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Abstract

This paper provides stability analysis results for discretised time delay control (TDC) as implemented in a sampled data
system with the standard form of zero-order hold. We first substantiate stability issues in discrete-time TDC using an example
and propose sufficient stability criteria in the sense of Lyapunov. Important parameters significantly affecting the overall system
stability are the sampling period, the desired trajectory and the selection of the reference model dynamics.
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1 Introduction

Time-delay control (TDC) was first introduced in [1-4]
and recognized as a promising technique in the ro-
bust control area. TDC exploits time-delayed informa-
tion to estimate and cancel out unknown dynamics, un-
expected disturbances and rendering the desired closed-
loop dynamics into the plant. Owing to the simplicity of
its structure, model-independence, and numerical effi-
ciency, it has been successfully demonstrated to provide
robust performance in diverse nonlinear control system
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applications [5-14].

A compact sufficient stability criterion regarding the
gain of TDC was proven in [15,16] based on the as-
sumption of the continuous-time TDC and infinitesimal
time delay. However, TDC is generally implemented in
digital devices and the time delay is set to the sampling
period of the control hardware, which is a constant dur-
ing the control process. Henceforth, the aforementioned
assumption fails to represent the actual sampled-data
system stability behavior by ignoring the time delay be-
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ing equal to the sampling time interval.

A more realistic stability analysis was performed in
[17,18], which considers the sampled data system in-
cluding the time delay, i.e., discrete-time version of TDC
and nonlinear continuous system. However, the authors
introduced a modified form of a zero order hold (ZOH)
in their analysis and this is quite different from the stan-
dard ZOH implementation.

In this paper, we propose sufficient criteria based on
Lyapunov stability theory, taking into account the actual
impact on selecting the gain and sampling period under
discrete-time TDC implemented with a standard ZOH.
The paper contributions are presenting a formulation
based on the standard zero order hold and carrying out
a comparison between the stability results when using
the standard zero order hold and a modified zero order
hold considered in [17,18].

In the rest of the paper, Section 2 briefly reviews TDC
and substantiates the stability issue with examples. Sec-
tion 3 proposes stability criteria, and the results are nu-
merically verified in Section 4. The conclusion is finally
drawn in Section 5.

2 Time delay control and its stability issues

2.1 TDC in continuous domain

Consider a nonlinear system of the form

x = f(x) + g(x)u, (1)

where x = [x; -+ x,]T € R" denotes the state vector,
and u = [uy - up]T € RR? denotes the control input.
Throughout the paper, we assume that f(x) and g(x) are
smooth functions of the state vector x and consider the
physical systems can be represented in phase variable
form as follows [15]:

Xq Xs 05
X = , flx) = , 8x) = ;)
where xq = [x1 -+ xup], x5 = [Xpe1 -+ x,]" € R"P;

Xp, f,(x) € RY; 05 € R®P*P denotes a zero matrix and
8, € RP”¥ is a non-singular matrix.

Remark 1 A large class of mechanical systems aris-
ing in robotics can be naturally expressed in phase vari-
able form. More complex nonlinear systems, such as
a multiple-link manipulator and robotic devices utiliz-
ing series elastic actuators, can be transformed into the
phase variable form by successive differentiation with

respect to time and expressing the results in terms of
a single nonlinear differential equation. This is akin to
input/output linearization procedures, where the output
is differentiated with respect to time several times until
at least one of the control inputs appears in the high
order differential equation. Such systems are described
in [16,17] and [19, Chapter 13].

The desired closed-loop performance is specified by
a stable reference model given by

Xm = AmXm + BnR, (3)

where x,, € IR" denotes the reference model state vec-
tor, R € IR? denotes the input vector of the reference
model, A;, € R™" denotes the system matrix which is
constant and stable, and By, € R denotes the input
distribution matrix.

The TDC law given in [15] is then written as follows:

ug = up-p) + 3 [—%¢-1) + Amxp + BnRpl, (4

where A denotes the time delay, g* denotes a pseudo-
inverse of g defined by g* = (g'3)"'g" in which gis a
constant matrix representing the known range of g(x).

2.2 Problem statement of TDC stability in discrete
domain

In [16], the well-known stability criteria of the closed-
loop system using TDC (4) is derived based on input-
output linearisation of (1) as the following sufficient con-
dition:

I, - 8,08, < 1, (5)

where I, € R”¥ denotes the identity matrix, and g, is a
constant matrix.

The above stability condition is based on the assump-
tion: the time delay A — 0 in continuous time domain.
However, the TDC is originally intended for digital con-
trol and the time delay A is set to be equal to the sam-
pling period T in the implemented digital device. As
a result, the closed-loop system forms a sampled-data
system. Although the stability condition (5) is compact
in form and practical with sufficiently fast sampling pe-
riod, it is the fact that the time-delay A is a crucial factor
affecting the closed-loop system stability [17,18].

In this light, the authors in [17,18] proposed a more
accurate stability criterion including not only g but also
A of the realistic sampled-data system, i.e., discrete-time
TDC and a nonlinear continuous-time system. However,
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the nonlinear continuous-time closed-loop system is ap-
proximated by a discrete-time model with a particular
form of ZOH in a way such that

Xg+1) = M(Xky, Ue1)) OF Xy = h(Xgo1), ugy),  (6)

and in [17,18], a modified discrete-time TDC controller
is also introduced as follows:

Uy = Ug-1) + § [—Xp-1) + AmXge-1) + BmRg-1)l,  (7)

Additional delay
using the modified ZOH

where k denotes the kth sample and /1 denotes a nonlin-
ear function with the state x and the input u. For brevity
of expression, (6) is hereinafter referred to as the mod-
ified ZOH. This simplifies the stability analysis for the
modified discrete-time TDC.

In contrast, the standard ZOH discretisation of (4)
gives

X(er1) = (X, ) Or Xy = h(xg-1), Ug-1)), (8)
and the corresponding TDC implementation [5-14] is

Uy = ug-1) + § [—%p-1) + Am¥@) + BmRpy  (9)
| ——

No additional delay
using the standard ZOH

One can observe that the discrete-time TDC with the
modified ZOH, (7), introduces an additional delay com-
pared with the standard form (9).

Note that in some computing software, particularly
Simulink® in this paper, the zero order hold discretisa-
tion of a continuous time generates a continuous input
signal u¢) by holding each sample value ) constant
over one sampling time interval T, i.e., uy = ug for
kT <t < (k+1)T. Therefore, if the nonlinear continuous
time is represented in Simulink® integrated with Matlab®
and then sampled with the ZOH block in Simulink®, the
corresponding sampled nonlinear model is of the form
in (8) rather than (6).

Hence, the stability criterion for modified TDC and
ZOH in [17,18] indeed is not applicable to standard im-
plementation of TDC and ZOH (See the example in the
following Section 2.3), and there is still a need to per-
form the stability analysis in the sense of the standard
discrete-time TDC (8) and (9).

@ Springer

2.3 Examples on the problem of discrete TDC sta-
bility
To illustrate the basic ideas on how the discretisa-
tion methods impact on the stability analysis, a lin-
earized model of the simple nonlinear system Xy =
x(3t) + sinx( + 5u( around zero is used as follows:
X = Xy + Sugy)- (10)

Here we consider three different implementations of
the discrete-time TDC. In this case, g,(x) is a constant
value, but unknown to the control designer. Therefore
TDC controller gain has to be properly chosen as sug-
gested by (5) [16]. Since this is the same example used
in [17], one can easily analyse the impact of the discreti-
sation methods comparing with the stability criterion
proposed in [17].

Case 1 The standard discrete-time TDC (9) is ap-
plied to the system discretised by the standard ZOH
(8).

Case 2 The modified discrete-time TDC (7) is ap-
plied to the system discretised by the modified ZOH
[171].

Case 3 The modified discrete-time TDC is applied
to the system discretised by the standard ZOH (6).

For the first case, a discrete-time system is sampled
every T seconds with the standard form of ZOH, (8), as
follows:

X(k) = AXk-1) + bu(k_l), (11)

where a and b are parameters determined by the sam-
pling period. The standard discrete-time TDC is given
with a reference model A, = —40 and a zero reference
signal as

Ugy =Uge—r) + § ' [—40xG) — )]

=ug-1) + &' [-40xq) — Sugoyy — xg-pl,  (12)

where 3 is a suitably chosen scalar gain. The state space
form of (11) and (12) is written as

10 a b
X X(l—
40 [“"]: 1,5 [(" ”l. (13)
e u I I U(—
Z ® z (k-1)

8

The closed-loop poles are therefore the eigenvalues of

1 O0ff a b
. 14
R R w
8 8 8
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For the second case, a delay is introduced in the con-
troller (12). Itis then expressed as the following modified
discrete-time TDC:

Ugy =1y + & [—40x-1) — K]
=ug1) + § ' [-40x(1) — Sut-1) — X-p)].  (15)

In this case, the state-space form of (11) and (15) is
given as

a b

X X(—
[®l= 40 +1 5[(kﬂ, (16)
mol |73 1= RIKGY

and the closed-loop poles are the eigenvalues of the
followings:

a b
_(40+1) 1 51. (17)

g g

The last case is that one uses the convention in [17];
the system is then discretised by the standard ZOH as

Xk = aXk-1) + bu(k), (18)

while the discrete-time TDC is given by the modified
form as (15). Writing this in state space form yields

0
[ H”“ @o+n 5

(k) - §

x"“”} . (19

Uik-1)

The closed-loop poles are the eigenvalues of

[1 b} a b
40+1 5. (20)
01||-——=— 1-=
g g

Let T = 0.01s. The parameters in the discrete-time
system are then given as 4 = 1.0101 and b = 0.0503.
Computing the eigenvalues for the three cases (14), (17),
and (20), we can find the range of gains for which the
closed-loop eigenvalues are inside the unit circle:

. for Case 1, (14), 2.9875 < § < 497.1;

. for Case 2, (17), 1.9876 < § < 296.3; and

. for Case 3, (20), 3.0125 < § < 502.3.

This example shows that the stability regions can be
quite different using the standard or the modified ZOH
analysis, even though the system is very simple as g(x)

is constant. The differences may become more signif-
icant in systems with increasing complexity. Also note
that in (6), there is a direct connection between the in-
put and the state (i.e., the transfer function is not strictly
proper) and this cannot happen when sampling with the
ZOHs. Therefore, it can be deduced that the stability
analysis of the standard implementation of TDC—the
case 1 with (8) and (9) —is still needed which has not
been considered in previous publications.

3 Stability of standard discrete-time TDC

In this section, the closed-loop system stability is anal-
ysed for the standard form of the discrete-time TDC (9).
The nonlinear continuous system is first discretised to
obtain an approximate discrete-time model in a similar
manner to [17], while the standard ZOH (8) is employed
in this paper; the approximate discrete-time model of
the closed-loop system is then derived under the stan-
dard discrete-time TDC, and sufficient conditions for the
closed-loop system stability and tracking error perfor-
mance are derived. Note that we strive to have consis-
tent notation as introduced in [17] facilitating compari-
son between our work and previous results in [17,18].

3.1 Approximate discrete-time model

3.1.1 Nonlinear continuous time system discretiza-
tion

Here we consider the standard ZOH (8) to discre-
tise the nonlinear continuous-time system (1). In this
sampled-data system, the control input will be a piece-
wise constant signal, u) = ug_1)r = u-1) for all  in the
interval [(k — 1)T,kT), where T > 0 is a sampling time
interval. However, the state x(, keeps on varying during
its sampling interval between (k — 1) and k.

Suppose the sampling time interval T is divided into
o subintervals. The Euler approximation then gives the
following difference equation:

T
Xiy1 = Xi + E[f(Xi) + gxDuu-1l, 21
where i = 0,..., (0 — 1) denote the intermediate steps
between the sampling intervals (k —1) and k, xy = x-1)
and x, = x(. After applying Taylor series expansion [20]
to the terms f(x;) and g(x;)u—1), we can write

T T
X1 =L + EH(k—l))Xi - EH(k—l)XO
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+ E[f()(o) + g(xo)ug-1)l, (22)

where H_1y = F(xo) + G(xo, #¢-1)). See Appendix A for
the detailed derivation using the Taylor series expansion.
From (22), we can write

Xo=Xo+ %gan + 7EﬂH(k—l))i[f()Co) + g(xo)uk-1)]-
(23)
Taking limits as ¢ — oo, equation (23) yields
Xk =Xo + fOT ilin;a” + ;H(k_l))idt
X [f(x0) + 8(xo)up-)], (24)

Using the fact [21],

. t i
e He-ny = hm[[n + ; X H(k-l)]lr
i—00

the approximate discrete-time model of the nonlinear
continuous system is then obtained as follows:

xx) = X-1) + Co—p)[f(X-1)) + §x-1))u-n],  (25)

T
where C_q) = jo e Hendt. Note that if H_1) is invert-
ible,

C) = (e Hin — I”)H(_kl—l)‘ (26)

Remark 2 Cg_1y can be computed in Matlab® with
reasonable accuracy. Another alternative is using a fi-
nite Taylor series expansion of the matrix exponential
and then if needed carry out the integration numerically
or using (26) when H_y) is invertible.

3.1.2 Closed-loop system under standard TDC

This section derives difference equations for the
closed-loop errors. Such equations are the basis for the
stability analysis. The closed-loop errors are defined as

A o M)~ Um
ei(k) = X — Xm(ky and ey = —
S

27)
where ks > 0 denotes a scaling factor which adjusts the
size of 1 — um) letting the tracking error ey become
significant in the overall stability analysis.

Consider the differential equation (1) evaluated at
(k= 1T as xg-1) = f1) + &gnythe-1), Where fiy) =

@ Springer

f(xg-1)) and gy_;) = g(xk-1) are used to simplify nota-
tion. The standard discrete-time TDC (9) is rewritten as
follows:

ug = 8 1(F — gper))mo-1) = f_1) + AmX() + BmRe]-
(28)

Applying (28) to (25) forms the closed-loop system as

Xer1) =X + Cilfy + 8187 (8 — §pr))k-1)]
+ Ckgkg+[_f(k—1) + Amx(k) + BmR(k)]. (29)

In (29), f, can be expressed in the following form by
Taylor series expansion around xpm) [20]:

fr = f@xmp) + FXm@)[X@ — Xm@] + O1(X@), Xm),
(30)

where F € R™" is defined in Appendix A and O1(x(),
Xm()) € R" denotes the residual term of the first order
Taylor series expansion detailed in Appendix B. Here-
inafter, for brevity, O1 (X, Xm@)) is written as O ).

An input vector of the reference model is defined as

tm 2318 — §(¥ma-1)1tm@e-1) — f(¥m@e-1))
+ Amxm(k) + BmR(k)}. (31)

Note that 1, may not be unique; in this paper, it is de-
fined to be in a consistent format as that for u) in (28),
which is different from the one defined in [17,18]. Then,
discretising the reference model (3) using the standard
ZOH gives

Xm(ks1) = D1Xmgo + (D1 — DAL BmRgy,  (32)

where Dy = ¢™n,
In phase variable form, we can write the following
identity [15]:

(I — gg+)[—fk + AmX(k) + BmR(k)] =0. (33)
From (28), one can obtain

g [Anxg) + BnRy)]
=up + 3 (§pery — U1 + 8 fony B4

Using (33) and (34),
BuRgy =(I - 88" )fr + 88" feor) + 8
+ 88" (§¢—1) — DUe-1) — Amxy.  (35)

Note that (33)-(35) hold for xm) in place of x).
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Finally, using (28)-(35), we can express the closed-
loop errors as follows:

=S1e14) + S2e1¢-1) + Szez4-1)

+ Q01 + Q20141

+ Q3 f (¥m@) + Quf (¥m(e-1))

+ Qsttmp) + QeMm(k-1), (36)
exk+1) = — E1e1+1) + Saeik) + Ssex
+ Q701 + Qgttm(i)- (37)

€1(k+1)

~~~~~~~~~~

and E; are provided in Appendix C. From (36) and (37),
we have

I Oup 0y Opsp||€121)
Ey I, Opxn 0y [|e2k+1)
0 Onxp In Ouxp

Opxn Op Opxn I

51 Onxp Sz ek
| Sa S5 Opxn ek (38)

e1(k)

ex(k)

I, 0n><p 0, 0n><p
Opxn Iy Opn O,

€1(k-1)

n><1
€2(k-1) p><1

k k

where

[Qlk] .|
Qu

Q

O + O1(k-1)

px1

Qs

px1

Qs

8

Q
F(tmg) +| ~*
0p><1

F(xm@-1))

+ Um(k) +

Q
6 Um(k-1)-
px1

Hence, from (38) and the following state vector

T T T T
ek = [31(k) &w €1k-1) C2k- 1)]

the approximate discrete-time closed-loop error under
the standard discrete-time TDC satisfies the difference
equation

exs1) = E'Sreqy + E'Qy, (39)
or equivalently,

e+1) = Mreg + N = E¢ (e), (40)

where My 2 (E'S;) and Ny 2 (E71Q,).

Note that the implementation of the controller does
not require knowledge of the nonlinear functions (see
equations (4), (7) and (9)). This is why TDC is an ap-
pealing strategy. However the stability analysis requires
some knowledge about the nonlinear functions f(x) and
g(x), for example using nominal or estimated models.
Uncertainty can be incorporated in the stability analysis
by introducing perturbations as described in [15].

Remark 3 The use of the approximate discrete-time
model for the entire stability analysis is confirmed to
be valid by the consistency property of the approxi-
mate and exact closed-loop discrete-time model proven
in [17,22].

3.2 Stability analysis and sufficient conditions

This section aims at deriving sufficient conditions for
the closed-loop system stability of the standard discrete-
time TDC. For the analysis, we first consider the time
varying homogeneous difference equation of (40) given
as

e(+1) = Mie). (41)
Lemma 1 Define the largest singular value of all
M;'s as
¢ = max||Mgll. (42)
If & satisfies
0<&<1, (43)

then the nominal close-loop model (41) is asymptoti-
cally stable and there exist positive definite real sym-
metric matrices P = al, where a is any positive scalar,
such that V(ey) = e(Tk)Pe<k) is a positive scalar function
satisfying

billeg|” < View) < ballew|l, (44)
AV(ew) = V(ews1)) — View) < —bsllewlP, (45)

where by, by, and b3 are positive constants for all k. For
PzaI,bl :bzzaandb;;:a(l—cfz).

Proof Asymptotic stability follows from (41) and
(43), since My is a contraction mapping [legll <
E®=K|leg) Il Given that P is a positive definite real sym-
metric matrix, we have

Amin(P)llew|* < V(ew) < Amax(P)llel,
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where Anin(P) and Ayax(P) denote, respectively, the
minimum and maximum eigenvalues of the constant
positive definite real symmetric matrix, P, and there-
fore these are positive constants, by = Amin(P) and
by = Amax(P); and (44) is established.

Now let us prove that V(ey)) satisfies (45) for & < 1.
Using (41), we obtain AV(e() as follows:

AV(ew) =V(ewsn) = V(ew) = eg, (M PMy — P)eg,
= - 85()(1) - MEPMk)E(k),
AV(eg) < = Amin(P — M PMy)llego|* < —bslleql,

where 0 < b3 < n}{in[/\min(P - MEPMk)].

Finally for P = al, Aqin(P) = Amax(P) = a and we
have

Amin(P = M{PM}) = aAmin(I — M M)
< 0((1 - /\max(MEMk))
<a(l-&%).

Here we have used two facts: the eigenvalues of (I —
M M) are given by (1— A(M]Mjy)) and Amax (M} Mj) =
02 (M) = ||IM|[?, where 04 (My) denotes the largest
singular value of M. Hence when P = aI, we have
by = by = a and b3 = a(1 — &2).

This completes the proof of Lemma 1. ]

We point out the proof of Lemma 1 is evaluated us-
ing the states of the approximate model. Also note that
suitable positive matrices P exist besides P = al, yet
P is not an arbitrary symmetric positive definite ma-
trix. To determine such matrices a set of linear matrix
inequalities (LMls), (P — MEPMk) > 0, can be solved.
However solving LMIs becomes computationally expen-
sive, particularly as both k and the size of My increase.
Nevertheless we have given equations (44)—(45) in the
most general terms so that in future developments we
can visualise the effects of the positive scalars by, b, and
bs.

Lemma 2[17] Consider the approximate closed-
loop discrete-time model (40) as EZ; (e)) and the exact
closed-loop discrete-time model of (1) under discrete-
time TDC as E(, (e)). Let e € U for each compact set
U c R™? and supposed that there exists a constant ¢1.
Then, there exists a sampling time interval T* such that
VT € (0, T")

IES, (eq) — EX; (eg)ll < Tx p(T) < 1, (46)

where p(T) belongs to class K.

@ Springer

Theorem 1 Suppose E{, (ey) is the exact closed-
loop discrete-time model and define Ds = {e]]le|| < 0},
where 0 is a bound on the error norm. Let V(ey)) be a
Lyapunov function for the nominal system (41) satisfy-
ing (44) and (45) in Lemma 1. Taking a sufficiently large
0 such that for all e € Ds, Ny in (40) and ¢ of (46) in
Lemma 2, then

max|INKl + g1 < (bs/bs) v(b1/b2)vo, (47)
w = m}?X“Nk“ + @1 — (b3/bs) \(b1/b2)vd <0,  (48)

where bs = Apax(P)E + VA2 (P)E2 + Amax(P)vbs and
0 < v <1, then for all
llewyll < V/(b1/b2)0, (49)

the solution to EZ; (eq) satisfies

el < Coe™? eI, ko < Vk < kg, (50)
and
llewll < B, Vk >k, (51)
by

for ki < oo, where C; = b o =(1- V)zb%, and
1 2

max||Nkl| + ¢1
p=bc,t
bs
Proof The difference AV(ew) = View+1)) — V(ew)
along the trajectory of E, (ex) satisfies AV(ew) =

Eec{(e(k))PEgL(e(k)) — e—(l;()P(Z(k) and writing

E¢; (ew) = E¢y (e) + ECy (eqy) — E¢y (eqo)
= (Mreg) + Ni) + E¢ (eqy) — E¢y (ew),

we then have

AV(eq) =€, (M PMy — P)eg) + 2¢(, M{ PN}
+N/[ PNy + 2N, P[E, (ew) — E&, (e)]
+[E¢ (ey) ~Egy (e)] PLE (ey) —E¢ (eqo)]
+2e5<)Mg P[EZ, (ew) — E¢p (ew)],
AV (ew) < = bslleg|* + Amax(P)IINKl + @117
+2 A max(P)IMilllleg ILINKI + ¢p1].

Let0 < v <1, then

AV(ew) < — (1 = v)bslle|* — vbsllew|I
+ 2Amax(P)E[INKI + P1llleqll
+ /\max(P)[”Nk” + ¢1]2~
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Solving the following inequality for a positive solution

vhsllel* = 2Amax(P)ELINKI + P11llel
— Amax(P)[INKll + ¢11* > 0,

and defining

bs = Amox(P)E + | A2iax(P)E + Amar (P

o Ds(INKI+ ¢1)

and u b

yield

llegll = u.
Then,
AV(ew) < —(1 = v)bsllewll®, Yllewll > p.

From (47), we obtain byu? < by6* and since by < b, this
in turnimplies u < 6. The remainder of the proof follows
similar arguments as in the proof of [19, Theorem 4.18].
Define D, = {e|llell < u}, Ds = {elllell < 6}, I', = {e €
Dy | V(e) < bau?}, and I's = {e € Dy | V(e) < b16%}, then

D,crl,crlscCDs.

A solution starting either in I's or I'; cannot leave the set,
because AV(e() is negative for all [lex]| > p and 6 > p.
Indeed, from (49), bolleg)|I* < b16?, then ey, € I's and
ew € I's, Yk > ko. Similarly, taking into account that
T, C {e € Ds|billel* < bou?}, for a solution starting in
I'y we have ey € 'y, Yk > ko, and (51) is satisfied.

It remains to establish that a solution starting in I's
must enter I, in finite time. In the set {I's — I',},

1-v b3
AVIew) < =1 = Miballeq P < -2V (e,
By [19, Lemmas 3.4 and 4.4] and [23, Theorem 8],
V(ew) satisfies
b3 _

View) < Viegye m ¢
< bolleglPe 0 7MB ),
From (44),

View)

(1) (k—ko)
by

by
llegol* < < —llewli’e
by

Hence there is a finite time step ki after which e €
I'y, Yk > ki, and so (50) and (51) are established. O

We point out that in the proof of this theorem, all
the relevant matrices are evaluated using the state of
the exact model. This is a standard approach presented
in [19, Chapter 9].

Remark 4 For P = al, we have by = b, = q,
by = al — &), bs = a(E + VZ+ (- &) and
AV@ew) < —~(1 — val — OllewlP for Vlewl >
(INKll + P1)(E + VE +v(1 = £2))

v(1- &)

and the expressions for C, ¢ and B can be modified
accordingly. Note that to satisfy equations (47)-(49), 6
should be chosen sufficiently large. However increasing
0 leads to conservative bounds. Since the selection of
0 is affected by the ratios (b3/bs) and (b1/b2), to reduce
conservatism making by = by, i.e,, P = ol is a good
choice.

. Equations (47)-(49),

As a result, the stability of the exact closed-loop dis-
crete model, E¢, (ex)), is determined by (42), (43), (47)
and (48).

Note that it is always difficult to get tight bounds using
Lyapunov functions to establish regions of stability. To
obtain less conservative results in practice, we propose
using Lyapunov transformation for the closed-loop error
equation (40) as follows:

Let L) denote a time varying square non-singular ma-
trix such that L) and its inverse are uniformly bounded.
We can write

8+1) = Lgrrye(is1)- (52)

The linear system (40) can then be written in an equiv-
alent representation using (52) noting that e = L(_];é(k)
as

€+1) = LaryMieq + L1)Ni
= L(k+1)MkL(73€’(k) + L1)Ni
= Mké(k) + Nk. (53)

Since L is a Lyapunov transformation, it preserves
the properties of stability, instability, and asymptotic sta-
bility; and in this sense, (40) and (53) are equivalent
representations. In addition, if My is periodic and has a
non-zero determinant for all k, then there is a Lyapunov
transformation such that M is time invariant and hence
the stability properties are determined by the eigenval-
ues of M. (For further results on time-varying Lyapunov
transformations, refer to [24].)
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4 Numerical verification

Numerical simulation is performed to verify the sta-
bility analysis of the standard discrete-time TDC.

4.1 Case 1: the first-order nonlinear system

In this section, the first order nonlinear system %) =
x(3t) + sinx() + 5u) is considered as a plant, whilst its
linearised model was used to illustrate the example in
Section 2.3. The result of the proposed stability criteria is
particularly examined when different sampling frequen-
cies as well as trajectories are assigned to the controller,
compared with the actual stability region.

Here, ¢,(x) = 5, which is unknown to a control de-
signer. Therefore the gain of TDC, denoted as g, has to
be properly chosen as suggested by (5) [16]. For the
aforementioned plant, the TDC (4) is implemented in
the standard discrete form (9), given by

Uy = gy + § %1y + AmXp) + Cagy — AmXam)],

where u denotes the input, A, denotes the reference
model parameter, x denotes the state, and x4 denotes
the desired trajectory (Note that B, Rty = %4ty —AmXd(k),
[25]). A = —40 is set in the simulation.

In this paper, the proposed stability criteria, (42), (43),
(47) and (48), are verified under different sampling time
conditions: T = 0.01, 0.005, and 0.001 s. Moreover, un-
like existing literature on stability of TDC, we analyse the
impact of the reference trajectory on the overall stability
using the proposed method. The reference trajectories
used in simulations are shown in Fig.1; the 5th order
polynomial trajectory is

108 — 15t + 617, t < 1s, 54)
X =
RS £>1s,
and two sinusoidal trajectories are
in(>1) (55)
xa = 4 S
sin(2f). (56)

For consistency of results, all necessary parameters of
the proposed stability are set to the same values as for
P=105=05V2v =09, and k, = 100. Note that
evaluating ¢ in Lemma 2 requires the knowledge of the
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exact discrete-time model of the nonlinear system. In
this simulation verification, it is acquired by numerically
solving the differential equation; for example, a differen-
tial equation solver ode45 in Matlab® is widely accepted
for the accuracy, which implements a Runge-Kutta(4, 5)
formula, also known as the Dormand-Prince pair [26].

t(s)
— 5th-order ploy., eq. (54)

----- sin(%t), eq. (55) —--sin(2t), eq. (56)

0 1 2 3 4 5 6 7 8 9 10
t(s)
Fig. 1 The desired trajectories x4¢) and x4 in simulations.

X4
N=O =N

Fig.2 depicts the stable range of values for § at
T = 0.01s when the system is controlled to track the
sinusoidal reference (56). The proposed sufficient sta-
bility criterion (43) and (48) are respectively evaluated
with respect to the change of g; this reveals that the
gains in the range of 2.998 < § < 77 guarantee stable
tracking of the reference xq( = sin(2t).

1.4 v : : :
1.2 \, 1.001
1 1.000
1.2+ R .
g
9L 0.999
1.0 ﬁ.(L _ 31 130 135 140 _
08 1 1

20 40 60 80 100 120 140

0.4} 1
0.01
02l o000 —\ — 4 ="
3 g /
75 76 77 78

1
2.9 3.0 3.1
0.0 293

-0.2

20 4IO 6b Bb TOb 12b 146
8
(b)
Fig. 2 The evaluation of the proposed stability criterion & and
w as a function of § for a sampling time interval T = 0.01s
with the reference x4 = sin(2f). (@) gvs. &0 < & < 1. (b) g vs.
w; w < 0.
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Through the same procedure for other references (54)
and (55), and sample times T = 0.005 s and 0.001 s, one
can obtain the range of g satisfying the proposed stabil-
ity criterion. Results are summarised in Table 1, where
the gain sets of the actual stability criterion are found by

trial and error in numerical experiments.

Table 1 Range of ¢ meets sufficient stability criteria
for different sampling time and desired
trajectory.

(a) The 5th order polynomial xq.

101

As seen in Table 1, the lower bounds of the proposed
criterion are close to the actual ones, while its upper
bounds are rather conservative. From a close investiga-
tion of the case shown in Fig. 2, one can notice that the
condition @ < 0 gives more conservative bounds of §
than those from 0 < & < 1. It is mainly because w is
determined by 6 as seen in (48), which is specified as
the maximum error norm bound (49); in other words,
by setting 6, one can effectively define the allowable
maximum error range regarding the stability.

The results presented in Table 1, i.e., the upper and

Sampling g range lower bound values of g, are verified by the simulations
time T Proposed method  Actual values of the standard discrete TDC, as shown in Fig.3, for
0.010 [2.991, 82] [2.960, 138] T = 0.001s with the 5th order polynomial trajectory,
0.005 [2.745, 169] [2.728,279] T = 0.005s with x4 = sin(0.5¢), and T = 0.01s with
0.001 [2.554, 780] [2.550, 1409] Xq = sin(2t). (Since other six cases present the similar
results, they are omitted for the brevity of the paper.)
(b) Xd@) = sin(0.5t). This i .
is illustrates that the system is stable and error norms
Sampling g range |le]l are much less than the specified error norm bound
time T Proposed method  Actual values 0.
0.010 [2.990, 119] [2.972, 217] Note the conventional stability criterion (5) only gives
0.005 [2.794, 231] [2.736, 4371 the lower bound of the gain as § > 2.5. Whereas, it
0.001 [2.690, 1055] [2.548, 2190] is clearly seen that the proposed stability criterion pro-
vides both upper and lower bounds that depend on the
(©) Xq() = sin(2). sampling time T as well as the reference x4. The sta-
Sampling g range ble range of the gain increases as the size of sample
time T Proposed method  Actual values time decreases under the same reference; in addition,
0.010 [2.998, 77] 2.972, 201] as the freque.ncy of the sinusoidal trajectory increases,
0.005 [2.799, 144] [2.736, 390] the stable gain range decreases. These results are con-
0.001 [2.695, 557] [2.548, 2010] sistent with observed experimental results in actual TDC
. o ’ . ’
systems.
x10"°
0.050 3 0.06
| }
! 2 0.05 |
0.025[, I
! i 0.04 [l
Iy ) l'|
! = I
< 0.000 rr%%—i <0 : ."x“ = 0.03 ",:
| l |
a —1th 0.02 )
~0.025 f b ”'4
-2t 0.01 i Iy
| L i
—0.0504 5 10 %0 5 10 0004 5 10
t(s) t(s) t(s)
——§=2.554 — — g=780
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0.04 0.04
i
0.02 0.03 I':
il
< 0.00 = 002 m:fl
1
H"“\
~0.02 0.01 jhliy -~
|| ||u,ll‘ Mrs” N
[ ‘; v \
~0.04 1. . \
0 5 10 % 5 0 %% 5 10
t(s) t(s) £(s)
—g=2794 — — g=231
0.10 0.15
0.05
0.10

0.00

€

l
—0.05

llell

0.05

-0.10

——§=2.998

Fig. 3 The error responses ¢; = X — Xm, €2 = (U — Um)/ks, and the error norm |le||, where the red-solid and black-dashed lines
respectively correspond to the lower and upper bounds of § from the proposed stability criteria shown in Table 1. (a) T = 0.001 s

under the 5th order polynomial trajectory, equation (54). (b) T = 0.005 s under the trajectory sin(%t)/ equation (55). (c) T = 0.010s

under the trajectory sin(2t), equation (56).

4.2 Case 2: a two-link manipulator

In this section, dynamic simulations for a two degrees-
of-freedom manipulator are performed to validate the
proposed stability analysis of the standard discrete TDC
as an example of a practical nonlinear system applica-
tion. Fig. 4 illustrates the two-link manipulator described
by the following dynamics:

T =M(0)8 + C(6, 0) + g(0), (57)

where 7 € IR? denotes the joint torque vector, 6 € R?
denotes the joint angle vector, M(6) denotes the ma-
nipulator inertia matrix, C(6, 0) denotes the centrifugal
and Coriolis torque matrix, and g(6) denotes the grav-
itational torque vector, while their elements are given
as

Miq = mllfl + mz(l% + 132 + 2lllC2 COSs 62) +1+ 1,
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Mip = My = mo(2, + lile cos 0,) + I,

My = mol2, + 1,

C1 = —malile 8in 02(2610, + 63),

Cy = mylile sin 0,07,

g1 = {(myla + myly) cos 01 + myleg cos (01 + 0)}g,
g2 = Ml cos (01 + 07)g,

where (my, 11,11, 1), (my, b, I, I) denote the mass, link
lengths, position of the centre of mass, and the moment
of inertia of links 1 and 2, respectively. The system can
be expressed in the nonlinear system structure (1) and
(2) as follows:

0 0
T M 1= [—M(ta)-l(c«'a, 0)+30)|’
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The following parameter values are selected for simula-
tions:my =my =1kg, i =l =1m, g =1lpo =1/2m,
I =, =1/12kg-m?, and g = 9.81 m/s2.

The reference model is chosen as

0, I,

0,
Am = 5 , By = 5 ’
—a)nIZ —ZannIZ a)nIz

where w,, and C, denote the desired natural frequency
and damping ratio of the manipulator system, respec-
tively. In the simulation, w, = 10rad/s and C, = 0.707
are used for all joints.

Fig. 4 Schematic diagram of a two-link manipulator.

The gain of TDC, g%, is set to a constant matrix, often
determined by a nominal value of g(x) [16]. Here, we
consider the following gain matrix:

g+ = ,8[02 M]r

where § is a positive scalar to scale the gain value and
51

M is a constant matrix selected as M = , which

Q| — |

8
1
8

o

. L . i
is the inertia matrix evaluated at 6, = 5 rad and scaled

down by % The single scale gain g is introduced for

simplicity in the stability simulations presented in this
paper; in general, the gain for each joint can be inde-
pendently selected. Fig. 5 presents the tracking control
result of the two-link manipulator by standard discrete
TDC, where the sampling time is set to T = 0.005 s and
the gain scale g = 1.

The proposed stability criteria, (42), (43), (47), and
(48), are then determined under the sampling time con-
dition of T = 0.005s, when two joints are commanded
to track the same 5th order polynomial trajectory for ten
seconds as shown in Fig. 5 (a). All necessary parameters
of the proposed stability are set to the same values as
forP=1,0=47E4,v=0.99, and ks = 100.

Fig. 6 then shows the analysis result regarding the

stable range of gain values represented by the scale f.
The proposed sufficient stability criterion 0 < & < 1,
given by (43), and w < 0, given by (48), are re-
spectively evaluated with respect to the change of ;
this reveals that the determined gains in the range of
0.2057 < B < 1.2873 guarantee stable tracking of the
given trajectory. Those lower- and upper-bound gains
obtained from the stability analysis are evaluated as
shown in Fig. 7. Note that the conventional stability crite-
rion (5) gives 0 < B < 0.8610, regardless of the sampling
time and the trajectory.

-
=)
:

o
=)

Joint angle (rad)
(@]

—_
o

Tracking error (rad)
[=RENE]

" Joint1:6,,—6,
—° Joint 2: 60,,— 6,

_5 L
o 1 2 3 4 5 6 7 8 9 10
t(s)
R (b)
€ 30— —_—
< — Joint 1 |
g —--Joint 2
o 10t 1
S ol T ~ ]
e I e e e T =
= o 1 2 3 4 5 6 7 8 9 10

(©
Fig. 5 Simulation of standard disrecte TDC for the two link
manipulator when T = 0.005 s and gain scale § = 1 are set. (a)
Desired trajectory. (b) Tracking error. (c) Control signal.

Compared to the result controlled with nominal stable
gain shown in Fig. 5, one can observe that the responses
and control inputs with lower-bound gain exhibit slowly
decaying oscillations and the tracking performance is
rather poor; and for the upper-bound gain case, while
the error responses appear to be stable, the control
torques start to oscillate. As found by changing gains
by trial and error in simulations, the actual instability
occurs when the gain is § < 0.1406 or § > 1.6015. Thus,
it is confirmed that the proposed stability criteria prop-
erly provide sufficient condition, and this trend is also
consistent to the results shown in Case 1. Therefore, we
verify that the proposed stability criterion of standard
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discrete TDC can be applied to the practical two-link
manipulator system and can offer the stable region of
the gain.

8 " " " T T T
7+ 1.0002 1.0010
6L
1.0001 10005
e 5 / 1.0000 = ——— —
4r 1'0096 [ V=4 09995 \
3r 0.¢ /< C \ 1
19999 0.9990
2t /016500 0.16502 1.28771.28781.2879 N288¢ A
1 g
0.2 0.4 0.6 0.8 1.0 1.2 1.4
2000
1500 + .
_ 1000+ .
3
500+ - 4
02055 0.2060 0.2065 1.2872 1.28725 1.2873
o - - - ]
—=500 .

0.2 0.4 0.6 O.é 1.0 1.2 1.4

p
Fig. 6 The proposed stability criterion & and w evaluation:
x-axes are the gain scale 8, while y-axis of the upper plot is &,
equation (43) and that of lower plot is w, equation (48).

0.06 : T 40 ,
—Joint 1: 6,,—6, Z — Joint 1
kel 0.04 —-—Joint 2: 6,,— 6, ; 30 --— Joint 2
£ o002 S 20
= o
o 0.00 s 10
= v - i
= —0.02 5 O e
—0.04 < -10
0 2 4 6 810 § 0 2 4 6 8 10
t(s) t(s)
(@)
3
xX10 £ 25 :
5 —Joint 1: 6,,— 6, Z 5 — Joint 1
= 4| -~ Joint2: 0,,— 6, > - Joint 2
_% 3 Joint 2: 0,,— 0, % 15 oin
= 2 2 10
s | 2 s '
a9 S o .
- e I i
0 2 4 6 8 10 O 0O 2 4 6 8 10
t(s) t(s)
(b)

Fig. 7 The tracking error responses and control torques of two
joints for lower- and upper-bound gains obtained from the
proposed stability analysis. (a) Lower bound gain g = 0.2060.
(b) Upper bound gain g = 1.2873.

5 Conclusions

In this paper, we have theoretically investigated the
stability criteria for a nonlinear system under the stan-
dard form of discrete-time time delay control (TDC).
An approximate discrete-time model of the nonlinear
system under the standard TDC is derived and suffi-
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cient stability criteria are then proposed. Additionally,
tight bounds in the sufficient condition are provided
by exploiting Lyapunov transformations. These criteria
have been verified by simulation results offering insight
into finding the impact of the sampling period, desired
and reference model dynamics trajectory on the actual
closed-loop system stability.
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Appendix
A Taylor series expansion of f(x;) and g(x;)ux—1
The first order Taylor series of f(x;) is given as

FQ) = f(xo) + F(xo)(X: — Xo)- (at)

where F denotes the partial derivatives in terms of x such that
Ifla

[F(xo)lep = ﬂ()(0) for a,b = 1,...,n. Similarly, the first
Ixle

order Taylor series of g(x;)u-1) is written as
8 ug-1) = glo)ue-1 + Glto, ue-1))Xi = xo),  (a2)

v d a,'(X )
where [Gx(xo, tg-1)ap = 2. %”/(k)-
j=1 Xb

B Taylor expansion residual

i PLf (g

1
2521 Jlxidlx];

[O1(x ), Xm@p)]e = lexwlileiw];, (a3)

where [ -], denotes the ath element of “-” fora = 1,...,n
and x4 is a certain point in the line joining xy) and xpmg.
Hereinafter, for brevity, O1(xy, Xm)) will be written as Oy .

C Detailed expression of matrices in (36) & (37)
E,=-g"A./k, € R,
S; =1, + Ci g3 Am + CiF(xmp)) € R™",
Sz = —Ci 8 8" F(xme-1)) € R™",
83 = kG837 (8 - g(k—l)) = ksCrgi (I — g+g(k—l))
e R™,
Sy = =g F(xmp)/ks € RP*",
S5 =8(8—-8)=U—3"g) R,
Q, =GeR",
Q,=-Gg& R,
Q; =G~ (D1 — L)AL (I, —88") € R",
Q= —(D; - 1,)A,/3g" € R",
Qs =Cig,— (D1 —L)A g€ R,
Qs = G888 (xmi-1) — 8y
=(D1 - I,)A; 88" [g(¥m1) — 81 € R",
Q,=-3"/k; e R?,
Qs = &' [g(xmpy) — &il/ks € RP.

Note that all these matrices are functions of x¢, Xm), Xx-1),
Xm@-1) and depend on the sampling time interval T. This is
illustrated in Section 4 with numerical simulations.
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