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Absolute-Stability-Based Closed-Loop Stability Analysis
of Adaptive Model Predictive Control for Self-Excited Lur’e Systems

Juan Augusto Paredes Salazar and Dennis S. Bernstein

Abstract— This paper presents a numerical investigation of
the ability of predictive cost adaptive control (PCAC) to stabilize
self-excited systems modeled by discrete-time Lur’e systems.
The closed-loop Lur’e system is comprised of the positive
feedback interconnection of the Lur’e system and the PCAC
controller. This work presents a numerical investigation of
the circle and Tsypkin absolute stability criteria to evaluate
the stability of the closed-loop Lur’e system at each step.
An exogenous input is used to increase persistency and thus
enhance the ability of the closed-loop system to satisfy the
absolute stability criteria. A numerical example illustrates the
effect of exogenous persistency on the stability of the closed-loop
Lur’e system. These numerical results show the potential value
of absolute stability criteria for assessing the ability of adaptive
model predictive control to stabilize a class of nonlinear systems.

I. INTRODUCTION

A Lur’e system consists of linear dynamics connected in a
feedback loop with a memoryless nonlinear function. Lur’e
systems arise in diverse applications, such as oscillators with
nonlinear damping or nonlinear stiffness. A special class
of Lur’e systems consists of self-excited systems (SES),
which have the property that bounded oscillations arise from
constant inputs [1], [2]. Self-excited phenomena include
flutter due to fluid-structure interaction [3], [4] as well as
thermoacoustic oscillation in combustors [5], [6].

An interesting aspect of the Rijke tube is the fact that linear
controllers based on linear system identification and lin-
earized analytical models are often effective for suppressing
self-excited oscillations [7], [8]. This observation motivates
the present work, where the goal is to numerically evaluate
the effectiveness of adaptive model predictive control for
SES modeled by Lur’e systems. In particular, the present pa-
per considers predictive cost adaptive control (PCAC), which
performs online closed-loop linear system identification iden-
tification; the identified model is then used as the basis for
receding-horizon optimization [9]. The numerical study in
the present paper is intended to motivate future research into
the ability of adaptive model predictive controllers based on
linear models to stabilize nonlinear systems.

In PCAC, system identification is performed during
closed-loop operation by recursive least squares (RLS) [10],
[11]. For receding-horizon optimization, quadratic program-
ming (QP) is used in [9]. Since state and control con-
straints are not crucial for SES, the present paper uses
the backward propagating Riccati equation (BPRE) [12],
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[13] in place of QP. Furthermore, the resulting BPRE-
based controller is equivalent to an output-feedback, model-
based dynamic compensator with time-dependent gain. The
closed-loop Lur’e system comprised of the positive feedback
interconnection of the Lur’e system and the PCAC-based
controller can thus be derived at each step.

The stability of Lur’e systems is the subject of absolute
stability theory [14], [15], which has been developed in
continuous time [16]-[20] and in discrete time [21]-[26],
and has been applied to controller design and synthesis [27]-
[29]. In this work, the discrete-time circle criterion and the
Tsypkin criterion [21]-[23] are used to assess the absolute
stability of the closed-loop Lur’e system at each step. Since
the closed-loop Lur’e system has time-varying linear dy-
namics, application of these absolute stability criteria to the
instantaneous closed-loop system is heuristic. Nevertheless,
this technique provides insight into the extent to which
the adaptive controller stabilizes the Lur’e system with no
prior modelling information. When the controller converges,
the absolute stability criteria guarantee global asymptotic
stability of the asymptotic closed-loop dynamics.

Application of persistent excitation to closed-loop systems
with adaptive controllers is known to improve convergence
speed and stability properties [20], [30]. An interesting
aspect of this numerical investigation is the fact, without
the use of exogenous persistency, the output of the closed-
loop converges to zero. Despite this convergence, however,
it cannot be inferred that the asymptotic linear controller
globally stabilizes the Lur’e system. In order to obtain
such a guarantee, we use an exogenous persistent excitation
to enhance the ability of the closed-loop Lur’e system to
satisfy the absolute stability criteria. The exogenous input
is determined by e-greedy exploration, which is used in
reinforcement learning [31]. A numerical example is used
to show the effect of exogenous persistency on the stability
of the closed-loop Lur’e system.

The contents of the paper are as follows. Section II
provides a statement of the control problem, which in-
volves discrete-time, Lur’e systems. Section III describes the
adaptive predictive control law considered in this paper for
suppression. Section IV presents the closed-loop adaptive
predictive controller and the closed-loop Lur’e system to
apply the circle and Tsypkin criteria to determine absolute
stability. Section V presents the exogenous input used to
enhance persistency and the ability of the closed-loop Lur’e
system to satisfy absolute stability criteria. In Section VI,
the stability of the closed-loop Lur’e system presented in
Section IV and the effectiveness of the exogenouns input
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presented in Section V are numerically investigated in an
example. Finally, Section VII presents conclusions.
Notation: q € C denotes the forward-shift operator. z ;)
denotes the ith component of € R™. spr(G) denotes the
maximum of the absolute values of the poles of the discrete-
time transfer function G. Apin(H) denotes the minimum
eigenvalue of Hermitian matrix H € R"*"™. The symmetric
matrix P € R"™*" is positive semidefinite (resp., positive
definite) if all of its eigenvalues are nonnegative (resp.,
positive). vec X € R™ denotes the vector formed by
stacking the columns of X € R™*™ and ® denotes the
Kronecker product. I,, is the n x n identity matrix, and 0y, x,

. . A
is the n X m zeros matrix. For all » € R, er = 10".

II. STATEMENT OF THE CONTROL PROBLEM

We consider the control architecture shown in Figure 1.

Let G(q ) C(ql, — A)7!'B be a discrete-time, linear,
time-invariant (LTI) system with nth-order minimal realiza-
tion (A, B,C) and state x;, € R™ at step k, let up, € R™
be the control, let v, € R™ be the perturbation, y; € R? be
the output of GG, and let v: R? — R™. Then, for all £ > 0,
the discrete-time Lur’e (DTL) system consisting of the linear
system G and feedback nonlinearity « shown in Figure 1 has
the closed-loop dynamics

ZTr+1 = Azk + B(v(yk) + uk + vk), (D
e = Cag. 2

At each step k, the linear, time-varying (LTV) controller

Ger(q) 2 Cer(al,, — Acr) !By with ncth-order min-
imal realization (Ac, Bc i, Cer) and state z.; € R is
updated by y; and generates the control wu; such that the
dynamics of the controller are given by

Teht1 = AckZe,k + Be Yk, 3)
Uk = Cc,kwc,k~ (4)

The objective of the controller is to provide a control signal
that minimizes the output of the DTL system, that is, a
control uy such that limy_,, yx = 0. In this work, PCAC
determines A i, Be k., Ce i, and z. j at each step k.

At each step k, let the linear dynamics of the closed-
loop Lur’e system shown in Figure 1 be given by G;C( ) 2

G(q) [Im - GC,k(q)G(Q)Jil = C(qIn+n - Ak) B,
which is a LTV system arising from the positive feedback
interconnection of G and G, j, with (n+n.)th-order minimal

o o= s . A T - A
realization (Ay, B,C), state &, = [z z,] , B =

(BT Opxn] sC2[C Opend],
s ol A BC.,
Ak - |:Bc,k0 Ac,k:k:| ’

The dynamics of the closed-loop Lur’e system in Figure 1
are thus given by

Zne1 = Arin + B(y(ye) +vk), Q)
Y = Ciy. (6)

Fig. 1: Closed-loop LTV control of the discrete-time Lur’e (DTL) system.
The LTV controller Gy is applied to the DTL system consisting of the
linear system G and feedback nonlinearity 7 The linear dynamlcs of the

closed-loop Lur’e system are given by Gy, = G(Im — G¢,xG)™1, which
is the LTV system arising from the positive feedback interconnection of G
and G .

III. PREDICTIVE COST ADAPTIVE CONTROL

PCAC is briefly reviewed in this section. Subsection III-
A describes the technique used for online identification,
namely, RLS with variable-rate forgetting based on the F-
test [11]. Subsection III-B presents the block observable
canonical form (BOCF), which is used to represent the input-
output dynamics model as a state space model whose state
is given explicitly in terms of inputs, outputs, and model-
coefficient estimates. Subsection III-C reviews the backward-
propagating Riccai equation (BPRE) technique for receding-
horizon optimization. Using BOCEF, the full-state feedback
controller obtained using BPRE is implementable as an
output-feedback dynamic compensator.

A. Online Identification Using Recursive Least Squares with
Variable-Rate Forgetting Based on the F-Test

Let 7 > 0 and, for all £ > O, let Fin1%,-.., Fmak €
RP*P and Gmik,---,Gmae € RPX™ be the coefficient
matrices to be estimated using RLS. Furthermore, let g, €
RP be an estimate of y; defined by

_ZFm,i,kyk—i + ZGm,z‘,kukﬂy @)

i= i=1
where y_; = - =y_1 = u_j = --- = u_1 = 0. Using
the identity Vec( Y) = (YT @ I)vecX, it follows from (7)

that, for all k > 0, g5 = @0y, where
0s é [eTm,k ] ]R’flp(m-‘rp)7 ®)
Or & £ vec [Fm,l,k Finak] € R';Lp27 ©
0G .,k £ vec [Gr,1.k Gmak) € R™™, (10)

VAN
ok = [ yk 1 _y;crfﬁ u-llc—fl szﬁ} ® I,

RP><”P(””«+P). (1)

Then, the update equations for 6 are given by the RLS
update equations [10]

Orr1 = Ok + Tiy10k (yx — dubh), (12)
where
Wit = Bk — BVt (= Lo + ordl) Gy, (13)
Uy is a performance—regularlzatlon weighting,
el i3n W
Br = glenry (O—ry)s- - ek (O(9(erry (O —ry)s- - er(04)),

5)

A .
ek(Hk) = Y — ¢k9k, T4 > p, N > 0,1: R — {0,1} is the
unit step function, and g is a function of past identification
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errors. To determine g when p = 1, let 7, € [p,7q),
and let o} -, and or -, be the variances of past RLS
prediction-error sequences {ex—r,(0x—ry),.-.,ex(0x)} and

{ek—r, Op—r.),-..,er(0k)}, respectively. In this case, g is

defined by .
i -
glenryO—ry)s- - en(Or)) = 057 — /(1= a),
k,T
. o i (16
where o € (0,1] is the significance level, and F' 62:3

is the inverse cumulative distribution function of the F-
distribution with degrees of freedom 7, and 74. Additional
details concerning RLS with forgetting based on the F-
distribution are given in [11].

B. Input-Output Model and the Block Observable Canonical
Form

Considering the estimate ¢, of y;, given by (7), it follows
that, for all £ > 0,

Yk N — Z FoikYk—i + Z Gr,i Uk —i- a7
i=1 i=1

Viewing (17) as an equality, it follows that, for all £ > 0,
the BOCF state-space realization of (17) is given by [32]

Tm,k+1 = Am,kxm,k + Bm,k:ulm (18)
Yk = CnTm ks (19)
where
—L'm,1,k+1 Ip 0p><p
—L'm,2 k+1 Opxp
Am,k é Opxp c Rﬁpxﬁp’
: : I,
*Fm,ﬂ,k-&-l Opxp 0p><p
(20)
Bux 2 [GT GT GT T e RPxm
m,k —[ m,1,k+1 m,2,k+1 m,ﬁ,k+1] € )
(21)
A ~
Cm = [IP OPXP OPXP:I € Rpxnpy (22)
A T N
and . = [mL,ku) x;,k(ﬁ)} € R", where
AN . ~
Tm,k(1) = Yk, and, for all j =2,... 7,
A PTItl A—j+1
Tok() = — D, Fritjmthr1Uk—i + O Gmyidtj—1,k+1Uk—i-
i=1 i=1

(23)

C. Receding-Horizon Control with Backward-Propagating
Riccati Equation (BPRE)

In this section, we use receding-horizon optimization to
determine the requested control u, ;1 and thus the imple-
mented control w1, as discussed in Section II. Let £ > 1 be
the horizon, and, for all k > 0 and all j =1, ..., ¢, consider
the state-space prediction model

T, k|j+1 = Am,kxm,k\j + Bm,kur,k\ja (24)

where A, and Bm,k are given by (20) and (21), respec-
tively, 2, r; € R"? is the j-step predicted state, u, z; € R™
is the j-step predicted control, and the initial conditions are

A A
Tkl = Tmk+1, Ur k|l = Urk+1- (25)

Note that, at each step £ > 0, after obtaining the mea-
surement Y, Tm k41 is computed using (18). Furthermore,
Uy, i+1, Which is determined below, is the requested discrete-
time control at step k£ + 1. For all k > 0, define the positive
semidefinite terminal weighting Py, € R™*"P and all
Jj=40—1,...,1, let Py; be given by

Pyj = AmxPrjin (Amk — BmkDkjs) + Ry, (26)
A _
Tij = (Rokj + Bk Prljs1Bmgk)” BukPijjr1Ampe, (27

where Ry j; € R™*" s the positive semidefinite state
weighting and Rj ;,; € R™>™ is the positive definite control
weighting. Then, for all £ > 0 and all j = 1,...,¢, the
requested optimal control is given by

Up k) = Ky)jTm ks, (28)

where Kjj; = —T};. For all k > 0, define Kj11 = Ky1.

Then, for all £ > 0, it follows from (25) and (28) that
Ur k41 = Kk 1%m ky1- (29)

For all k£ > 0, the discrete-time control that is implemented
at step k + 1 is given by

Uk+1 = U(ur,k+1)~ (30)

Note that the initial control vy € R™ is not computed and
must be specified. In this work, ug = 0. For all examples in
this paper, we choose Ry 1 |;, Ro k|;> E1,k|; and Pyjeqq to be
independent of k£ and j, and we thus write Ry, Ro, F1, and
Py, respectively.

IV. CLOSED-LOOP LUR’E SYSTEM FOR ABSOLUTE
STABILITY ANALYSIS

To derive the dynamics of the closed-loop Lur’e system,
note that (18) and (19) imply that

Tm,k+1 = (Arn,k - chm)xm,k + Bm,kuk + Fkyk: (31)

L T T T Apx
where Fj, = [—F, o —Flakn) € RWXP

k+1
Then, it follows from (29) and (31)
Tm,k+1 = (Amk — FxCm + B,k Ki)Tm,k + Fryk. (32)

Hence, replacing n¢, ¢k, (3), and (4) with fip, zp, &, (29),
and (32), respectively, yields the closed-loop dynamics of the
PCAC-based controller

Tc,k+1 = Tm,k+1 = Ac,kxn’uk + Bc,kyk7 (33)
Uk = Cc,kxm,ky (34)

where Ac,k é Am,k_Fka"_Bm,kKkv Bc,k é Fkv Cc,k é

K.

Next, we analyze the stability of the closed-loop Lur’e
system shown in Figure 1 with the controller (33), (34).
Since the feedback controller is LTV, absolute stability tests
such as the circle and Tsypkin criteria, which assume that
the linear dynamics are LTI, are not applicable. However, as
a heuristic criterion, we apply these criteria instantaneously,
which provides insight into the ability of PCAC to stabilize
the Lur’e system. When the controller converges, the abso-
lute stability criteria guarantee global asymptotic stability of
the asymptotic closed-loop dynamics. The absolute stability
criteria used in this work are summarized in the Appendix; in
particular, Theorem A.2 is the discrete-time circle criterion,
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and Theorem A.4 is the Tsypkin criterion. Furthermore,
sector-bounded (SB) and diagonal, increasing, and sector-
bounded (DISB) nonlinearities are defined by Definitions A.1
and A.3, respectively.

To apply the circle criterion, let v be SB with sec-
tor bound [My, M>], and, for all £ > 0, define Hj
[y — Mo Gyl — MiGix] ™ acor = spr(Hy), Boc
mingeo.x) (Amin [He(e??) + HI (e77%)]) . At step k, if
acc,r < 1, then (CC1) of Theorem A.2 is instantaneously
satisfied by the closed-loop Lur’e system, and, if Scc,r > 0,
then (CC2) of Theorem A.2 is instantaneously satisfied by
the closed-loop Lur’e system. Hence, Theorem A.2 implies
that, if acc x < 1 and B, > 0, then the closed-loop Lur’e
system shown in Figure 1 with the PCAC controller satisfies
(CC1) and (CC2) at step k.

To apply the Tsypkin criterion, let m = p, let v be DISB
with sector bound [0, M], let N 2 diag(Ny, Na, ..., Ny,
be positive definite, and, for all £ > 0, define Ly i(q)
M- [Im+(1—q71)N] G’k(q), Cl,k é det(éA;lé), <2,N,k
rank(obsv((Ax,C + NC — NCAY)), Gk
limz oo [Ln(2) + Li(2)], are, Nk = spr(Ln.k), Brc, Nk
Il’lind,e[o’ﬂ-] ()\min [LN,k(ejw) + L};r,k(eijw)]) . At Step k/’,
e #0, 2Nk =n+np, and (3 x5 > 0, then (TC1) of
Theorem A.4 is instantaneously satisfied by the closed-loop
Lur’e system, if arc vk < 1, then (TC2) of Theorem
A.4 is instantaneously satisfied by the closed-loop Lur’e
system, and, if Src,nr > 0, then (TC3) of Theorem
A.4 is instantaneously satisfied by the closed-loop Lur’e
system. Hence, Theorem A.4 implies that, if ;5 # O,
Co,Nk = n+np, (3N > 0, aro,n e < 1,and Sre N i > 0,
then the closed-loop Lur’e system shown in Figure 1 with
the PCAC controller instantaneously satisfies (TC1), (TC2),
and (TC3) at step k.

These conditions are evaluated in Section VI to determine
whether PCAC yields a globally asymptotically stable (GAS)
closed-loop Lur’e system.

1> 1

~—

D> > 1> >

—
—

V. EXOGENOUS PERSISTENCY FOR GLOBAL
ASYMPTOTIC STABILITY

The exogenous input vy, is used to increase persistency and
thus enhance the ability of the closed-loop Lur’e system to
satisfy the absolute stability criteria. Sugpose the output of
the system is approximately zero after ks, steps. Then, an
exploration policy is implemented via vy for ¢, steps. After-
wards, for aﬁ k > kb + Lo, we set v, = 0. In this work, the
exploration policy is determined by an e-greedy algorithm,
which intermittently applies a Gaussian-distributed random
variable to the closed-loop system. Hence, for all £ > 0,

vp, = Vexp, ks ke [kstbvkstb +£e]7 v A é Ok, MKk > €,
0, otherwise, bR 0, otherwise,
(35)

where ¢, > 0 is the number of steps over which the
exploration policy is implemented, o, € R is a Gaussian
random variable with mean O and standard deviation v,
ur € [0,1] is a random variable with uniform distribution,
and ¢ € [0, 1] is the probability that oy, is applied by vexp k-
Note that v, f,, and ¢ are determined by the user. The

example in Section VI shows how these hyperparameters
determine the effectiveness of the exogenous signal vy.

VI. NUMERICAL EXAMPLE

In this section, PCAC is applied to a DTL system and
the resulting closed-loop system is analyzed using absolute
stability criteria. In particular, the circle criterion given by
Theorem A.2 and the Tsypkin criterion given by Theorem
A.4 are used to evaluate the stability of the closed-loop
system at each step. Since the closed-loop Lur’e system has
time-varying linear dynamics, application of these absolute
stability criteria is heuristic. Nevertheless, this technique
provides insight into the ability of the adaptive controller to
stabilize the Lur’e system. When the controller converges,
the absolute stability criteria guarantee global asymptotic
stability of the asymptotic closed-loop dynamics. The exoge-
nous input v; shown in (35) is used to enhance persistency
after the initial convergence of the closed-loop Lur’e system.
Multiple runs with different random number generator seeds
for various values of v, /., and ¢ are performed to determine
the percentage of runs in which applying vy results in a
closed-loop Lur’e system that satisfies the absolute stability
criteria to determine the probability of improving the stability
properties of the closed-loop Lur’e system after applying the

exogenous input vy.
Example 6.1: Let G(q) = (q — 1)/(q®> — q + 0.5) with
minimal realization

e[ n ) oe

29 = 1000B, and (y) = tanh(y). The open-loop response
of the DTL system and the nonlinearity « are shown in Fig-
ure 2. Note, v is SB and DISB with sector bound [0, 1]. This
system exhibits self-oscillation. Hence, the simulations begin
in open-loop operation to allow the self-excited oscillations
to fully develop before PCAC is applied. In this example, the
simulation transitions from open-loop operation to closed-
loop operation at & = 100. The RLS hyperparameters are
given by n =10, 6y= 1010 loaxi, WYo= 1074127],

-1], (36)

™ = 40, 719 = 200, n = 0.1, « = 0.001, and the
BPRE hyperparameters are given by ¢ = 20, Py =
diag(1,0,...,0), Ry = diag(1,0,...,0), Rp=10"%

The results for k£ € [0,2000] with kg, = 1000, v = 1,
le = 500, and ¢ = 0.02 are shown in Figure 3. Furthermore,
variables associated with the evaluation of the circle criterion
and the Tsypkin criterion with N = 0.01 are shown in
Figures 4, and 5, respectively. Note that, although the output
yi of the closed-loop DTL system converges to zero at
k = 1000, the circle and Tsypkin criteria are not satisfied
at this step. Then, after the steps at which vy = vexp k., the
circle and Tsypkin criteria are both satisfied at & = 2000.

Next, for kg, = 1000 and for all v € {1,...,5},
le € {500,750,1000}, and ¢ € {0.02,0.05,0.1,0.5}, the
simulation is run 1000 times with different random number
generator seeds and the circle and Tsypkin criteria are evalu-
ated at £ = 2200 in each run. The percentage of runs out of
1000 that satisfy the circle and Tsypkin criteria at k& = 2200
are shown in Tables I and II, respectively. As ¢ increases,
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an increase in [, decreases the probability of satisfying the
absolute stability criteria, and, as £ decreases, an increase
in [, increases this probability. Furthermore, as ¢ increases,
the value of v that yields the highest probability decreases.
Finally, the average probability for all v € {1,...,5} and
¢, € {500,750,1000} is the highest for ¢ = 0.1 and
decreases as the value of ¢ either decreases or increases.
O

-2

100 125 150 -
k (step) y
Fig. 2: Example 6.1: Open-loop response of the DTL system in Example
6.1 for k € [100,150]. v is DISB and SB with sector bound [0, 1], as
indicated by the red, dashed line segments and the green-shaded region.

T T T T
54 1 1 1
= LIS !
0 L L
S5 1 1
1 . 1 1
L T T T
1 1 I
&0 : — ———————
1 1 1
qla . 1
0 500 1000 1500 2000

k (step)
Fig. 3: Example 6.1: DTL system output y and the adaptive controller
coefficients 0 for xg = 1000B and vy, given by (35) with kg, = 1000,
v =1, fe = 500, and € = 0.02. The simulation transitions from open-
loop operation to closed-loop operation at & = 100, denoted by the vertical,
dashed red line. Between the vertical, dashed green lines, vy = Vexp, k-

logio(|Bcckl) logi (|1 — accl)

.

0 500 1000 1500 2000
k (step)

Fig. 4: Example 6.1: Evaluation of (CC1) and (CC2) for o = 1000B and
v given by (35) with kg, = 1000, v = 1, £, = 500, and € = 0.02.
Values in red correspond to steps at which 1 — acc,, and Bcgo,k are
nonpositive. Values in blue correspond to steps at which 1 — acc,x and
Bco, are positive. The closed-loop system satisfies (CC1) and (CC2) when
the values in both plots are green. The circle criterion is thus satisfied for
all k > 1385.

TABLE I: Percentage of runs in which the circle criterion is satisfied at
k = 2200 out of 1000 runs.

e =0.02 e =0.05 e=0.1

Lel 500 | 750 | 1000 | 500 | 750 | 1000 | 500 | 750 | 1000 | 500 | 750 | 1000

308 | 41.4 | 55.1 56.1 | 67.1 | 66.7 712 | 783 | 779 | 95.2 | 88.1 | 782
60.6 | 693 | 71.7 84.7 | 84.8 | 80.3 90.7 | 88.8 | 80.6 874 | 826 | 746
68.1 | 719 | 71.1 844 | 822 | 78.6 | 90.1 | 89.8 | 80.6 | 67.2 | 69.3 | 69.4
64.6 | 694 | 713 79.8 | 78.0 | 76.5 84.9 | 86.2 | 81.0 | 49.1 | 56.6 | 62.1
613 | 649 | 67.0 | 745 | 741 | 736 | 76.6 | 839 | 79.9 37.6 | 458 | 52.8

LA w| o] =

VII. CONCLUSIONS

This paper provided a numerical investigation of the appli-
cation of absolute stability theory adaptive model predictive
control applied to self-excited Lur’e systems. In particular,
predictive cost adaptive control (PCAC) using online iden-
tification of linear models was shown to drive the output

logyo (|1 — arcni)

logyg(|Bre.nil)

0 500 1000 1500 2000
k (step)

Fig. 5: Example 6.1: Evaluation of the Tsypkin criterion with N = 0.01 for
zo = 1000B and vy given by (35) with kg, = 1000, v = 1, £e = 500,
and € = 0.02. Values not in black correspond to steps at which ¢y 3 # 0,
C2,N,k = n+ fip, and (3 N 3 > 0. Values in red correspond to steps at
which 1—aTc, v 1 and Brc, v,k are nonpositive. Values in blue correspond
to steps at which 1 — ac, v & and Brc, N, are positive. The closed-loop
system satisfies (TC1), (TC2), and (TC3) when the values in both plots are
green. The Tsypkin criterion is thus satisfied for all £ > 1385.

TABLE II: Percentage of runs in which the Tsypkin criterion with N = 0.01
is satisfied at £ = 2200 out of 1000 runs.

£=0.02 £=0.05 e=0.1 =05

Lel 500 | 750 | 1000 | 500 | 750 | 1000 | 500 | 750 | 1000 | 500 | 750 | 1000

30.5 | 41.3 | 547 56.3 | 67.0 | 66.8 70.6 | 78.5 | 78.3 949 | 882 | 782
587 | 69.8 | 70.5 83.0 | 842 | 79.8 89.1 | 885 | 80.6 814 | 813 | 734
642 | 69.6 | 69.3 81.7 | 80.4 | 774 | 87.7 | 884 | 802 | 559 | 61.8 | 64.7
589 | 657 | 68.7 749 | 752 | 754 | 79.9 | 844 | 80.1 378 | 46.7 | 54.4
519 | 609 | 63.5 66.6 | 699 | 71.6 | 694 | 81.0 | 775 277 | 353 | 430

D s W=

to zero. By injecting exogenous persistency, it was shown
numerically that, under various levels of persistency, both
the discrete-time circle criterion and the Tsypkin criterion
were satisfied in the majority of cases. This numerical
investigation motivates future theoretical research into the
role of absolute stability theory in determining the stability
of adaptive model predictive control of nonlinear systems
based on linear system identification. An additional question
that motivates future theoretical research is the surprising
ability of linear-model identification of a nonlinear system
to provide a model for receding-horizon optimization that
leads to output convergence and, under additional persistent
excitation, global closed-loop stability.
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APPENDIX

Let G(q) e (al,, — A)~! B be a strictly proper, discrete-
time transfer function with nth-order minimal realization
(A, B,C) and state x; € R™, let v, € R™ be an exogenous
input, let y;, € RP be the output of G, and let v: R? — R™.
Then, for all £ > 0, the discrete-time Lur’e (DTL) system
composed of the positive feedback interconnection of G and
~ shown in Figure A.l has the closed-loop dynamics

(A.1)
(A.2)

Trt1 = Az + B(y(yr) + vk),
Y = C:Ck

Definition A.1: Let v: RP — R™, and let M; € R™*P
and My € R™*P be such that My — M is positive definite.
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Fig. A.1: Discrete-time Lur’e (DTL) system composed of the positive
feedback interconnection of G and .

Then, ~ is sector-bounded (SB) with sector bound [ M7, M>]
if, for all y € R?, [y(y) — Myy]T[v(y) — May] < 0.

The following result is the circle criterion [22, Thm 5.1].
Theorem A.2: Assume that G is strictly proper, let M; €
R™*P and My € R™*P be such that My — M; is positive
definite, assume that v is SB with sector bound [M;, M>],

define H(q) 2 [In — MaG(q)|[Im — M1G(q)]~", and
assume that the following conditions are satisfied:

(CC1) acc £ spr(H) < 1.

(CC2) Bec 2 mingeior (Amin [H(€) + HT (e77%)]) > 0.
Then, the zero solution of (A.1), (A.2) is GAS.

The following definition considers the case where m = p.

Definition A.3: Let v: R™ — R™ be continuous, and
let M € R™*™ be positive definite. Then, «y is diagonal,
increasing, and sector-bounded (DISB) with sector bound
[0, M] if the following conditions are satisfied:

i) Forall y € R™, v(y) = [v()(y(1)) - Yom) Wem))] "
ii) For all y € R™, T (y)[y(y) — My] < 0.

;) Foralli e {1,...,m} and distinct 0, & € R, it follows

that (v (o) — Y1) (6)) /(o — &) > 0.

Next is the Tsypkin criterion [23, Thm 3.1].

Theorem A.4: Assume m = p, G is strictly proper, 7y is
DISB with sector bound [0, M], let N £ diag(N1, ..., Np)
be positive definite, define Ly (q) S M- [, + (1 —
q 1)N]G(q), and assume the following conditions hold:

(TC1) det(CA™'B) #0, (A,C+NC—NCA™") is observable,
and lim, oo [Ln(2) + Ly (z)"] > 0.
(TC2) arc.n 2 spr(Ln) < 1.
(TC3) Bro,n = minye(o,x Amin[Ln () + LE(e77%)]) > 0.
Then, the zero solution of (A.1), (A.2) is GAS.
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