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ABSTRACT One of the main features of adaptive systems is an oscillatory convergence that exacerbates
with the speed of adaptation. Recently, it has been shown that closed-loop reference models (CRMs) can
result in improved transient performance over their open-loop counterparts in model reference adaptive
control. In this paper, we quantify both the transient performance in the classical adaptive systems and their
improvement with CRMs. In addition to deriving bounds on L-2 norms of the derivatives of the adaptive
parameters that are shown to be smaller, an optimal design of CRMs is proposed that minimizes an underlying
peaking phenomenon. The analytical tools proposed are shown to be applicable for a range of adaptive
control problems including direct control and composite control with observer feedback. The presence of
CRMs in adaptive backstepping and adaptive robot control is also discussed. Simulation results are presented
throughout this paper to support the theoretical derivations.
INDEX TERMS Adaptive systems, adaptive algorithms, adaptive control, observers, closed-loop reference
model.
I. INTRODUCTION

A universal observation in all adaptive control systems is a
convergent, yet oscillatory behavior in the underlying errors.
These oscillations increase with adaptation gain, and as such,
lead to constraints on the speed of adaptation. The main
obvious challenge in quantification of transients in adaptive
systems stems from their nonlinear nature. A second obstacle
is the fact that most adaptive systems possess an inherent
trade-off between the speed of convergence of the tracking
error and the size of parametric uncertainty. In this paper,
we overcome these long standing obstacles by proposing
an adaptive control design that judiciously makes use of an
underlying linear time-varying system, analytical tools that
quantify oscillatory behavior in adaptive systems, and the use
of tools for decoupling speed of adaptation from parametric
uncertainty.
The basic premise of any adaptive control system is to
have the output of a plant follow a prescribed reference
model through the online adjustment of control parameters.
Historically, the reference models in Model Reference
Adaptive Control (MRAC) have been open-loop in nature
(see for example, [1], [2]), with the reference trajectory generated by a linear dynamic model, and unaffected by the plant
output. The notion of feeding back the model following error
into the reference model was first reported in [3] and more
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recently in [4]–[11]. Denoting the adaptive systems with an
Open-loop Reference Model as ORM-adaptive systems and
those with closed-loop reference models as CRM-adaptive
systems, the design that we propose in this paper to alleviate
transients in adaptive control is CRM-based adaptation.
Following stability of adaptive control systems in the 80s
and their robustness in the 90s, several attempts have been
made to quantify transient performance (see for example,
[12]–[14]). The performance metric of interest in these papers
stems from either supremum or L-2 norms of key errors
within the adaptive system. In [12] supremum and L-2 norms
are derived for the model following error, the filtered model
following error and the zero dynamics. In [13] L-2 norms
are derived for the the model following error in the context of output feedback adaptive systems in the presence of
disturbances and un-modeled dynamics. The authors of [14]
analyze the interconnection structure of adaptive systems and
discuss scenarios under which key signals can behave poorly.
In addition to references [12]–[14], transient performance
in adaptive systems has been addressed in the context of
CRM adaptive systems in [4]–[11]. The results in [4], [5]
focused on the tracking error, with emphasis mainly on the
initial interval where the CRM-adaptive system exhibits fast
time-scales. In [6] and [7], transient performance is quantified
using a damping ratio and natural frequency type of analysis.
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However, assumptions are made that the initial state error is
zero and that the closed-loop system state is independent of
the feedback gain in the reference model, both of which may
not hold in general.
In this paper, we start with CRM adaptive systems as
the design candidate, and quantify the underlying transient
performance. This is accomplished by deriving L-2 bounds
on key signals and their derivatives in the adaptive system.
These bounds are then related to the corresponding frequency
content using a Fourier analysis, thereby leading to an analytical basis for the observed reduction in oscillations with
the use of CRM. It is also shown that in general, a peaking
phenomenon can occur with CRM-adaptive systems, which
then is shown to be minimized through an appropriate design
of the CRM-parameters. Extensive simulation results are provided, illustrating the conspicuous absence of oscillations in
CRM-adaptive systems in contrast to their dominant presence
in ORM-adaptive systems. The results of this paper build on
preliminary versions in [8]–[10] where the bounds obtained
were conservative. While all results derived in this paper are
applicable to plants whose states are accessible for measurement, we refer the reader to [11] for extensions to output
feedback.
This paper also addresses Combined/composite direct
and indirect Model Reference Adaptive Control (CMRAC)
[15], [16], which is another class of adaptive systems in
which a noticeable improvement in transient performance
was demonstrated. While the results of these papers established stability of combined schemes, no rigorous guarantees
of improved transient performance were provided, and have
remained a conjecture [17]. We introduce CRMs into the
CMRAC and show how improved transients can be guaranteed. We close this paper with a discussion of CRM and
related concepts that appear in other adaptive systems as well,
including nonlinear adaptive control [18] and adaptive control
in robotics [19].
This paper is organized as follows. Section II contains
the basic CRM structure with L-2 norms of the key signals
in the system. Section III investigates the peaking in the
reference model. Section IV contains the multidimensional
states accessible extension. Section V investigates composite
control structures with CRM. Section VI explores other forms
of adaptive control where closed loop structures appear.
II. CRM-BASED ADAPTIVE CONTROL OF SCALAR PLANTS

(1)

where xp (t) ∈ R is the plant state, u(t) ∈ R is the control
input, ap ∈ R is an unknown scalar and only the sign of
kp ∈ R is known. We choose a closed-loop reference model as
ẋm (t) = am xm (t) + km r(t) − `(x(t) − xm (t)).

(2)

All of the parameters above are known and scalar, xm (t) is the
reference model state, r(t) is a bounded reference input and
am , ` < 0 so that the reference model and the subsequent
704

ẋmo (t) = am xmo (t) + km r(t)

(3)

is the corresponding true reference model that we actually
want xp to converge to.
The control law is chosen as
u(t) = θ̄ T (t)φ(t)
(4)


T
where we have defined θ̄ T (t) = θ (t) k(t) and φ T (t) =

T
xp (t) r(t) with an update law
θ̄˙ = −γ sgn(kp )eφ

(5)

where γ > 0 is a free design parameter commonly referred to
as the adaptive tuning gain and e(t) = xp (t)−xm (t) is the state
tracking error. From this point forward we will suppress the
explicit time dependance of parameters accept for emphasis.
˜
∗
We define the parameter
h error θ̄i(t) = θ̄ (t) − θ̄ , where
a −a

θ̄ ∗ ∈ R2 satisfies θ̄ ∗T = mkp p
closed loop error dynamics are:

km T
.
kp

The corresponding

ė(t) = (am + `)e + kp θ̄˜ T φ.

(6)

A. STABILITY PROPERTIES OF CRM-ADAPTIVE SYSTEMS

Theorem 1 establishes the stability of the above adaptive
system with the CRM.
Theorem 1: The adaptive system with the plant in (1), with
the controller defined by (4), the update law in (5) with the
reference model as in (2) is globally stable, limt→∞ e(t) = 0,
and
!
kp ˜ T ˜
1
1
2
2
e(0) +
θ̄ (0)θ̄ (0) .
(7)
kekL2 ≤
|am + `| 2
2γ
Proof: Consider the lyapunov candidate function
V (e(t), θ̃ (t)) =

kp ˜ T ˜
1 2
e +
θ̄ θ̄.
2
2γ

Taking the time derivative of V along the system directions
we have V̇ = (am + `)e2 ≤ 0. Given that V is positive definite and V̇ is negative semi-definite we have that
V (e(t), θ̄˜ (t) ≤ V (e(0), θ̄˜ (0)) < ∞. Thus V is bounded and
this means in turn that e and θ̄˜ are bounded, with
ke(t)k2L∞ ≤ 2V (0).

Let us begin with a scalar system,
ẋp (t) = ap xp (t) + kp u(t)

error dynamics are stable. The open-loop reference model
dynamics

(8)

Given that r and e are bounded and the fact that am < 0,
the reference model is stable. Thus we can conclude xm , and
therefore xp , are bounded. Given that θ̄ ∗ is a constant we can
˜ This
conclude that θ̄ is bounded from the boundedness of θ̄.
˜
can be compactly stated as e, xp , θ̄, θ̄ ∈ L∞ , and therefore all
of the signals in the system are bounded.
In order to prove asymptotic
R t stability in the error
we begin by noting that − 0 V̇ = V (e(0), θ̃ (0)) −
V (e(t), θ̃ (t)) ≤ V (e(0), θ̃ (0)). This in turn can be simplified
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Rt
as |am + `| 0 e(t)2 ≤ V (0) ∀ t ≥ 0. Dividing by |am + `| and
taking the limit as t → ∞ we have
kek2L2 ≤

V (0)
|am + `|

(9)

which implies (7). Given that e ∈ L2 ∩ L∞ and ė ∈ L∞ ,
Barbalat’s
Lemma
is
satisfied
and
therefore
limt→∞ e(t) = 0 [1].
Theorem 1 clearly shows that CRM ensures stability of the
adaptive system. Also, from the fact that e ∈ L2 we have
that xm (t) → xmo (t) as t → ∞ [20, §IV.1, Theorem 9(c)].
That is, the closed-loop reference model asymptotically converges to the open-loop reference model, which is our true
desired trajectory. The questions that arise then is one, if
any improvement is possible in the transient response with
the inclusion of `, and second, how close is xm (t), the
response of the CRM in relation to that of the original reference model, xmo (t). These are addressed in the following
section.
B. TRANSIENT PERFORMANCE OF CRM-ADAPTIVE
SYSTEMS

The main impact of the CRM is a modification in the realization of the reference trajectory, from the use of a linear model
to a nonlinear model. This in turn produces a more benign
target for the adaptive closed-loop system to follow, resulting
in better transients. It could be argued that the reference model
meets the closed-loop system half-way, and therefore reduces
the burden of tracking on the adaptive system and shifts it
partially to the reference model. In what follows, we precisely
quantify this effect.
As Equation (7) in Theorem 1 illustrates, the L-2 norm of
e has two components, one associated with the initial error
in the reference model, e(0), and the other with the initial
error in the parameter space, θ̄˜ (0). The component associated
with θ̄˜ (0) is inversely proportional to the product γ |`| and the
component associated with the initial model following error
e(0) is inversely proportional to |`| alone. Therefore, without
the use of the feedback gain ` it is not possible to uniformly
decrease the L-2 norm of the model following error. This
clearly illustrates the advantage of using the CRM over the
ORM, as in the latter, ` = 0.
While CRM-adaptive systems bring in this obvious advantage, they can also introduce an undesirable peaking phenomenon. In what follows, we introduce a definition and
show how through a proper choice of the gain `, this phenomenon can be contained, and lead to better bounds on the
parameter derivatives. As mentioned in the introduction, we
quantify transient performance in this paper by deriving L-2
bounds on the parameter derivative θ̄˙ , which in turn will
correlate to bounds on the amplitude of frequency oscillations
in the adaptive parameters. For this purpose, we first discuss
the L-2 bound on e and supremum bound for xm . We then
describe a peaking phenomenon that is possible with CRMadaptive systems.
VOLUME 1, 2013

1) L-∞ NORM OF xm

The solution to the ODE in (2) is
Z t
am t
xm (t) = e xm (0) +
eam (t−τ ) r(τ )dτ
0
Z t
−`
eam (t−τ ) e(τ )dτ.

(10)

0

The solution to the ODE in (3) is
Z t
o
am t o
xm (t) = e xm (0) +
eam (t−τ ) r(τ )dτ.

(11)

0

For ease of exposition and comparison, xm (0) = xmo (0) and
thus
Z t
xm (t) = xmo (t) − `
eam (t−τ ) e(τ )dτ.
(12)
0

Denoting the difference between the open-loop and closedo
loop reference model as
m = xm − xm , using Cauchy
R t 1x
a
(t−τ
)
m
Schwartz Inequality on 0 e
ke(τ )kdτ , and the bound
for ke(t)kL2 from (9), we can conclude that
s
s
1
V (0)
.
(13)
k1xm (t)k ≤ |`|
|2am | |am + `|
We quantify the peaking phenomenon through the following definition.
Definition 1: Let α ∈ R+ , a1 , a2 are fixed positive constants, x : R+ × R+ → R and x(α; t) ∈ L2 ,
Z t
y(α; t) , α
e−a1 (t−τ ) x(α; τ )dτ,
0

Then the signal y(α; t) is said to have a peaking exponent s
with respect to α if
ky(t)kL∞ ≤ a1 α s + a2 .
Remark 1: We note that this definition of peaking differs
from that of peaking for linear systems given in [21], and
references there in. In these works, the underlying peaking
behavior corresponds to terms of the form κe−αt , α, κ > 0,
where any increase in α is accompanied by a corresponding
increase in κ leading to peaking. This can occur in linear
systems where the Jacobian is defective [22]. In contrast,
the peaking of interest in this paper occurs in adaptive systems where efforts to decrease the L2 norm of x through the
increase of α leads to the increase of y causing it to peak. This
is discussed in detail below.
From Eq. (12), it follows that 1xm can be equated with y
and e with x in Definition 1. Expanding V (0), the bound on
1xm (t) in (13) can be represented as
 1/2
|`|
1/2
k1xm (t)k ≤ b1 |`| + b2
γ
r
q
θ̄˜ (0)k2
e(0)2
where b1 = 2|a
and b2 = k2|a
. We note that γ is a
m|
m|
free design parameter in the adaptive system. Therefore, one
can choose γ = |`| and achieve the bound
k1xm (t)k ≤ b1 |`|1/2 + b2 .

(14)
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From (14) and Definition 1, it follows that with γ = O(|`|),
1xm has a peaking exponent of 0.5 with respect to |`|. Similar
to (14) the following bound holds for xm :
kxm (t)kL∞ ≤ b1 |`|1/2 + b3

(15)

where b3 = b2 + kxmo (t)kL∞ and γ = |`|. That is the bounds
in (14) and (15) increase with |`|, which implies that 1xm (t)
and therefore xm (t) can exhibit peaking.
While it is tempting to simply pick e(0) = 0 so that b1 = 0,
as is suggested in [6], [7] to circumvent this problem, it is
not always possible to do so, as x(0) may not be available as
a measurement because of noise or disturbance that may be
present. In Section III, we present an approach where tighter
bounds for xm (t) are derived, which enables us to reduce the
peaking exponent of 1xm from 0.5 to zero.
Before moving to the L-2 bounds on k̇ and θ̇ , we motivate
the importance of L-2 bounds on signal derivatives and how
they relate to the frequency characteristic of the signals of
interest. We use a standard property of Fourier series and
continuous functions [23], [24] summarized in Lemma 1 and
Theorem 2 below.
Lemma 1: Consider a periodic signal f (t) ∈ R over a
finite interval T = [t1 , t1 + τ ] where τ is the period of f (t).
The Fourier
coefficients of f (t) are then given by
R
F(n) = τ1 T f (t)e−iω(n)t dt with ω(n) = 2π n/τ . If f (t) ∈ C 1 ,
given 1 > 0, there exists an integer N1 such that
P 1
iω(n)t ≤  ,
(i)
f (t) − N
∀t ∈ T.
1
n=−N1 F(n)e
If in addition f (t) ∈ C 2 , then for all 2 > 0 there exists an
integer N2 such that
P 2
iω(n)t ≤  , ∀t ∈ T.
(ii) dtd f (t) − N
2
n=−N2 iω(n)F(n)e
Remark 2: We note that one can use the notion of generalized functions as presented in [25] in order to obtain Fourier
approximations with assumptions of the interval being finite
and periodicity relaxed.
Theorem 2: If f (t) ∈ C 2 and periodic with period τ , then
the following equality holds
Z
∞
X
|F(n)|2 |ω(n)2π n|
kf˙ (t)k2 dt =
(16)
T

n=−∞

−iω(n)t dt, ω(n)
= 2π n/τ and
where F(n) =
T f (t)e
T = [t1 , t1 + τ ].
Proof: This
follows from
Parseval’s Theorem. From
R
R P
∞
2
iω(n)t 2
˙
Lemma 1(ii), T kf (t)k dt = T
n=−∞ iω(n)F(n)e R
t +τ
dt. Using the orthogonality of eiω(n)t we have that t11
eiω(n)t e−iω(m)t
dt = 0 for all integers m 6 = n. It also trivially
R t +τ
holds that t11 eiω(n)t e−iω(n)t dt = τ . Using these two facts
along with the fact that the convergence in Lemma
uniR 1(ii) is
˙ (t)k2 dt =
form,
the
integral
above
can
be
simplified
as
k
f
T
P∞
2
2
n=−∞ ω(n) |F(n)| τ . Expanding one of the ω(n) terms
and canceling the τ term gives us (16).
Remark 3: From Theorem 2 it follows that when the L-2
norm of the derivative of a function is reduced, the product
1
τ
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R

|F(n)|2 |ω(n)2πn| is reduced for all n ∈ Z. Given that ω(n)
is the natural frequency for each Fourier approximation and
|F(n)| their respective amplitudes, reducing the L-2 norm
of the derivative of a function implicitly reduces the the
amplitude of the high frequency oscillations.
2) L-2 NORM OF k̇, θ̇

With the bounds on e and xm in the previous sections, we now
derive bounds on the adaptive parameter derivatives. From (5)
we can deduce that kk̇k2 = γ 2 e2 r 2 . Integrating both sides and
taking the supremum of r we have
Z t
kk̇(τ )k2 dτ ≤ γ 2 kr(t)k2L∞ ke(t)k2L2 .
(17)
0

Using the bound on kekL2 from (9) we have that
kk̇(t)k2L2 ≤

2γ 2 kr(t)k2L∞ V (0)
|am + `|

.

(18)

Similarly, from (5) we can derive the inequality
Z t
Z t
2
2
2
kθ̇ (τ )k dτ ≤ 2γ ke(t)kL∞
e(τ )2 dτ
0
0
Z t
+ 2γ 2 kxm (t)k2L∞
e(τ )2 dτ. (19)
0

Using the bounds for ke(t)kL∞ in (8), ke(t)kL2 in (9), and the
following bound on
kxm (t)k2L∞ ≤ 2kxmo (t)k2L∞ +

|`|2 V (0)
,
|am | |am + `|

(20)

which follows from the bound on 1xm (t) in (13), the bound
in (19) can be simplified as
kθ̇ (t)k2L2 ≤ 4γ 2

V (0)kxmo (t)k2L∞

+ 4γ 2

|am + `|
|`|2 V (0)2
+ 2γ 2
.
|am | |am + `|2

V (0)2
|am + `|
(21)

From (18) it is clear that by increasing |`| one can arbitrarily decrease the L-2 norm of k̇. The same is not true,
however, for the L-2 norm of θ̇ given in (21). Focusing on
the first two terms we see that their magnitude is proportional
to γ 2 / |am + `|. Letting ` approach negative infinity, the first
and second second terms in (21) approaches zero and the
third term converges to a bound which is proportional to
γ 2 V (0)2 . When ` = 0, the second term becomes proportional
to γ 2 V (0)2 and the last term in (21) becomes zero. From the
previous discussion it is clear that regardless of our choice
of `, the only way to uniformly decrease the L-2 norms of
the derivatives of the adaptive terms is by decreasing γ . This
leads to the classic trade-off present in adaptive control. One
can reduce the high frequency oscillations in the adaptive
parameters by choosing a small γ , this however leads to poor
reference model tracking. This can be seen by expanding the
bound on ke(t)kL∞ in (8),
ke(t)k2L∞ ≤ e(0)2 +

1˜ T˜
θ̄ (0) θ̄ (0).
γ

(22)
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If one chooses a small γ , then poor state tracking performance
can occur, as the second term in (22) is large for small γ .
Therefore it still remains to be seen as to how and when CRM
leads to an advantage over ORM. As shown in the following
subsection and subsequent section, this can be demonstrated
through the introduction of projection in the adaptive law
and a suitable choice of ` and γ . This in turn will allow the
reduction of high frequency oscillations.
C. EFFECT OF PROJECTION ALGORITHM

It is well known that some sort of modification of the adaptive law is needed to ensure boundedness in the presence of
perturbations such as disturbances or unmodeled dynamics.
We use a projection algorithm [26] with CRMs as
θ̄˙ = Proj (−γ sgn(k )eφ, θ̄ )
(23)


p

where θ̄ (0), θ̄ ∗ ∈ , with  ∈ R2 a closed and convex set
centered at the origin whose size is dependent on a known
bound of the parameter uncertainty θ̄ ∗ . Equation (23) assures
that θ̄ (t) ∈  ∀ t ≥ 0 [26]. The following definition will be
used throughout:
2
, sup kθ̄˜ k.
(24)
max

θ̄,θ̄ ∗ ∈

Beginning with the already proven fact that V̇ ≤ (am +`)e2 ,
we note that the following bound holds as well with the use
of (23):
|am + `|
kp 22max .
(25)
V̇ (t) ≤ −2|am + `|V +
γ
Using Gronwall-Bellman [27] it can be deduced that
!
kp 2
kp 2
V (t) ≤ V (0) −
2
e−2|am +`|t +
2
(26)
2γ max
2γ max
which can be further simplified as
kp 2
1
ke(0)k2 e−2|am +`|t +
2
(27)
2
2γ max
which informs the following exponential bound on e(t):
V (t) ≤

kp 2
2max .
(28)
γ
The discussions in Section II show that with a projection
algorithm, the CRM adaptive system is not only stable but
satisfies the transient bounds in (9), (15), (18), (21), (27)
and (28). The bounds in (15), (18) and (21) leave much to be
desired however, as it is not clear how the free design parameters ` and γ can be chosen so that the bounds on kk̇kL2 and
kθ̇ kL2 can be systematically reduced while simultaneously
controlling the peaking in the reference model output xm .
Using the bounds in (27) and (28), in the following section,
we propose an ‘‘optimal’’ CRM design that does not suffer
from the peaking phenomena, and show how the bounds in
(15), (18) and (21) can be further improved. We also make a
direct connection between the L-2 norm of the derivative of a
signal, and the frequency and amplitude of oscillation in that
signal.
ke(t)k2 ≤ ke(0)k2 e−2|am +`|t +

VOLUME 1, 2013

III. BOUNDED PEAKING WITH CRM ADAPTIVE SYSTEMS
A. BOUNDS ON xm

We first show that the peaking that kxm (t)k was shown to
exhibit in Section II-A can be reduced through the use of
a projection algorithm in the update law as in (23), and a
suitable choice of γ and `. For this purpose we derive two
different bounds, one over the time interval [0, t1 ] and another
over [t1 , ∞).
Lemma 2: Consider the adaptive system with the plant
in (1), with the controller defined by (4), the update law
in (23) with the reference model as in (2). For all δ > 1 and
 > 0, there exists a time t1 ≥ 0 such that
kxp (t)k ≤ δkxp (0)k + kr(t)kL∞
kxm (t)k ≤ δkxp (0)k + kr(t)kL∞ +

p

2V (0)

(29)

∀ 0 ≤ t ≤ t1 .
Proof: The plant in (1) is described by the dynamical
equation
ẋp = (am + kp θ̃ )xp + kp k̃r
where we note that (am + kp θ̃ ) can be positive. This leads to
the inequality
kxp (t)k ≤ kxp (0)ke(am +|kp |2max )t
Z t
+
e(am +|kp |2max )(t−τ ) kp 2max kr(τ )kL∞ dτ.
0

For any δ >1 and any  > 0, it follows from the above
inequality
a t1 exists such that e(am +|kp |2max )t ≤ δ and
R t (a +|k |that
2
)(t−τ ) k 2
m
p
max
p
max dτ ≤ , ∀ t ≤ t1 . The bound
0e
on xm (t) follows from the fact that kxm k ≤ kxp k + kek and
from (8).
Remark 4: The above lemma illustrates the fact that if t1
is small, the plant and reference model states cannot move
arbitrarily far from their respective initial conditions over
[0, t1 ].
Lemma 3: For any a ≥ 0 ∃ an x ∗ < 0 such that for all
x ≤ x∗ < 0
1

exa ≤ |x|− 2 ∀ x ≤ x ∗ < 0.
Proof: Exponential functions with negative exponent
decay faster than any fractional polynomial.
We now derive bounds on xm (t) when t ≥ t1 . For this
purpose a tighter bound on the error e than that in (9) is first
derived.
Lemma 4: Consider the adaptive system with the plant
in (1), with the controller defined by (4), the update law
in (23) with the reference model as in (2). Given a time t1 ≥ 0,
there exists an `∗ s.t.
s
sZ
∞
kp
ke(0)k
kek2 dτ ≤ √
+
2max (30)
2γ |am + `|
2 |am + `|
t1
for all ` ≤ `∗ .
Proof: Substitution of t = t1 in (27) and using the
fact that V̇ (t) = −|am + `|ke(t)k2 , the following bound is
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obtained:
Z

∞

kek2 dτ ≤
t1

Corollary 4: Following the same assumptions as
Theorem 3, with γ = |`|

ke(0)k2 e−2|am +`|t1
2 |am + `|
kp
+
22 .
2γ |am + `| max

(31)

√
Noting that e−2|am +`|t1 = e−|am +`|t1 , and using the result
from Lemma 3, we know that there exists an `∗ such that for
all ` < `∗ , e(am +`)t1 ≤ |am + `|−1/2 . This leads to (30).
Similar to the definition of 1xm (t) in Section II.B we define
Z t
1x̄m (t) , |`|
e−|am |(t−τ ) ke(τ )kdτ
t1

for all t ≥ t1 . Choosing ` ≤ `∗ with `∗ defined in Lemma 4,
using the bound on e(t) in (30) and the Cauchy Schwartz
inequality, we have that
 1/2
|`|
k1x̄m (t)kL∞ ≤ b4 + b5
∀t ≥ t1
γ
√
kp |2max
|√
√
and
b
=
. Choosing γ = |`|
where b4 = 2ke(0)k
5
|am |
2 |am |
the bound above becomes
k1x̄m (t)kL∞ ≤ b4 + b5

t ≥ t1 .

(32)

Comparing the bound in (32) to the bound in (14), we note that
the peaking exponent (Definition 1) has been reduced from
1/2 to 0 for the upper bound on the convolution integral of
interest. Thus, as |`| is increased, the term 1x̄m (t) will not
exhibit peaking. That is, the response of the CRM is fairly
close to that of the ORM. This result allows us to obtain a
bound on the closed-loop reference model xm (t) that does not
increase with increasing |`|. This is explored in the following
theorem and subsequent remark in detail.
Theorem 3: Consider the adaptive system with the plant in
(1), the controller defined by (4), the update law in (23) with
the reference model as in (2), with t1 chosen as in Lemma 2
and ` ≤ `∗ where `∗ satisfies (30). It can then be shown that
|`| kp 22max
ke(0)k2
kxm (t)k2t≥t1 ≤ c1 (t) +
+
(33)
|am |
γ |am |
where

2
c1 , 2 kxmo kL∞ + kxm (t1 )ke−|am |(t−t1 ) .
Proof: The solution of (2) for t ≥ t1 is given by
kxm (t)k ≤ kxmo kL∞ + kxm (t1 )ke−|am |(t−t1 )
Z ∞
e−|am |(t−τ ) ke(τ )kdτ.
+ |`|
t1

Using the Cauchy Schwartz Inequality and (30) from
Lemma 4, we have that
kxm (t)kt≥t1 ≤ kxmo kL∞ + k xm (t1 )ke−|am |(t−t1 )
q


kp 2max
|`|
ke(0)k
,
+√
· √
+√
2γ |am +`|
2 |am |
2 |am +`|
for all ` < `∗ . Squaring leads to (33).
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kxm (t)k2t≤t1 ≤ 2(δkxp (0)k + kr(t)kL∞ )2 + 4V (0) (34)
2
|kp |22max
(35)
kxm (t)k2t≥t1
≤ c1 (t) + ke(0)k
|am | +
|am |
Remark 5: Through the use of a projection algorithm in the
adaptive law, the exploitation of finite time stability of the
plant in Lemma 1, and through the use of the extra degree
of freedom in the choice of `, we have obtained a bound for
kxm (t)k2t≤t1 in (34) which is only a function of the initial condition of the plant and controller. Similarly for kxm (t)k2t≥t1 , we
have derived a bound in (34) which is once again a function
of the initial condition of the plant and controller alone. The
most important point to note is that unlike (15), the bound
on xm in (34) and (35) is no longer proportional to ` in any
power. This implies that even for large |`|, an appropriate
choice of the adaptive tuning parameter γ can help reduce
the peaking in the reference model. This improvement was
possible only through the introduction of projection and the
use of the Gronwall-Bellman inequality.
B. BOUNDS ON PARAMETER DERIVATIVES AND
OSCILLATIONS

We now present the main result of this paper.
Theorem 5: The adaptive system with the plant in (1), the
controller defined by (4), the update law in (23) with the
reference model as in (2), with t1 chosen as in Lemma 2 and
` ≤ `∗ where `∗ is given in Lemma 4 and γ = |`|, the
following bounds are satisfied for all γ ≥ 1:
Z ∞


kk̇k2 dτ ≤ ke(0)k2 + kp 22max kr(t)kL∞
Zt1∞


kθ̇ k2 dτ ≤ ke(0)k2 + kp 22max c2
t1


 c
c4
3
(36)
+ ke(0)k2 + kp 22max
√ +
γ
|`|
where c2 , c3 , c4 are independent of γ and `, and are only a
function of the initial conditions of the system and the fixed
design parameters.
Proof: Using (17) and (30), together with the fact that
γ = |`|, we obtain the first inequality in (36). To prove the
bound on θ̇ we start with (19), and note that
Z ∞


γ2
e(τ )2 dτ ≤ ke(0)k2 + kp 22max .
(37)
t1

Using the bound in (37) and setting c2 = kxm (t)k2t≥t1 from
(33) we have the first term in the bound on θ̇ in (36).
We note from (28) and Lemma 3 that
kp 2max
e(0)2
ke(t)k ≤ √
+
γ
|am + `|

∀t ≥ t1 .

This together with (37) leads to the second term in the bound
on θ̇ in (36). Therefore, c2 , c3 and c4 are independent of
γ and `.
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Remark 6: From the above Theorem it is clear that if γ and
|`| are increased while holding γ = |`|, the L-2 norms of
the derivatives of the adaptive parameters can be decreased
significantly. Two important points should be noted. One is
that the bounds in (36) are much tighter than those in (21),
with terms of the form γ 2 /` no longer present. Finally, from
Theorem 2, it follows that the improved L-2 bounds in (36)
result in a reduced high frequency oscillations in the adaptive
parameters.
Remark 7: Noting the structure of the control input in
(4), it follows directly that reduced oscillations in θ (t) and
k(t) results in reduced oscillation in the control input for the
following reason. We note that
Z t


xp (t) = eam t xp (0) +
eam (t−τ ) kp k̃r + θ̃ xp dτ.

FIGURE 1. Trajectories of the ORM adaptive system γ = 1.

0

Since θ̃ and k̃ have reduced oscillations, xp (t) will be smooth,
resulting in θ (t)xp (t) and therefore u(t) to have reduced oscillations. It should also be noted that with ` < `∗ and γ = |`|,
it follows that kx(t)kL∞ is independent of `.
C. SIMULATION STUDIES FOR CRM

Simulation studies are now presented to illustrate the
improved transient behavior of the adaptive parameters and
the peaking that can occur in the reference model. For these
examples the reference system is chosen such that am = −1,
km = 1 and the plant is chosen as ap = 1, kp = 2.
The adaptive parameters are initialized to be zero. Figures 1
through 3 are for an ORM adaptive system with the tuning
gain chosen as γ ∈ {1, 10, 100}. Walking through Figures 1
through 3 it clear that as the tuning gain is increased the
plant tracks the reference model more closely, at the cost of
increased oscillations in the adaptive parameters. Then the
CRM is introduced and the resulting responses are shown in
Figures 4 through 6, for γ = 100, and ` = −10, −100,
and −1000 respectively. First, it should be noted that no
high frequency oscillations are present in these cases, and the
trajectories are smooth, which corroborates the inequalities
(36) in Theorem 5. As the ratio |`| /γ increases, as illustrated
in Figures 4 through 6, the reference trajectory xm starts to
deviate from the open-loop reference xmo , with the peaking
phenomenon clearly visible in Figure 6 where |`| /γ = 10.
This corroborates our results in section III as well.

FIGURE 2. Trajectories of the ORM adaptive system γ = 10.

FIGURE 3. Trajectories of the ORM adaptive system γ = 100.

IV. CRM FOR STATES ACCESSIBLE CONTROL

In this section we show that the same bounds shown previously easily extend to the states accessible case. Consider the
n dimensional linear system
ẋp = Axp + B3u

(38)

with B known, A unknown, and 3 an unknown diagonal
matrix of positive elements. An a priori upper bound on 3
is known and therefore we define
λ̄ , max λi (3),
i

VOLUME 1, 2013

FIGURE 4. Trajectories of the CRM adaptive system γ = 100, ` = −10.

where λi denotes the i-th Eigenvalue. The reference model is
defined as
ẋm = Am xm + Br − Le.

(39)
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Assumption 1: The free design parameters are chosen as
0 = γ In×n

(43)

L = −Am + gIn×n

where γ > 0 and g < 0.
Assumption 1 allows us to choose a P = 1/2In×n in
the Lyapunov equation and therefore Q = −gIn×n . Using
these simplification the Lyapunov candidate derivative can be
bounded as
V̇ (t) ≤ − |g| ke(t)k2 ,

FIGURE 5. Trajectories of the CRM adaptive system γ = 100, ` = −100.

(44)

and by direct integration we have
ke(t)k2 ≤

V (0)
.
|g|

(45)

Using the Gronwall-Bellman Lemma as was previously used
in (25)-(28), we can deduce that

1
λ̄  2
2
V (t) ≤ ke(0)k2 e−2|g|t +
2max + Kmax
.
(46)
2
γ

FIGURE 6. Trajectories of the CRM adaptive system γ = 100, ` = −1000.

The control input is defined as
u = 2xp + Kr.

(40)

It is assumed that there exists 2∗ and K ∗ such that
A + B32∗ = Am

for all g ≤ g∗ .
Proof: From (59) we have that

3K = I
∗

and the parameter errors are then defined as 2̃ = 2 − 2∗ and
K̃ = K − K ∗ . Defining the error as e = xp − xm , the update
law for the adaptive parameters is then
2̇ = Proj1 (−0BT PexpT, 2)
K̇ = Proj2 (−0BT Per T, K )

(41)

where P = PT > 0 is the solution to the Lyapunov equation
(Am + L)T P + P(Am + L) = −Q which exists for all
Q = QT > 0. With a slight abuse of notation the following
definition is reused from the previous section,
sup k2̃kF , 2max

2,2∗ ∈1

and

sup kK̃ kF , Kmax ,

K ,K ∗ ∈2

(42)
where k·kF denotes the Frobenius norm. The adaptive system
can be shown to be stable by using the following Lyapunov
candidate,
V (t) = eT Pe + Tr(32̃T 0 −1 2̃) + Tr(3K̃ T 0 −1 K̃ )
where after differentiating we have that V̇ ≤ −eT Qe. We
choose L and 0 in a special form to ease the analysis in the
following sections.
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Lemma 5: For all  > 0 and δ > 1 there exists a t2
such that the plant and reference model in (38) and (39)
respectively satisfy the bounds in (29) with t2 replacing t1 .
Lemma 6: Consider the adaptive system with the plant
in (38), the controller in (40), the update law in (41), the
reference model as in (39) and 0 and L parameterized as in
Assumption 1. Given a time t2 ≥ 0, there exists a g∗ s.t.
s
sZ
∞
2 )
λ̄(22max + Kmax
ke(0)k
+
(47)
kek2 dτ ≤ √
γ |g|
2 |g|
t2

V (t2 ) ≤


1
λ̄  2
2
ke(0)k2 e−2|g|t2 +
2max + Kmax
.
2
γ

Using the above bound and integrating −V̇ in (59) from t2 to
∞ and dividing by |g| leads to
Z ∞

λ̄  2
ke(0)k2 e−2|g|t2
2
2max + Kmax
kek2 dτ ≤
+
2 |g|
γ |g|
t2
(48)
√
Taking the square root, noting that e−2|g|t2 = e−|g|t2 , and
using the result from Lemma 3, we know that there exists an
g∗ such that for all g < g∗ , e−|g|t2 ≤ |g|−1/2 .
Theorem 6: Consider the adaptive system with the plant
in (38), the controller in (40), the update law in (41), the
reference model as in (39), 0 and L parameterized as in
Assumption 1, with t2 chosen as in Lemma 5 and g ≤ g∗
where g∗ is given in Lemma 6. It can be shown that


kAm k2
a1
2
kxm (t)kt≥t2 ≤ c5 (t) + 2
+1
ke(0)k2
2
a2
|g|



|g| a1  2
kAm k2
2
+ 4λ̄
+
2
+
K
max
max
γ a2
γ |g|2
(49)
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where


c5 , 2 kxmo kL∞ + kxm (t2 )ka1 e−a2 (t−t2 )

2

eAm t ≤ a1 ea2 t
with a1 , a2 > 0.
Proof: The existence of a1 , a2 > 0 such that eAm t ≤
−a
a1 e 2 t follows from the fact that Am is Hurwitz [22].
Consider the dynamical system in (39) for t ≥ t2 ,
kxm (t)kt≥t2 ≤ kxmo kL∞ + kxm (t1 )ka1 e−a2 (t−t1 )
Z ∞
+kLka1
e−a2 (t−τ ) ke(τ )kdτ.
t2

Using Cauchy Schwartz along with (47) in Lemma 6 we have
that
kxm (t)kt≥t2 ≤ kxmo kL∞ + k xm (t2 )ke−|am |(t−t1 )


s
√
2
2
kLk a1 ke(0)k
λ̄(2max + Kmax ) 
√
.
+ √
+
γ |g|
2a2
2 |g|
Squaring and using the fact that L = −Am + gIn×n and thus
kLk ≤ kAm k + g we have that
(kAm k + g)2 a1
ke(0)k2
a2
|g|2

2(kAm k + g)2 λ̄ a1  2
2
2max + Kmax
+
.
γ |g|
a2

kxm (t)k2t≥t2 ≤ c5 (t) +

Inequality (49) follows since (kAm k + |g|)2 ≤ 2kAm k2 +
2 |g|2 .
Remark 8: Just as in the scalar case, we have derived a
bound for kxm (t)k2t≥t2 which is once again a function of the
initial condition of the plant and controller, but also dependent
on a component which is proportional to |g|/γ . Therefore, by
choosing |g|
γ = 1 with γ > 0 we can have bounded peaking
in the reference model.
Theorem 7: The adaptive system with the plant in (38), the
controller in (40), the update law in (41), the reference model
as in (39), 0 and L parameterized as in Assumption 1, with t2
chosen as in Lemma 5, g ≤ g∗ where g∗ is given in Lemma 6
and γ chosen such that γ = |g| the following bounds are
satisfied for all γ ≥ 1:
Z ∞


2
kK̇ k2 dτ ≤ kBk ke(0)k2 + Kmax
+ 22max kr(t)kL∞
Zt2∞


2
k2̇k2 dτ ≤ kBk ke(0)k2 + 22max + Kmax
t2


c7
c8
c9
· c6 + 2 + √ +
(50)
γ
g
|g|
where c6 , c7 , c8 , c9 are independent of γ and g, and are only
a function of the initial conditions of the system and the fixed
design parameters.
Proof: The proof follows the same steps as used to
derive the bounds in Theorem 5.
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Remark 9: It should be noted that if γ and |g| are increased
while holding γ = |g|, the L-2 norms of the derivatives of the
adaptive parameters can be decreased significantly.
Remark 10: The similarity of the bounds in Theorem 7 to
those in Theorem 5 implies that the same bounds on frequencies and corresponding amplitudes of the overall adaptive
systems as in Theorem 2 hold here in the higher-order plant
as well.
We note that robustness issues have not been addressed
with the CRM architecture in this work. However, recent
results in [28]–[31] have shown that adaptive systems do have
a time-delay margin and robustness to unmodeled dynamics
when projection is used in the update law. While we expect
similar results to hold with CRM as well, a detailed investigation of the same as well as comparisons of their robustness
properties to their ORM counterparts are topics for further
research.
V. CRM COMPOSITE CONTROL WITH OBSERVER
FEEDBACK

In this section, we show that the tools introduced to demonstrate smooth transient in CRM-adaptive systems can be used
to analyze CMRAC systems introduced in [15]–[17]. As
mentioned in the introduction, these systems were observed
to exhibit smooth transient response, and yet no analytical
explanations have been provided until now for this behavior.
Our focus is on first-order plants for the sake of simplicity.
Similar to Section IV, all results derived here can be directly
extended to higher order plants whose states are accessible.
The CMRAC system that we discuss in this paper differs
from that in [15] and includes an observer whose state is
fed back for control rather than the plant state. As mentioned in the introduction, we denote this class of systems as
CMRAC-CO and is described by the plant in (1), the reference
model in (2), an observer as
ẋo (t) = `(xo − xp ) + (am − kp θ̂)xo (t) + kp u(t),
and the control input is given by
u = θ xo + k ∗ r.

(51)
(52)

In the above kp is assumed to be known for ease of exposition.
The feedback gain ` is chosen so that
gθ , am + ` + kp θ ∗ < 0.

(53)

Defining em = xp − xm and eo = xo − xp , the error dynamics are now given by
ėm (t) = (am + `)em + kp θ̃ xo + kp θ ∗ eo
ėo (t) = (am + `)eo − kp θ̄ xo .
− θ∗

− θ∗

(54)
θ∗

where θ̃ = θ
and θ̄ = θ̂
with
satisfying
ap + kp θ ∗ = am and kp k ∗ = km . The update laws for the
adaptive parameters are then defined with the update law
θ̇ = Proj (−γ sgn(kp )em xo , θ) − ηθ
θ̂˙ = Proj (γ sgn(kp )eo xo , θ̂ ) + ηθ
θ = θ − θ̂

(55)
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where γ , η > 0 are free design parameters. As before we
define the bounded set
(
)
2max , max

sup kθ̃k, sup kθ̄ k .

θ,θ ∗ ∈

(56)

The stability of the CMRAC-CO adaptive system given
by (1), (2), (51)-(55) can be verified with the following
Lyapunov candidate
!
k
k
1 2
p
p
θ̃ 2 +
θ̄ 2
(57)
V (t) =
e + e2o +
2 m
γ
γ
which has the following derivative
η kp 2
θ .
γ

(58)

Boundedness of all signals in the system follows since
gθ < 0. From the integration of (58) we have {em , eo , θ } ∈
L∞ ∩ L2 and thus limt→∞ {em , eo , θ } = {0, 0, 0}. Using
the Gronwall-Bellman Lemma as was previously used in
(25)-(28), we can deduce that

kp 2
1
V (t) ≤
em (0)2 + eo (0)2 e−2|gθ |t +
θ .
2
γ max

(59)

It should be noted that the presence of a non-zero ` is crucial for stability, as gθ cannot be guaranteed to be negative
if ` = 0.
B. TRANSIENT PERFORMANCE OF CMRAC-CO

Similar to Sections II and III we divide the timeline into
[0, t3 ] and [t3 , ∞), where t3 is arbitrarily small. We first
derive bounds for the system states over the initial [0, t3 ]
in Lemma 7, bounds for the tracking, observer, parameter
estimation errors em , eo and θ over [t3 , ∞) in Lemma 8,
bounds for xo over [t3 , ∞) in Theorem 8, and finally bounds
for the parameter derivatives θ̇ and θ̂˙ in Theorem 10.
Lemma 7: Consider the CMRAC-CO adaptive system
with the plant in (1), with the controller defined by (52), the
update law in (55) and with the reference model as in (2).
For all δ > 1 and  > 0, there exists a time t3 ≥ 0 such
that


p
kxp (t)k ≤ δkxp (0)k +  kr(t)kL∞ + 2V (0)
p
kxo (t)k ≤ δkxp (0)k + kr(t)kL∞ + (1 + ) 2V (0) (60)
∀ 0 ≤ t ≤ t3 .
Proof: The plant in (2) with the controller in (52) can be
represented as
ẋp = (ap + kp θ )xp + kp (r + θ eo )

p

0

· kp (2max kr(τ )k + 2max keo (τ )k) dτ.

A. STABILITY
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p

θ̂,θ ∗ ∈

We first establish stability and then discuss the improved
transient response.

V̇ ≤ gθ e2m + gθ e2o −

where we note that (ap + kp θ ) can be positive. This leads to
the inequality
Z t
e(ap +|kp |2max )(t−τ )
kx (t)k ≤ kx (0)ke(ap +|kp |2max )t +

For any δ > 1 and any  > 0, it follows from the above
inequality
a t3 exists such that e(ap +|kp |2max )t ≤ δ
R t (a +that
k
2
|
|
p
p
max )(t−τ ) k
and 0 e
p 2max dτ ≤ , 0 ≤ t ≤ t3 given
δ > 0 and  > 0. From the structure of the Lyapunov
candidate in (57)
√ and the fact that V̇ ≤ 0 we have that
keo (t)kL∞ ≤ 2V (0). The bound on xo (t) follows from the
fact that kxo k ≤ kxp k + keo k.
Lemma 8: Consider the adaptive system with the plant
in (1), the controller in (52), the update law in (55), and the
reference model as in (2). Given a time t2 ≥ 0, there exists a
g∗θ s.t.
s
sZ
p
∞
2 + e (0)2
kp
e
(0)
m
o
em 2 dτ ≤
2max
+
√
γ |gθ |
2 |gθ |
t3
s
sZ
p
∞
2 + e (0)2
kp
e
(0)
m
o
2max
eo 2 dτ ≤
+
√
|gθ |
γ
2 |gθ |
t3
s
sZ
√ p
∞
2 + e (0)2
γ
e
(0)
1
m
o
q
2max (61)
θ 2 dτ ≤
+
η
t3
2η kp |gθ |
for all gθ ≤ g∗θ .
Theorem 8: Consider the adaptive system with the plant
in (1), the controller in (52), the update law in (55), the
reference model as in (2), with t3 chosen as in Lemma 7 and
gθ ≤ g∗θ where g∗θ is given in Lemma 8. It can be shown that

|`|2 √ 
2 a4 em (0)2 + eo (0)2
kxo (t)k2t≥t3 ≤ c10 (t) +
2
|gθ |
2
|`| kp
+
4a4 22max
(62)
γ |gθ |
where

2
c10 , 2 a3 kp krkL∞ + kxo (t3 )keaθ (t−t3 )
aθ , am + kp θ
and
Z
Z

∞

eaθ (t−τ ) dτ ≤ a3

t3
∞

e2aθ (t−τ ) dτ ≤ a4
t3

with 0 ≤ ai < ∞, i ∈ {3, 4}.
Proof: Given that limt→∞ θ (t) = 0 we have from (53)
that limt→∞ aθ = am . Thus limt→∞ eaθ t = 0. Therefore,
a3 , a4 < ∞. Consider the dynamical system in (51) for
t ≥ t3 .
kxo (t)kt≥t3 ≤ kxo (t3 )keaθ (t−t3 )
Z ∞

+
eaθ (t−τ ) |`| keo (τ )k + kp kr(τ )k dτ.
t3
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Using Cauchy Schwartz and Lemma 8 as before we have

This leads to a set of modified error equations

−|am |(t−t3 )

ėm (t) = (am + `)em + kp θ̃ (t)xo + kp θ ∗ eo + ξ (t)

kxo (t)kt≥t3 ≤ a3 kp krkL∞ + k xo (t3 )ke
p
√
em (0)2 + eo (0)2
+ |`| a4
√
2 |gθ |
s
kp
√
+ |`| a4 a4
2max .
γ |gθ |

`→−∞

+ kp 4a4 22max .

(63)

Theorem 10: The adaptive system with the plant in (1), the
controller defined by (52), the update law in (55) with the
reference model as in (2), with t3 chosen as in Lemma 7 and
gθ ≤ g∗θ where g∗θ is given in Lemma 8 and γ chosen such that
γ = |gθ | the following bounds are satisfied for all γ ≥ 1:
Z ∞
Z ∞
2
kθ̇ k dτ ≤ α and
kθ̂˙ k2 dτ ≤ α
(64)
t3

with
α,

`2
η
+
2
kp
gθ

!



(66)

ξ (t) , η̇(t) − ap η(t)

(67)

where

Squaring and using the inequality (a+b)2 ≤ 2a2 +2b2 twice,
we have our result.
Corollary 9: For the system presented in Theorem 8 setting
γ = |gθ | and taking the limit as ` → −∞ the following
bound holds for xo (t)

√ 
lim kxo (t)k2t≥t3 ≤ c10 (t) + 2 a4 em (0)2 + eo (0)2

t3

ėo (t) = (am + ` − kp θ ∗ )eo − kp θ̄ (t)xo − ξ (t)



em (0)2 + eo (0)2 + kp 22max c11

where c11 is independent of γ and gθ , and is only a function
of the initial conditions of the system and the fixed design
parameters.
Remark 11: Note that
`2
lim 2 = 1.
`→−∞ g
θ
Thus for large |`| the truncated L-2 norm of θ̇ is simply a
function of the initial conditions of the system and the tuning
parameter η.
Remark 12: The similarity of the bounds in Theorem 10 to
those in Theorem 5 implies that the same bounds on frequencies and corresponding amplitudes of the overall adaptive
system hold here in the CMRAC-CO case as well.

Theorem 11: The adaptive system with the plant in (65), the
controller defined by (52), the update law in (55) with the
reference model as in (2), and ` chosen such that am + ` +
2 kp |θ ∗ | < 0, all trajectories are bounded and

1
em (0)2 + eo (0)2 e−2|gn |t
V (t) ≤
2
kp 2
1
+
2max +
kξ (t)k2L∞ .
(68)
γ
4 |gn |2
where
gn , am + ` + 2 kp θ ∗ .

(69)

Proof: Taking the time derivative of V in (57) results in


η
V̇ ≤ gn kem k2 + keo k2 − kp θ2
γ
+kξ (t)kkem (t)k + kξ (t)kkeo (t)k.
(70)
completing the square in kem kknk and keo kknk


η
V̇ ≤ − |gn | /2 kem k2 + keo k2 − kp θ2
γ
2
− |gn | /2 (kem k − 1/ |gn | kξ (t)k)
− |gn | /2 (keo k − 1/ |gn | kξ (t)k)2
+1/(4 |gn |)kξ (t)k2 .
Neglecting the negative terms in lines 2 and 3 from above and
the term involving θ we have that


V̇ ≤ − |gn | /2 kem k2 + keo k2 + 1/(4 |gn |)kξ (t)k2 ,
and in terms of V gives us
V̇ ≤ − |gn | V +


1
1 kp |gn |  2
θ̃ + θ̄ 2 +
kξ (t)k2 .
2
γ
4 |gn |

Using the Gronwall-Bellman Lemma and substitution of V (t)
leads to the bound in (68).

C. ROBUSTNESS OF CMRAC–CO TO NOISE

D. SIMULATION STUDY

As mentioned earlier, the benefits of the CMRAC–CO is the
use of the observer state xo rather than the actual plant state x.
This implies that the effect of any measurement noise on
system performance can be reduced. This is explored in this
section and Section V-D.
Suppose that the actual plant dynamics is modified from
(1) as

For this study a scalar system in the presence of noise is to
be controlled with dynamics as presented in (65), where n(t)
is a deterministic signal used to represent sensor noise. n(t)
is generated from a Gausian distribution with variance 1 and
covariance 0.01, deterministically sampled using a fixed seed
at 100 Hz, and then passed through a saturation function with
upper and lower bounds of 0.1 and -0.1 respectively. For the
CMRAC-CO systems the reference model is chosen as (2)
with the rest of the controller described by (51)-(55).
The CMRAC system used for comparison is identical
to that in [15]. For CMRAC the reference dynamics are

ẋa (t) = ap xa (t) + kp u(t),

xp (t) = xa (t) + n(t)

(65)

where n(t) represents a time varying disturbance. For ease of
exposition, we assume that n ∈ C1 .
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now chosen as xmo in (3), the observer is the same as
CMRAC-CO (51).
Further differences arise with the control law being chosen
as
u = θ xp + k ∗ r
The open-loop error eo = xp − xmo updates the direct adaptive
component, with the regressor becoming xp instead of xo for
both θ and θ̂ update laws:
θ̇ = Proj (−γ sgn(kp )eom xp , θ) − ηθ
θ̂˙ = Proj (γ sgn(kp )eo xp , θ̂) + ηθ .

(71)

The complete CMRAC and CMRAC-CO systems are given
in Table 1 with the design parameters given in Table 2.
TABLE 1. Test case equations.

FIGURE 7. (Top) reference model trajectories xm , (middle) state x, and
(bottom) model following e.

TABLE 2. Simulation parameters.

The simulations have two distinct regions of interest, with
Region 1 denoting the first 4 seconds, Region 2 denoting the
4 sec to 15 sec range. In Region 1, the adaptive system is
subjected to non–zero initial conditions in the state and the
reference input is zero. At t = 4 sec, the beginning of Region
2, a filtered step input is introduced. Figures 7 and 8 illustrate
the response of the CMRAC–CO adaptive system over 0 to
15 seconds, with xm , x, and em indicated in Figure 7, and u,
1u/1t, θ and θ̂ indicated in Figure 8. The addition of sensor
noise makes the output xp not differentiable and therefore we
use the discrete difference function 1 to obtain the discrete
time derivative of the control input, where
u(ti+1 ) − u(ti )
1u
,
,
ti+1 − ti = 0.01.
1t
ti+1 − ti
In both cases, the resulting performance is compared with
the classical CMRAC system. The first point that should be
noted is a satisfactory behavior in the steady-state of the
CMRAC–CO adaptive controller. We note a significant difference between the responses of CMRAC–CO and CMRAC
systems, which pertains to the use of filtered regressors in
CMRAC–CO. An examination of 1u/1t in Figure 8 clearly
illustrates the advantage of CMRAC–CO.
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FIGURE 8. (Top) Control input u, (middle–top) discrete rate of change of
control input 1u/1t , (middle–bottom) adaptive parameter θ (t ) and
(bottom) adaptive parameter θ̂ (t ).

E. COMMENTS ON CMRAC AND CMRAC–CO

As discussed in the Introduction, combining indirect and
direct adaptive control has always been observed to produce
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desirable transient response in adaptive control. While the
above analysis does not directly support the observed transient improvements with CMRAC, we provide a few speculations below: The free design parameter ` in the identifier
is typically chosen to have eigenvalues faster than the plant
that is being controlled. Therefore the identification model
following error ei converges rapidly and θ̂ (t) will have smooth
transients. It can be argued that the desirable transient properties of the identifier pass on to the direct component through
the tuning law, and in particular θ .
VI. CRMS IN OTHER ADAPTIVE SYSTEMS

While CRMs can be traced to [3] in the context of direct
model reference adaptive control, such a closed loop structure
has always been present in, adaptive observers, tuning function designs, and in a similar fashion in adaptive control of
robots. These are briefly described in the following sections.
A. ADAPTIVE BACKSTEPPING WITH TUNING FUNCTIONS

The control structure presented here is identical to that presented in [18, §4.3], but without nonlinear damping terms.
Consider the unknown system
ẋ2 = x3 + ϕ2 (x1 , x2 )T θ ∗
..
.
(72)

(74)

0T

where 0 =
> 0 is the adaptive tuning parameter, z is the
transformed state error, and W = τn (z, θ) with τi and the αi ,
1 ≤ i ≤ n defined in (84) in the Appendix along with the rest
of the control design. The closed loop system reduces to
(75)

− θ∗

where θ̃ = θ
and


−c1
1
0
···
0
 −1

−c2 1 + σ23
···
σ2n




.
.
.
.
.
.


.
.
.
Az =  0 −1 − σ23

 ..

..
..
..
 .
.
.
.
1 + σn−1,n 
0
−σ2n
· · · −1 − σn−1,n
−cn
where σik = − ∂α∂θi−1 0wk . The ci are free design parameters
that arise in the definition of the αi as defined in (84) in the
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(76)

which results in a negative semidefinite derivative V̇ ≤
−c0 kzk2 where c0 = min1≤i≤n (ci ). Thus we can integrate
−V̇ to obtain the following bound on the L-2 norm of z
kz(t)k2L2 ≤

V (0)
.
c0

(77)

It is addressed in [18, §4.4.1] that while it may appear
that increasing c0 uniformly decreases the L-2 norm of z,
choosing ci to be large can result in large z(t). The authors
then provide a method for initializing the z dynamics so that
z(0) = 0. We have already discussed why this may not be
possible in a real system.
B. ADAPTIVE CONTROL IN ROBOTICS

(78)

where q is the joint angle, and τ is the torque input. It is
assumed that the system can be parameterized as

where θ ∗ is an unknown column vector, β(x) is known and
invertible, the ϕi are known, x is the state vector of the scalar
xi and the goal is to have y = x1 follow a desired n times
differentiable yr . The control law propped in [18] is of the
form

1 
αn + y(n)
(73)
u=
r
β(x)
with an update law

ż = Az (z, θ, t)z + W (z, θ, t)θ̃

1
1 T
z z + θ̃ T 0 −1 θ̃
2
2

H (q)q̈ + C(q, q̇) + g(q) = τ

ẋn−1 = xn + ϕn−1 (x1 , . . . , xn−1 )T θ ∗

θ̇ = 0Wz

V (z(t), θ̃ (t)) =

The control structure presented here is taken directly from
[19, §9.2]. Consider the dynamics of a rigid manipulator

ẋ1 = x2 + ϕ1 (x1 )T θ ∗

ẋn = β(x)u + ϕn (x)T θ ∗

Appendix. Notice that the −ci act in the same way as the `
in the simple adaptive system first presented in the reference
model in (2). They act to close the reference trajectories with
the plant state. The above system also results in similar L-2
norms for the z error state. Consider the Lyapunov candidate

Y (q, q̇, q̇r , q̈r )a = H (q)q̈r + C(q, q̇)q̇r + g(q)

(79)

where qr is a twice differentiable reference signal, Y is known
and a is an unknown vector. The control law is chosen as
τ = Y â − kd s and

â˙ = −0Y T s.

(80)

Then, defining the desired dynamics trajectory as qd , the
reference dynamics of the system are created by
q̇r = q̇d − λq̃

(81)

s = q̇ − q̇r = q̃˙ + λq̃.

(82)

where q̃ = q − qd and

The stability of the above system can be verified with the
following Lyapunov candidate,

1 T
s Hs + ãT 0 −1 ã .
V =
2
Differentiating and using the property that Ḣ = C + C T we
have that
V̇ = −sT kd s.

(83)

We note that λ has a similar role in this control structure as
the ` in the CRM. The desired trajectory is qd (like xmo in our
examples), however the adaptive parameter is updated by the
composite variable s instead of directly adjusted by the true
reference error.
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We now conjecture as to why closed-loop reference models have not been studied in direct adaptive control until
recently. In the two cases of nonlinear adaptive control, closed
reference trajectory errors are used to update the adaptive
controller. This is performed in the tuning function approach
through the selection of the ci and in the adaptive robot
control example with λ and the creation of the composite
variable s. In both cases the stability of the system necessitates
the introduction of these variables. In contrast, in model reference adaptive control, stability is derived from the inherent
stability of the reference model and hence any addition of new
variables becomes superfluous. When no reference model is
present, closing the loop on the reference trajectory becomes
necessary. With the recent focus on improving transients
in adaptive systems, CRM now has a role in MRAC. And
as pointed out in this paper, improved transients can result
with CRM without introducing peaking by choosing the ratio
|`| /γ carefully.
VII. CONCLUSION

An increasingly oscillatory response with increasing adaptation gain is a transient characteristic that is ubiquitous in all
adaptive systems. Recently, a class of adaptive systems has
been investigated with closed-loop reference models where
such oscillatory response can be minimal. In this paper, a
detailed analysis of such adaptive systems is carried out. It
is shown through the derivation of analytical bounds on both
states of the adaptive system and on parameter derivatives
that a phenomenon of peaking can occur with CRMs and
that this phenomenon can be curtailed through a combination
of design and analysis, with the peaking exponent reduced
from 0.5 to zero. In particular, it is shown that bounds on the
parameter derivatives can be related to bounds on frequencies
and corresponding amplitudes, thereby providing an analytical basis for the transient performance. This guarantees that
the resulting adaptive systems have improved transient characteristics with reduced oscillations even as the adaptation
gains are increased. CRMs are shown to be implicitly present
in other problems including composite control, adaptive nonlinear control and a class of problems in robotics.
APPPENDIX
TUNING FUNCTION PARAMETER DEFINITIONS

zi = xi − y(i−1)
− αi−1
r
αi = −zi−1 − ci zi − wTi θ
i−1
X
∂αi−1
∂αi−1
+ (k−1) yr(k)
+
∂xk
∂yr
k=1

!

i−1

+

X ∂αk−1
∂αi−1
0τi +
0wi zk
∂θ
∂θ
k=2

τi = τi−1 + wi zi
i−1
X
∂αi−1
wi = ϕi −
ϕk
∂xk
k=1

716

(84)

REFERENCES
[1] K. S. Narendra and A. M. Annaswamy, Stable Adaptive Systems. New
York, NY, USA: Dover, 2005.
[2] P. Ioannou and J. Sun, Robust Adaptive Control. New York, NY, USA:
Dover, 2013.
[3] T.-G. Lee and U.-Y. Huh, ‘‘An error feedback model based adaptive
controller for nonlinear systems,’’ in Proc. IEEE Int. Symp. Ind. Electron.,
Jul. 1997, pp. 1095–1100.
[4] E. Lavretsky, ‘‘Adaptive output feedback design using asymptotic properties of LQG/LTR controllers,’’ in Proc. AIAA Guid. Navigat. Control
Conf., 2010, no. AIAA 2010–7538.
[5] E. Lavretsky, ‘‘Adaptive output feedback design using asymptotic properties of LQG/LTR controllers,’’ IEEE Trans. Autom. Control, vol. 57, no. 6,
pp. 1587–1591, Jun. 2012.
[6] V. Stepanyan and K. Krishnakumar, ‘‘MRAC revisited: Guaranteed performance with reference model modification,’’ in Proc. Amer. Control
Conf., Jun./Jul. 2010, pp. 93–98.
[7] V. Stepanyan and K. Krishnakumar, ‘‘M-MRAC for nonlinear systems
with bounded disturbances,’’ in Proc. 50th IEEE CDC-ECC, Dec. 2011,
pp. 5419–5424.
[8] T. E. Gibson, A. M. Annaswamy, and E. Lavretsky, ‘‘Improved transient
response in adaptive control using projection algorithms and closed loop
reference models,’’ in Proc. AIAA Guid. Navig. Control Conf., 2012.
[9] T. E. Gibson, A. M. Annaswamy, and E. Lavretsky, ‘‘Closed-loop reference model adaptive control, part I: Transient performance,’’ in Proc.
Amer. Control Conf., 2013, pp. 3376–3383.
[10] T. E. Gibson, A. M. Annaswamy, and E. Lavretsky, ‘‘Closed-loop reference model adaptive control: Composite control and observer feedback,’’
in Proc. 11th IFAC Int. Workshop Adaptat. Learn. Control Signal Process., 2013, pp. 440–445.
[11] T. E. Gibson, A. M. Annaswamy, and E. Lavretsky, ‘‘Closed-loop reference models for output–feedback adaptive systems,’’ in Proc. Eur. Control
Conf., 2013, pp. 365–370.
[12] M. Krstic and P. V. Kokotovic, ‘‘Transient-performance improvement
with a new class of adaptive controllers,’’ Syst. Control Lett., vol. 21,
pp. 451–461, Dec. 1993.
[13] A. Datta and P. Ioannou, ‘‘Performance analysis and improvement in
model reference adaptive control,’’ IEEE Trans. Autom. Control, vol. 39,
no. 12, pp. 2370–2387, Dec. 1994.
[14] Z. Zang and R. Bitmead, ‘‘Transient bounds for adaptive control systems,’’ IEEE Trans. Autom. Control, vol. 39, no. 1, pp. 171–175,
Jan. 1994.
[15] M. A. Duarte and K. S. Narendra, ‘‘Combined direct and indirect approach
to adaptive control,’’ IEEE Trans. Autom. Control, vol. 34, no. 10,
pp. 1071–1075, Oct. 1989.
[16] J.-J. Slotine and W. Li, ‘‘Composite adaptive control of robot manipulators,’’ Automatica, vol. 25, no. 4, pp. 509–519, 1989.
[17] E. Lavretsky, ‘‘Combined/composite model reference adaptive control,’’
IEEE Trans. Automat. Contr., vol. 54, no. 11, pp. 2692–2697, Nov. 2009.
[18] M. Krstic, I. Kanellakopoulos, and P. Kokotovic, Nonlinear and Adaptive
Control Design. New York, NY, USA: Wiley, 1995.
[19] J.-J. Slotine and W. Li, Applied Nonlinear Control. Englewood Cliffs, NJ,
USA: Prentice-Hall, 1995.
[20] C. A. Desoar and M. Vidyasagar, Feedback Systems: Input-Output Properties. New York, NY, USA: Academic, 1975.
[21] H. J. Sussmann and P. V. Kokotovic, ‘‘The peaking phenomonen and the
global stabilization of nonlinear systems,’’ IEEE Trans. Autom. Control,
vol. 36, no. 4, pp. 424–440, Apr. 1991.
[22] C. Moler and C. Loan, ‘‘Nineteen dubious ways to compute the matrix
exponential of a matrix, twenty-five years later,’’ SIAM Rev., vol. 45, no. 1,
pp. 3–49, 2003.
[23] P. D. Lax, Functional Analysis. New York, NY, USA: Wiley, 2002.
[24] W. Rudin, Principles of Mathematical Analysis. New York, NY, USA:
McGraw-Hill, 1976.
[25] J. Lighthill, An Introduction to Fourier Analysis and Generalised Functions. Cambridge, U.K.: Cambridge Univ. Press, 1958.
[26] J. Pomet and L. Praly, ‘‘Adaptive nonlinear regulation: Estimation from
the Lyapunov equation,’’ IEEE Trans. Autom. Control, vol. 37, no. 6,
pp. 729–740, Jun. 1992.
[27] R. Bellman, ‘‘The stability of solutions of linear differential equations,’’
Duke Math J., vol. 10, no. 4, pp. 643–647, 1943.
[28] M. Matsutani, A. M. Annaswamy, and E. Lavretsky, ‘‘Guaranteed delay
margins for adaptive control of scalar plants,’’ in Proc. IEEE 51st Annu.
Conf. Decision Control, Dec. 2012, pp. 7297–7302.
VOLUME 1, 2013

T. Gibson et al.: On Adaptive Control With Closed-Loop Reference Models

[29] M. Matsutani, ‘‘Robust adaptive flight control systems in the presence
of time delay,’’ Ph.D. dissertation, Dept. Aeron. Astron., Massachusetts
Institute of Technology, Cambridge, MA, USA, 2013.
[30] H. S. Hussain, M. Matsutani, A. M. Annaswamy, and E. Lavretsky,
‘‘Adaptive control of scalar plants in the presence of unmodeled dynamics,’’ in Proc. 11th IFAC Int. Workshop Adaptat. Learn. Control Signal
Process., 2013, pp. 540–545.
[31] H. S. Hussain, M. Matsutani, A. M. Annaswamy, and E. Lavretsky,
‘‘Robust adaptive control in the presence of unmodeled dynamics: A
counter to Rohrs’s counterexample,’’ in Proc. AIAA Guid. Navig. Control
Conf., 2013.

TRAVIS E. GIBSON received the B.S. degree in
mechanical engineering from the Georgia Institute
of Technology (Georgia Tech), Atlanta, GA, USA,
in 2002, the S.M. degree in mechanical engineering from the Massachusetts Institute of Technology (MIT), Cambridge, MA, USA, in 2008, and is
a Ph.D. candidate in the Mechanical Engineering
Department, MIT. His current research interests
include adaptive control theory, nonlinear control,
and control of complex networks. He received the
Presidential Undergraduate Research Award from Georgia Tech in 2005, the
Encore Award from Johnson and Johnson in 2006, and the Boeing Pride
Award in 2010. He is a student member of AIAA.

EUGENE LAVRETSKY received the M.S. degree
in 1983 and the Ph.D. degree in 1999. He is
a Boeing Senior Technical Fellow with Boeing
Research and Technology, Huntington Beach, CA,
USA. During his career at Boeing, he has developed flight control methods, system identification tools, and flight simulation technologies for
transport aircraft, advanced unmanned aerial platforms, and weapon systems. Highlights include the
MD-11 aircraft, NASA F/A-18 autonomous formation flight and high speed civil transport aircraft, JDAM guided munitions,
X-45 and phantom ray autonomous aircraft, high altitude long endurance
hydrogen-powered aircraft, and VULTURE solar-powered unmanned aerial
vehicle. His research interests include robust and adaptive control and system
identification and flight dynamics. He has written over 100 technical articles, and has taught graduate control courses at the California Long Beach
State University, Long Beach, CA, USA, Claremont Graduate University,
Claremont, CA, USA, California Institute of Technology, Pasadena, CA,
USA, University of Missouri Science and Technology, Rolla, MO, USA,
and the University of Southern California, Los Angeles, CA, USA. He is
an Associate Fellow of AIAA. He is the recipient of the AIAA Mechanics
and Control of Flight Award in 2009, the IEEE Control System Magazine
Outstanding Paper Award in 2011, and the AACC Control Engineering
Practice Award in 2012.

ANURADHA ANNASWAMY received the Ph.D.
degree in electrical engineering from Yale University, New Haven, CT, USA, in 1985. She has been
a member of the faculty with Yale, Boston University, Boston, MA, USA, and Massachusetts Institute of Technology, Cambridge, MA, USA, where
currently she is the Director of the Active-Adaptive
Control Laboratory and a Senior Research Scientist in the Department of Mechanical Engineering.
Her research interests pertain to adaptive control
theory and applications to aerospace and automotive control, active control
of noise in thermo-fluid systems, control of autonomous systems, decision
and control in smart grids, and co-design of control and distributed embedded
systems. She is the co-editor of the IEEE CSS report on Impact of Control
Technology: Overview, Success Stories, and Research Challenges, 2011, and
the publication IEEE Vision for Smart Grid Control: 2030 and Beyond,
2013. Dr. Annaswamy has received several awards including the George
Axelby and Control Systems Magazine Best Paper Awards from the IEEE
Control Systems Society, the Presidential Young Investigator Award from
the National Science Foundation, the Hans Fisher Senior Fellowship from the
Institute for Advanced Study at the Technische Universität München in 2008,
and the Donald Groen Julius Prize for 2008 from the Institute of Mechanical
Engineers. Dr. Annaswamy is a member of AIAA.

VOLUME 1, 2013

717

