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Robustness of Global Asymptotic Stability in Indirect which allows for the robustness analysis. In Section Ill, an explicit

Field-Oriented Control of Induction Motors condition to conclude about global asymptotic stability is provided,
which also yields a test for robustness of the global stability property
R. Reginatto and A. S. Bazanella regarding rotor time constant mismatches. This test is explored in Sec-

tion IV to obtain robust global asymptotic stability margins in an ex-
ample, showing that it is much less conservative than the ones previ-
ously presented [3], [7]. Finally, Section V provides a discussion on the
results obtained.

Abstract—The influence of the rotor time constant mismatch on the
global stability of induction motors under indirect field oriented control
(IFOC) is analyzed. A test for global stability is provided, based on neces-
sary and sufficient conditions for the existence of quadratic Lyapunov func-
tions for IFOC drives. This test yields robustness margins with respect to Il. SYSTEM MODEL AND EQUILIBRIA
rotor time constant mismatches. A typical example is presented to show that
the robustness margins obtained are significantly less conservative than the A. IFOC Modeling

ones obtained with previously proposed stability criteria. . . . .
P v prop y We consider the current fed induction motor model expressed in a

Index Terms—Global asymptotic stability, indirect field-oriented control  reference frame rotating at synchronous speed. In terms of state vari-
(IFOC), induction motors, robustness. ables, this model can be written as

1= — 1w — u1T2 + caug 1)
I. INTRODUCTION iy = — 1wy 4 wyan + Cous )
The indirect field oriented control (IFOC) methodology is widely = — czw ~+ ¢4 [cs(waus — x1uz) — Ti) 3)

and successfully applied to meet high performance requirements with ) )

induction motor drives. The commissioning of an IFOC drive requirddN€ré+1 and.» represent thg-axis andd-axis rotor fluxes, respec-
the knowledge of the rotor time constant, a parameter which can vé'walyj w is the rotor speedys, u» andus stand for the inputs—the
largely during the drive’s operation. The consequent mismatch betwéé'l‘?p'ng_ frequeqcy, thel-axis andq-ax_ls s_tator current components,
the actual value and the commissioned value causes loss of field §FEPECtVely Ty is the load torque, whichis assumed constant, and the

won

entation, implying important performance and stability problems [6]¢ parametgrs are all pOSitiV,e' I,n part.i(.:ular, represents the i.nvers.e
[9]-[12]. Analysis of the robust stability of IFOC drives is therefore f the rotor time constant, which is a critical parameter for indirect field

major issue and as such has been pursued in [1], [3]-[5], [7], [13], aﬂﬂemed control. . L . .
[14]. In speed regulation applications the IFOC strategy is usually applied

The existence of parameter ranges for which IFOC drives can pres@mg with a PI speed loop as described by the following equations [7],
several equilibrium points has been proved in [7] and a complete ch&r="

acterization of the dependence of the equilibria on the rotor time con- w = 2 ()]
stant mismatches has been given in [4]. Local stability properties of Ouz

these equilibria have been investigated in [1], [4], [14] through bifur- Uz = Uz ®)
cation analysis; conditions for nonexistence of neither saddle-node nor t

Hopf bifurcations were provided. Guidelines for setting the speed or g = kp(Wrer — w) + ki /(’wref —w)(Q)d¢ (6)
position controller in order to guarantee a certain local asymptotic sta- 0

bility margin with respect to rotor time constant mismatches for a praeereé; is an estimate for the inverse rotor time constant:, andk;
tical load range were given [2]. are the gains of the Pl speed controller,; is the constant reference

A quadratic Lyapunov function for IFOC drives has been derived welocity andu3 is a constant which defines the flux level.
[7], proving its robust global asymptotic stability. A generalization of The knowledge of; is a key issue in IFOC commissioningdf =
this Lyapunov function has allowed to derive explicit formulae to core, that is, if we have a perfect estimate of the rotor time constant, we
clude about robust global asymptotic stability in [4]. A passivity basezhy that the IFOC is tuned, otherwise, it is said to be detuned. Accord-
analysis has been used in [8] to conclude about robust global asyrimgy, we define
totic stability in the special case of zero load operation. In this note, we
completely characterize quadratic Lyapunov functions for IFOC drives K @)
in speed or position control tasks, thus generalizing the aforementioned
results. A procedure for determining guaranteed global asymptotic sig-the degree of tuning. It is clear that- 0 and the IFOC is tuned if
bility margins is presented which is significantly less conservative thaind only ifx = 1.
the ones obtained with the previous results, and guidelines for settingVe parameterize the closed-loop system (1)—(3) with the control
the speed (or position) controller are derived from these calculationg)—(6) (see Fig. 1) in terms of the degree of tuningielding a fourth-
The note is organized as follows. Section Il formulates the problegider system that can be described as
and provides the complete model for the induction motor with IFOC; . rep

[
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o
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the model is valid both for proportional-integral rotor speed regulation €1 =~ F el - g ®)
and for rotor position regulation through proportional-derivative con- by = — a4+ cqul 4 Ly ©)
. . . . . o = — 2 2 ——2T T
trol. The model is parameterized in the rotor time constant mismatch, - 12 2ne ud e
T3 = — C303 — Cq [05 (1?2;174 — ug;tl) — Te] (20)
. 0
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CTIROCTT le torque developed in steady state. The parametean be shown to
Wre f H ' lgs . . .
: - satisfy the polynomial equation [4]
FO—1_PL | I -
- w S A R a7
aolgs | 7S w S . . . . .
a ZZ_ : IM The equilibria are parameterized in terms of a single dimensionless
w0 P quantityr, which satisfies (17). Each real solution of (17) represents
2 1 lds el s . . . . .
: an equilibrium. Since this is a third-order polynomial equation, there

are either one or three equilibria. Since the coefficients of this equation

are functions only of the degree of tuningand the normalized load

r*, these two parameters completely define the equilibria. A complete

characterization of equilibria has been given in [4] where it has been
For position regulation (6) is substituted by a proportional-derivativghown that the equilibrium is unique if and onlysif< 3.

controller Consider an arbitrary equilibrium and define the change of coordi-

nates: 2 x—a°. Writing the system (8)—(11) in these new coordinates

Fig. 1. Block diagram of IFOC.

g = Kp(bret — 6) + Kdd(ériit_é) (13) and using (16) yields
at
] - ) N F=[Ag(k, ") + 2441 (r)] 2 18
wheres is the rotor position andl.. is the constant position reference. ith [0 ) i) (18)
Defining the new state variables andz4 as before (withuv,o; = 0) wit - . ek 0 ea(1 = k) 14rr?
and observing that..; = 0 almost everywhere yields o ' 2 122
) R rKCq —C1 0 KC2 —1+1;2'{,~2 r
4= — K6 — K36 = Kyxs — K Ag(k,r™)= . 0 2
. . 0 ’ cacsud —cy 05'ug7' —y o ATEC2Mp ldkrT
=K. .r3 — K4c4 [05 (1214 — rluz) — Tm] (14) 2 : 1 T+r2r2
ichi ; S kpeacsud —kpcacsudr ke _ kpeacseauy 14xr?
which is the same as (11) but wiffi. = K, — K;c; in lieu of k. and SrpTAT L ¢ <1 1+~2"219
I(; in lieu of k,. Since the resulting dynamic model for the position ) et )
regulation is the same as for speed regulation with zero reference speed, 0 Ty 00
all the results derived for speed regulation are also valid for position A — o 0 0 0 20
regulation, and we henceforth treat only the constant speed regulation” (k)= 02 —cacs 0 0 (20)
case.
L O —kp04(!5 0 0
B. Tuned System which presents an equilibrium at the origin= 0.

. - It can be seen from (16) and (17) that an operating condition is

A constant rotor flux must be established inside the motor befoﬂ%iquely defined by the values of normalized loddand degree of
the systems can be operated. This is called the magnetization pi}a
of IFOC, and is achieved by applying = 43, u; = 0, weer = 0
to the motor in stand-still condition. The steady-state reached un
these conditions is given by = z° = [0, (c2/c1)u3, 0,0]’, which is
considered the initial state for IFOC operation.

In the case of tuned operation= 1, the model (8)—(11) simplifies
considerably. First, notice that starting fromi0) = °, the fluxes Let us take a quadratic Lyapunov candidate
a1 andz, remain constant for all times, regardless of the behavior

ﬁ'iengf;. For any given operating conditiorl, and A, are constant
matrices, so that the system equation presents two terms: a linear term
e toAd, and a bilinear term given hy; .

. M AIN RESULT

oy — T

of x4. Now, taking this into account, the remaining (10)—(11) can be Viz)= 2Pz, P=F >0 (21)
rearranged as Then the derivative o¥ along the trajectories of (18) is
|:r3:| 3 |: —c3 _% |:$3:| V(z) =7 [AE(H, )P + PAg(k, 7'*)] z

P - 3 kpcacseoul .

. (ki — hpeg) —=p=i=ms [ L4 42427 [A1T(r;)P + Pf/ll(fi)] z (22)

C3 Cq Wref .
+ kes ky || T (15)  and we have the following result.

o _ . Theorem 1: Consider a given parameter mismatctand normal-
which is a second-orddinear system. We shall refer to the dynamicjzed loadr*. If there exists a matrix¥ satisfying the following condi-
system (15) as theuned systegrwhich is usually taken as a base fofjgns:

setting the PI gains.

Al (R)P+PA (k) =0 (23)
C. Shifting the Equilibrium AL (7" )P 4+ PAo(k,7™) < 0 (24)
The equilibria of (8)—(11) are given by P=P"' >0 (25)
. coud L then the origin of (18) is globally asymptotically stable.
1 o Proof: It is clear that (23) and (24) imply that the Lyapunov
Jz = 201'2 fffﬁ;z (16) derivative (22) is negative definite globally and (25) implies that the
*3 0 Lyapunov candidate (21) is positive—definite globally.
g uSr Notice that these conditions are actually necessary and sufficient for

a quadratic Lyapunov function to guarantee global asymptotic stability
where the dimensionless variables 2= x§/ud and r* 2 (g.a.s.).
(Tﬁcl)/(%cz(ug)z), have been defined. The constarit repre- Theorem 2: A quadratic Lyapunov function of the form (21) ensures
sents the normalized load, since it is proportional to the electriaglbbal asymptotic stability of the origin of the system (18) for given
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parameter mismatch and loadr* if and only if there exists a matrix 2 R
P such that the matrix relations (24), (23), and (25) are satisfied. 18} XxxXX X X X X X X X X X X X X X X X X X X X 3
Proof: The “if’ partis given in the previous theorem. On the other s OO X e XX
. L. . . . . 6F XXXXX X X X X X X X X X X X X X X X X X X X ¥
hand, if (23) is violated there will always existza which will make Xxxxx X x X x x x x %X x x x x x x x x X x x
the second term in the derivative positive and larger in modulus than  14r XXXXX X X X X X X X X X X X X X X X X X X X 3
the first term, so that the derivative can not be globally negative in this PO X R R R xR e e x x xex
1.2¢ XXXXX X X X X X X X X X X X X X X X X X X X
Case. XXXXX X X X X X X X X X X X X X X X X X X X
Conditions (24), (23) and (25) define a class of Lyapunov functions *_ f XA XX X XX XXX XX X XX X X X X 3
for the system (18) of quadratic form. Interestingly, any quadratic Lya- | e
punov function must satisfy these conditions. Thus, in particular, the OO X XX X X X X X X X X X X X
Lyapunov functions proposed in [3] and [7], which are also quadratic, ~ °¢f e
are special cases belonging to this class. Indeed, the Lyapunov func- | xxxx X X X x X x x x x X x x x x x x x
tion proposed in [3] corresponds to a special choice ofRheatrix XXXX X X X X X X X X X X X X X X X X X
and satisfiesA{ (k)P + PA;(r) = 0 for all . °2r oo
These conditions are in the standard form of linear matrix inequali- o5 * - x > 1
ties and equalities (LMIs and LMEs, respectively) and as such can be ‘ Tk '
solved with standard software. They provide a simple verification pro- (@
cedure to conclude about global asymptotic stability for any particular 2 . . . .

IFOC induction motor drive in any particular operating condition. They XxxxXXX X K X X X X X X X X X x x x x x x x x
also provide a way to determine robust global asymptotic stability mar- 18 xxeeeee xox xox X XX XX X x X x X
. . N . . XXXXXXX X X X X X X X X X X X X X X X X X X X
gins with respect ta for such systems, i.e., for a given Pl setting and 16L xxxxxxx x x x x x x % x x x x x x x x x x x x 4
loading condition/* find, if possible, a range of for which global XXXXXX X X X X X X X X X X X X X X X x x x x
asymptotic stability of system (18) is guaranteed. That such a range ™[ 7 X X xox o e o x e x e X x

. . R XXXXXX X X X X X X X X X X X X X X X X X X X
does exist around = 1 for any PI setting and load condition has 12F xxxxxx x x x x X X X x X x X X x x X x x x x 4
been proven elsewhere [3], [7]. Its determination can be accomplished AKX XXX XK XXX XXX XX X XX X X
. * 1k XXXXXX X X X X X X X X X X X X X X X X X X X X
through the following steps. = xxxxxnx x x x x x x x x x x ox x x x x x x x x
4) Define the range of interest for variation of the paramefes 08 e o
{[Fmins Fmax] X [Fhin»> Tmax]} @nd @ mesh of points inside this 06} XxxxX X %X X % K X X X x K X X X x x x
range. XXXXX X X X X X X X X X X X X X X X X X X X
5) For each point in the mesh above, run the LMI/LME problem  *[ R
(23), (24), and (25). o2}
6) All the points in the mesh for which the problem is feasible rep- XOOE XX X X X X X X XXX
resent a globally asymptotic stable operating condition. bs 1 5 . 2 25
(b)

IV. DETERMINATION OF ROBUSTNESSMARGINS i
Fig. 2. Parameter range of g.a.s. for the 1-HP motos, 2.

The real solutions of (17) give the equilibrium valuesrdor any

given degree of tuning:- and any given load-=. We know that (17) global stability. The Pl parameters are usually set in order to provide

has a unique real s_olutlon forany load if gno_l onl_y ik 3 [4]. Hence, a desired performance to the system under the assumption of perfect
g.a.s. can be obtained for all load only within this range of parame rning (x = 1). The closed-loop poles of the tuned system are the
mismatch. This is also the practical range of variation of this parame}xggJtS of the characteristic polynomial
in most drives, as practical variations of the rotor time constant due to ‘)
temperature and load variations are usually within 200% [9]. Accord- pr(s) =s"+ (c2+kpK)s+ kil (26)

ingly, since in this note we are concerned with g.a.s., we consider Ow}ﬁere K

the parameter rangexr- € {(0.3) > R} o . . choosingk, andk;. We assume that the PI is set so that the tuned
Theorem 1 provides a test for global stability which can be appli stem’s transient response is over damped andiises faster than
for any motor in any operating condition. This test is a generalizaticEHe rotor time constant,, i.e

of the previously presented robustness criteria [4], [7], [8]. The matrix

2 (cacacsud)/c1, which can be arbitrarily assigned by

equations in the test depend on all the parameters of the drive, which 57+ (o kpK)s 4+ ki K = (s +ner)”. (27)
can be divided into four sets Then the parametey is used to represent the PI setting. That this
« the physical parameters of the motor (thegarameters); is a one to one parameter mapping has been shown in [2]. It was also
« the setting of the PIi, andk;); shown in [2] that the equilibrium point is locally asymptotically stable
* the load(r™); forall x € (0,3) andr™ € [0, 2] provided that) < 23.
+ the mismatch in the rotor time constdnt). Remark 1: Other choices of closed-loop poles in (27) could be

In order to get a better insight to the problem and establish typicadnsidered for this analysis. For instange(s) = s>+ 2nci s+ 25 ct
robustness margins we apply the global stability test to data taken frerauld be a choice for a critically damped transient response and the
a real induction motor. We aim to study, for a given motor and a giveabove analysis could be easily replicated for this case. The choice (27)
setting of the PI speed loop, what is the region of the parameter plasemotivated by the observation that the choice of real eigenvalues
x x r* for which global stability is achieved. To this end, we apply theeems to be the most favorable one regarding the stability margins and
test with thec parameters;, andk; fixed, varyings andr™* in the set transient performance [2].
of practical significancéx, r*) € (0,3) x [0, 2]. In order to verify the effectiveness of the proposed global stability

Furthermore, we perform this procedure for different settings of thest (Theorem 1), we compare the region in the parameter space
P1 speed loop, in order to verify its influence on the robustness of thé for which global asymptotic stability of IFOC is guaranteed by the
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Fig. 3. Parameter range of g.a.s. for the 1-HP matas, 10. Fig. 4. Parameter range of g.a.s. for the 1-HP matez, 20.

) . ) V. DISCUSSION
proposed test with the one guaranteed by the test given in [4]. Recall

that the class of Lyapunov functions from which the test of [4] is derived e have provided a test for robust global asymptotic stability of
is a subset of the class defined in this note. Recall also that the Lyaputfo®C which can be easily implemented provided the physical param-
function given in [7] is a particular case in this subset. eters of the motor are known. This test provides allowable margins of

We take data from a three phase induction motor, with 1-HP ratE§Ors in the rotor time constant for any given IFOC drive. ,
power output and 220-V rated line voltage. The parameters of the motof € Proposed test generalizes previous results based on quadratic
are given in the Appendix. Let the parameters of the Pl be chosen a¥gPunov functions. It provides the largest global asymptotic stability
(27) with, = 2. Then, we apply the global stability test ferand:* margins for IFOC, with respect to rotor time constant mismatches, that
over a grid in the rectangl®, 3) x [0, 2]. Fig. 2 shows the region of can be estimated by means of quadratic Lyapunov functions. Results
the parameter spagex r* for which the test gives a positive answerProvided for a particular IFOC drive have confirmed such improvement
plot (b) shows the results obtained with the LMI/LME criterion in thigVith respect to previous methods. , ,
note; the results obtained with the criterion in [4] are shown in plot (a). Th€ Proposed robust stability test also provides a means to tuning
The operating point is guaranteed to be globally asymptotically stat{t¢ P! Speed/position regulators for IFOC drives. By choosing prac-

for all load and parameter mismatch in the dotted region. tical ranges of parameter and load variations(dr*), global asymp-
One can see that the range of parameters for which g.a.s. is guaF%Hg stability can be ensured for that range by iteratively applying the
teed is larger with the proposed LMI/LME criterion. As faster responsseabIIIty test for different PI settings. Rules of thumb can also be de-

is assigned through the P! settings, the improvement on the Stabil'ilved from these results as guidelines for such tuning: the speed loop

margins is even more evident. This can be seen in Figs. 3 and 4, wh?g?u'd not be made too fast, as the robustness margins would become

show the cases foy = 10 and»n = 20. For faster system'’s response 00 ls m_aII. Th.'j r(;;l_e 'i CO; 5|s7tent v(;ntg the local asymptotic stability
the new LMI/LME is far less conservative. analysis provided in [1}, 3], [7], and [8].

For moderate values af, that is, when the system is not made too
fast by the PI settings, global asymptotic stability is guaranteed for APPENDIX
most practical values of andr*. As the system is made faster, the
range of parameter values for which g.a.s. is guaranteed gets smaller, 1 | 13.7s7 0 | e 1.56 Q
particularly forx < 1. Forn = 20 this range is much smaller than 0.59 s~ a 1.18 J\'q_’ 2
the practical range of interest. Recall that for> 23 not even local — 0 :
stability is obtained for alk in the rangg0, 3). €5 2.86 Uy 4A




1222

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 48, NO. 7, JULY 2003

REFERENCES Universal Disturbance Rejection for Nonlinear Systems

[1] A. Bazanella, R. Reginatto, and R. Valiati, “On Hopf bifurcations in in Output Feedback Form

indirect field oriented control of induction motors: designing a robust
PI controller,” presented at the 38th Conf. Decision Control, Phoenix, Zhengtao Ding
AZ, Dec. 1999.

[2] A. S. Bazanella and R. Reginatto, “Robust tuning of the speed loop in

(3]

(4]

(5]

(6]
(7]

(8l

El

(10]

(11]

(12]

(23]

(14]

indirect field oriented control of induction motorsiutomaticavol. 37, Abstract—This note deals with global disturbance rejection via output
no. 11 pp. 1811-1818, November 2001. . . feedback of a class of uncertain nonlinear systems subject to a class of un-
- Robu§t_ness margins for indirect field-oriented control of inducy oy disturbances. Both the uncertainty in the system model and the
tion motors,” inProc. 37th Conf. Decision ControTampa, FL, Dec. ncertainty in the exosystem are tackled concurrently. The disturbances
1998,“pp. 1001-1006. ) o ) . ) generated from an unknown linear exosystem are completely rejected. The
—— “Robustness margins for indirect field oriented control of inducgqer of the exosystem is assumed known, and the eigenvalues are distinct.
tion motors,"|EEE Trans. Automat. Con{vol. 45, pp. 1226-1231, June The system is assumed in the format of the minimum-phase output feed-
2000'“ ) L ) . back form, with no knowledge of the values of any system parameters, in-
— “Robustness of global asymptotic stability in indirect field ori-¢|ging the high-frequency gain. No other assumptions are needed in the

ented control of induction motors,” presented at the 39th Conf. DecisiQRyntro| design. A new set of filters are introduced for state estimation. The

Control, Dec 2000. , , _ stability of the internal model is exploited to design a new auxiliary error,
B. K. Bose, Power Electronics and AC Drives Upper Saddle River, jqlving both the unknown parameters of the reformatted exosystem and
NJ: Prentlce-Hall, 1987. I . . those of the system, which makes it possible to group all the unknown pa-
P.A. S. De Wit, R. Ortega, and I. Mareels, “Indirect field-oriented congameters in a format suitable to adaptive control design. A Nussbaum gain
trol of induction motors is robustly globally stablé\titomaticavol. 32, s introduced in adaptive control design to tackle the unknown high-fre-
no. 10, pp. 1393-1402, 1996. uency gain and a number of control coefficients are also made adaptive so

G. Espinosa-Perez, G. Chang, R. Ortega, and E. Mendes, “On field-Qiy¢ the disturbance rejection is global with respect to unknown frequen-
ented control of induction motors: tuning of the P| gains for performanc§es in the disturbances.

enhancement,” iRProc. Conf. Decision Contrplfampa, FL, Dec. 1998,

p. WMI5-2. Index Terms—Adaptive control, backstepping, disturbances rejection,

R. Krishnan and F. C. Doran, “Study of parameter sensitivity in highaonlinear systems, output regulation, uncertainty.

performance inverter-fed induction motor drive systenlEEE Trans.

Ind. Applicat, vol. 1A-23, pp. 623-635, Jul/Aug. 1987.

W. Leonhard, Control of Electrical Drives Berlin, Germany: |. INTRODUCTION

Springer-Verlag, 1985.

R. Marino, S. Peresada, and P. Valigi, “Adaptive input-output linearizing One of the important concepts for disturbance rejection is the in-

control of induction motor,1EEE Trans. Automat. Confivol. 38, pp.  ternal model principle. Recently, the internal model principle has been

208-221, Feb. 1993. . i . .
D. W. Novotny and R. D. Lorenantroduction to Field Orientation and extensively exploited in the context of output regulation for nonlinear

High Performance AC Drives Piscataway, NJ: IEEE Press, 1086.  SySteéms. In the seminal results shown in [1] and [2], the necessary and
R. Ortega, C. Canudas, and S. 1. Seleme, “Nonlinear control of inductitifficient conditions for the existence of a local full information reg-
motors: torque tracking with unknown load disturband&EE Trans. ulator are that the linearized system is stabilizable and there exists a
éugg‘:‘técsr}[-,‘\’l‘i’éi( ffsrs%% ;%Sglgsg'é’r\‘eos““g?g ced control of ingCETtaIN invariant manifold [1]. A semiglobal extension to these results
tion mogt]or's,':AQtomaticavo'l. 32, no. é’ op. 4’55_463 1996. ¥5t a class of_feedback linearizable systems is reported in [3] using

a saturated high-gain observer [4]. Output regulation by error feed-
back is solved [5], [6] with the application of system immersion tech-
nique. A semiglobal adaptive output feedback control is presented in
[7] for nonlinear systems represented by input—output models, using a
high-gain observer. Global solutions for output regulation using state or
partial-state feedback are shown for strict feedback systems in [8] and
for extended strict feedback systems in [9]. Recently, a global result
of robust regulation has been achieved for a class of nonlinear output
feedback systems that cannot be linearized [10]. For the same class of
nonlinear systems considered in [10], but with unknown parameters, an
adaptive version of global output regulation has been achieved using a
new dynamic swapping technique for state estimation in [11], and the
result is extended to the case where the sign of high-frequency gain is
unknown as well in [12].

A breakthrough in rejecting disturbances generated by an unknown
exosystem is reported in [13], where an adaptive internal model is
used to generate the parallel forward control component, based on a
new formulation of the exosystem, for the complete rejection of distur-
bances with unknown frequencies for parametric-strict-feedback sys-
tems using state feedback. The new formulation of exosystem is soon
used in semiglobal output regulation for nonlinear systems in normal
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