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Abstract: Given a continuous-time controller and a Lyapunov function that shows global asymptotic
stability for the closed loop system, we provide several results for modification of the controller for sampled-
data implementation. The main idea behind this approach is to use a particular structure for the redesigned
controller and the main technical result is to show that the Fliess series expansions (in the sampling period
T) of the Lyapunov difference for the sampled-data system with the redesigned controller have a very special
form that is useful for controller redesign. We present results on controller redesign that achieve two different
goals. The first goal is making the lower order terms (in T) in the series expansion of the Lyapunov difference
with the redesigned controller more negative. These control laws are very similar to those obtained from
Lyapunov based redesign of continuous-time systems for robustification of control laws and they often lead to
corrections of the well known ”—L,V” form. The second goal is making the lower order terms (in T') in the
Fliess expansions of the Lyapunov difference for the sampled-data system with the redesigned controller behave
as close as possible to the lower order terms of the Lyapunov difference along solutions of the ”ideal” sampled
response of the continuous-time system with the original controller. In this case, the controller correction is
very different from the first case and it contains appropriate ”prediction” terms. The method is very flexible
and one may try to achieve other objectives not addressed in this paper or derive similar results under different
conditions. Simulation studies verify that redesigned controllers perform better (in an appropriate sense) than
the unmodified ones when they are digitally implemented with sufficiently small sampling period T

Keywords: Controller design, asymptotic controllability, stabilization, sampled-data, nonlinear,
robustness.

1 Introduction

Design of a controller based on the continuous-time plant model, followed by a discretization of the
controller, is one of the most popular methods to design sampled-data controllers [3, 6, 13]. This
method, which is often referred to as emulation, is very attractive since the controller design is carried
out in two relatively simple steps. The first (design) step is done in continuous-time, completely
ignoring sampling, which is easier than the design that takes sampling into account. The second
step involves the discretization of the controller and there are many methods that can be used for
this purpose. The classical discretization methods, such as the Euler, Tustin or matched pole-zero
discretization are attractive for their simplicity but they may not perform well in practice since the
required sampling rate may exceed the hardware limitations even for linear systems [10, 1]. This
has lead to a range of advanced controller discretization techniques based on optimization ideas that
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compute ”the best discretization” of the continuous-time controller in some sense. A nice account
of these optimization based approaches for linear systems has been given in the Bode Lecture by
Anderson in [1] and later in the book [3].

Emulation has been proved to preserve a range of important properties for nonlinear sampled-
data systems in [13] if the discretized controller is consistent in some sense with the continuous-time
controller and the sampling period is small enough. Hence, in [13] all the classical discretization
techniques were shown to work for a large class of nonlinear systems under sufficiently fast sampling.
While the optimization based approaches could probably be carried out for nonlinear systems, we are
not aware of any results in this direction. This may be due to the fact that these approaches inevitably
require solutions of partial differential equations of Hamilton-Jacobi type that are very hard to solve.

In this paper we present a Lyapunov based framework for redesign of continuous-time controllers
for sampled-data implementation. We assume that an appropriate continuous-time controller ug(z)
has been designed together with an appropriate Lyapunov function V() for the closed-loop continuous-
time system. Then, we presuppose the following structure of the redesigned controller

N .
ugr(z) = up(x) + ZT’ui(m) ,
i=1

where T is the sampling period and w;(z) are the extra terms that need to be determined through
controller redesign. This controller structure yields a particularly useful structure of the Fliess series
expansion (in the sampling period T") of the first difference for V'(-) along solutions of the sampled-data
system with the redesigned controller. The terms in the Fliess series depend explicitly on V', ug, the
continuous-time model and w; and they can be used to systematically compute corrections u; that
achieve a particular objective of the redesign.

We were motivated to exploit this particular structure of the controller for several reasons. First,
this structure was obtained in several different papers as an outcome of the design procedure. For
instance, in [16] this controller structure was obtained as an outcome of a backstepping design based
on the Euler approximate discrete-time model of the plant. In [2] this structure was obtained when
approximately feedback linearizing a nonlinear system via sampled-feedback. Note that we impose this
structure of the controller instead of obtaining it as an outcome of some design procedure. Furthermore,
a robotic manipulator example was considered in [14] where the Euler model was used to redesign a
continuous-time controller uq(z) in the following way ug = uc(z) + Tuy. Simulation studies in [14]
showed that this redesign yielded better behaviour of the sampled-data system. We emphasize that
[14] does not contain a systematic methodology for controller redesign, which is the purpose of this
paper.

We present results that achieve two different objectives. We emphasize that the method is much
more flexible and one can prove new results under different conditions or try to achieve other objectives
not addressed in this paper. The first objective is to make the first terms in the Fliess series expansions
more negative by choosing u;. This often leads to the correction terms of the form ”—L,V” that are
known to be useful in robustification of continuous-time controllers by Lyapunov redesign (see, for
instance, [4, 20]). Moreover, we show for a particular class of (optimal) control laws under appropriate
conditions that we can always make the first two terms in the Fliess series expansions negative by
choosing uy. Note that in this case u; always depend on the Lyapunov function V'(-) and its derivatives
with respect to x. The second objective is to make the first terms of the Fliess series expansions of
the first difference for V' (-) along solutions of the sampled-data system with the redesigned controller
as close as possible to the first difference for V'(-) along sampled solutions of the ”ideal” response
of the continuous-time system with the original controller. In this case, correction terms wu; take
a completely different form and they do not explicitly depend on the Lyapunov function V(-) or
its derivatives. Numerous simulations illustrate that our redesigned controllers work better (in an
appropriate sense) than the original ones when they are implemented with sufficiently small sampling
periods.

The paper is organized as follows. In Section 2 we present the notation, main assumptions and
the problem formulation. Section 3 contains the main technical result on the Fliess series expansions
of the Lyapunov difference for the sampled-data system with the redesigned controller. These results



are used in Section 4 to show two distinct ways to redesign continuous-time controllers. Numerous
simulations for different examples are given in Section 5. Conclusions are presented in the last section.

2 Preliminaries

The set of real numbers is denoted as R, the set of natural numbers (excluding 0) as N and we use
No =NU{0}. A function 7 : R>g — R>¢ is called class K if it is continuous, zero at zero and strictly
increasing. It is of class K if it is also unbounded. A function 8 : R>¢ x R>9 — R>q is called class
KL if it is continuous, of class K in the first and strictly decreasing to 0 in the second argument. The
notation |-| always denotes the Euclidean norm. We will say that a function G(T),x) is of order TP
and we write G(T, z) = O(TP) if, whenever G is defined, we can write G(T,z) = TPG(T,z) and there
exists v € K such that for each A > 0 there exists 7% > 0 such that |z| < A and T € (0,7*) implies
G(T.2)| < 7(ja).
Consider the system
i = go(@) + gr(@)u | (2.1)

where z € R™ and u € R are respectively the state and the control input of the system. We will assume
that all functions are sufficiently many times (r times) continuously differentiable. For simplicity,
we concentrate on single input systems but the results can be extended to the multiple input case
u € R™, meN.
For several classes of systems (2.1), there exist nowadays systematic methods to design a continu-
ous-time control law of the form
u = up(x) , (2.2)

and a Lyapunov function V : R" — R>g and aq, az, a3 € K such that

ar(fz]) < V(z) < oz (2.3)
ov
B 90(@) +g1(@)uo(2)] < —as(al) Ve eR". (2.4)
Examples of such methods are backstepping [12, 7] and forwarding [20] or methods based on control
Lyapunov functions, such as Sontag’s formula [9].
However, in most cases the controller (2.2) is implemented digitally using a sampler and zero order
hold. Since the controller (2.2) is static, it is often proposed in the literature to simply implement it
digitally as follows (see [13]):

u(t) = uo(x(k)) vVt e [kT, (k+1)T),Vk € Ny . (2.5)

It was shown, for instance, in [13] that this digital controller will recover performance of the continuous-
time system in a semiglobal practical sense (7' is the parameter that needs to be chosen sufficiently
small). However, this implementation typically requires very small sampling periods T" to work well
and, hence, it often does not produce a desired behaviour for a fixed given T. The purpose of this
paper is to address the following problem:

Assuming that an appropriate continuous-time control law ug(-) and a Lyapunov function
V() have been found for the continuous-time system (2.1), redesign the controller ug(-)
so that the redesigned controller performs better than (2.5) in an appropriate sense when
implemented digitally.

In our redesign technique we will aim at improving the quantitative behavior of the asymptotic stability
property in terms of the transient behavior and overshoots and the attraction speed. However, as a side
effect, we also expect that our procedure enlarges the domain of stability of the semiglobal practical
stability property with respect to the emulated controller (2.5). These multiple objectives are the
reason for the slightly vague phrase “appropriate sense” in the problem statement, above.

In order to precisely state in which sense we can expect to improve the systems’s quantitative
behavior with our approach we will below introduce our main Assumption 2.1. Before doing this, we



need to recall some standard facts about Lyapunov functions. It is a well known fact (see [15]) if (2.3)
and (2.4) hold, then there exists a function 3 € KL such that solutions of the closed loop system (2.1),
(2.2) satisfy:

|x(t, z0)| < B(|xol,t) Veg e R", t>0. (2.6)

Moreover, the function 3 is completely determined by a1, as, a3 in the following manner. Consider
the solution of the following scalar differential equation':

§=—azoay(y) y(0) = o - (2.7)

Proposition 4.4 in [15] states that there exists o € L such that the solution y(-) of (2.7) equation is
defined for all t > 0 and it can be written as y(t) = o(yop,t). Finally, using a standard proof technique
and comparison principle we can write that:

Bls,t) = a7 (o(as(s), 1)) - (2.8)
Based on these considerations we can now state our main assumption.

Assumption 2.1 Suppose that a continuous static state feedback controller (2.2) has been designed
for the system (2.1) so that the following holds:

(i) There exists a Lyapunov function V() and aq, ag, as € K satisfying (2.3) and (2.4).

(ii) The function § € KL defined in (2.8) satisfies all performance specifications in terms of overshoot
and speed of convergence.

(iii) The controller (2.2) is to be implemented digitally using a sampler and zero order hold, that
is for a given sampling period 7" > 0 we measure z(k) := z(kT),k € Ny and u(t) = u(k) =
const.,t € [kT, (k+ 1)T),k € Np.

m}

Remark 2.2 It may seem strange that we use both items (i) and (ii) in Assumption 2.1, since either
(i) or (ii) may seem enough. However, in our approach we will use the Lyapunov function V(-) to
carry out the redesign of the control law and the objectives we use in redesign require us to use both
items in the assumption: all our redesign approaches aim at optimizing the decay of the Lyapunov
functions along the sampled—data trajectories according to different criteria, like, e.g., fast decay of
V or recovery of the continuous time decay rate. Obviously, to carry out such redesign we need to
have a Lyapunov function satisfying item (i) of Assumption 2.1. On the other hand, for our controller
redesign objectives to be plausible we also need to assume that item (ii) of Assumption 2.1 holds,
because with our Lyapunov function based approaches we arrive at sampled—data controllers which
can only optimize those quantitative properties which are already “encoded” in V' via the ICL function
B from (2.8). In other words, the bound on the continuous-time closed-loop response obtained from
the Lyapunov function is regarded as “ideal” or a “reference” stability bound that we try to either
optimize or to recover as much as possible by redesigning the controller. In general, finding a Lyapunov
function that satisfies both items (i) and (ii) of Assumption 2.1 is hard but in some cases it is possible,
cf. the examples in Section 5. O

The exact discrete-time model of the system with the zero order hold assumption is obtained
(whenever it exists) by integrating the equation (2.1) starting from z(k) with the control u(t) =
u(k),t € [kT, (k+1)T):

(k+1)T

w(k +1) = a(k) + /k  Iaoa(s) + an(as)uthlds

which we shortly write as
x(k+1) = Fr(z(k), u(k))

'"Without loss of generality we need to assume here that as o ay '(-) is a locally Lipschitz function (see footnote in
[15, pg. 153)).



with .
Fé(z,u) = /0 [g0(2(3)) + 1 (x(s) yu(k)ds (2.9)

where z(s) denotes the corresponding solution of (2.1) with 2(0) = x. We use this notation in the
sequel and for given x € R", u € w and T' > 0 we say that F¢(z,u) is well defined if the solution of
(2.1) with initial value z and control u exists on the interval [0, 7).

3 Fliess expansion of the Lyapunov difference

In this section we propose a particular structure for the redesigned controller. This structure of the
controller yields an interesting structure of the series expansion of the Lyapunov difference along
the solutions of closed loop system with the redesigned controller and will allow us to redesign the
controller in a systematic manner. We propose to modify the continuous-time controller as follows:

M .
ug(z) =Y u;(z)17 (3.1)
j=0

where ug(x) comes from Assumption 2.1 and u; = u;(x),j =1,2,..., M are corrections that we want
to determine.

The idea is to use the Lyapunov function V as a control Lyapunov function for the discrete-time
model (2.9) of the sampled-data system with the modified controller (3.1) where we treat u;,i =
1,2,..., M as new controls, and then from the Lyapunov difference:

V(Fp(z, ua(x))) — V(z)
T

(3.2)

determine u;,i =1,2,..., M.

Since the exact model Ff(x,u) in (3.2) is in general not possible to compute exactly we will have
to use in an approximation technique for the controller redesign. Results in [17, 19] show that if we
use (3.1) and we can show that it stabilizes any reasonable (more precisely consistent?) approximate
model of (2.9), then the exact model (2.9) will be stabilized by the same controller for sufficiently
small sampling periods 7. In our approach in this paper we do not explicitly use such consistent
discrete time approximations. Instead, below we present a series expansion of the Lyapunov difference
(3.2) in T that is particularly useful for controller redesign. The expansion is based on truncated
Fliess series and the special structure of the modified controller (3.1). In the context of discrete time
approximations, the truncated Fliess series can be interpreted as a consistent approximation of the
Lyapunov difference which in our approach replaces the discrete approximation of the system itself.
It should, however, be noted that Fliess series approximations applied to the system itself can also be
used to construct consistent discrete time approximations, see [8] for details.

Theorem 3.1 Consider system (2.1) and controller (3.1) and suppose that Assumption 2.1 holds.
Then, for sufficiently small 7', there exist functions p;(x,ug,...,u;—1) such that we can write:

V(FF (2, uar)) = V()
T

M
= LoV + LV ug+ Y T°[Ly, V- us+ps(w,ug,. .., us1)]
s=1

+G (T, x,up,u1, ..., up) , (3.3)
where G(T, z,ug, uy, . . ., upyr) = O(TM+1). O

Proof of Theorem 3.1: Consider, the solutions of (2.1) initialized at (0) = x with some input u(-)
and with the ”output”

y(t) = V(@) . (3.4)

2The notion of consistency is borrowed from the numerical analysis literature and can be checked easily for a given
approximate model.




Then, for sufficiently small ¢, using the Fliess series expansions (see [5] or formula (3.7) in [9, Section

3.1]) we can write:

%) 1 t
V) - V@) =S 3 Ly Ly Vie) /0 dei, -+~ ey |

k=01q,...,i=0

(3.5)

where fg dg;, - - - d&;, are the so called iterated integrals (see [9, pg. 106]). Note that since we consider
single input systems we obtain m = 1 in [9, formula (3.7)] and the indices i, take values on the set
{0,1}. The iterated integrals are defined as follows:

So(t) =t
at) = /0 u(r)dr

/Otd&-k-~-d§i0 - /Dtdgik(ﬂ/;dgik_l...d&o_

Several integrals for the single input case are given below:

/Ot déodéo = t;, /Ot deode, = /Ot /OT Oyt
t

/Ot d&rdéo = /Otu(T)TdT, /Ot d&idéy = /0 u(T) /OT u()dodr.

If we write (3.5) for the case when ¢ = T is sufficiently small and u(-) = v = const., then we have that

and, hence, we can write:

Introduce now multinomial coefficients:

n o n!
noni ... ny ) molng!...ny!

z(T) = Fr(z,u)
T (k+1) ) )
e = (to++ix)
| s, = G ,
V(PR ) ~Vie) _ § Zl TF gt

Then, from [11, Theorem 4.2] we can write for any a; € R,i =0,1,2,...,M and n € N:

n
(a0 + a1+ ... +an)" = 2. ( . )“6““
nony ... Ny

ng=20,....,ny =0
ng—+...+nNy =n

Hence, the following holds:

M

i
> uT
§=0

(io+...+ix)

ng=0,....,ny =0
ng+...+ny =ig+ ...+ i

Substituting (3.1) into (3.6) and using (3.7), we can write:

V(FF(z,u) = V(z)

= = H(T,z, ug,...,uy)+O@TM+)

io+...+ig . .
. Z 0+ ...+ 410
nomniy ... Ny 0

ny
CLM .

M .
M Y=o I
Ny .



where H(T, z,ug, ...,upr) is equal to:
M1 5ot M
T* \ S i
- 04 YLy in
S Y Ly L Ve S (Tt e
=010,...,ts=0 ng,...,ny =0 7=0

M koo
ijo ng = ijo b

The proof is completed by introducing a new index s := k + Z]]Vi o Jjnj and then collecting first terms
that multiply 7%, s = 0,1,2,..., M in the expression for H. Indeed, H in (3.8) can be written as
follows:

S

k .
M 1 L V( ) ijozj Zk . M

s gz 9i i—0? n; M+1
ZT Z ; ;l Z <no n1j...]nM>H“jj +O(T™)

s=0 k=0740,...,ix=0 ng,...,na =0 Jj=0
M <k

Ej:[) ng = ijo )
M . L

> jmodnj =s—

Direct calculations show that the term for s = 0 is

0 0
Lgov( 00 . 0 >u8u?---u34+Lg1V( Lo 0 )uéu?~--u%4:L90V—|—L91V«uo

and the terms for arbitrary s =1,..., M and k =0 are

0
LV (gt g )b = L

1 is in sth place

Hence, we can write H as follows:

M
H=LgV+Lg,V-tir + > T°[Ly, V- tis + pal, ug, ..., us—1)] + O(TYH) |
s=1

where

k

=0t k. M
i > =0 nj
= e
(k+1)! Z <n0n1...nM U J
ng=0,....,ny =0 Jj=0
M koo
Zjﬂo n; = ijo ]
Y j—odnj=s—k
which completes the proof by noting that ps are functions of x and uyg, ..., us_1. O
It is instructive to write down the expressions for the first couple of p; and we do this below for
p1, p2 and ps. Direct calculations show that

L, L,V 0
p = 902'90(00'”0)u8u?~--u9\/[+
Ly LV + Ly, Lg,V 1
(Lg, Ly - 9091 )(10 0>u(1)u?u%4—|— (3.9)

L91L91V 2 2,0 0
2! 20 ...0 )"out M

LgyLg,V + (Lg1 LV + Ly, Lg, V)uo + Ly, Ly, V“(Q)
21 '




p3

_ L90L91V+L91L90V 1 0,1 0 0
P2 = 2l 01 ... 0 )Uotatzr Ut

L91L91V< 2 > 1.1.0 0

2l 11 ...0 )Yourur vy +

LgoLgo Lo,V 0
W(oo...o)“gugug'”“%Jr (3.10)

L90L90L91V + LgoLgngov + LgngoLgov ( 1 ) 1,0, 0 0

3] 10 ... 0 ) Youruz Uy +

LgoLg LoV + LgnggngoV + Ly LgyLg,V < v 2 . > w2udud - - uly +

L91L91Lg1v( 3 ) 300 0

UgUiUg -~ Upy

3! 30...0
ur(LgyLgV + Lg Ly V + (2!) - Ly, Ly, Vug) n
N 2!
LgoLgoLgoV + (LgyLgyLg,V + LggLg LgoV + Lg, Lgo Ly, V)uo +
3!
2
(LgoLgi L,V + Lg LgyLg,V + Lg, Lg, LgyV)ug + Lg, Lg, Ly, V“%
3! ’
Ly L,V + Ly Ly V 1 L, L,V 2
T ( 0010 ...0 >“8“(1J“%“§"'“?‘4+ o ( 02...0 >“8“%“3”'“?W+
Lg Ly V 2 1,0,1,0 0
2 1010... 0 )totatatiz ty+
L, L, L,V+L,L,L,V+L, L,L,V
golgotigV + Ly .‘;)1' 90V + Lgi LgoLgy (0101“' 0>u8u%ug...u?w+
L, L, L, V+L,L,L,V+L,L,L,V
goLgi gV + Lg, tgl g0V 1 Lgy LgyLig, (1102 0 )U(%U%Ugug)w‘i‘ (3.11)
L, L, L 3 L, Ly, Ly L 0
T ( 210 ... 0 )“3“}“3'”“%+ I ( 000...0 )“8“(1)“3“'“9\4+
LgoLgoLgoLgl JrLgoLgoLgngo +LgoL!thoLgo JrLglLgoLgoLgo < 1 >u1u0u0.”u0 +
4! 100...0 ) 0172 M
LgoLgoLgngl + LgoLgngngo + LgngngoLgo + LgngoLgOLgl + LgngoLgngo + LgOLgngoLgl X

4!

2
><(200 0 )“(2)“(1)“3"'“%*

LgoLgngngl + Lgngngngo + LgnglLQOLgl + LgngoLg1L91 3 3,,0,,0 0
41 300 ... 0 )Yourtz T

UOU1UQ tee UM

LQ1L91L91L91 ( 4 ) 40,0 0

Al 400...0
LyyLgV ; LoLoV, Lm;glvﬁ Lgng'V(zi) -
LyyLgy Ly V + LgoLgSl'Lgov 4 Ly, Ly, Ly, +.
(LyoLg Lo,V + Ly, Ly, g‘guv FLpLyLyVI@) Lglzg,'l L,, %: P
LQOLQZ"LQO LQO + LQO LQOiQOLQI + LQOLQU Lgl LQO jl_' LgO Lgl LQOLQO + ‘[./91 LQOLQU LQO Uo +
<Lgo Lgo Ly Lgy + LgyLigy Lg, Ly, + Lgngj/goLgo + Lo LgoLgo Lgy + Lgy Ligy Lgy Ly i

LgoLgl LgoL91 2
LgoLgl Lgl Lgl + Lgl Lgl Lgngo + Lgngl LgoLgl + Lgl LQOLgngl uS 4 Lgl Lgl Lgngl u4

4! 0 4! 0



Other functions ps can be obtained in a similar manner.

Remark 3.2 Computer algebra systems, such as Maple, can be used to compute expansions of the
Lyapunov difference for particular examples. We note that this is the approach we took when solving
the examples in Section 5. While these formulas can be in general very complex, we illustrate in
the next section how Theorem 3.1 can be used for controller redesign under relatively weak condi-
tions. o

4 Lyapunov based controller redesign

In this section we propose controller redesign procedures that are based on the structure of (3.3) in
Theorem 3.1. The main idea behind the redesign is to use the Lyapunov function of the continuous-
time closed loop system (2.1), (2.2) as a control Lyapunov function for the discrete-time model of
the sampled-data closed loop system with the redesigned controller ug (x) of the form (3.1). More-
over, since the exact discrete-time model of the system is not available, we will use the Fliess series
expansions from the previous section for this purpose.

There is a lot of flexibility in this procedure and in general one needs to deal with systems on a
case-by-case basis. Hence, we concentrate below on two different goals for controller redesign and the
issues involved that are respectively presented in Subsections 4.1 and 4.2. The first case is reminiscent
of the Lyapunov controller redesign of continuous-time systems for robustification of the system (see
[4, 15]). In this case, the redesigned controller ug(x) is providing more negativity to the Lyapunov
difference than the original controller ug(z). This typically yields high gain controllers that may have
the well known ”—LgV” structure which was used, for example, in [20]. In the second subsection, the
goal is to redesign the controller so that the Lyapunov difference along the solutions of the discrete-
time model with the redesigned controller uq (z) is as close as possible to the Lyapunov difference of
the sampled solutions of the continuous-time closed loop system with the original controller ug(x),
which can be thought of as providing the ”ideal” reference response.

Examples in the next section are serving to further illustrate how to use this method to systemat-
ically improve performance of the redesigned controller.

4.1 High gain controller redesign

Note that the special structure of (3.3) is due only to the controller structure (3.1) that we proposed
to use and this is crucial in our controller redesign approach. Indeed, the first M + 1 terms in the
series expansion have the following form:

O(T% term: LgV-up + LgV (4.1)
O(T") term: LgV-ur + pi(z,up) (4.2)
(0] (T2) term: Ly V-up + pa(x,ug,ur) (4.3)
O(T?) term: Ly, V-uz + pa(,uo, u1,us) (4.4)
O(TM) term: Lo V-uy + pu(z,uo,ur,ug, ..., up—1) - (4.5)

This special triangular structure allows us to use a recursive redesign. We already assumed that ug is
designed based on the continuous-time plant model (2.1). At the next step we design uy from (4.2)
since p1(x, up) and ug are known by assumption. We will choose u; so that O(T') terms in the expansion
(3.3) are more negative than when u; = 0. At step s € {2,..., M} we design us to make O(T*) more
negative and for this purpose we can use ps(x,ug,...,us—1) since all previous u;,i =0,1,2,...,s — 1
have already been designed.

The question is how to design us at each step of the above described procedure. We present some
choices below and point out some issues that have to be taken into account. It is obvious from (3.3)



10

that any function u; with

uj <0 if Ly V >0

uj = uj(z) such that { w, >0 if L,V <0

will achieve more decrease of V (-) if we neglect the terms of order > j + 1. For example, one such
choice is

uj(z) = =y (V(2)) - (Lg, V() (4.6)
where 7; € K is a design parameter that can be determined using the p,(x,uo,...,us—1) functions
from (3.3). In particular, one would like to dominate the sign indefinite function ps(z, ug, ..., us—1) as

much as possible with the available control via the negative term us(x)Lgy, V (x). Hence, we can state
formally the following:

Theorem 4.1 Consider the system (2.1) and suppose that Assumption 2.1 holds. For any j €
{0,1,2,..., M} denote w/(z) := >7_,T%u;(z). Then, suppose that for some z € R™ and j €
{0,1,2,..., M} the function Fé(x,u’(z)) is well defined and the following holds:

V(Ff(x, v/ (x)) — V()
T

< —ag(|z]) + G1(T 2) , (4.7)

and G1(T,x) = O(TP) for some p € N. Suppose now that the controller /*1(z) is implemented, where
wj+1(x) := —vj41(V(2)) - Ly, V(). Then, whenever Fé(x,u/*1(z)) is well defined, we have that:

e(x,wt(z))) - V(z ; 2
PR D 2V < o) - Ty (V) (Gran)) + (D) + Gall) (49
where G1(T, ) is the same as in (4.7) and Go(T,x) = O(T7+2). O

The proof of the above result follows directly from Theorem 3.1. If the function ps has the special
form
Ps(x,ug, ..., us—1) = Ly, V - ps(x,u0, ..., us—1) ,

then it is possible to make the O(T®) term in (3.3) negative for all x € R™. Unfortunately, this
condition is too strong in general. On the other hand, it is often useful to use corrections of a more
general form than (4.6). This situation is illustrated in the following theorem that is derived under
stronger assumptions than Theorem 4.1. The conditions we use allow us to use a construction very
similar to the well known Sontag’s formula [21]. Indeed, we can state:

Theorem 4.2 Consider the system (2.1) and suppose that the following conditions hold:

(i
(ii) wo(z) = —(Lg,V(x))R(z), where R(z) > 0,Vx € R™;

Assumption 2.1 holds;

)
)

(ili) for all  # 0 we have that L, V(z) = 0 implies Lg,Lg,V (z) < 0
)

(iv) for all € > 0 there exists § > 0 such that if |z| < §, 2 # 0 there exists some u, with |u| < ¢, such

that
Lgo Ly, V()

5 + Ly, V(z)u <0.
Then, the controller ug(x) = up(x) + T'uy(x) with

_(LgngoV + LgoL!hV)R(x) + (Lg1 Lglv) ) (Lg1 V) R(x)2
21

(4.9)

and
0 if Ly, V(z) =0
ui(x) = LogLgV | (LgoLgoV)2Jr Lo V)4 (4.10)
5 ¢Lgl4v CoV it Ly V() #0




11

yields

< —as(|al) + TG (x) + Go(T,) (4.11)
with ag from (2.4),

6r(o) = -y LoV O (1 vy

being negative definite and Go(T,z) = O(T?). O
Proof of Theorem 4.2: From item (i) of Theorem 4.2 and Theorem 3.1 we have that

V(Fp(z, uat(x))) — V(x)

T = LgV + Ly, Vug+T[Lg, Vuy + p1] + O(T?)

—as(|al) + TlLg, Vs + pi] + O(T?) (4.12)

IA

where p; comes from (3.9) and has the following form:
pL = LgoLgoV + (Lg, LgV + Lgy Lg, V)uo + Lg, Lg, Vug
2! '
From item (ii) of Theorem 4.2 the O(T') terms in (4.12) can be written as

Ly, V- (Ul + —(Lgi LgyV + Ly, Ly, V)R(CU);L (Lg, Lg, V) - (Lg, V) - R($)2> + Lgo;gov 7 (4.13)
which by using (4.9) can be simplified to
Lo, Ly, V
Lg1V A ﬁl + g0 290

Now the proof is completed by using (4.10), items (iii) and (iv) of the theorem and arguments identical
to the ones used to prove Sontag’s formula (see [21]).

Remark 4.3 Note that a large class of optimal and inverse optimal control laws satisfy the item (ii)
of Theorem 4.2 (see [20, Sections 3.3, 3.4 and 3.5)). O

Remark 4.4 It is obvious from the proof of Theorem 4.2 that if one has that us = —Lg,, V - R(z),
then we can make the O(T**!) term in the Lyapunov difference expansion negative definite. The main
obstruction to propagating this construction to terms O(7T7), j > s + 2 is that the constructed w1
will not have the same dependence on Ly, V' that is crucial. m

Remark 4.5 An important point is that whenever Ly, V(x) # 0 then in principle we can dominate
the terms pg(x,up,...,us—1) by increasing the gain of us. However, due to saturation in actuators
that is always present in the system, arbitrary increase in gain is not feasible. If we know an explicit
bound on the control signals, such as |u;| < v(]z|), then the control that produces most decrease of
V() under this constraint is

uj(z) = { —y(lz]) if Ly, V(z) = 0
! v(|lz]) if Ly, V(z) <0

We will use such a controller in the jet engine example presented in Section 5.2, below. o

Remark 4.6 We emphasize that one should exercise caution when applying the above reasoning.
Indeed, the approach indicated above can work well only if the sampling period T is sufficiently
small so that terms of order O(T™*1) are negligible. However, O(TM*1) terms depend in general on
ug, U1, . ..,up and larger magnitudes of u; will in general increase O(T*1) terms. Hence, making
O(T%),i=1,2,..., M more negative will in general mean that we are making O(T™*1) less negligible.
See, for example, the dependence of p; and p2 (see equations (3.9) and (3.10)) on wu;. If we want to
achieve more decrease in O(T') in (3.3) by increasing the gain in wj, then this will in general increase
the magnitude of ps and, hence, of the O(T?) term in (3.3). Nevertheless, we will show in examples
that a judicious choice of u; and of the sampling period T' does produce controllers that perform better
than the original non-redesigned controller (2.5). O
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Remark 4.7 We again emphasize that the procedure we described above is very flexible and we only
outlined some of the main guiding principles and issues in controller redesign. However, even the
simplest choice of redesigned controller of the form wug(x) = uet(x) —T'Lg, V() will in general improve
the transients of the sampled-data system. Indeed, it is well known (see [20]) that control laws of this
form robustify the controller to several classes of uncertainties and lead to improved stability margins.
This theory has connections with inverse optimality and passivity and is relatively well understood.
Our results show that adding the —Lg, V' terms of the form (4.6) robustifies the controller also with
respect to sampling (small time varying time delays). However, this positive effect is observable only
for certain bandwidths of controller gain and sampling rate: adding too much negativity for too large
sampling rates may lead to undesirable behaviour, and it is this situation where more sophisticated
techniques exploiting the structure of ps terms become important and show better performance, see
Section 5.1.2 for an example. o

Remark 4.8 Note that the controller correction u;(+) defined by (4.9) and (4.10) in Theorem 4.2 does
not have the form (4.6). Hence, by exploiting the structure of the terms ps, as well as the properties of
the control law wg it is possible to obtain control laws that provide better Lyapunov function decrease
than the general corrections (4.6).

Another approach to take into account higher order terms is obtained using the expansion (3.3)

setting u; = 0 for ¢ = 2,3, .... This leads to the expansion
V(F(x, uar) = V() S M
0 =LV + Lg, V- (g + Tur) + Y T°pa(w, ug, ur) + O(TM*). (4.14)

s=1

Neglecting the O(TM*1) term, for moderate values of M one may end up with an expression in wu;
which is easy to minimize, e.g., a quadratic form in u;. Choosing the term u; as the minimizer of
this expression we can simultaneously take into account several terms in (3.3) instead of looking at
them separately as in Theorem 4.1. Clearly, this approach is less systematic than the recursive design
in Theorem 4.1 and its feasability crucially depends on the system structure. If applicable, however,
it may result in a redesign with higher accuracy and lower gain than the recursive design, see the
example in Section 5.1.2. o

Remark 4.9 For nonlinear systems whose linearization is stabilizable, one can use linear techniques
to guarantee stability and performance of the nonlinear system locally around an equilibrium using
linear design techniques. Furthermore, close to the origin the simple emulated controller (2.5) often
performs satisfactorily. Hence, in many cases our redesign is more important for states away from
the origin, an observation which may facilitate the search for a suitable Lyapunov function, as it may
happen that we can find a Lyapunov function satisfying Assumption 2.1 only on a subset of the state
space. Then, we can use that Lyapunov function to redesign the controller only on this region of a
state space. This situation is presented in the jet engine example that we consider in Section 5.2,
below. |

4.2 Model reference based controller redesign

In this subsection, the goal of the controller redesign is to make the sampled data Lyapunov difference
V(F$(x,ug(z))) — V(x) as close as possible to the continuous time Lyapunov difference V (¢(T', z)) —
V(z), where ¢(T,z) is the solution of the continuous time closed loop system (2.1), (2.2) at time
t = T and initialized at x(0) = z. This makes sense in situations when we want the bound on our
sampled-data response with the redesigned controller to be as close as possible to the ”ideal” bound
on the response generated by sampling the solution of the continuous-time closed-loop system (2.1),
(2.2). Note that this is a plausible goal when Assumption 2.1 holds. We will see that in this case the
redesigned controller has a completely different form from the ones obtained in the previous subsection.
We present an explicit construction for the case ug:(z) = uo(z)+7Tui(x) and comment on more general
controller structures. We use the following notation:

AVy(T, z,u) := V(Fp(z,u)) — V(z); AVy(T,x) :=V(p(T,x)) — V() .
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The main result of this subsection is presented below:

Theorem 4.10 Suppose that Assumption 2.1 holds. Then we have
AV (T, ) — AVg(T, z,uo(x)) = O(T?) . (4.15)

Defining the redesigned controller by ug(x) = ug(x) + Tui(x), with

(o) = 2 29D g0 ) 1 g1 ey o) (4.16)
then we have
AV (T, ) — AV (T, z,ugs(x)) = O(T?) . (4.17)

Proof: Using Theorem 3.1 we have that
AVa(T,, 10+ Tu) = V(@) + T(LygV + Ly, V - ug] + T2Lyy V - + pr(a,u)] + O(T) - (4.18)

where p; is given by (3.9). Using Taylor series expansions of the solution V (¢(¢,x)) in ¢ and evaluating
them at t =T, we have:

o

V(T,2) = V() + Y = VD)

1! dt?

i=1 t=0
Note that ‘ (6(t,2))
d'V(o(t,x -
dtt = LzloJrglro(x) ’
t=0
By direct calculations, we can compute:
dV(¢(t, x
((Z(t)) = LgV+ Ly V-up, (4.19)
t=0

which together with (4.18) shows that (4.15) holds. Computing further:

?V(o(t, 7))

2
dt2 -0 Lgo-l—gwov(x)
O(LgV 4+ Ly, V -u
i
= LgyLgV + [LgngoV + LgyLg, V]ug + Lg, Ly, V“(QJ
ou
+Lg V- a730[90 + g1uo] - (4.20)

Using now (3.9), (4.16), (4.18), (4.19) and (4.20) the proof follows by comparing the T°, T and T?
terms in the expansions of AV (T, x) and AV (T, x, ug(x)).

Remark 4.11 Note that the correction (4.16) satisfies:

_ 1 du(9(t,2))

. 4.21
2 At |, (4.21)

u(x)

Hence, the modification term is in some sense trying to extrapolate (predict) what the continuous-time
control law would be like at time 7"/2. Note also that this controller does not depend on the Lyapunov
function as opposed to control laws derived in Subsection 4.1. ]
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Remark 4.12 It may be tempting to conjecture that the control law of the form:

R

(4.22)

for some fixed N € N will yield:
AV (T, ) — AV (T, x, uge(x)) = O(TNT2) |

However, this is not true even for N = 2, as we show next. By taking another derivative of (4.20)
along solutions of (2.1), (2.2) we obtain

*V(¢(t,z))

0
e = o {LgyLgoV + [Lg,LgoV + LgyLg, Vg + Lg, Lg, Vi } [go + gruo)]

t=0

ox | Ox
= LgyLgyLg,V + [LgngoLgoV + LgyLg, LgV + LgyLg, Lg, Vuo
[Lgngngov + LgyLg L,V + Lg, Lgy Ly, V]u?) + Lg,Lg, Ly, V- u%

8 8’11,0
+—=— 9 =190 + g1u0] ¢ [90 + g1uo]

Jug Oug
+LgyLg, V' - O [90 + g1uo] + Lg Ly, V - Oz [90 + gruo] - uo
0 [Oug

tLg V- o [83:[90 + 91“0]:| g0 + g1u0] - (4.23)

Let the control law be
ug(x) = ug(x) + Tuy + T?uy (4.24)
where u; is given by (4.16) and us is
10 8u0
up(z) = 3oz [8 [0 +91u0]] “[g0 + g1uo] -

Using (3.10), (4.23) and expressions for u; and ug, direct computations show that

1 B3V (é(t,x)) Ly Ly, V - uq 12!
3 AP |, (Lo V- u + pa(w,u0,w)] = —F=00——+ <2, 3,> LgyLg,V -y
2!
=+ <1 — 3'> LgleV - ULUQ
£ 0.

Hence, it is impossible in general to satisfy the above hypothesis. However, note that us did cancel
the term

T2 Puo(o(t, x T2 0 |Ou
'O(dtg)) =30 glv-ax[80[90+91UO]]'[90+91“0]
t=0 :

that is due to (4.23). This is true in general, if we use the controller structure (4.22), we will cancel
some terms in AVy(T,z) — AVy (T, xz,ug) but as we have shown above we can not in general make
this difference of order higher than O(T3). o

Remark 4.13 It may seem too restrictive to use in our main results only the corrections u; in the
redesigned controller. However, we observed in simulations that adding corrections wuj for k£ > 2 often
does not improve the response considerably with respect to the redesigned controller with only the
first correction u;. The reason for this behaviour lies in the fact that the higher order corrections often
introduce additional high gain which implies that the sampling rates have to be reduced in order to
ensure satisfactory performance, cf. Remark 4.6 and the discussion in Section 5.1.1, below. For small
sampling rates, however, the sampled continuous time trajectories usually show satisfactory results,
hence the need for redesign is not given. This does not mean that the higher order terms cannot give
valuable information, but this has to be handled with care, preferably using additional structure of
the system, cf. Remark 4.8 and Section 5.1.2, below. |
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Remark 4.14 The function 8 € KL appearing in our Assumption 2.1(ii) does not enter explicitly
in our feedback design methods, however, it is necessary for our controller redesing technique to be
plausible. We explain this fact for the model reference redesing technique: recall that the continuous
time system satisfies

|z (t,x0)| < B(|zol,t) = ay ' (o(aa(s), 1))

which is what we want to recover in our model reference redesign technique.

Assuming for simplicity of exposition that ozfl from Assumption 2.1(i) is Lipschitz and denoting
the solutions of the sampled data system with emulated controller ug = u by z4(k, zo, up), by induction
over the inequality for AVy (T, z,up(z)) from Theorem 4.10 we obtain

j2s([7/T], 20, u0)| < ag *(o(@z(|zo]), [r/T]) + O(T))
< ay'(o(az(lzo)), [r/T]) + O(T) = Blzol, [r/T)) + O(T).

Here 7 > 0 is a fixed time and [7/T] denotes the largest integer k < 7/T.
In contrast to this, for the redesigned controller u4 from Theorem 4.10 we obtain

js([7/T), 20, uar)| < aq (o (az(|aol), [r/T]) + O(T?))
< aji(o(as(zo)), [7/T]) +O(T?) = Bllzol, [r/T]) + O(T?).
i.e., the bound on the norm is much closer to that of the continuous time system. o

5 Examples

In this section we illustrate our proposed techniques with two examples. For both examples we use
several redesign techniques in order to demonstrate the flexibility of our approach and the different
behaviour of the resulting discrete time controllers.

5.1 A first order example

Our first example is a simple first order nonlinear system given by
i =2 +u. (5.1)
For this system we use the stabilizing continuous time controller

ug(z) = —2® — /2t + 1

and the Lyapunov function

5.1.1 Lyapunov based redesign

Using the controller structure ug; = ug+ Tui + T?us we obtain the following expansion from Theorem
3.1.

V(FF(x, uar)) = Viz) at + zug

T
6 53 12
+T<xu1+2x +§x u0+§u0>
2 53 8 135 522 3
+T(qu+§a;u1+4a: +?$uo+u0u1+§xu0) +O(T®

With this example we illustrate the redesign technique from Theorem 4.1, where 7; was designed in
such a way that the inequality

V(Fp(z,ug)) — V(x)

T = —102% + Go(T, x)
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holds. More precisely, knowing ug we choose u; such that

5 1
zt + Tug + T(:Bul + 225 + §:r3uo + §U%> = —1022

holds and knowing ug and u; we choose us such that

5 1
ot + Tuy + T(mul + 225 + §x3uo + §ug>

+ T2 <xu2 + gx3u1 + 428 + %x‘r’ug + uoui + ngug) =  —102?
holds. Note that in both cases these equations are linear in u; and ue, respectively, hence they can be
solved explicitly.

Figure 5.1 shows the corresponding solution trajectories (left) and sampled data control values
(right) for sampling rate 7' = 0.2 and innitial value zy = 1. The left figure shows the continuous
time trajectory (no markers), and the sampled trajectory with ug = ug (marked with circles), with
ugs = ug + Tuy (crosses) and with ug = wg + Tu + T?us (squares). The right figure shows the
corresponding control values for the sampled data controllers.

Trajs. for 1d ex. T=0.2, inival=1 type=Lf Ctrls. for 1d ex. T=0.2, inival=1 type=Lf
or DQQ::SSSBBBEEEE@EB@&BBB
(e}

-05F o g

-1} ©

Figure 5.1: Solutions for controllers from Theorem 4.9

Note that the redesigned controllers introduce a higher gain, which also means that the higher
order terms in (3.3) become larger and consequently for larger sampling rates the respective trajectory
behave worse. Recall that all our results are asymptotic, i.e., they hold for sufficiently small sampling
rate, where “sufficiently small” is substantially affected by the size of |u;|, cf. Remark 4.6. Indeed,
in the example above for the larger sampling rate T = 0.3 and zg = 1 the above redesign strategy
turns out to yield oscillatory behaviour, cf. Figure 5.2, below. There are several ways to avoid this
undesirable response. Introducing suitable gains for the correction terms w1 and us is one way, which
does, however, affect the performance of the redesigned controller also in regions where it shows good
behaviour. Using higher order terms in (3.3) is another way, however, the recursive design approach
chosen here will typically result in even higher gain for us, uy4, ... and thus in ug, which is why our
simulation experience suggests that this recursive approach is best applied for a moderate number of
terms in the expansion, cf. Remark 4.13.

5.1.2 Lyapunov based minimizing redesign

For example 5.1 the minimizing redesign technique sketched in Remark 4.8 provides an alternative
approach to take into account higher order terms in (3.3). For this example it turns out that the
expansion (4.14) for M =5 is a quadratic expression in u1, hence it is easily minimized. For sampling
rate T' = 0.3 Figure 5.2 shows the corresponding trajectory together with the results for the controllers
from the last section. The oscillatory behaviour (due to large remainder terms in the expansion) of
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the latter is clearly observable and in fact the trajectory with ug = ug + Tuy + T?us (marked with
squares) is the least satisfactory — due to its high gain. In contrast to this, the minimizing strategy
from Remark 4.8 with M = 5 (marked with diamonds) shows much better performance. In particular,
this example shows that a more sophisticated redesign taking into account the higher order p; terms
may indeed outperform simpler redesign ideas which just add negativity to the Lyapunov difference,
cf. Remark 4.7.

Citrls. for 1d ex. T=0.3, inival=1 type=Lf

Trajs. for 1d ex. T=0.3, inival=1 type=Lf 6-

Figure 5.2: Solutions for controllers from Theorem 4.9 and Remark 4.8

5.1.3 Model reference based redesign

Let us finally illustrate the model reference controller correction u; from Theorem 4.10 for example
5.1. For this example, this formula yields

1
ui(x) = 5(3m3\/x4 +1+32° 4 2).

The Figures 5.3 and 5.4 compare this controller (marked with crosses) with the continuous time tra-
jectory (unmarked) and the sampled continuous time controllers (marked with circles). As expected,
this controller manages to keep the sampled data trajectory closer to the continuous time trajectory.
In addition, it yields lower gain and, as Figure 5.4 shows, it can help avoiding oscillatory phenomena
even for rather large sampling rates.

Trajs. for 1d ex. T=0.2, inival=1 type=mr Ctrls. for 1d ex. T=0.2, inival=1 type=mr

ceeeeeceeees
009 9%

s

-2.5
0

Figure 5.3: Solutions for controller from Theorem 4.10
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x 107 Trajs. for 1d ex. T=1.2, inival=0.01 type=mr <107 Ctrls. for 1d ex. T=1.2, inival=0.01 type=mr

Figure 5.4: Solutions for controller from Theorem 4.10

5.2 A second order example

As a second order example we consider the following model that is taken from [12, Section 2.4.3], a
simplified Moore-Greitzer model of a jet engine with the assumption of no stall given by

1 = —X2— T — =T

To = —u,

where x1 and x9 are respectively related to the mass flow and the pressure rise though the engine after

an appropriate change of coordinates (see [12] for more details). The control law ug(z) = —ki121 + koo

and the Lyapunov function V(z) = 123 + ©Laf + (z2 — coz1)?, have been derived in [12, pg. 72],
2

where k1 = 1 + cpeo + g%’ ko = co+co+ g%, co =c1+ % and c1,co > 0 are design parameters. We

use the choice ¢; = %, cy = %, which yield ¢ = 2, k1 = 7, ko = 5. With these particular choices of

parameters, we obtain

uo(x) = —Txy+ bz (5.2)
1 1 1

and the closed loop system becomes

. 3 1
I"Q = 7.%'1 — 5.%'2 s (5.5)

This continuous-time system has a very nice response and we will now proceed to redesign the controller
(5.2) for digital implementation.

By simulation studies one observes that in this example we are in the situation of Remark 4.9: the
simple emulated sampled—data controller (2.5) shows good results near the origin but exhibits rather
poor performance, in particular large overshoots, for initial values farther away from the origin, which
is in contrast to the nice response of the continuous—time system, whose trajectories converge very
quickly with no overshoot. This nice response, however, is not captured by the Lyapunov function
V from (5.3), which is due to the fact that for large values ¢ > 0 the Lyapunov function (5.3) has
level sets V~!(c) that are elongated very much along the x5 axis. This yields very large functions
al_l and g in (2.8) and consequently the resulting function § € KL does not satisfy performance
requirements, because overshoots are just too big. In summary, the function V' from (5.3) does not
satisfy our Assumption 2.1(ii) and hence, following Remark 4.9, we try to find a better Lyapunov
function outside a neighbourhood of the origin.
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To this end, since simulations reveal that any sufficiently large ball around the origin is a forward
invariant set for the trajectories, we try to use the Lyapunov function

1 1
Vi(z) = —a? + =22 . (5.6)
2 2
Direct calculations show that
. 3V1 3 2 1 3 8‘/vl
Vi = —(—x9— —x7— = —(Tx1 —5
L 81’1( 2 2.%'1 2.%'1) + 6:1:2< e x2)
3 1
= —ix:{’ — 5:6411 + 6x129 — 523
3 1
= 2(2? — 593‘;’ - 535‘11) — (2% — 62129 + 523) (5.7)
~ Term 2
Term 1

where in the last step we just added and subtracted the term 222. Note that Term 1 in (5.7) is negative
on the set Sy := {z € R? : 2y € [-4,+1], x2 € R} achieving the maximum value of about 18.1 on
its complement. On the other hand, Term 2 is a positive definite quadratic form that is positive
everywhere and radially unbounded. In particular, we have that the value of Term 2 is larger than
18.1 on the set Sy := {z € R? : 222 — 62122 + 523 > 18.1}. Hence, V4 in (5.7) is strictly negative on
the set:

S:=5U(SYNSy),

where Sf denotes the complement of the set S;. Hence, V7 is a Lyapunov function on the above set
and, moreover, it satisfies our Assumption 2.1 since it shows that trajectories are converging without
any overshoot.

Using V; one sees that the complement S¢ is a forward invariant neighbourhood of the origin, on
which we can use the original Lyapunov function V' to conclude asymptotic stability for the continuous
time system and thus, by the results in [13], also for the emulated controller (2.5) for sufficiently small
sampling rate. It turns out that for a large interval of sampling rates the emulated controller shows
satisfactory results on S¢, thus we use (2.5) on S¢ and perform our redesign on S. Overall asymptotic
stability then follows from the asymptotic stability on S¢ and the fact that our redesigned controller
steers any trajectory to S¢ in finite time.

For our redesign on the set S we now use Vi as a control Lyapunov function. Based on Theorem
4.1 and Remark 4.5 and noting that Ly, V; = —x2, we implemented the controller

ustf(x) _ { uo(z) + TulLf(x) itereS

uo(x) otherwise
with
uLf(x) _ ¥+ a3 if Ly Vi =—22<0
! — (23 + 23) otherwise
The chosen gain 7(|z|) = |z|?> here was selected using the following guidelines: first we identified

parameter domains (i.e., combinations of initial value xy and sampling rate T') for which the sampled
continuous time controller did not yield satisfactory response. Particularly, we chose a region where
the corresponding trajectories exhibit overshoots; for sampling rate T = 0.1 the domain [—25, 25]2 (and
specifically initial values close to the boundary of this set) turns out to be such a region. In the second
step we tuned the gain (|x|) such that the redesigned controller yields a significant improvement in
the response in this region.

As an alternative to the Lyapunov function based controller we also used the model reference
controller from Theorem 4.10, which here reads

ul" (x) = %xl + %a}% + Zm‘;’ — 9z.

For the parameter region of interest it turned out that this controller yields a gain which induces too
large remainder terms, hence we used a saturation for """ with +|z|?. This choice also allows a “fair”
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comparison between the two controllers uﬁtf and ul;" because this way their first order correction
terms ulLf and u}"" satisfy the same constraints.

Figure 5.5 shows the trajectories, (sampled) control values and the Lyapunov function V() along
the trajectories for the different controllers for initial value zg = [22, 21]* and sampling rate T = 0.1.
The unmarked curves show the continuous time system, the curves marked with circles show the

. . . Lf .
sampled continuous time controller ug = ug. The Lyapunov based redesigned controller u dtf is marked
with squares while the model reference type controller w;" is marked with crosses.
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Figure 5.5: Solutions for different controllers
. . L . .
Note that on the first sampling interval the controllers u dtf and u};" coincide (uj"" saturates).

Afterwards the trajectory corresponding to ustf tends to 0 faster while u;" keeps the trajectory closer

to the continuous time one. Both redesigned controllers avoid the overshoot in the xs—component
clearly visible in the sampled continuous time controller.

6 Conclusions

We have presented a method for a systematic redesign of continuous-time controllers for digital im-
plementation. This method is very flexible and we illustrated its usefulness through several examples.
Many variations of this method are possible and the main directions for further improvement are
including dynamical and observer based controllers and relaxing some of the assumptions that we use
at the moment.

3This initial value has been chosen in order to illustrate the performance of our method and has no further physical
meaning.
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