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This paper presents methods for estimating time delay margin for adaptive control of input delay systems
with almost linear structured uncertainty and a step input reference command signal. The bounded linear
stability analysis method seeks to represent an adaptive law by a locally bounded linear approximation within
a time window. The time delay margin of this input delay system represents a local stability measure and
is computed analytically by three methods: Padé approximation, Lyapunov-Krasovskii method with sum-of-
squares optimization, and matrix measure method. These methods are applied to the standard model-reference
adaptive control, o-modification adaptive law, and optimal control modification adaptive law. The windowing
analysis results in non-unique estimates of the time delay margin since it is dependent on the length of a time
window and parameters which vary from one time window to the next. The optimal control modification adap-
tive law overcomes this limitation in that, as the adaptive gain tends to infinity and if the matched uncertainty
is linear, then the closed-loop input delay system tends to a linear time-invariant system. A lower bound of the
time delay margin of this system can then be estimated uniquely without the need for the windowing analysis.
Simulation results demonstrates the feasibility of the bounded linear stability method for time delay margin
estimation.

I. Introduction

Input delay systems are generally non-minimum phase. For linear input delay systems, feedback gain must be
kept to a reasonable value to maintain stability. Input delay influences stability of adaptive control in a similar manner.
Adaptive gain is used to control the rate of adaptation in adaptive control. For model-reference adaptive control,
it is well-known that as the adaptive gain increases, the closed-loop system loses robustness, thereby rendering it
susceptible to instability in the presence of unmodeled dynamics and or input time delay. Thus, to maintain stability
of an input delay adaptive system, the adaptive gain must be carefully selected. For a given value of the adaptive gain,
there exists a corresponding value of input time delay for which the adaptive system is on the verge of instability. This
is known as a time delay margin. To maintain stability, the adaptive gain of the system must be kept below the value
that corresponds to the time delay margin of the system.

Global stability analysis for input delay adaptive systems is a challenging problem. Lyapunov-Krasovskii method
or Lyapunov-Razumikhin method are much more difficult to apply to an adaptive system. Even for a simple scalar
linear time-invariant (LTI) system, both the Lyapunov-Krasovskii method or Lyapunov-Razumikhin method can result
in conservative estimates of the time delay margin.! So, even if a global stability analysis for input delay adaptive
control is available, the conservatism in the estimation could render it impractical. The lack of available analytical
methods for computing the time delay margin of adaptive control is a hurdle for certification of adaptive control.?

While global stability analysis is challenging, several studies have recently been done to address local stability of
input delay adaptive systems. One such method applies a Padé approximation to transform an input delay system into
a delay-free higher-order system.? The transformed system is then analyzed using the standard Lyapunov method to
estimate the time delay margin. However, this approach yields a highly conservative time delay margin even for a
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simple scalar adaptive system? thereby rendering the approach rather less practical. Another method, called bounded
linear stability analysis, attempts to analyze the stability margins of an adaptive system in a local context.*> The
method approximates an adaptive system as a series of bounded linear systems inside time windows. The windowing
analysis allows the bounded linear systems to be analyzed using linear analytical tools. The method has been shown
to provide a less conservative estimate of the time delay margin. Subsequently, a similar method has been developed
using the windowing approach to estimate the stability margin of an adaptive system.® Linear matrix inequality (LMI)
methods also have been used to analyze stability of adaptive control.” The Lyapunov-Razumikhin method has been
used to estimate the time delay margin for a simple scalar adaptive system.® The method requires optimization of the
candidate Lyapunov function in order to reduce the conservatism in the estimated time delay margin.

This paper extends the bounded linear stability analysis method for analyzing input delay adaptive control with
almost linear structured uncertainty. Stability of an input delay adaptive system with a step input reference command
signal is analyzed by three methods: Padé approximation, Lyapunov-Krasovskii method with sum-of-squares opti-
mization, and the matrix measure method, to estimate the local time delay margin of a bounded linear system inside
each time window. Three different adaptive laws are used: the standard MRAC, o-modification adaptive law,? and
optimal control modification adaptive law.!” Asymptotic analysis of the time delay margin as the adaptive gain tends
to infinity is performed to study to effect of large adaptive gain on the time delay margin. Simulations are studied to
demonstrate the feasibility of the time delay margin estimation.

II. Input Delay Adaptive Systems and Bounded Linearity Stability Analysis

Given an input delay nonlinear plant
(1) =Ax(t)+B |u(t—15) + 0" & (x(1)) (1)

where x(¢) : [0,00) — R" is a state vector, u(z) : [0,00) — R? is a control vector, A € R"*" and B € R"*? are known
such that the pair (A, B) is controllable, ®* € R™*? is an unknown constant weight matrix that represents a parametric
uncertainty, ® (x(z)) : R* — R” is a vector of known functions, and #, is an input time delay.

The structure of the uncertainty is assumed to be linearly dominant. That is

D (x(1)) =x(t) + 6 (x) 2)

where || (x)|| < ||x(¢)]| is small.
The input delay #; could also be viewed as the time delay margin for robustness against unmodeled dynamics of
the delay-free system

#(t) = Ax(t) + B [u 1)+ 0T d(x (t))} 3)

The reference model is specified as
X (1) = AmXm (t) + Byr (t) 4)

where A, € R™" is Hurwitz and known, B, € R"*? is also known, and r(¢) : [0,0) — R? € .4, is a bounded
command vector.
Defining the tracking error as e (f) = x,, (t) —x(¢), then the controller u (¢) is specified by

u(t) = —Kx(t) + Kr(t) —ugq (1) (5)
where K, € RP*" and K, € RP*? are known nominal gain matrices, and u,, () € R? is an adaptive signal given by
aa (1) = © (1)@ (x) (6)

where ® € R"*? is an estimate of ®*.
Assuming that the model matching conditions can be satisfied, then

An =A—BK, (7N

B, = BK, (3
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The standard model-reference adaptive control law is
O@r)=-T®(x(r)e' (t)PB )
where =TT € R™ > 0and P = P" € R™" > 0 solves the Lyapunov equation
PA,+AP=—-Q (10)

where 0 = Q' € R > 0.
The error equation corresponding to the input delay system (3) can be derived by substituting the time-delay
version of the controller from Eq. (5), thus resulting in

é(1) =Ae(t) — BKye (t —tg) + Bugq (t —tg) — BO* T ® (x (1)) — BKy [ (1) — X (t — 14)] + BK, [r (t) — r (1 —14)] (11)

To analyze this system, the bounded linear stability analysis method has been proposed to approximate the adaptive
system as a series of bounded linear systems within time windows.*> The windowing analysis then permits the use of
linear tools to analyze stability of the approximated bounded linear systems inside the time windows.

Theorem 1: The adaptive law (9) is bounded locally by a linear approximation as

0" (1)@ (x(t)) = —yB' Pe(t) (12)
where 7 is a constant defined locally and retrospectively as
1 [
= 7/ ®" (x(7)) T (x(1)) dz (13)
To Ji-1y
forr € [t; —Tp,t;), where to =0, t; =t;_1 + Tpand i = 1,2,...,n — oo
Proof: Choose a Lyapunov candidate function
V(t)=e' (r)Pe(r)+trace [@T (r)r”@(t)} (14)
The error equation of the delay-free system is
é(t) =Apne(t) +BO' (1) P (x(1)) (15)
where O (1) = O (1) — ©*.
Denoting V,(t) as the Lyapunov candidate function to be evaluated globally using the adaptive law (9) as follows:

Vo (t)=—e' (t)Qe(t)+2e" (t)PBO' (1)® (x(t)) — 2trace [@T (@ (x(r) e’ (t)PB} =—¢' (1)Qe(t) <0 (16)

Denoting V; (¢) as the Lyapunov candidate function to be evaluated locally with a time window using the locally
bounded linear approximation (12) yields

Vi(t) = —e" (t)Pe(r)+2¢" (1)PBOT (1)@ (x(1)) — 2trace [@T (T 'é (t)}

—V, (1) +2¢" (t)PBO' (1) (x(t)) — 2trace{(:)T (1) @ (x(1)) [cpT (x (1)) TP (x (z))} Y (x(t))(:)(t)}
-1

=V, (1) +2¢" (1)PBO' (r)@(x(t)){1—y[cpT (x(t))rqa(x(t))} } (17)

fort € [t; —Tp,t;), where to =0, 5; =t;_1 + Tpand i = 1,2,...,n — oo
Consider the integral form of Eq. (17)

1 1 1 _
/ Vi) dt = / Vy (1) di +/ 27 (1)PBO” (1)@ (x() {1 7[@7 () TR (x(r))] bt (18)
ti—Ty ti—Ty ti—Ty
Then for V, (¢) and V; () to be equal in a time window
ti t;
/ V,(t)dt:/ V, (t)dt (19)
ti—Ty ti—Ty
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which implies _
/ iT 2¢" (1) PBO" (1) (x (1)) {1 —y [cl:T (x (1)) T (x (t))} - }dt =0 (20)

It is important to note that this is a definite integral equation for which a valid solution can include a constant
solution of y. Such a solution is called a “weak-form” or integral-form solution which is valid only over a finite
time interval. In contrast, the “strong-form” solution is a global solution that satisfies for all time. In the windowing
analysis, the weak-form solution is used.

The mean value theorem for integration states that

b b
/F(t)G(t)dt:F(c)/ G (t)dt 21

where ¢ € [a,b] and G(r) > 0.
Let7 € [t;— Tp,t;), then applying the mean value theorem for integration to Eq. (20) yields

/nT2eT(l)PB(:)T(t)CI>(x(t)) [cpT(x(t))rcp(x(t))] [q,T (x(t))rq)(x(t))_y] e

fi

1267 ()PBOT (1)@ (x(0) [@7 (x(0)T@(x(7)] | [ / O (x (1)) TD (x (1)) di — YT | =0 (22)

ti—Toy

Hence, (13) is thus obtained. Then it follows that

V](l‘,’) —V[(li—To> :Vg (li)—Vg (l,'—T()) <0 (23)

Thus, the local Lyapunov candidate function V; (¢) is a piecewise approximation of the global Lyapunov candidate
function V, (1) where their values are equal at the beginning and end points of a time window.

Using the bounded linear approximation of the adaptive law (9), one gets a piecewise locally bounded linear
approximation of the standard MRAC adaptive law (9)

lad (1) = O (1) @ (x(1)) + O (1) D (x(1)) = —yB Pe(1) + O (1) D (x(1)) (24)

fort € [t; —Tp,t;), where to =0, t; =t;_1 + Tp, and i = 1,2,...,n — oo.
The second term in the right hand side can be locally approximated by a first-order Taylor series as

n n a¢

O ()(x(1) = 0] 3o Ty ) vy ¥ § L)
2

=i axjaxk

.J (t:) fex () — xx (8:)]
1o Zl aq’a(iffi)) (6 (6) — ()] + ..
Jj=

= O] @, [t (1) — ¢ ()] + O] @ % [t (1) —e (1) —x1] +... (25)

where ©; = O (1;), (cp;) = 0@ (x(1;)) /dx; and (cp;’x,-) =Y (1) 2D (x (1)) JOx; 0k j=1,...m
J J
Ignoring higher-order terms, the locally bounded linear approximation of the error equation and the standard
MRAC adaptive law are expressed as

¢ (1) =Ae(t) — BKye (t —17) + Buugg (t — 1) — BO* T d; — B@*TCI);- o (1) — e () — x;] — BK [ () — X (£ —24)]
+BK,[r(t)—r(t—1t7)] (26)

tiag (t) = —YB Pe (t) + O, ®; [ (1) — ¢ (1)] @7

fort € [t; —Tp,t;), where to =0, t; =t;_1 + Tpand i = 1,2,...,n — oo.
Equations (26) and (27) show that the stability of the locally bounded linear approximation depends on several
factors:
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e The initial condition x (0)

e The structure of the matched uncertainty ® (x(¢))
e The parametric uncertainty @*

e The plant model matrices A, B, A,,, and B,

e The reference model x,, (¢)

e The input function r ()

e The adaptive gain parameter Y which includes the adaptive gain I" as well as the square of the amplitude of
D (x(1))

Thus, it can be seen that this bounded linear approximation appears to capture the complex nature of stability of a
nonlinear adaptive control system, at least in a local sense.

In a special case when @ (x (7)) = x(¢), then the bounded linear approximation of the error equation and the
standard MRAC adaptive law become

é(t) = Ae(t) — BK,e (t — 14) + Bitgq (t — t4) — BO™ T [1 () — € ()] ~ BK. [ (6) — i (¢ — 10)] + BK, [ (1) = (¢ — 1)]

28
tigq (t) = —YB" Pe (1) + O, [ (t) —é(2)] 229;
III. Time Delay Margin Estimation of LTI Systems
Consider an input delay closed-loop LTI system
x(t) =Ax(t) — BKx(t —tg) (30)
where x (¢) : [0,00) — R" and A (A —BK) € C™, i.e., A— BK is Hurwitz.

The time delay margin is defined by the following characteristic equation

det (jwI — A+ BKe /%) =0 (31)

For simple systems, analytical solutions of 7; can be computed, but in general such solutions are not easily obtained.
We present three methods for estimating the time delay margin.

A. Padé Approximation
The Laplace transform of the input delay LTI system is
sX (s) —x(0) =AX (s) — BKX (s) e '¢* (32)
Consider the following first-order Padé approximation

2—1t;8

e ' T (33)
Then the approximate input delay system becomes

(24+145)s[X (s) —x(0)] = (2 +145) AX (s5) — (2 —t45) BKX (s) 34

In the time domain, this is expressed as
tg%(t) = (=21 +14A+1,BK) % (1) +2(A— BK) x(1) (35)

The time delay margin is then found by
det [wzl—i—jw <—§1H—A+BK> +§1(A—BK)} =0 (36)
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Alternatively, the time delay margin can also be obtained as

jol -1
det ) . )
—E(A—BK) ]a)I—i—aI—A—BK

A—| O 1| gg_ |00
11 0 2

The time delay margin using the first-order Padé approximation is estimated to be #; = 0.528 sec.
The exact results can be determined from

=0 (37)

Example: Given

det| /? ) -1 . = —w’+20sinot; +1— jo(l—2coswr) =0
1 JO)*1+2(COSG)I;*]SIH(DI;)
3 7
= f%f = 2.189 rad/sec
2
tg = ——F—=—= =0.478 sec
3(V3+7)
The effective phase margin is obtained as
T
q) =wt; = g

So the time delay margin by Padé approximation is non-conservative.

B. Lyapunov-Krasovskii Method with Sum-of-Squares Optimization

Stability of time-delay differential equations based on the Lyapunov-Krasovskii method using Lyapunov-Krasovskii
functionals have been studied exhaustively.!!:'> The negative-definiteness of the time derivative of a Lyapunov-
Krasovskii functional results in a linear matrix inequality that can be solved for a time delay margin. The solution is
generally non-unique since it depends on the choice of a Lyapunov-Krasovskii functional. As a result, the time delay
margin obtained by the Lyapunov-Krasovskii method can be conservative.

Theorem 2: For the closed-loop input delay system (30), the system is asymptotically stable if the following linear
matrix inequality is satisfied:

t t
(A—BK)' P+P(A—BK)+(a+B)t4PBKK 'B" P+ adATA + EdKTBTBK <0 (38)

The time delay margin is the largest value that renders the LMI feasible.
Proof: For the input delay LTI system (30), we write

1
/ #(2)dT = x (1) —x(t — 1) (39)
t—tg
Then . ,
x(t—td):x(t)—/ Ax(r)dﬂ—/ BKx(t—17)dv (40)
t—ty —tg
The input delay system now becomes
t t
x(t):(A—BK)x(t)+BK/ Ax(r)dr—BK/ BKx(t—1t4)dT 41)
t—ty t—ty

Consider the following Lyapunov-Krasovskii functional'!

V() =x' (1)Px(t / / 0)0x (6 d6dr+/ / (0)d6dt >0 (42)
t—tgJT I—lg J Tl
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where P=PT > 0.
Evaluating V (1) yields

V(t)sz(t)Px(t)—FxT(t)Px(t)—F/t xT(t)Qx(t)dT—/t xT(r)Qx(T)dT—k/t x'(t—14)Sx(t —15)dt

t
—/ x' (T—17)8x(T—15)dt  (43)
t—ty
This becomes

V()=x'(r) (A—BK)TP—i—P(A—BK)]x(t)—i—ZxT(t)PBK/t Ax(r)dT—ZxT(t)PBK/t BKx(t—1;)dt

d

+tde(t)Qx(t)—/t x! (T)Qx(r)d1+tde(t)Sx(t)—/t x' (T—1)Sx(T—15)dt  (44)

From the following quadratic expressions

oty

atyx' (1)PBKK'B'Px(t) —2x' (t)PBK / l Ax(r)dHi < / t xT(‘c)ATm') ( / l Ax(r)d‘c) >0 45
t—ty t—tg =g

1
Btax' (1)PBKK "B Px(t)+2x' (t)PBK / BKx(t—1;)dt
t—ty

+i </t x (rtd)KTBTdr) (/t BKx(‘L'td)dT) >0 (46)
ﬁtd t—ty t—ty

2x' (1) PBK /l tt Ax(1)dt < atgx' (t)PBKK "B Px(r) + ai < /, tt x! (T)ATdT> ( / t Ax(7) dr)

la

we obtain

—

<atyx' (t)PBKK'B'Px(t)+— [ x"(t)ATAx(t)dt (47)

t—tg

IS

!
—2x' (1) PBK / BKx(t—14)dt < Btyx' (t)PBKK"B' Px(t)
t—tg

+i (/tltde(r—td)KTBTdr> (/r BKx(t—14)dt )

< Btax" (t)PBKK BT Px (1) [3 / T—14)K"B"BKx(1—15)dt  (48)

for some o > 0 and 3 > 0.
Choose Q =A"A/a and S = K" B"BK/f. Then
V(t)<x'(t)|(A—BK)" P4+P(A—BK)|x(t)+ otgx" (t)PBKK'B' Px(t) + Btsx" (t)PBKK'B' Px(r)

+ %xT (ATAx (1) + %xT (1)K "B"BKx(1) (49)

For stability, V (t) < 0. Thus we obtain the LMI (38).
Example: For the previous example in Section 3.1

A:OI,BK:OO
-1 1 0 2
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Choose @ =1 and 8 = 1. Let
(A—BK)' P+P(A—BK)=—Q

and choose Q = I where [ is the identity matrix. Then the time delay margin is estimated to be t; = 0.068 sec.

ty can be maximized by a suitable selection of o and . Figure 1 is a plot of #; as a function of o and 3. The
maximum value of #; is 0.072 sec corresponding to & = 0.51 and 8 = 0.89. As expected, the Lyapunov-Krasovskii
method produces a very conservative estimation of the time delay margin.

008

0106 g

0.02

Fig. 1 - Time Delay Margin by Lyapunov-Krasovskii Method

The time delay margin achieved by the Lyapunov-Krasovskii method is directly dependent on the choice of a
Lyapunov-Krasovskii functional, which is non-unique. The chosen Lyapunov-Krasovskii functional in Eq. (42) results
in a highly conservative estimate of the time delay margin in the example. However, selecting an optimal choice of
the Lyapunov-Krasovskii functional by inspection is generally difficult. Thus, sum-of-squares (SOS) optimization is
a method that can be employed to search over a specific class of Lyapunov-Krasovskii functionals'? to improve the
estimation of the time delay margin.

A polynomial p is a sum-of-squares (SOS) if there exist polynomials {f;}/_, such that

p=Yr

s

1

For example the polynomial p = x> — 3xy + 14y* is a SOS since p = (x— 3y)2 +5y%. All SOS polynomials
are positive semi-definite. However, the converse is not true as seen by the Motzkin polynomial p = x>y* + x*y* +
1 — 3xy?, which is positive semi-definite, but is not a SOS. Hence, it is apparent that this technique is useful for
constructing polynomial Lyapunov functions.

If p is a polynomial of degree less than 2d in n variables, then there exists a Q = Q' > 0 € R=*% such that
p=2z"(x)Qz where

-
Z(X):[l X1 X2 ... Xy x% X1x2 ... xﬁ xg} (50)

with z € Rk and I, = ("}9).

This is known as the Gram matrix representation of a SOS. By representing a SOS in the Gram matrix form, the
challenge of finding a SOS representation reduces to an LMI. The advantage of the Gram matrix representation of the
polynomial is that p is a SOS if and only if there exists Q > 0 such that p = z' (x) Qz(x). However, the Gram matrix
Q is generally non-unique.

Naturally, SOS is a useful tool to search over polynomial Lyapunov functions for systems with polynomial dynam-
ics.'* In particular, we can recast the Lyapunov-Krasovskii stability condition as a SOS program and search over all
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possible polynomials to find an optimal Lyapunov-Krasovskii functional'® that can give the best estimate of the time
delay margin. Consider the alternate Lyapunov-Krasovskii functional

0

V (x(tm)) = Vo (x (1) + /

—tg

v (’c,x(t),x(t—l—’c))d’c—&—/o /t Vs (x(0)) d0dz 51)
—ty J1+7

where t,, € [t —14,t], and Vy , V1, and V; are polynomials to be optimized.

Thus, we can search over all possible polynomials Vp, V1, and V, to maximize the time delay margin. The search
method involves invoking the following lemma: '3

Lemma 1: Let x(¢t) = f (x(¢),x(t —t4)) and assume that the origin is an equilibrium point. Assume that there
exist Vp, Vi, and V, and polynomial y (x(¢)) > 0 such that the following conditions are satisfied:

Vo(x (1)) =y (x(1)) 2 0
2. Vi(7,x(t),x(t+71)) > 0Vt € [—14,0]

3. V2(x(8)) >
)

V () = a0 £ (e(1) (0= 10)) 1 0 £ (2 (0) 6 (1 1)) = P24 V1 (0, (6) 2 (6)) —Va (—tax (1) x (e — 10)) +
thz(x(t))—thQ( (t+7)) <OVT € [—14,0]

Then the origin is a stable equilibrium for all time delays in [0, 74].

Condition 1 simply ensures that V; is positive definite. Conditions 2 and 3 requires V; and V, to be positive
semi-definite on appropriate intervals. Thus, V will be positive definite. Lastly, condition 4 guarantees that V < 0.
Hence, if Lemma 1 holds, then the Lyapunov-Krasovskii functional in Eq. (51) certifies the stability of the system
x(t) = f(x(t),x(t—14)) with £(0,0) = 0 for time delays up to z,.

Example: For the previous example, the SOS optimization of Vy, Vi, and V; is performed using the freely available
software SOSOPT.!> The resulting polynomials are given by

Vo (x(£)) = 500.3x7 () + 344.3x; (1) x2 (1) + 61.83x3 (1)

Vi (x(1),x(t+7)) = 660.9x7 (1) — 267.4x (1) x2 (t) —46.71x; (£) x1 (¢ +7T) +435.9x1 (1) x2 (t + 7) +3273x3 (1)
—1.972x; (1) x1 (t 4 T) — 4037x3 (1) x2 (t 4 T) +27.82x3 (t 4+ 7) — 4.292x; (t 4+ T) x2 (¢ + T) 4 1280453 (£ + 1)

Vi (x(0)) = 40.76x3 (8) 4 23x1 (8) x2 () +3307x3 ()

The time delay margin for the example is #; = 0.216 sec which is three times greater than the previous result using
the Lyapunov-Krasovskii functional in Eq. (42).

The challenge using a SOS optimization is that the problem can quickly become intractable as the number of states
n or the degree of the polynomial 2d increases. However, this method is extremely useful on modest-sized problems.

C. Matrix Measure Method

The matrix measure method has been developed recently and affords a simple way to estimate the time delay margin
and the effective phase margin for the MIMO LTI system.! The matrix measure u is defined as an eigenvalue of a
symmetric part of a complex matrix!! such that

c+Cr
#i(C)le( 5 ) (52)
where C € C is a complex matrix and C* is its complex conjugate transpose.
The following properties hold for u:
ui(C) eR (53)
i C+C*\ . |I+eC|—-1
)= g?gxn/l’ < 2 ) = im € (>4)
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w(C)= min A <C+C ) = lim 71_”1_86‘”

— 1<i<n 2 £—0 €

1(C) <ReA;(C) < T (C)

ImA (C) < T (—C)
Theorem 3: The input delay LTI system (30) is asymptotically stable if the following inequalities hold

1{#@@41103KT

1
tg < —cos
® [BK]|

® = [ (—jA) + || BK]|

where ||.|| = ||.||, is the .-Z5-norm.
Proof: The real parts of the system poles are bounded from above by

o =Red (A—BKe /®?) <T(A)+ & (—BKe /) <T(A) + [ (—BK) |cos wty| + [ (jBK) |sin wty|

Let 0 < oty < Z, then the input delay system is stable if ¢ < 0 which implies

H(A) < —u(—BK)coswty; — 1 (jBK)sinwry, = p (BK) cos oty — [t (jBK) sin oty
< T (BK)cos wt; — L (jBK) sin oty

Upon some algebra, this can be expressed as
[ (BK) + [1* (jBK)] cos® oty — 211 (A) F (BK ) cos oty + [I* (A) — 1* (jBK) > 0

The solution yields a bound on time delay margin z; as

V(A (BK) + T (BK) /I (BK) + B (jBK) — & (A)
B (BK) + 1 (jBK)

1
t; < —cos~
d_a)

But
I° (BK) < @* (BK) + 1* (jBK) < || BK|)*

So

T (A)||BK|| + T (jBK) +/||BK||* — 2 (A o e
tdglcos—l B (A)[|BK|| + 1 (j )2 |BK||” — 1" (A) glcos—l [/.L(A)Jr[,L(JBK)}
[2) |BK| o |BK]|

The imaginary parts of the system poles are bounded from above by
® =ImA (—jA+ jBKe /®4) < (—jA) + I (jBKe /) < [ (—jA) +H (jBK) |cos wty| + [ (BK) |sin @ty

which can be expressed as

© < H(—jA)+ /B (BK) + B (jBK) < [ (—jA) + | BK|

Since 7; must be the smallest value for all permissible values of @, therefore the equality sign applies. Thus

© = (~jA)+ /B (BK) + B (JBK) < i (—jA) + | BK|

Example: For the previous example
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(55)

(56)
(67

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)



o and ;4 are computed as follows:

E(A) =1
T (jBK) =0
| BK|| =2
o =M (—jA) +||BK|| = 3 rad/sec
1 S [E@A)]_ =
- — 2 =034
ty wcos hBKH 9 0.349 sec

Comparing the result with the exact time delay margin, the matrix measure method produces the least conser-
vative estimation of the time delay margin. Moreover, the solution is much simpler to compute than both the Padé
approximation and Lyapunov-Krasovskii method.

The matrix measure method can also estimate the effective phase margin of a MIMO system. For this example,
the phase margin estimate is the same as the exact value.

In summary, the comparison among the methods presented is shown in Table 1.

Method ‘ 14, S€C ‘
Padé Approximation 0.528
Lyapunov-Krasovskii oo = f§ = 1 0.072
Lyapunov-Krasovskii with SOS Optimization | 0.216
Matrix Measure 0.349
Exact Value 0.478

Table 1 - Comparison of Time Delay Margin Estimates of LTI Example

IV. Time Delay Margin Estimation of Adaptive Control

A. Standard MRAC

Using the bounded linear stability analysis method to approximate the standard MRAC as a bounded linear approxi-
mation within a given time window, the time delay margin of adaptive control can be estimated by any of the methods
previously presented. Differentiating the error equation and substituting in the adaptive law which yield

é@):(A+B®”¢Dé@)—(MQ+B®?¢Dé@—w)—ﬂ%T&O—@Q+B®;¢#mU—m)
_B®*Tq);'xm (t) — BK; [xm (t) —Xm (t _td)] + BK; [f (t) - f(t _td)] (69)

fort € [t;—Ty,t;), where to = 0,1, =t;_1+ Toand i = 1,2,... ,.n — oo,

To use the previous results, the problem is restricted to the case when the reference model is zero or with a step
input reference command signal. Let r(¢) be a constant signal, then 7 (r) = 7 (r —t;) = 0. Then %, (t) =%, (t —14) =0
after some time ¢ = ¢ty > 0. Then the error equation can be recast as

2(t) =Ciz(t) — Diz(t —t4) (70)

fort € [t; —Tp,t;), where t; =t,_1+Tpand i = 1,2,...,n — oo, and z ()

| e() e |and

0 1
Ci= , 71
’ [0 A+BO*T @, 7y
B 0 0 )
yBB'P BK,+BO, ®,
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1. Padé approximation:
Using the result in the previous section, the time delay margin can be found by solving the following character-
istic equation

Jjoil -1

det . =0 73
[_é(ci—Di) joi+21-Ci—D; 7

Alternatively, the first-order Padé approximation of the bounded linear approximation of the error equations and
adaptive law can be expressed as

/ 2—1tys 2 —tgs /
SE (s) — e (0) = (A +B®*T<I>i) E(s) — BK.E (s) 2+tjs £ BU (s) 2+th — BO"Td; — BO* &} [X,y () — x]
2—1tys

_BK, [xm (5) = Xon (5) ] +BK, [R (s)—R(s) 2= t‘”} (74)

24145 m

E(s)
s
Then the time delay margin can be computed from the following characteristic equation:

Uad (5) = —YB' P—=>+ 0] @ [X,y (5) — E (5)] (75)

/ / YBB'P\ 2— joity,
det | jol - (4+BOT®]) + ( BK,+BO/ &)+ i JOld; | _ (76)
Joi ) 2+ joiy
or equivalently
joil -1 0
det | —2 (A +BO* T, — BKX> +yBB'P jol+2I—A—BO"® —BK,—BO ® —2B | =0 (77)
14; i ! 1g; i [l 14;
—yB'P 0, jol

2. Lyapunov-Krasovskii method:

Applying the result of the Lyapunov-Krasovskii method from the previous section, the time delay margin can
be computed from the following LMI:

Ia;
B

The SOS optimization can also be used to obtain a better time delay margin estimate.

ty.
(C;—Di)" P+P(C;—D;)+ (o +B) 14 PD;D;] P+ gcfci +4p/D;<0 (78)

3. Matrix measure method:

Using the matrix measure method, the time delay margin is estimated as

1 1 [E(G)+1 (D)
%<@ws[ i } 79
o; = I (—jC;)+ || Di| (80)

Another approach is to derive the time delay margin from the characteristic equation of the bounded linear
approximation of the error equation (69)

' /  YBB'P .
det [ja),-l— (A +B®*Tcpi) + (BKx+B®iTCI>,- + 7(») e—]w,tdl_:| -0 &1
J Wi

Then, applying the matrix measure method, the time delay margin is estimated from
o< (A +B®*Tq>§) iy [— (BKX +B®Iq>§)} cos Wity + 11 [ j (BKX +B®Iq>§)} sin wity,
1 1
+ 0 ( ijBTP) cos ity +— I (yBBTP) sinotg, <0 (82)
i ;
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which yields

BK, + BO; @,

tg, < L cos™! R (A " B®*T¢;) [a)" —H (J'VBBTP)}

@ o} ||BK, + BOT &;|* + || yBBT P

(o ) (BK.+BO] @) | + |[y8BTP|] Vo2 ||BK. + BoT ®!|” +||yBBTP|

N (83)

o?||BK,+BO] @/||° + ||yBBTP||®
The frequency is computed from
/ . 1 i
0 <T [— j (A + B@*TQD,-H 4o { j (BKX +B®I) e*f“’"df} +—q (yBBTPe’/“’"di)

<u|-j(a+BoT®)|+ HBKX +BO]

1
+ R
;

yBBTPH (84)

which yields the value of @; that renders 7; a minimum

m[-j(a+Bo®))| +|BK.+BO] | 47857 P
W, = 1+ 1+

g {H [~ (a+BOT )] +||BK, +BO] |}

It is noted that @; — oo as y — co. Consequently, the time delay margin tends to zero as I' — oo. This is consistent
with the behavior of the standard MRAC.

B. Scalar MRAC

Consider an input delay scalar MRAC system with linear structured uncertainty

x()=ax(@)+blu(t—15)+6"x(t)] (86)
The reference model is given by
Xm (t) = amX (1) + bpyr (2) (87)
The controller is given by
u(t) = —kex (1) +kpr (1) = 6 (1) x (1) (88)
6 (t) = —T'x(t) pbe (t) (89)

1. The time delay margin is estimated from the matrices C; and D;

0 1
C= 90
"0 atber 0
p=| 0 0 1)
Yb°p  bky+ b6,
where
r [
y=— / ¥ (1)dt (92)
TO ti—Ty
Using the matrix measure method, the following parameters are computed analytically as
_ a+b6* +/(a+b6*) +1
n(G)= 93)

2
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. 1
H(=iC) =3 ©4)
. b?
m(jp) =127 ©5)
11| = \/(bks + 561)? + 72042 (96)
o; and t,4, are then estimated as
1
W = 54— \/(bkx+b9i)2+y2b4p2 o7
1 a+b0* 4/ (a+b6*)* +1+yb*p
tg = —cos™! (98)
o 2\/ (bky+b6;)* + Y2b* p?
2. Using the original system parameters, the time delay margin is estimated as
o |bkx+bel| 1 ) 2 5
W = > + 2 \/(ka +b6;)" +4yb%p 99)
U @ (067 bk, + 0611+ 102 02 (k1 56) + 7214 p? 00,
ty, = —COS
P o @2 (bl + b6;)7 + P21 p?

Both approaches yield somewhat different results. The “exact” values of ®; and #,, for the locally bounded linear
approximation of the error equation can be determined as follows:

. 7]’(01(1
det | jo — (a+bO*) + (bk, + b6;) e/ +yb2pe = } =0 (101)
J
This results in two equations
—a)i2 + (bky + b6;) w;sin wity, + }/bzp cos Witg;, =0 (102)
—(a+b8") a; + (bk + b6;) w; cos witg, — Yb* psin wjtg, = 0 (103)

The frequency equation is obtained as
ot + [(a+b9*)2— (bkx+b6i)2] w? — P p? =0 (104)

The “exact” solution gives

2
(b +b6,)* — (a+b0*)* + \/ [(a +56%)2 — (bk, +be,»)2] appip?

;= 5 (105)
1 2 bO*) (bky + bO; 2y
ty, = ~ cos™! ; (a_'; ) ( x“"z l)2+4w12y 14 (106)
; @? (bky +b6;)" + y2b*p

It is well-known that z; — 0 as as I' — oo for the standard MRAC. This behavior is exhibited in the time delay
margin estimation by the matrix measure method and the “exact” solution since

1
lim — = lim

=0
Y=o @ 1=\ /yb2p

For y = 0, the system is non-adaptive and the time delay margin estimation by the matrix measure method using
the C; and D; yields

(107)

2 | at+ b0+ (a+b6%) +1 08
126k, o bk, (108)
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The exact time delay margin is computed to be

(109)

1 a+b6*>
tg =

-1
V (bk)? = (a+b6")? ” ( b

Example: Givena=1,b=1, 0*=0.1,a, =—-1,b,=1,p=1, 6(0) =0, r(t) = 1. The control gains are
computed to be k, =2 and k, = 1. The adaptive gain is selected as I" = 1.

For the non-adaptive LTI system for which 6 (¢) = 0 for all 7, the time delay margin estimates and the exact value
are shown in Table 2.

Method ‘ tq, sec ‘
Padé Approximation 0.646
Lyapunov-Krasovskii oo = f§ = 1 0.137
Lyapunov-Krasovskii with SOS Optimization | 0.235
Matrix Measure in Part 1 0.347
Matrix Measure in Part 2 0.494
Exact Value 0.592

Table 2 - Time Delay Margin Estimation of Non-Adaptive System

Thus, it can be seen that the time delay margin computed by the matrix measure method is the least conservative
lower bound estimate of the true time delay margin among the present approaches. The difference in both approaches
using the matrix measure method is noted. The approach using the matrices C; and D; are more conservative.

Figure 2 is a plot of the variation of the local time delay margin estimates computed by the matrix measure method
using the matrices C; and D; within three different time windows with Ty = 1 sec, Ty = 5 sec, and Ty = 10 sec based
on the bounded linear stability analysis method. It is noted that as the window size increases, the initial transients in
the time delay margin estimates tend to decrease. However, the estimates do converge to a constant value regardless of
the time window sizes. In a previous study, it was found that the mean value of the computed local time delay margins
is relatively insensitive to the window size.

0.5

Ty=1sec
- - T0=5 sec
0.45r — = T,=10sec|]
0.4r - B
(S
Q
© 0.35r q
]
0.3 : q
0.25[ 1
02 i i i i
0 20 40 60 80 100

t, sec

Fig. 2 - Time Delay Margin Estimates
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0.9

T
Matrix Measure 1

0.8% — + — Matrix Measure 2
o) — x— Pade Approximation
X o — — — Lyapunov-Krasovskii
* — . — SOS Optimization
o O Numerical Evidence
X

0.7F

t,, sec

Fig. 3 - Time Delay Margin Variation with Unknown Parameter 6*

Figure 3 is a plot of the mean value of the time delay margin estimates by all the different methods as a function
of the unknown parameter —1 < 60* < 1 for Ty = 1 sec. Generally, 6* is not known, so in a verification setting,
the time delay margin should be computed over all possible parameter variations within their physical bounds. Also
plotted is the numerical evidence of the time delay margin from simulations. Comparing to the numerical evidence,
both the time delay margin estimates by the matrix measure method using the matrices C; and D; and the original
system parameters are reasonably conservative. The matrix measure method using the original system parameters
is able to estimate the time delay margin better than the same method but using the matrices C; and D;. The Padé
approximation gives the best estimate of the time delay margin, but is non-conservative since it over-estimates the
time delay margin for 8* > 0. The Lyapunov-Krasovskii method, as expected, yields the most conservative estimates
of the time delay margin. The difference ranges from about 7 times smaller for 6* = —1 to 11 times smaller 6* = 1.
However, with the SOS optimization of the Lyapunov-Krasovskii functional, the time delay margin estimates are
improved considerably. Thus, in summary, the matrix measure method using the original system parameters appears
to produce more reasonably conservative estimation of the time delay margin among all the methods.

0.25

t,, sec

Fig. 4 - Time Delay Margin Variation with Adaptive Gain

Figure 4 is a plot of the mean value of the time delay margin estimates by the matrix measure method using the
matrices C; and D; as a function of the adaptive gain 1 <T" < 100 for Tp = 1 sec. It can be seen that as the adaptive
gain I increases, the time delay margin of the adaptive system decreases as expected for the standard MRAC.
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C. o-Modification
The -modification adaptive law? is given by
O(r) = TP (x(t)) [eT (1) PB+0© (t)} (110)
Using the bounded linear stability analysis method, the adaptive law is approximated as
tiq (1) = —YB Pe(t) — DOy (1) +©, ®; [ (1) — & (1)] (111)

fort € [t; —Tp,t;), where to =0, t; =t;_1 + Toand i = 1,2,...,n — oo, and " = Ay, (T).
Then the error equation is obtained as

é(t) = (A +BO D, — EG) e(t) — (BKx +B@,Tc1>;) ¢(t—1y)+ Lo (A +B®*Tc1>§) e (t)
- (yBBTP + [GBKX) e(t—ty)—ToBO" T [q>,~ D (1) — CD;x,} “TOBKy [t (1) — 2 (t — 1)]

+L6BK, [r(t) — r(t —1g)] + BO] @iy (t — 1) — BO* | D, (1) — BK [ () — S (1 — 14)]
+BK, [i(t)—Fi(t—1;)] (112)

For a step input reference command signal, the error equation becomes

2(t) =Ciz(t) — Diz(t —t4) (113)
where z(¢) = [ e(t) €(r) } and
C 0 ! 114
| Lo (A+BOTS)) A+BO T -Io (14)
= 0 o (115)
YBBTP+TGBK, BK,+BO®,
The time margin for the o-modification adaptive law can then be estimated by the following methods:
1. Padé Approximation:
The time delay margin can be found from the following characteristic equation:
’ ’ | ; BB'P 2 — jwity
det [jcoil (A+B®*T<I>,»> + <BKX+B®,Tq>i S > J d!} —0  (116)
Joi+To  jo+Ic ) 2+ joiy,
or equivalently
Jjoil -1 0
det| —2 (A+BOT® ~BK)+yBB P jol+21~A~BO" &~ BK,~BO®, -ZB- LBlc
—yBTP o o, jol +To
=0 (117)

2. Lyapunov-Krasovskii method:

In theory, the time delay margin could be estimated using Eq. (78) and the matrices C; and D;, but the result
is expected to be extremely conservative so the solution of the LMI may be infeasible. A suitable Lyapunov-
Krasovskii method should be considered to account for the o-modification term in the adaptive law.
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3. Matrix measure method:

The time delay margin may be estimated from Eqs. (79) and (80) using the matrices C; and D;. However, it is
observed that as I' — oo, ||D;|| — oo so that @; — o which yields z; — 0. This is not consistent which the fact
that robust modification will result in a finite time delay margin as I' — oo. Thus, the characteristic equation of
the input delay adaptive system

. oot P jo; YBB'P \ i,
det w-I—(A BO ch) BK,+BO & joity; | — g 118
e [] ; + )+ «+BO; ’ja)i+£0+jwi+£6 e (118)

should be used to compute the time delay margin for the o-modification adaptive law instead. The characteristic
equation can be recast as

I'o

det{—a),-l—i- jTo—j (A+B®*Tc1>;) (A +B®*T<I>) =

/ 1 i
+ [ j (BKX +B®,Tc1>i) +— (}/BBTP—&—BKXFG)} eI } —0 (119)
i
The time delay margin can be obtained from

a<w,+u[ (A—s—BG)*TCI))} + L

¥ KA +BO* @, ) Fo] n [ (BK +BO; ©, )} cos ity
+ [~ (BK.+BO[ )] sinwy, + % |- (}/BBTP+BKX£G)] cos ity
- u { (yBBTP—i—BK ra)} sinwitg, <0 (120)

which yields

1

g, < %cos_ {w,? ol {j (A +B®*TCI>;)} +T KA+B®*T¢>;) [o] } X

{IlvBBT P+ BK.Lo|| - wiit | (BK. +BO[ @})] }

? |[BK, +BO] &/||* + ||yBB P+ BK,Lo||*

{E i (vBB" P+ BK.Lo)] - oift | (BK.+ B0 @) | |
+ > (121)
\/w,? ||BK, +BO; ®.||" +||yBBT P+ BK.Lo |’
The frequency is computed from
0<-To+% (A +BO* T, ) o [ (A +BO* @, ) ro} T [— (BKX +B@7q>§)} e I0ta;
1 o
t ol [ (yBBTP + BK, 1"0')} eIt
/ 1
<-To+0 (A +B®*T<1>,.) of [ (A +BO T, ) rc}
(122)
which yields the value of w; that renders z; a minimum
f[-j(A+BO @) Lo+ |yBET P+ BK.Lo|
o = (123)

To i (A +56' @) — 6K, + 50, @]
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provided Lo > T (4 + BO* @) +||BK, + BO/ &

|

Consider the case when I — co. The time delay margin for the standard MRAC is known to be zero but remains
finite for the o-modification adaptive law. To see this, consider the time delay margin in the limit as I' — oo

which becomes -
p(nmo7s)| o s (47 o)

1 —1
tg < —cos (124)
T ooy YBBT P
H 52 | BK,

1. ot yBB' P

o =TI [—J (A+B® @i)} + | e+ 8K (125)
If I" = ¢l where ¢ > 0 is a constant, then
Y L s

—_ D' (x(1))P(x(7))dT (126)

EG GTO ti—Tp

is finite.

Thus, we conclude that 74, and ®; also remain finite as I' — co. The o-modification adaptive law is therefore
robust. We can also see that as I' — oo in the limit, the error equation tends to

YBB'P
I'oc

é(t) = (A +B@*Tq>;) e(t)— ( +BKX> e(t—15) — BO*T [q>,~ Dy (1) — c1>;x,}

= BK [x (t) = X (t —1a)] + BK, [r (1) — r (1 —14)]  (127)

which yields the same time delay margin and frequency as in Egs. (124) and (125).

It is noted that the frequency and time delay margin are dependent on time windows since 7 varies with different
time windows.

Example: For the same example in Section 4.2, the 6-modification adaptive law is implemented with o = 1 and
I'=50. Figure 5 is a plot of the time delay margin estimates using the matrix measure method and the numerical
evidence of the time delay margin for both the o-modification adaptive law and the standard MRAC. The time
delay margin estimates are conservative but are fairly accurate. The estimation error is about 25% below the
numerical evidence. The numerical evidence of the time delay margin for the standard MRAC is significantly
below that for the o-modification as expected due to lack of robustness in the standard MRAC.

0.8¢ T T
Matrix Measure for c-Mod w/ 0=1
0.7k o o O Numerical Evidence for c-Mod w/ \sigma=1| |
o +  Numerical Evidence for Standard MRAC

t, sec

01t 4+ : E
+ T+ o+ o+ o+ + + T

i i i
-1 -0.5 0 0.5 1

Fig. 5 - Time Delay Margin Estimate by Matrix Measure Method
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D. Optimal Control Modification

The lack of robustness to unmodeled dynamics'® and input time delay of the standard MRAC is well-known, as
illustrated in the previous section. Increasing the adaptive gain allows the adaptation to attain a better tracking per-
formance, but usually at the expense of the ability to maintain stability in the presence of unmodeled dynamics or
time delay. To improve robustness, the two well-known robust modification methods; namely, the o-modification®
and e-modification,!” have been used extensively in adaptive control. The optimal control modification method is a
recently developed adaptive law to address robustness due to fast adaptation.'? This adaptive law is given by

O@)=-T [CI) (x(t))e" (t1)PB—v® (x(1)) D" (x(1))®(1)B"PA,'B (128)

where v > 0 is a weighting constant.

In can be shown that in the limiting case as I — o and for a linear matched uncertainty where ® (x(¢)) = x (),
the optimal control modification exhibits an asymptotic linear behavior.!®!? This behavior can be explained using the
analysis techniques developed herein.

The bounded linear stability analysis provides a method for analyzing an adaptive system with input time delay
using a time windowing approach. Using the bounded linear approximation of an adaptive system, the matrix measure
method can provide a non-conservative lower bound local estimate of the time delay margin. Unfortunately, the local
estimation is non-unique and is dependent on the length of a time window, as is evident in Figure 2. The optimal
control modification adaptive law has a unique property that enables it to be analyzed for stability without the use of
the windowing approach of the bounded linear stability analysis as I' — oo for @ (x(¢)) = x(¢). Thus, the time delay
margin can be uniquely estimated for this adaptive law.

The bounded linear approximation of the optimal control modification adaptive law is

ligg (t) = —yB Pe(t) + VB A, T PBugy (1) + ©] ®; [, (1) — é (1)] (129)
fort € [t; —Tp,t;), where to =0, t; =t;_1 + Tpand i = 1,2,...,n — oo.
Let G=—BB'"A,," P > 0, then the error equation is obtained as
é(1) = (A +BO" @, — va) é(t) — (BKX +B®,Tcp;) ¢(t—1g)+ G (A +B®*Tc1>§) e(r)
- (yBBTP + WGBKX) e(t—15) — yvGBOT [cp,- D (1) — <I>;x,-] — YVGBK, [ (t) — xm (¢ — 12)]

+ YVGBK, [r (t) — r (t — )] + BO] @i (t — 1) — BO* T ity () — BKy [ (£) — S (£ — 14)]
+BK, [i(t)—F(t—1t4)] (130)

The time margin for the optimal control modification adaptive law can then be estimated by the following methods:

1. Padé Approximation:

The time delay margin can be found from the following characteristic equation:

/ / 2— jw;ty
det { jorl — (A +B®*T<1>i) + [BKX + (ol +yvG) ™! ( jBO] @+ yBBTPﬂ M} —0 (131
JOitg;
or equivalently
jonl -1 0
det| —2 (A+BOT® —BK)+yBB P jol+21—A—BO" &~ BK,—BO®, —ZB- LBWG
—yB'P e o, jol +yvG
—0 (132)

2. Matrix measure method:
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Using the result for the o-modification adaptive law, we obtain the time delay margin for the optimal control
modification adaptive law as

1 -1
tg; < P cos

(]

{02 +om|j(a+Beo )| +1[(A+B0 ) rvG] | x

{|]yBBTP+BnyvGH — ot [j (BKx +B®,-T<I>})] }
o7 B, +56] &|[* +| 7887 P+ BV G|

{g [j (YBBTP+BK.,yvG)| — ot [(BK”B o/ CD;)} } (133)
\/wiz||BKX+B®I,T<1>;_H2+||yBBTP+BKxYVGH2
" = (4+BO %) WG] + [ yBBTP+BRVG| (134)

lyvGll —k (A+BO*T®) — ||BK, +BO/ &

provided that VG| > (4 -+ BO"T®]) + HBKX + B@,Tcpj.’

From the fact that r; — 0 as I' — oo for the standard MRAC, so a lower bound estimate of the time delay
margin for which an adaptive law is stable can be estimated by the value of 7, that corresponds to I" — oo or
equivalently ¥ — oo. Consider the case when Y — o and the matched uncertainty is linear with ® (x (¢)) = x (¢).
The asymptotic solution of the bounded linear approximation of the optimal control modification is obtained by

taking the limit as y — oo
1

= ;P‘lA;Pe (1) (135)

Bu,, (l)

Then the asymptotic error equation as Y — oo becomes

1
é(r) = (A + B@*T> e(t) — (BKx - vPIA;P) e(t—14) —BO* " x,, (1) — BK; [ (t) — X (t — 14)]
+BK,[r(t)—r(t—1t7)] (136)
which is a LTI input delay equation independent of any time windowing parameters such as 7.
The characteristic equation of the asymptotic error equation can be obtained by letting ¥ — oo which yields

1 .
det [ ol — (A +B®*T) n (BKX n VGIBBTP> ef‘“t%} —0 (137)

where G"'BB"P = —P~'A] P.

The time delay margin and frequency of the optimal control modification adaptive law as ¥ — oo can then be
estimated by the matrix measure method as

L(A+BO ") +1(j[BK,—1p~'Al P
o< Loyt | EAEEO )+“(1’[ =y P AP)) (138)
@ |BK. — +P~ALP||
0=1 (fjA —jB@*T) + HBKX - %P—IA;P ‘ (139)

The asymptotic results of #; and w can be verified to be the same as those from Eqs. (133) and (134) as y — oo.

The effective phase margin is estimated as

L\ (A+BO ")+ (j[BK.— LP71A)P))
|BK.— +P~'ALP||

¢ =cos™ (140)
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It is noted that both the asymptotic time delay and phase margins are independent of the time windows in the
limit as I — oo s0 the subscript i is dropped from the expressions. Because the time delay margin is a minimum as
I' — oo, the time delay margin estimate for the asymptotic solution of the optimal control modification adaptive
law establishes a lower bound of the time delay margin for any adaptive gain I' < c. Thus, to maintain stability
of the input delay adaptive system using the optimal control modification adaptive law, a suitable selection
of the weighting constant v can be chosen to satisfy the time delay margin requirement and or phase margin
requirement in an adaptive control design. In order to compute this estimate, the knowledge of the unknown
parametric uncertainty ®* must be available.

Example: For the same example in Section 4.2, the optimal control modification (OCM) adaptive law is imple-
mented with v =1 and I = 50. Figure 6 is a plot of the time delay margin estimates using the matrix measure
method and the numerical evidence of the time delay margin for both the optimal control modification adaptive
law and the standard MRAC. The time delay margin estimates are reasonably conservative. The estimation
error is greater for 8* < 0 but improves for 8* > 0. The numerical evidence of the time delay margin for the
optimal control modification adaptive law is significantly greater than that for the standard MRAC. Therefore,
the optimal control modification is robust.

0.7 T T
Matrix Measure for OCM w/ v=1

O Numerical Evidence for OCM w/ v=1
061 S5 +  Numerical Evidence for Standard MRAC ]

t,, sec

0.2 1

011+ + + 1
+ TEt e+ o+ o+ + 4+ Pt q

0 i i i
-1 -0.5 0 0.5 1

o

Fig. 6 - Time Delay Margin Estimate by Matrix Measure Method

V. Simulations
Consider a longitudinal pitch dynamic model of an aircraft

Cry35¢ Cr,qs¢

mV+—p— 0 0 a(t) mgy—Cr,qS —mgy mV ——g o(t)
0 10 0@) | = 0 0 1 6 (1)
—Cmgé“z 0 Iy q(1) Cong 0 Cquqf‘_‘z q(1)
—Cu, o(t)
+| o s.(t-1)+[ 65 0 65 ]| 00) (141)
Con, q(t)

where ¢4 is a time delay.

A numerical model for a full-scale generic transport model (GTM) at Mach 0.8 and 30,000 ft with the flight path
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angle y =0 is given by

G (t) —-0.7018 0 0.9761 a(t)
0@ | = 0 0 1 ()
q(t) —-2.6923 0 —0.7322 q(t)
A
—0.0573 10)
+ 0 6e(t—ld)+[0.1393 0 f0.2071} ()
—3.5352 q(t)
N—————
B

A desired reference model of the pitch attitude is given by
By (1) +28 0,0, (1) + @026, (t) = WP (1) (142)

where { = 0.85 and @, = 1.5 rad/sec are chosen to give a desired handling characteristic.

T

Letx(t)= [ a(t) 00) q() | .u()=8 (), and@ T =] 0; 0 6;|=]04 0 03071 |. The
parametric uncertainty ®* results in the short-period mode damping ratio of 0.095 which corresponds to almost neutral
stability, whereas the nominal short-period mode has a damping ratio of 0.405. A nominal controller is designed

as Upom (1) = —Kx (t) + k,r (¢) where K, = i[ a1 @) 28w, +as } = [ 0.7616 —0.6365 —0.5142 } and

k, = iwg = —0.6365. The closed-loop eigenvalues are —0.6582 and —1.2750 £0.7902i. The nominal closed-loop
plant is then chosen to be the reference model as

o (1) —0.6582 —0.0365  0.9466 U (1) 0.0365
On(t) | = 0 0 1 On (1) |+ 0 r(t)
Gm (1) 0 —2.2500 —2.5500 qm (1) 2.2500

Xm Am Xm By,

The control input is given by
u(t) = —Kex(t) +kr(t) =0 (£)x(r) (143)

where r(¢) is a pitch attitude doublet.

Figures 7 and 8 are plots of the estimates of phase and time delay margins of the optimal control modification
adaptive law for I' — co computed by the matrix measure method from Eqs. (140) and (138) as a function of v with
and without the parametric uncertainty ®*. Note that the phase margin generally decreases as Vv increases and reaches
a steady state value, while the time delay margin reaches a maximum at about v = 1. Thus, for practical design
purposes, v should be kept between 0 and 1. A large value of v produces a better time delay margin, but also results
in a poorer tracking. For the specified uncertainty ®*, the maximum time delay margin is estimated to be 78 msec.
Therefore, the input delay adaptive system will be stable with the optimal control modification adaptive law for any
ty < 78 msec.

Suppose the input time delay of the system is ; = 50 msec. For this input time delay, the optimal control modifi-
cation adaptive law produces a stable adaptation for v > 0.244. The controller is then implemented with v = 0.25 and
I' =30001 selected. Figures 9 and 10 illustrate the pitch angle and pitch rate responses due to the standard MRAC and
optimal control modification adaptive law. The MRAC with the adaptive gain I' = 3000/ does not track the reference
pitch angle very well. High frequency oscillations are discernible in the pitch rate response. On the other hand, the
optimal control modification adaptive law produces good tracking of the reference pitch angle and pitch rate. The
high frequency oscillations in the pitch rate response with the standard MRAC is substantially reduced by the optimal
control modification adaptive law.
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Fig. 7 - Phase Margin Estimation of Optimal Control Modification

t,, sec

oT=j000]
- - - 07=0.40-0.3071]
:

4 6 8

10

Fig. 8 - Time Delay Margin Estimation of Optimal Control Modification

The time delay margin of the closed-loop system is estimated by numerical evidence to verify the lower bound
estimate of the time delay margin for the optimal control modification. The results are shown in Table 1.

Time Delay Margin, msec

No Adaptation 550
MRAC 50
OCM 100

Table 1 - Time Delay Margin Estimates

The numerical evidence of the time delay margin for the optimal control modification adaptive law is estimated to
be 100 msec. This is a factor of two larger than the time delay margin of 51 msec as estimated by the matrix measure

method for v = 0.25.
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Fig. 10 - Pitch Rate Response

VI. Conclusions

A method for analyzing input delay adaptive systems is presented. Three adaptive laws are considered in the
study: standard MRAC, o-modification, and optimal control modification. The bounded linear stability analysis
approximates a nonlinear adaptive system as a bounded linear approximation within a time window. The windowing
analysis is used to analyze local stability of the bounded linear approximation to estimate local stability behavior
of the original nonlinear system within a given time window. Analytical approaches for computing the time delay
margin are presented for three different methods: Padé approximation, Lyapunov-Krasovskii method with sum-of-
squares optimization, and matrix measure method. Among the methods, the Padé approximation using a first-order
Padé rational polynomial generally tends to be non-conservative, while the Lyapunov-Krasovskii method tends to be
highly conservative in the time delay margin estimation. However, the sum-of-squares optimization demonstrates
that a better Lyapunov-Krasovskii functional can be found by optimization to produce a less conservative time delay
margin estimate. The matrix measure method seems to be able to estimate the time delay margin with reasonable
accuracy. Moreover, the method is much simpler to use and does not require solving a linear matrix inequality as in
the case of the Padé approximation or Lyapunov-Krasovskii method.

The asymptotic behavior of the time delay margin as the adaptive gain tends to infinity is studied. The standard
model-reference adaptive control has zero time delay margin as the adaptive gain tends to infinity, as expected. The
time delay margins for both the o-modification adaptive law and optimal control modification adaptive law remain
finite as the adaptive gain tends to infinity. The optimal control modification adaptive law also exhibits another useful
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feature in that the asymptotic value of the time delay margin is independent of the time window and the closed-loop
input delay adaptive system tends to a LTI system. This behavior enables a lower bound of the time delay margin to be
estimated with ease using the matrix measure method to guarantee stability for the input delay adaptive system. Flight
control simulations demonstrate that the time delay margin estimation by the matrix measure method provides a good
lower bound.

References

IN guyen, N., Bakhtiari-Nejad, M., Krishnakumar, K., Ishihara, A., "Bounded Linear Stability Analysis - A Time Delay Margin
Estimation Approach,” AIAA Guidance, Navigation, and Control Conference, AIAA-2009-5968, August 2009.

2N guyen, N., Jacklin, S., "Stability, Convergence, and Verification and Validation Challenges of Neural Net Adaptive Flight Control,"
Applications of Neural Networks in High Assurance Systems Studies in Computational Intelligence, Springer-Verlag, 2010, Vol. 268/2010, 77-110

3Annaswamy, A., Jang, J., Lavretsky, E., “Stability Margins for Adaptive Controllers in the Presence of Time-Delay,” AIAA Guid-
ance, Navigation, and Control Conference, ATAA 2008-6659, August 2008.

4Nguyen, N., Bakhtiari-Nejad, M., Huang, Y., "Hybrid Adaptive Flight Control with Bounded Linear Stability Analysis,” AIAA
Guidance, Navigation, and Control Conference, ATAA 2007-6422, August 2007.

SNguyen, N. T. and Boskovic, J. D., “Bounded Linear Stability Margin Analysis of Nonlinear Hybrid Adaptive Control,” American
Control Conference, June 2008.

6Lawretsky, E., Annaswamy, A., Dydek, Z., Vega-Brown, W., ”On the Computation of Stability Margins for Adaptive Controllers
Using Linear System Tools,” AIAA Guidance, Navigation, and Control Conference, AIAA-2009-5964, August 2009.

7Yang, B.-J., Yucelen, T., Calise, A. J., Shin, J.-Y., “LMI-based Analysis of Adaptive Controller,” American Control Conference,
June 2009.

8[shihara, A., Ben-Menahem, S., and Nguyen, N., “Time Delay Margin Computation via the Razumikhin Method for an Adaptive
Control System,” AIAA Guidance, Navigation, and Control Conference, AIAA 2009-5969, August 2009.

91oannou, P. and Kokotovic, P, “Instability Analysis and Improvement of Robustness of Adaptive Control," Automatica, Vol. 20, No.
5, 1984, pp. 583-594.

10N guyen, N., Krishnakumar, K., Boskovic, J., ”An Optimal Control Modification to Model-Reference Adaptive Control for Fast
Adaptation”, AIAA Guidance, Navigation, and Control Conference, AIAA 2008-7283, August 2008.

"UMahmoud, M. S., Robust Control and Filtering for Time-Delay Systems, Marcel-Dekker, Inc., New York, 2000.

12Hale, J. K., Functional Differential Equations, Springer-Verlag, New York, 1971.

BPapachristodoulou, A., “Analysis of Nonlinear Time-Delay Systems Using the Sum of Squares Decomposition,” American Control
Confrence, June 2004.

YParrilo, P., “Structured Semidefinite Programs and Semialgebraic Geometry Methods in Robustness and Optimization,” Ph.D. The-
sis, California Institute of Technology, 2000.

15Ballals, G., Packard, A., Seiler, P, and Topcu, U., “Robustness Analysis of Nonlinear Systems,”
http://www.aem.umn.edu/~AerospaceControl/

16Rohrs, C.E., Valavani, L., Athans, M., and Stein, G., “Robustness of Continuous-Time Adaptive Control Algorithms in the Presence
of Unmodeled Dynamics,” IEEE Transactions on Automatic Control, Vol AC-30, No. 9, pp. 881-889, 1985.

"Narendra, K. S. and Annaswamy, A. M., “A New Adaptive Law for Robust Adaptation Without Persistent Excitation”, IEEE
Transactions on Automatic Control, Vol. AC-32, No. 2, pp. 134-145, 1987.

8Nguyen, N., “Asymptotic Linearity of Optimal Control Modification Adaptive Law with Analytical Stability Margins,” ATAA
Infotech@ Aerospace Conference, AIAA-2010-3301, April 2010.

19Nguyen, N., “Verifiable Adaptive Control with Analytical Stability Margins by Optimal Control Modification,” ATAA Guidance,
Navigation, and Control Conference, AIAA-2010-7770, August 2010.

26 of 26

American Institute of Aeronautics and Astronautics



