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New Bounded Backstepping Control Designs for Time-Varying
Systems under Converging Input Converging State Conditions

Frédéric Mazenc

Abstract— We provide new globally stabilizing backstepping
controls for single input systems in a partially linear form.
Instead of measuring the full state, our feedbacks use current
and several time lagged values of a function of the state of
the nonlinear subsystem, and have no distributed terms. Other
possible advantages are that we do not require differentiability
of the available nominal controls for the nonlinear subsystems,
and that our controls do not contain Lie derivatives. We also
allow input delays. This improves on our earlier work on the
special case where the linear part has one integrator, since we
now allow an arbitrary number of integrators.
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I. INTRODUCTION

This work continues our search for novel backstepping
techniques that can apply in cases where the entire current
state of the system may not be available for measurement;
see [11], [12], [14], and [17] for some of our earlier work.
Backstepping is ubiquitous in control engineering, and it usu-
ally involves recursively transforming stabilizing controllers
(and corresponding Lyapunov functions) for subsystems into
globally asymptotically stabilizing controllers for the en-
tire systems; see [3], [6], [7], and [9]. However, standard
backstepping generally requires measuring the entire state
and leads to unbounded controls, which can be a serious
limitation; see, e.g., Section VI-A below, for an example
where we compare the results in this work with a standard
backstepping design from [7].

One important setting where backstepping has been useful
is for systems in the partial linearized single input form

a(t) F(t,2(t), 21 (1))
Zz(t) = Zi—‘rl(t)ﬂ ’iG{l,Q,...,k*l} (1)
) = ult) +ht,(t), 2(1)).

See [5, Section 9.1] for differential geometric conditions
that hold for many nonlinear systems and make it possible
to change variables to obtain systems of the form (1).
For cases where the equations Z;(t) = z;41(t) are not
present (which we call the & = 1 case), our work [13]
designed globally asymptotically stabilizing input delayed
bounded controllers whose main advantages were that they
did not involve distributed terms or Lie derivatives and did
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not require differentiability of the available nominal control
for the x-subsystem. Instead, [13] used a converging input
converging state condition, and then [14] gave criteria for
this condition to hold. However, there is no obvious analog
of [13] and [14] for the general form (1) where £ > 2 is
arbitrary.

This work presents a generalization of the converging
input converging state assumption from [13] and [14], and
uses it to design feedback controllers that drive all solutions
of (1) to 0 asymptotically for any £ > 2. We also present
Lyapunov conditions that facilitate checking our generalized
condition. We illustrate our work in two examples, including
one where a scaling argument leads to a bounded back-
stepping controller with arbitrarily small sup norm. This
contrasts with other backstepping results, such as [11] (which
covers cases with only one integrator and requires certain
persistency of excitation conditions that we do not use here),
[12] (which uses a very different forwarding approach to
cover the one integrator case), [17] (which gives unbounded
controls), and the works [22], [23], and [24] (which involve
Lie derivatives or measurements of the full state).

II. PRELIMINARIES

We provide definitions, notation, and a key lemma. Unless
otherwise noted, the dimensions of our vectors are arbitrary.
The Euclidean norm of vectors in R?, and the induced norm
of matrices, are denoted by | - |. We always assume that
the initial times ¢ty > 0 for all trajectories are ty = 0, but
analogous results can be written for all ¢y > 0. Given any
constant 7" > 0, we let C;, denote the set of all continuous
functions ¢ : [-7,0] — R®, which we call the set of all
initial functions. We define =, € Ci, by Z(s) = Z(t + s)
for all choices of = and ¢ for which the equality is defined. A
function G : [0,00) x R* — RP? is called uniformly bounded
with respect to the first variable provided that there is a
nondecreasing continuous function « : [0, 00) — [0, 00) such
that |G(¢,x)| < a(|z]) holds for all ¢ > 0 and = € R“.

For each constant > 0, we use B, ,- to denote the closed
radius r ball in R? centered at 0 € RP. We call a function G :
[0,00) X R* — RP uniformly locally Lipschitz in the second
variable provided that for each constant K > 0, there is a
constant Ly > 0 such that |G(t,z) — G(t,y)| < Li|z — y|
holds for all £ > 0 and for all z and y in B, g. Let K be the
set of all continuous functions = : [0,00) — [0, c0) such that
~v(0) = 0, ~ is strictly increasing, and lim,_, o y(s) = .
For any subset S of a Euclidean space such that 0 € S, a
function a : S — [0, 00) is called positive definite provided
a(0) = 0 and «(r) > 0 for all » € S\ {0}. A function



V :]0,00) x R* — [0,00) is called uniformly proper and
positive definite provided that there exist class o, functions
« and @ such that a(|z]) < V(t,z) < @(]z|) hold for all
t > 0and z € R*. We use the sup norm |¢|7 = sup,c7 [¢(t)]
for all continuous functions ¢ : [0, 00) — R® and all subsets
Z C [0,00). Throughout this work, we assume:

Assumption 1: The functions F and h in (1) are uniformly
bounded in ¢ and uniformly locally Lipschitz in (z,z). O

We prove the following in the appendix:

Lemma 1: Let ¢ > 0 be any constant. Then there are an
invertible matrix P € R*** and a locally Lipschitz function
m : R™ x R*¥ — R such that the change of coordinates
y = Pz satisfies y; = 21 and transforms (1) into

l‘(t) - ‘F(tvx(t)ayk(t))
Ui(t) = —qui(t) +yia(t), i€{2,....k} ()
n(t) = —qy(t)+m(x(t),y(t)) + ult)

where y = (y1,....,yx) . If, in addition, h = 0, then m is

independent of x and has the form m(y) = g1y1+. . .+ gr Y
for some nonnegative constant g;’s. ]
The change of input v(t) = m(z(t), y(¢))+u(t) now gives

i(t) = F(t,z(t),yk(?))
i(t) = —qui(t) +yia(t), i€{2,....,k} ()
n(t) = —qu(t)+o()

Hence, it suffices to build a feedback control v(¢) such that
all solutions of (3) asymptotically converge to 0.

Our formula for v will be bounded and only depend on k+
1 time lagged values of z, so we get a bounded backstepping
theorem. Each constant g; from (1) will have a factor ¢, and
so can be made as small as desired by reducing g; see the
appendix. Hence, in the special key case of undelayed cases
where i = 0, our control « is the sum of a bounded control
term, plus a linear term with arbitrarily small coefficients.

III. INPUT DELAYED BOUNDED BACKSTEPPING FOR (3)

This section provides a bounded backstepping result for
(3) under input delays 7" > 0 in the control v; see Section
V where we use ideas from this section to build bounded
backstepping controls for the original system (1). Assume the
following (but see below for ways to check our assumptions):

Assumption 2: There are a locally Lipschitz bounded
function w : R® — R and constants ¢ > 0, 7 > 0, and
T > 0 such that for all continuous functions ¢ : R — R that
exponentially converge to zero, all solutions of

i(t) = F (t,(t), G(xe) +6(t)) (4)
with the choice

g(xt) =

t Me_1 m1 ¢"ed(m0 " (x(mo—T))
J;E—Tfmk,l—% ’ fml—‘r (1—e—a7)k dmg ... dmyy

asymptotically converge to zero. Also, w(0) = 0. ]
We can rescale w to replace the inner most integrand in
(4) by w(xz(myg)), but we use the integrand in (4), because

t Mp—1 mi qkeq(mo—t) _
‘ft—‘r fmkil_T e fml_T mdmo e dmk;f]_ =1 (5)

holds for all ¢ > 0, which will simplify our analysis below.
We prove this delayed bounded backstepping result:

Theorem 1: Let Assumptions 1-2 hold. Then all solutions
of (3), in closed loop with the bounded control

k
k _1)ie—daT .
v(t) = Ty M(-L’e w(z(t—jr—T)), (6)

31 (k—3)!
§=0
asymptotically converge to 0. (]
Proof: Fix any solution (z(t),y(t)) of (3), and set
k
w(z) = % and &f(r,x) = e"@(x). (1)

Consider the operators defined by fy(t) = @(x(t — T)),
51 (t) = f:_T @ﬁ(mo — t, x(mo — T))dm(),
and B;(t) =

t mj—1
ftf‘rfmj,lfT. o
for all j € {2,...,k}, and set b = —e~9". Notice for later
use that (4) reads &(t) = F(t, z(t), Br(t) + 6(t)), and that
Bi(t) = —qB;(t)+B;-1(H)+bB; 1 (t—7), 1< j <k (8)

The 5 = 1 case of (8) follows from the Fundamental
Theorem of Calculus, while for 7 > 2, we get

Bj(t) = —qP;(t) + Bj—1(t) —e 97

X tt__;_. .. fnTll_T Of (mo—t+7,2(mo—T))dmg. . .dm;_o

f::lliTLNuﬁ (mo —t, :l?(mo—T))de. . .dmj_l

which gives (8) for all j € {1,2,...,k}.
We next show that the operators

S

Yoo (t) = D 7o B (t = j7) ©)

3=0
defined for all s € {0,...,k} solve the following system:

To this end, notice that for all s € {0,1,...
use (8) to get

,k—1}, we can

S

> (= Bt =7

i=0”/
+Bk7571(t - ]T)
+bBr—s—1(t — (j + 1)7))

S By (t — GT
= )+ Y B T)
j=0

kas(t) =

(1)

s =)
s+1

s By _s1(t — j7)
+Z(j—1)!(s—j+1)!'

For each j € {1,...,s}, the coefficient of b/ B_,_1(t — j7)
in the summation terms in (11) add to

j=1

s! s! _ o s—i+l4d . (s+D)!
TGNl T oG5! = S TGt — J(stij’
and the coefficients of By, 1(t) and b1 B, o _1(t — (s +

1)7) in (11) are both 1, which gives (10).
Next, let &(t) = y;(t) —(t) for all ¢ € {1,2,...,k}.
Then we can combine (3) with (10) and then use the fact




that our controller v(t) in (6) is o (¢) to obtain this system:

B(t) = F(t,x(t), &) +m(t))
Gt) = —q&(t) +&a(t), ie€{2,....k} (12
&) = —q&i()

The &-subsystem of (12) is globally exponentially stable to
zero, and we can use a corresponding quadratic Lyapunov
function for this system (e.g., V(&) = co&f + ... + cx—1£3,
where co = 1 and ¢; = (¢7_,/(2¢%))+1fori=1,2,...,k—
1) to prove input-to-state stability (or ISS) for (10) with
respect to o (t); see [7] for background on ISS. This leads us
to consider & (t) = F(¢, z(t), v (t)+3(t)), where 6 = &, ex-
ponentially converges to zero. Since v = [k, Assumption 2
now gives lim;_, o, z(t) = 0, so lim;_,~ Yo (¢) = 0, because
w(0) = 0. Since (10) satisfies ISS with respect to ~o(¢), it
follows that lim; o v;(t) = 0 for all ¢ € {1,2,...,k}, so
limy oo ¥i () = limy—y o0 &(t) + limy—y oo i (t) = 0 for all
1€ {1,2,...,k}, which proves Theorem 1. [ ]

IV. WAYS TO CHECK ASSUMPTION 2

As in the special case where £k = 1 that we studied in
[14], a key feature of the preceding result for general k£ > 1
is that we do not require the nominal control w to render

#(t) = F(t,x(t), w(z(t))) (13)

uniformly globally asymptotically stable to 0, nor do we
require differentiability of w or Lyapunov functions for the
x dynamics. However, we can use (13) to give sufficient
conditions for Assumption 2 to hold. One way to do so is as
follows, where V; and V,, denote the partial derivative with
respect to ¢ and the gradient with respect to x, respectively:

Assumption 3: The function F admits the control affine
form F(t,z,p) = f(t,z) + g(t,z)p where f : [0,00) X
R"™ — R™ and ¢ : [0,00) x R® — R™ are continuous
and uniformly locally Lipschitz in the second variable. Also,
there are a C'! uniformly proper and positive definite function
V :[0,00) x R™ — [0,00); a uniformly continuous positive
definite function W : R™ — [0, 00); positive constants rg,
r1, and r3; and a constant 75 > 0 such that

Vi(t, ) + Va(t, 2) (2, x)+9(f z)w(r)) < —W(z),

Vo (t, 2)g(t,2)| < ro/W(x), |w@)| <rivW(z), (14)
[f(t, )] < roy/W(2), and |9(t,l‘)| <73
hold for all (¢,z) € [0,00) x R™, where w : R” — R

is bounded, satisfies w(0) = 0, and has a global Lipschitz
constant C' > 0. O

See [15] for general conditions under which Assumption 3
holds. Fix any constants 7 > 0 and 7" > 0. Set K =kr+T
and

M, =
2%k
4(07‘01@”)2{27“% + 2 (Kfryrg)2r2h=1) (71,;1,(,7) } (15

When T = 0, we get M, — 0 as 7 — 0T, in which case
we can satisfy the condition M, < 1 from the following
proposition for any values of the other constants, by choosing
7 > 0 small enough:

Proposition 1: Let Assumption 3 hold and M, < 1. Then
for all continuous functions § : [0,00) — R that expo-
nentially converge to 0, all solutions of (4) asymptotically
converge to zero, so Assumption 2 is satisfied. (|

Proof: Along all trajectories of (4) for large enough ¢,
the functions V' and W from Assumption 3 satisfy

V< -W(x(t) + Valt,z(t)g(t, z(t) [6(t)+
j;t_q_ f;n::ll_T e fq:?_ (5(:)(’/710, )dmo .dmk_l]

< =W (@) + o/ W @) (C [y li0)]at +13))

where 0@ (mo,t) = e?™0 =) (@ (x(mo — T)) — &(x(t))) and
w is from (7), and where we used the relations (5) and

—w(z(®))|

sup  |w(z(myg))
mo€t—kt,t]

. (16)
<C sup  z(mo) —x(t)] < C [ |E(0)]de.
mo€E[t—kt,t]
Hence, Jensen’s inequality gives
Vo< —iW(zt) 4+ rdlo(t))? a7

t .
2rikt [ l2(0)d,

where we also used Young’s Inequality to get b/W (x(t)) <
0.25W (z(t)) + b? twice for suitable choices of b > 0.

We can also use the Young and Jensen inequalities, and
the fact that (a + b)? < (5/4)a® + 5b2 holds for all a > 0
and b > 0, to upper bound the integrand in (17) by

E(OF < 20 £(6,2(0) + 2]g(€.2(0)?(16(0)]+
k 0 2
P (i) Sl ototmo o
< 22W(x(0)) +2§r§ (3lo(O)* +
= (lfzg ) [ wQ(x(mo))dmo)
< 222W(z(0)) + 10r2|5(0) 2+

skir2r2 (rq \2F e
27;1 3 (lfe'iq,) fe_knW(x(mo))dmo.
Combining the preceding bound with (17) gives the estimate
t
—%W(x(t)) + My ft_sz W (z(£))de
+M2|6‘[2t—kﬁ,t]’ where

vV o<
- (18)

2k
M, (TOC)w{zr + B (k)2 () }
and My = 72 + 10(Crorsk®)?

Also, our bound M, < 1 can be written as 4kf M; < 1.
Hence, we can find a constant A > 1 such that 2 \kf M, < %
Then along all trajectories of (4), the function

Vilt, ) = V(t,a(t) + My [, [T W (x(0))deds
satisfies
V< —{%—2)\kﬁM1}W () + Maol5 s 4

FML(L =N [E . W(a(6)de (19)

—{5—2>\I€uM1}W () + Maldlf_ -

IN



Since the quantity in curly braces in (19) is positive and ¢ ex-
ponentially converges to 0, we can integrate (19) to conclude
that Vi (¢, x;) is bounded. Since V' is uniformly proper and
positive definite, it follows that |2 (¢)| is bounded. It follows
from the structure of the x(¢) dynamics that z(¢) is uniformly
continuous. Recalling that W is uniformly continuous, we
conclude that W (z(t)) is a uniformly continuous function
of t. Also, since § € £2([0, 00),R), the inequality (19) gives
J.7 W (z(£))de < co. It follows from Barbalat’s Lemma that
lim; 0o W(z(t)) = 0, so since W is positive definite, we
get lim;_, o, x(t) = 0, as needed. [ |

V. BOUNDED BACKSTEPPING CONTROLLERS FOR (1)
A. Undelayed Case

A potential advantage of the control v(t) from Theorem
1 is its simple form, which leads to the control u(t) =
v(t) — gPz(t) for the original system (1) when h = 0 case,
where P and g = (g1,. .., gx) are from Lemma 1. When h
is an arbitrary bounded locally Lipschitz function, we can
use an analog of Theorem 1 to find globally bounded (but
more complicated) controllers u such that all solutions of
(1) asymptotically converge to 0, as follows. We assume
that we know a constant 7 > 0 and a bounded globally
Lipschitz function w : R™ — R such that w(0) = 0 and
such that for each continuous function ¢ : [0,00) — R
that exponentially converges to 0, all solutions of Z(t) =
F(t,x(t), ag(z:)+8(t)) asymptotically converge to 0, where

ag(we) =
t _
& L_Tf;::ill_f : ~fn:b11_7w(x(mo))dmo. cdmyg_1.

We can provide sufficient conditions for the preceding as-
sumption to hold, using a variant of Proposition 1.

Then we set Z; = z; — f3; for all i € {1,2,...,k}, where
Bi(t) = D¢ Vay(xy) is the (i — 1)-st derivative of ()
in t, so B1(t) = ag(x;). This produces the system

(20)

@(t) = F(tx(t),Bi(t) + 2.(t))
él(t) = 2i+1(t), xS {1,2,...,](3.— 1} 21
B() = ult)+ h(ta(t), 5(1)) — e,

Also, results from [21] provide a nested saturation bounded
feedback o such that the k-dimensional system

a;=a;41 for 1 <i<k-—1, ap=pula) (22)

is globally asymptotically and locally exponentially sta-
ble to 0. Hence, using the bounded control u(t) =
w(Z(t)) — h(t,z(t), z(t)) + Br(t) in (21) produces an ex-
ponentially stable z subsystem, so our assumption ensures
that lim;_, z(t) = 0, so lim;_,~ B;(t) = 0 holds for all i
(e.g., by the Dominated Convergence Theorem), which gives
limy s 00 2 (t) = limy_y 00 Zi(t) + limy o0 B;(t) = 0 for all 4.

B. Input Delayed Cases

By replacing the integrand w(z(my)) in the definition (20)
of ay by w(z(mg — T)), we can generalize the preceding
bounded backstepping result to cover the systems (1) with
h = 0 and any input delay 7" > 0. This extends the

delayed bounded backstepping results from [14] (which were
confined to the £ = 1 case) to cover any choice k > 2 of
the dimension of z. To see how this extension can be done,
first note that for any constant delay 7" > 0, we can find a
bounded nested saturation controller x such that

ai(t) = aip1(t) for 1 <i<k—1, ap(t) = pt—T) (23)

is globally asymptotically and locally exponentially stable to

0. This is done by using a time rescaling ¢ = vs for a suitable

constant v > 0, the changes of variables a;(s) = v*~ta;(vs),

and the new control ji(s — T'//v) = v*u(vs — T) to get
ai+1(3), 1 S 7 S k—1

{ ai(s) =

a(s) = p(s —T/v),
and then using the nested saturation construction from [16,
Theorem 8] to get a globally asymptotically and locally
exponentially stabilizing controller f for (24) when v is large
enough. This implies the desired asymptotic properties of
(23), and then we choose u(t—T') = p(t—T)+Bx(t) to show
the stability properties as before, where u(t) = fi(t/v)/v¥.
This is a valid choice of the control, because our replacement
in the integrand for oy, implies that S (¢) only depends on
a values on (—oo,t — T1.

(24)

VI. EXAMPLES
A. Comparison with Standard Backstepping

We can sometimes apply Theorem 1 by checking Assump-
tion 2 through a mixture of Lyapunov and direct trajectory
analyses. For instance, consider the three dimensional system

T = 22—+

21 = Zg, 2.'2 = U.
As noted in [7, pages 593-594], the system (25) is globally
asymptotically stabilized by the unbounded control

(25)

u(z,z) = 73‘2 (z,21) + g—i(l’, z1)ze — 22

+%(‘T7 Zl)(IQ — a2’ + Zl) + ¢(I7 Zl)a

where Vo(z,21) = 22% + 2(21 + 2 + 2%)? and
d(r,21) = —x — (1 + 22) (22 — 23 + 21)
—(z1 4z + 2?).

By contrast, we can build our control from Theorem 1 for
(25), by checking that Assumption 2 holds with w(z) =
—sin(mx/2)1[_2 9)(z), where the indicator function 1[_s
is defined to be 1 on [—2,2] and 0 on R\ [-2,2].

To verify Assumption 2 for this choice of w, first note that
for each continuous function § : R — R that exponentially
converges to 0 and each initial state o € R, we can use (5)
with & = 2 to find a value T'(zg, ) € [0,00) such that for
all constants ¢ > 0 and 7 > 0, the corresponding solution of

(t) = 22(t) — 23 (t)+
S e (i (mo))dmodm + 8(t)

m1—T

(26)

satisfies z(t) € [—0.8,3/2] for all ¢ > T'(x,d). This can be
done by noting that the integral in (26) is bounded by 1, that
2% — 23 < —1.125 for all > 3/2, and that 2% — 2% > 1.152
for all x < —0.8, so the right side terms z2(t) — 23(¢) in
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Fig. 1. Simulating System (25) with Control (27), ¢ = 0.345, and 7 =
0.029. All Initial States Set to 1. Upper Left: x(¢). Upper Right: z1(¢).
Lower Left: zo(t). Lower Right: w(t).

(26) dominate the other right side terms. Hence, it suffices
to check the inequalities (14) from Assumption 3 for all z €
[—0.8,3/2], by only considering values of ¢t > T'(zg, ).

We now check the estimates from (14) for all x €
[—0.8,3/2] using V (z) = 222, W(z) = 22, f(z) = 2?—a3,
and g(x) = 1. First note that simple calculations (e.g., using
Mathematica [10]) give 22 — 2® — sin(7z/2) < —x (resp.,
> —x) for all z € [0,3/2] (resp., x € [—0.8,0]) which gives
VV(z)(f(z) +w(x)) < —W(z), |2? — 23| < 1.44]z]|, and
|sin(mz/2)| < (7/2)|z| when z € [—0.8,3/2], so we can
choose 7o = 1, 11 = /2, 7 = 1.44, r3 =1, and C = 7/2.
Hence, the sufficient condition M, < 1 from Proposition
1 (for lim; o () = 0 to hold) is satisfied by the choices
q = 0.345 and 7 = 0.029, since these choices give

2 2
4 (g) 472 {2(144)2 + %(4) (17272117) 721} ~ 0.97 < 1.

Using the change of feedback that transformed (2) into (3)
and the formula for the function m in (3) in the appendix,
we obtain the stabilizing controller

u(t) = =L {w(@(t) — 20~ Tw(a(t — 7))+

e 2w (z(t — 27)) } — 2qz2(t) — ¢z (1),
where w(z) = —sin () 1j_o9(2).

27

To illustrate our results, we used Mathematica to simulate
(25) in closed loop with (27) and the preceding parameter
values, with the initial states * = 21 = 29 = 1, assuming
that x takes the constant value 1 at negative times in order to
initialize the controller, and we plotted our results in Figure
1. They illustrate the rapid convergence of the states to 0.

B. Controls of Arbitrarily Small Amplitude

Consider the special case

a(t) = wa(t)
v2(t) = —qy2+uyi(t) (28)
n) = —qy+o()

of (3) and the function w(x) = —esat(x), where sat is the

usual saturation that is defined by sat(z) = « if |z| < 1
and sat(x) = sign(x) if || > 1, and where ¢ > 0 is

50 100 0 200 250 0.2
-1
50 100 150 200 250
-2 -0.2
-3 -0.4
—4 —0.6}
-5 -0.8
—6 -1.0
1.0 0.04)
05 0.02
I
50 100 150 200 250

50 100 150 200 250 .02
=0.5 —0.04
=10 =0.06

Fig. 2. Simulating (28) with Control (30), 7 = 0.35, ¢ = 0.345, ¢ = 0.05,
and T = 0.7. Initial State Vector: (—1, —1,1). Upper Left: z(t). Upper
Right: y1(t). Lower Left: y2(¢). Lower Right: v(¢).

a constant. The assumptions of Proposition 1 are satisfied,
by choosing k = 2, F(t,z,p) = p, V(z) = [; sat(s)ds,
W(x) = esat?(z), C = ¢, rg = 1/[, rl = e, re =0,
and r3 = 1 in Assumption 2, and any choices of the constants
€>0,7>0, and ¢ > 0 and the delay 7" > 0 such that

V107e(21 + T)? (ﬁ)Q < 1.

Then our theorem ensures that all solutions of (28) in closed
loop with the control

v(t) = m{sa‘s -T))—
2e Tsat(x(t —7—T)) + e_2q7sat(x(t -2r—T))}

(29)

(30)

from (6) asymptotically converge to 0. We can allow controls
of arbitrarily small sup norm, and any delay 7" > 0, by
choosing € > 0 small enough. Also, only the value of
sat(z) is needed. To illustrate our control (30), we used
Mathematica to simulate (28) in closed loop with (30) with
the initial state vector (—1,—1,1) the parameter choices
= 0.35, ¢ = 0.345, ¢ = 0.05, and T' = 0.7, which
satisfy (29), and we report our results in Figure 2. They
show convergence of the states and control values to 0.

C. Normal Forms for Underactuated Systems

Normal form systems (corresponding to (1) with A = 0)
commonly arise when modeling two degree-of-freedom (or
DOF) underactuated systems. For instance, [19, Chapter 3]
shows that the acrobot, inertia-wheeled pendulum, and trans-
lational oscillation with an eccentric rotational actuator (or
TORA) models admit changes of coordinates that produce

miy (z1)22, 42 = gi(z1 —Y(21), 21),

T1 =
21 = z2,

where M = [m;;] € R**? is the inertia matrix, ¢1(x,2) =
—9V/dx, V is the potential energy, and

,Y(Zl) = 021 m111(9)m12(9)d9.

Our dynamics (1) also cover the planar vertical takeoff and
landing (or PVTOL) model [4], [20] after suitable changes
of coordinates. Due to space constraints, we will not discuss

€1y

7;’2:11,

(32)



these examples here, but it is worth studying how our novel
control designs could also benefit the study of these systems.

VII. CONCLUSIONS

We introduced a key extension of our converging input
converging state assumption from [13], which allowed us
to extend the bounded backstepping results from [14] for
systems with one integrator to higher dimensional partially
linear systems with an arbitrary number of integrators.
We gave Lyapunov-like sufficient conditions for our new
assumption to hold. Our control formulas do not require
any Lie derivatives, nor do they require any differentiability
of the nominal control for the nonlinear subsystems. Our
main controls ensure globally asymptotic stability to the
equilibrium, and are a sum of (i) a bounded output term
involving the state of the nonlinear subsystem and (ii) a
linear combination of the states of the linearized part that
can be scaled by an arbitrarily small constant. We also
covered input delays, using a nested saturation approach
that produced globally asymptotically stabilizing bounded
controls. We plan to apply our work to the PVTOL and other
engineering systems that can be put in triangular form, e.g.,
by combining our methods with ideas from [1], [2], and [8].

APPENDIX

We prove Lemma 1. Set y, = z;. Foralli € {1,2,...,k—
1}, we recursively construct linear functions of the form

i
Ei(zl,...,zi) :Zrijzj (Al)
j=1
for some constants 7;; > 0, and functions y,_; of z, such
that these two equalities hold:

Yk—i = Uk—it1 + QWr—it1 = Ziy1 + qLi(Z;), (A2)

where Z; = (21, 22,...,%;). For i = 1, our condition y; =
z1 allows us to write (A.2) as yp—1 = 22 +q21 = 22 +
qL1(z1), so we can take yx_1 = 22 + qz1 and L1(z1) = 2.
Assume that we found £; and yj_; satisfying (A.2) for all
ie{l,...,¢} for some ¢ < k — 1. We show how to satisfy
(A.2) for i = ¢ + 1. Our requirement (A.2) for i = ¢+ 1 is

Ye—t-1 = Ukt + q@Wr—t = 5 (ze41 + qLo(Zy))

+q (ze41 + qLo(Zy))
¢

= zei2+4)_ 52 (Z0)zp1 (A3)
p=1
+q (ze41 + qLe(Z0))

= zor2 + L1 (Zo11),

which allows us to solve for £,41 and y;_¢—1. Since z; =
Yy, we can also use (A.2) to solve for z in terms of y, so
this provides P. Also, by differentiating both sides of (A.2)
with the choice i = k£ — 1, we obtain

OLk_1
0zp

k—1
1 =u+h(t,z,2)+q)

p=1

(Zi-1)zp+1, (A4

s0 91(t) = —qu1 (t) +m(z(t), y(t)) +u(t) holds by choosing

lor,
-1
m(z,y) = h(t,z,z) + QZ aT(Zkfl)zzwl (A.5)
p=1 )

- 7
+q(zk + qLr-1(Zk—-1)).

This proves the lemma.
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