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effects of unknown sufficiently slowly time-varying input delays. A stability analysis is provided to
prove ultimate boundedness of the tracking error signals. Numerical simulation results illustrate the
performance of the developed robust controller.
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1. Introduction

Time delay commonly exists in many engineering applications
such as master-slave robots, haptic systems, chemical systems
and biological systems. The system dynamics, communication
over a network, and sensing with associated sensor processing
(e.g., image-based feedback) can induce time delays that can
result in decreased performance and loss of stability. Time delays
in physical systems are often time-varying. For example, the
input delay in neuromuscular electrical stimulation applications
often changes with muscle fatigue (Downey, Kamalapurkar,
Fischer, & Dixon, 2015; Merad, Downey, Obuz, & Dixon, 2016),
communication delays in wireless networks change with the
distance between the communicating agents, etc. Motivated by
such practical engineering challenges, numerous research efforts
have focused on designing controllers to compensate time delay
disturbances effects.

Research in recent years has focused on developing controllers
that provide stability for systems with delays in the closed-
loop dynamics. Smith’s pioneering work Smith (1959), Arstein’s
model reduction (Artstein, 1982), and the finite spectrum approach
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(Manitius & Olbrot, 1979) have heavily influenced the methods of
designing controllers that compensate the effects of delays.

In recent years, research has focused on systems that experi-
ence a known delay in the control input. The works in Lozano,
Castillo, Garcia, and Dzul (2004), Normey-Rico, Guzman, Dormido,
Berenguel, and Camacho (2009) and Roh and Oh (1999) develop ro-
bust controllers which compensate for known input time delay for
systems with linear plant dynamics. Compensation of input delay
disturbances for nonlinear plant dynamics is addressed in promi-
nent works such as Dinh, Fischer, Kamalapurkar, and Dixon (2013),
Fischer (2012), Fischer, Dani, Sharma, and Dixon (2011), Fischer,
Dani, Sharma, and Dixon (2013), Fischer, Kamalapurkar, Fitz-Coy,
and Dixon (2012), Huang and Lewis (2003), Obuz, Tatlicioglu, Ce-
kic, and Dawson (2012), Sharma, Bhasin, Wang, and Dixon (2011)
and Teel (1998) for nonlinear plant dynamics affected by exter-
nal disturbances and in Henson and Seborg (1994), Jankovic (2006)
and Mazenc and Bliman (2006) for plant dynamics without exter-
nal disturbances. However, the controllers in Dinh et al. (2013),
Fischer (2012), Fischer et al. (2011), Fischer et al. (2013), Fischer,
Kamalapurkar et al. (2012), Henson and Seborg (1994), Huang and
Lewis (2003), Jankovic (2006), Mazenc and Bliman (2006), Obuz
et al. (2012), Sharma et al. (2011) and Teel (1998), require exact
knowledge of the time delay duration. In practice, the duration of
an input time delay can be challenging to determine for some ap-
plications, therefore, it is necessary to develop new controllers that
do not require exact knowledge of the time delay.

Since uncertainty in the delay can lead to unpredictable closed-
loop performance (potentially even instabilities), several recent
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results have been developed which do not assume that the delay
is exactly known. Compensation for unknown input delay is
investigated in Bresch-Pietri, Chauvin, and Petit (2010, 2011),
Bresch-Pietri, Chauvin, and Petit (2012), Bresch-Pietri and Krstic
(2009), Choi and Lim (2010), Herrera, Ibeas, Alcantara, Vilanova,
and Balaguer (2008), Li, Gu, Zhou, and Xu (2014), Li, Zhou, and Lin
(2014), Polyakov, Efimov, Perruquetti, and Richard (2013), Wang,
Wu, and Gao (2005) and Wang, Saberi, and Stoorvogel (2013) for
systems with exactly known dynamics and Chen and Zheng (2006),
Yue (2004), Yue and Han (2005) and Zhang and Li (2006a,b) for
systems with uncertain dynamics. However, all of the controllers
in Bekiaris-Liberis and Krstic (2013), Bresch-Pietri et al. (2010,
2011), Bresch-Pietri et al. (2012), Bresch-Pietri and Krstic (2009),
Chen and Zheng (2006), Choi and Lim (2010), Herrera et al. (2008),
Li, Gu et al. (2014), Li, Zhou et al. (2014), Polyakov et al. (2013),
Wang et al. (2013), Wang et al. (2005), Yue (2004), Yue and Han
(2005) and Zhang and Li (2006a,b) are developed for linear plant
dynamics. The works in Balas and Nelson (2011), Bresch-Pietri and
Krstic (2014), Mazenc and Niculescu (2011) and Nelson and Balas
(2012) develop controllers for plants with nonlinear dynamics
and an unknown input delay, but require exact model knowledge
of the nonlinear dynamics. The controller designed in Chiu and
Chiang (2009) compensates for Takagi-Sugeno fuzzy systems
and unknown actuation delay duration by using a memoryless
observer and a fuzzy parallel distributed integral compensator
for nonlinear, uncertain dynamics. However, the controller in
Chiu and Chiang (2009) is designed for output regulation and
does not address the output tracking problem. There remains a
need for a tracking controller that can compensate for the effects
of unknown time-varying input delays for a class of uncertain
nonlinear systems.

When uncertain nonlinear dynamics are present, the control
design is significantly more challenging than when linear or
exactly known nonlinear dynamics are present. For example, in
general, if the system states evolve according to linear dynamics,
the linear behavior can be exploited to predict the system response
over the delay interval. Exact knowledge of the dynamics facilitates
the ability to predict the state transition for nonlinear systems. For
uncertain nonlinear systems, the state transition is significantly
more difficult to predict, especially if the delay interval is also
unknown and/or time-varying. Given the difficulty in predicting
the state transition, the contribution in this paper (and in Fischer,
Kamalapurkar et al,, 2012 and Kamalapurkar, Fischer, Obuz, &
Dixon, 2016) is to treat the input delay and dynamic uncertainty as
a disturbance and develop a robust controller that can compensate
for these effects.

Recently, Fischer et al. presented a robust controller for
uncertain nonlinear systems with additive disturbances subject to
slowly varying input delay in Fischer, Kamalapurkar et al. (2012),
where it is assumed that the input delay duration is measurable
and the absolute value of the second derivative of the delay is
bounded by a known constant. The approach in this study extends
our previous work in Fischer, Kamalapurkar et al. (2012) by using
a novel filtered error signal to compensate for an unknown slowly
varying input delay for uncertain nonlinear systems affected by
additive disturbances. In Fischer, Kamalapurkar et al. (2012), a
filtered error signal defined as the finite integral of the actuator
signals over the delay interval is used to obtain a delay-free
expression for the control input in the closed-loop error system.
However, the computation of the finite integral requires exact
knowledge of the input delay. In this study, a novel filtered error
signal is designed using the past states in a finite integral over
a constant estimated delay interval to cope with the lack of
delay knowledge, which requires a significantly different stability
analysis that takes advantage of Lyapunov-Krasovskii functionals.
Techniques used in this study provide relaxed requirements of

the delay measurement and obviate the need for a bound of the
absolute value of the second derivative of the delay. It is assumed
that the estimated input delay is selected sufficiently close to
the actual time-varying input delay. That is, there are robustness
limitations, which can be relaxed with more knowledge about
the time-delay. Because it is feasible to obtain lower and upper
bounds for the input delay in many applications (Richard, 2003), it
is feasible to select a delay estimate in an appropriate range. New
sufficient conditions for stability are based on the length of the
estimated delay as well as the maximum tolerable error between
the actual and estimated input delay. A Lyapunov-based stability
analysis is used to prove ultimate boundedness of the error signals.
Numerical simulation results demonstrate the performance of the
robust controller.

2. Dynamic system

Consider a class of nth-order nonlinear systems

ki:Xi+la i:l,...,n—l,

m=fX,)+d4+ut—r1), (M
where x; € R™, i = 1,...,n are the measurable system states,
X =[x, %, ..., xﬂT € R™, u e R™ is the control input,

f : R™ x [tp,00) — R™ is an uncertain nonlinear function,
d : [tg, 00) — R™ denotes sufficiently smooth unknown additive
disturbance (e.g., unmodeled effects), and t [tg,00) — R
denotes a time-varying unknown positive time delay,! where to
is the initial time. Throughout the paper, delayed functions are
denoted as

hoa hit—1t) t—1>1
710 t—1 <ty

The dynamic model of the system in (1) can be rewritten as

XV =fX. 0 +d+ut—1), )

where the superscript (n) denotes the nth time derivative. In
addition, the dynamic model of the system in (1) satisfies the
following assumptions.

Assumption 1. The function f and its first and second partial
derivatives are bounded on each subset of their domain of the form
Z X [ty, 00), where & C R™ is compact and for any given Z, the
corresponding bounds are known.”

Assumption 2 (Fischer, Kan, & Dixon, 2012). The nonlinear additive
disturbance term and its first time derivative (i.e., d, d) exist and are
bounded by known positive constants.

Assumption 3. The reference trajectory x, € R™ is designed such

that the derivatives xﬁi), Vi = 0,1,...,(n + 2) exist and are
bounded by known positive constants.

1 The developed method can be extended to the case of multiple delays.
Assumption 4 can be modified for the case of multiple delays by redefining the
delayed input vector and using the maximum input delay instead of the actual delay
bound such that max{zy, 72, ..., Tw} < 7. To obviate the requirement of exact
knowledge of the time delay dynamics in the stability analysis and introducing new
Lyapunov-Krasovskii functionals for each input delay, the closed-loop dynamics
can be revised in terms of i;, (i, — 11;) instead of the terms i3, ., : (ii; — U3).
In this paper, single time-varying input delay is considered for ease of exposition.

LD XL XD A (KL)
9X ' ot ' 92x ' oXot °

2 Givena compact set & C R™, the bounds of f,

92
and % over Z are assumed to be known.
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Assumption 4. The input delay is bounded such that 7 (t) < 7 for
all t € R, differentiable, and slowly varying such that [7]| < ¢ < 1
for all t € R, where ¢, 7 € R are known positive constants.
Additionally, a sufficiently accurate constant estimate 7 € R of
7 is available such that |7| < 7,forallt € R, where T £ T — 7, and
7 € R is a known positive constant.® Furthermore, it is assumed
that the system in (1) does not escape to infinity during the time
interval [tg, to + 7).

3. Control development

The objective of the control design is to develop a continuous
controller which ensures that the state x; of the delayed system in
(2) tracks a reference trajectory, x;.

To quantify the control objective, a tracking error, denoted by
e; € R™, is defined as

er 2 X — Xy. (3)
To facilitate the subsequent analysis, auxiliary tracking error
signals, denoted by e; € R™, i = 2,3, ..., n, are defined as Xian,
Dawson, de Queiroz, and Chen (2004)
e £ e +eyq, (4)
es £ e +e +ey, (5)
en 2 en1+e1+en s (6)
A general expression of e; fori = 2, 3, ..., n can be written as
i—1 .
e = Zai.jeﬁ”, (7)
j=0

where g;; € R are defined as* Tatlicioglu (2007)

i i
1 1 5 1—4/5
Qo = — ( +[>—< [> , Vi=2,3,...,n,

V5 2 2

i—1
Gj 2 Gy ji1.0Gp4-1j-1,

p=1

Vi=3,4,...,n, Vj=1,2,...,(i—2).
To obtain a delay-free control expression for the input in the
closed-loop error system, an auxiliary tracking error signal,
denoted by e, € R™, is defined as

t
ey 2 —/ u(o)do. (8)
t—7
It should be emphasized that the estimate of 7, denoted by 7, is
required instead of exact knowledge of t in the control design.
For example, the constant estimate 7 may be selected to best
approximate the mean of . Based on the subsequent stability
analysis, the following continuous robust controller is designed as

u=k(en —en(to) + v, 9)
where e, (t;) € R™ is the initial error signal and v € R™ is the
solution to the differential equation

U =k (Ae, + aey), (10)

where k, A, € R™™ are constant, diagonal, positive definite
gain matrices.

3 Since the maximum tolerable error, 7, and the estimate of actual delay, 7, are
known, the maximum tolerable input delay can be determined. Because the bounds
on the input delay are feasible to obtain in many applications (Richard, 2003),
Assumption 4 is reasonable.

4 1t should be noted that g;1=1Vi=1,2,...,n

4. Stability analysis

To facilitate the stability analysis an auxiliary tracking error
signal, denoted by r € R™, is defined as’

r2é,+ Ae, + ae,. (11)

The open loop dynamics for r can be obtained by substituting the
first time derivatives of (2) and (8), the second time derivative of
(7)withi = n, and the (n + 1)th time derivative of (3) into (11) as

n—2
F=—f (XX 1) —d+ > agjel™ +xmD
=0

— il +ai; — (1= 1) iy + Aéy. (12)

Substituting the first time derivative of the controller in (9) into
(12), the closed-loop error system for r can be obtained as

n—2
F=—f (XX, 1) —d+ ) apjel™ + x4 ae,
j=0
— akr + (@« — I+t kr, + a (13 — U;), (13)
where I € R™™ is the identity matrix. The stability analysis can
be facilitated by segregating the terms in (13) that can be upper

bounded by a state-dependent function and terms that can be
upper bounded by a constant, such that

F=—akr+(@—I+tD)kr, +a @ —i,)+N+N, —e,. (14)

The auxiliary functions N € R™ and N, € R™ are defined as

n—2
N2&—f(X.X.t) +f (X, X, £) + Z anjey

j=0
+ Aéy + ey, (15)
Ne 2 —f (X, X, t) — d +x"0, (16)
T T
where X, 2 [xf, X (xﬁ"q)) :| e R™,

Remark 1. Based on Assumptions 2 and 3, N, is upper bounded as

sup [N || < &, (17)
teR
where ¢y, € Ris a known positive constant.

Remark 2. An upper bound can be obtained for (15) using As-
sumption 1 and the Lemma 5 in Kamalapurkar, Rosenfeld, Klotz,
Downey, and Dixon (2014) as

[#] = o iz 211, (18)

where p is a positive, radially unbounded,® and strictly increasing
function, and z € R™2™ is a vector of error signals defined as

T
z2 el e, ... ef e, 1] . (19)

To facilitate the subsequent stability analysis, auxiliary bound-
ing constants o , § € R are defined as

5 Since é, is not measurable, r cannot be used in the control design.

6 For some classes of systems, the bounding function p can be selected as a
constant. For those systems, a global uniformly ultimately bounded result can be
obtained as described in Remark 3.
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. € o 1
o £ min 1,(1——), A—|—+—1)),
2 26] 262

ka [w;
2= (22 20
= (5 aa)} (20)
L1 o okPa(1—9) wkae 1
£ -—min| =, — 55 TRE ,
2 2 a(k@+g—1)" Aotk 4(%+%)

(21)

where A, k, o € R denote the minimum eigenvalues of A, k, «,
respectively, k, @ € R denote the maximum eigenvalues of k and
o, respectively, and w;, ¢; € R, i = 1, 2, are known, selectable,
positive constants.

Let the functions Q;, Q2, Q3 € R be defined as

A
o A(“i”)f Ir @)1 d6, (22)
o€ t—%
Lk@+e-1) )
R ol I ONED (23)
0 2a, / / 1 (6)| dods, (24)
t— f+‘[

and let y € R™2™m+3 pe defined as

I PNV (25)

For use in the following stability analysis, let

71 & {y e RWM3| | y|| < x4}, (26)
where x; £ inf{,o‘1 [ "’ég, oo)>}. Provided ||z (n)| <

y, Y n € [to,t], (14) and the fact that & = kr can be used to
conclude that ii < M, where y and M’ are positive constants. Let
22 710(B, N R(”+2)m+3) where B, denotes a closed ball of radius
y centered at the origin and let

39 2y e 21yl < x2} (27)

1>

denote the domain of attraction, where® x,

)

Theorem 1. Given the dynamicsin (1), the controller given in (9) and
(10) ensures uniformly ultimately bounded tracking in the sense that

limsup |le; () |
t—o0

max {1, 4} (24}3, + gk&%2M2) N
min {3, 91} 20 k6 : (28)

provided that y (ty) € 485 and that the control gains are selected
sufficiently large based on the initial conditions of the system such that

7 The subsequent analysis does not assume that the inequality ii < M holds for
all time. The subsequent analysis only exploits the fact that provided ||z (n)|| <
y, Vn € [to, t], thenii < M.

8 ForasetA, the inverse image p~' (A) is defined as p~' (A) 2 {a | p (a) € A}.

the following sufficient conditions are satisfied®'°

Wy > 4&61%,

A>—+—,2>c¢€
= 261 26, 2
ak  2@k)?  (k@ate-1) - .
8 Tda | akig @tk + 5 > 7
wyk? k2 -
2 52202
20y, +akat M
o> =2 | . (29)

2a k6

Proof. Let V : 2 — R be a continuously differentiable Lyapunov
function candidate defined as

VEa— Eee,

In addition, the following upper bound can be provided for Qs

Q35w2<%+%) U i @)? ds]
(%+%)

¢
Ea)z(‘f—i-‘?)/
t

—(7+t)

3
fr r—i——e eu—i—ZQi. (30)
i=1

lli ©)11> de. (31)

By applying Leibniz Rule, the time derivatives of (22)-(24) can be
obtained as

. %
& = R (IF12 = 11r117) (32)
O€q

B (12(&+¢—1))2(
 ka(1-9)

_ _ t
05 = w, ((1: +2) k)P —/ - li (9)||2d9) . (34)
t—(Tt+7

Based on (30), the following inequalities can be developed:

Irl? = (1= o) lIre11?) , (33)

1
“““{5’ %} IyI? = v o) < max {1, S}y (35)

The time derivative of the first term in (30) can be obtained by
using (4)-(6), (11), and the definition of e; in (7) fori = n, as

n n—1

T T T T T T
E e e = — E e;e; —e,Ae, +e,_ e, —e e, +er. (36)
i= i=1

By using (8), (14), (32)-(34), and (36), the time derivative of (30)
te

can be determined as

n—1
T T T T T
- E e e; —e, Ae, +e,_,e, —e,ae, +e,r
i=1

T (—akr + (@ = I+ T kr; + o (i1 — 1))

+ 1 (
+ 1T (N +N, — en) + wiel (kr; — kr)

9 To achieve a small tracking error for the case of a large value of ¢y, (i.e., fast
dynamics with large disturbances), large gains, small delay, and a better estimate
of the delay are required.

10 By choosing « close to 1— g, sufficiently small w; and €;, and a sufficiently large
A, the gain conditions can be expressed in terms of k, 7, T, ¢. The gain k can then
be selected provided 7, T, ¢ are small enough.
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G

+ — — lIrz11%)
o€
(’2(&""/’_ ]))2 2 . 2
ke (1—9) (> = (1 =) lIre11%)

+ <(%+f) i ||r||2—/ - ||u(9)||2d9). (37)
t—(7+7

After canceling common terms and using Assumption 4, the
expression in (37) can be upper bounded as

n—1
V<= lell* — Alleall” + [ef_yen| +@ |efes
i=1

+ al|r’ (@ — )| —aklrl?
+ 1N+ lIrll gn, +kla + o — 1] |r"r|
v (‘Ull_{)z 2 2
+ ok (leall el + leull Il + === (72 = Nz 1%)
1

(k@+¢— 1)
ka(1—¢)

_ _ t
+ o ((f+f)l<2 ||r||2—/ - ||u<0>||2d9>. (38)
t—(7+7

Using Young’s Inequality the following inequalities can be obtained

(Ir1? = =y lr1?)

1 €1
|eneu| = o ||€n||2 + = lleullz, (39)
len_1en <2 >  Jleq_1]|? t 5 ||€n|| (40)

|rf (e —it)| < 3 ||r||2 + 5 e — e 1 (41)

After completing the squares for the cross terms containing r and
r;, substituting the time derivative of (9) and (18), (39)-(41) into

(38), and using Assumption 4, the following upper bound can be
obtained

V< —Z lleill* — (1 - *) llen—1ll®

X _ ak
A—|— too lleall® + aeq lleul® — == lIrll?
261 8

ak
_(? >||r||+ — p2(lzl) 2]

1 a |l — i, | t )
B R ) N G
ak 2 t—(3+%)
N2 7= 2 _ _ _
where ¥ £ 2(225) (kij,j(f:;i) + @ (f + f) k* + %. The

Cauchy-Schwarz inequality is used to develop the following upper
bound

t
leal? < %/ 1) |12 do. (43)
t—7

Note that using Assumption 4, the inequalities ftt_r it ©)]2do <
K [ zae) Ir @) doand [ 2 @) d6 < K [ z,4 T @)
d6 can be obtained. In addition, using the expressions in (22), (23),
(31) and (43), the following inequalities can be obtained

P — /t llit 0)11% do, (44)
4t 4 Ji_(F+2)

2= t
wrkaeq w;
= >

_ o —— 1(0)]> do 45
el BN LI (45)
3 _ ¢
_eked=9® o [F )2, (46)
d4(k@+¢e—1) 4 Ji_(F+2)
t
' =-2[(  ja@prae. (47)
4 (% + %) 4 (34t

By using (44)-(47), (42) can be upper bounded as
. n—2 &
V<= Ylel - (1-35) llewnl”

A (Z 5 L) jeu?
- —(=—+=—))Ile
o 2€q 26, g

@2 ax
(2 —aa) e - = e

47
ak
|5 7~ (1> + P 2(lzl) llz1?
allu; — ufll2
+ o ngr 2
wzk ae sz<3 a(l—9)
40}k 4(k@+¢—1)°
1

- —Q. (48)
4 (% + f)

Note that the Mean Value Theorem can be used to obtain the in-

equality ||z — i, || < ||ii (© (t, 7)) | IZ], where @ (¢, £) is a point

in time between t — t and t — 7. Furthermore, using the gain

conditions in (29), the definition of ¢ in (20), and the inequality
llyll > llz|l, the following upper bound can be obtained

. o 1 o
V<s—(=——p° z|I> — = |Iz|1?
< (2 gkp (IIYI|)> llz|l 5 Izl

_z2 .. A~ 2
L, E i)
ak™ 2
wok*aeq wk® o (1= ) 1
4a?k? 4(/2(&+¢—1))2Q2_4<%+%)Q3'

(49)

Provided y (n) € 2 Vn € [to, t], then from the definition of § in
(21), the expression in (49) reduces to

263 + okt M?

vV <-=8|yl*,
< =&yl 20 kD

Vil = (50)

Using techniques similar to Theorem 4.18 in Khalil (2002) it can
be concluded that y is uniformly ultimately bounded in the sense

] max{l wz—l}(z;z +a L«i%zmz)
that limsup,_, o lly (I < o
mm{ 21 }201 1%}
¥y (to) € 45, where uniformity in initial time can be concluded from
the independence of § and the ultimate bound from tg.

provided

Remark 3. If the system dynamics are such that N is linear in z,
then the function p can be selected to be a constant, i.e., p (||z||) =
p, ¥z € RUD™ for some known p > 0. In this case, the last
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sufficient condition in (29) reduces to

2—2
k=L (51)
oa

and the result is global in the sense that 2 = 8, = RO"+2m+3,

Sincee;, 1, e, € Lo, i = 1,2,3,...,n, ftom (2), U € L.
An analysis of the closed-loop system shows that the remaining
signals are bounded.

5. Simulation results

To illustrate performance of the developed controller, numer-
ical simulations were performed on a two-link revolute, direct-
drive robot'! with the following dynamics

U, | _ [P1 +2p3c;  p2 + p3co x1
U, P2 + p3Ca D2 X2
[—p3525<2 —p3S2 (%1 + )'(2):| [X1:|

P3S2X1 0 X2

AR e

where x, X, ¥ € R2. Additive disturbances are applied as d; = 0.2
sin (0.5t) and d, = 0.1sin (0.25¢t). Additionally, p; = 3.473 kg m?,
p, = 0.196 kg m?, p; = 0.242 kg m?, p, = 0.238 kg m?,
ps = 0.146 kg m?, f;; = 5.3Nms, f;; = 1,1 Nms, and s,, ¢
denote sin (x;), and cos (x;), respectively.

The initial conditions for the system are selected as x1, x, = 0.
The desired trajectories are selected as

Xa1 (t) = (305in (1.5¢) + 20) (1 _ e‘°'°”3> ’
Xg (t) = — (20sin (t/2) + 10) (1 _ efo.mﬁ) _

Several simulation results were obtained using various time-
varying delays and different estimated delays, shown in Table 1,
to demonstrate performance of the developed continuous robust
controller. Cases 1 and 2 use a high-frequency, low-amplitude
oscillating delay for different delay upper-bound estimates. Cases
3 use a low-frequency, high-amplitude oscillating delay for known
and unknown delay. Case 4 uses random, uniformly distributed
delay between 0 and 120 ms for each time instance.

The controller in (9) and (10) is implemented for each case. The
control gains are selected for Cases 1and 2 as @ = diag{1, 1}, A =
diag{50, 20.5}, and k = diag{60, 6}, and for Cases 3 and 4 as
o = diag{1, 1}, A = diag{23, 8}, and k = diag{140, 2.75}. The
root mean square (RMS) errors obtained for each case are listed
in Table 1. By comparing the RMS error for Cases 1 and 2, it is
clear that selecting a delay estimate closer to the actual upper
bound of the unknown delay yields better tracking performance.
Case 3 demonstrates that the performance of the developed
controller using a constant estimate of the large unknown delay
is comparable to the controller in Fischer, Kamalapurkar et al.
(2012) which uses exact knowledge of the time-varying delay.'?
Additionally, the developed controller is reasonably robust even
for a constant estimate of the delay when the actual delay is
long and time-varying. Although the stability analysis in Section 4
assumes a slowly time-varying input delay, Case 4 shows that the

11 provided the inertia matrix is known, the dynamics in (52) can be described
using (1) (Fischer et al., 2013).

12 The RMS errors for x; and x, obtained using the controller in Fischer,
Kamalapurkar et al. (2012) for the same delay as Case 3 were 0.7544° and 0.9722°,
respectively.

Table 1
RMS errors for time-varying time-delay rates and magnitudes.
7; (t) (ms) 7 (t) (ms) RMS Error
X1 X2
Case 1 10sin (5t) + 10 15 0.1315° 0.1465°
Case 2 10sin (5t) + 10 100 0.4774° 0.2212°
Case 3 60sin (t) + 60 75 0.7479° 0.9928°
Case 4 rand [0, 120] 75 0.7476° 1.0068°
0.5
) - -t
% 4 (4 /4 \
VAV AVAYAVAVAVAVAY At
= ’ ’ 4 V
m
05 i i i i i
0 10 20 30 40 50
,g 101 .
»~ . -~ AN Y - - U™
Z AL ,’\ PR R A l\\ o u1
s 0 &WW 2 [
P=3 L) T
8 Y J - \0’ \\I Vo ,I \J \' \¥
U _10 L L Il L I}
0 10 20 30 40 50
20 LARER
2 -==7
g 1 VI LT T 1HinnnLunm T
> 101
<
©
Q U

0 10 20 30 40 50
Time (s)

e
=

o
-

. Tracking errors, control effort and time-varying delays vs. time for Case 1.

)
()
2
b
o
=1
&3]
,é 10
LY ~ - - 3
% - Hh '\‘ ,‘ 'n‘ ’\\ A ,\ '\‘ 1| u1
= 0 AN K ] \ { u,
= ’\'\I‘,\:\:\'\l\ ‘.f
g (LAY R Ve U VIR LA PR N
S _y i i i i ‘
0 10 20 30 40 50
150
z
E 100
z
- 50
[a)

Time (s)

Fig. 2. Tracking errors, control effort and time-varying delays vs. time for Case 3.

developed controller still provides good tracking performance for
a discontinuous, high frequency input delay. Results in Figs. 1-3
depict the tracking errors, control effort, time-varying delays and
estimated delays for Cases 1, 3 and 4, respectively.

6. Conclusion

Novelty of the controller comes from the fact that a continuous
robust controller is developed for a class of uncertain nonlinear
systems with additive disturbances subject to uncertain time-
varying input time delay. A filtered tracking error signal is designed
to facilitate the control design and analysis. A Lyapunov-based
analysis is used to prove ultimate boundedness of the error
signals through the use of Lyapunov-Krasovskii functionals that
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Fig. 3. Tracking errors, control effort and time-varying delays vs. time for Case 4.

are uniquely composed of an integral over the estimated delay
range rather than the actual delay range. Simulation results
indicate the performance of the controller over a range of time
varying delays and estimates. The results even illustrate robustness
to random delays up to 120 ms. Improved performance may
be obtained by altering the design to allow for a time-varying
estimate of the delay. Result such as Herrera, Ibeas, Alcantara, de
la Sen, and Serna-Garcés (2013) provides possible insights into
estimating/identifying delays in future work.
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