, o (04 e 28 ) “

Therefore b,z (t)+ ng (t) can be evaluated from (48) and the fact that ug = +a; —yg by

b,z (0 (0] < A o7, ) )]
(1) 0]+ b, fo (1) £y
ey O « [ e
Here, we have from (22) that
i) y:(0)= K0} 2oz @m0} S wly) vl e
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Since it follows from (19) and (24) that
ye(t) -y (t) = —ay (ye(t)- Py (t)+ asz 1 (t) (52)

for |yf| > 8, and from the boundedness of n; (t), there exists a positive constant such that
|yf -¥, (t)| <@, . Further, from the boundedness of w(t)and e(t) i.e. &,(t), we can confirm
that n, (t) and ng (t) are also bounded from (7) and (48). Finally, taking the boundedness of
the signals e(t), o, (t),k(t), é(t) and 1, (), ng (t) into consideration, from (50) b,z (t)+ ng (t)can
be evaluated by

bzicf (t)+ 11[5 (t)H = lzl bzch (t)+ I‘ﬁ (t)H + 1z2 (53)

with appropriate positive constants 1, and 1, . Consequently, considering the system:

Zﬁ (t) = C[ZZﬁ + bZZCf + I]ﬁ (t) (54)

from (44) with b,z +r]ﬁ(t) as the input and zg as the output, since this system is

minimum-phase and the inequality (53) is held, we have from the Output/Input L, Stability
Lemma (Sastry & Bodson, 1989) that the input b,z +ng (t) in the system (54) can be

evaluated by

z5(t)] +1,, (55)

bzch (t)+ I]B (t)H = Izl

with appropriate positive constants IZ1 and IZZ . From the boundedness of zﬁ(t) and qﬁ(t),
we can conclude that z_ (t) is uniformly bounded and then the control input u(t) is also

uniformly bounded. Thus all the signals in the resulting closed loop system with the
controller (30) are uniformly bounded.

5. Simulation Results

The effectiveness of the proposed method is confirmed through numerical simulation for a
3rd order SISO system with a relative degree of 3, which is given by

-1 05 05 0 1 01 01 01
z=|15 -25 -05{z+|0u+|01 01 1 01w 56
-25 05 1 1 01 01 01 1 (56)

y=z,+[01 01 1 0.1]w,

where w is an unknown disturbance which has the following form:
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sin(2t)
W 2cos(2t) &7
" 1 0.5sin(5t)

2.5c0s(5t)

Before designing a controller, we first introduce the following pre-filter:

b
s+a

(58)

in order to reduce the chattering phenomenon to be expected by switching the controller
given in (30). Therefore, the considered controlled system has a relative degree of 4.

Since the relative degree of the controlled system is 4, we consider a 3rd order input virtual
filter in (5). Further we consider a stable internal model filter (8) of the order of 4.

For the input virtual filter, in this simulation, we consider a first order PFC:
Vi =-a,y;+b,u
in order to make an ASPR augmented filter.

The design parameters for the pre-filter (58), the input virtual filter (5) and the internal
model filter (8) are set as follows:

a=Db=1000
Be, = 20,8, =150,p,, =500,p,, = 625

and the PFC parameters are set by

a; =10,b, = 0.01.

Further design parameters in the controller given in (23), (24), (30) and (31) are designed by

Yk =500,0, =0.01,6, =10
1=0.5,09 =0.05,04 =0, =0, =05 =0.1
Iy =Ty, =5000I,,y, =y, =yp =100
c; =1000,eq =g =&, =0.01,&5 = y; = 100.

Figure 4 shows the simulation results with the proposed controller. In this simulation, the
disturbance w is changed at 50 [sec]:
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sin(2t) 2sin(4t)
2cos(2t) 4cos(4t)
“05sin(5t)| " | 0.5sin(20t) |
2.5c0s(5t) 2.5c0s(20t)

Figure 5 is the tracking error and Fig.6 shows the adaptively adjusted parameters in the
controller.
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Fig. 4. Simulation results with the proposed controller
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Fig. 5. Tracking error with the proposed controller
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A very good control result was obtained and we can see that a good control performance is
maintained even as the frequencies of the disturbances were changed at 50 [sec].

Figures 7 and 8 show the simulation results in which the adaptively adjusted parameters in

the controller were kept constant after 40 [sec]. After the disturbances were changed, the
control performance deteriorated.
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Fig. 7. Simulation results without adaptation after 40 [sec].
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Fig. 8. Tracking error without adaptation

6. Conclusions

In this paper, the adaptive regulation problem for unknown controlled systems with
unknown exosystems was considered. An adaptive output feedback controller with an
adaptive internal model was proposed for single input/single output linear minimum phase
systems. In the proposed method, a controller with an adaptive internal model was
designed through an expanded backstepping strategy of only one step with a parallel
feedforward compensator (PFC).
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