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Immersion and Invariance-based Disturbance
Observer and Its Application to Safe Control
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Abstract—When the disturbance input matrix is nonlinear,
existing disturbance observer design methods rely on the solv-
ability of a partial differential equation or the existence of
an output function with a uniformly well-defined disturbance
relative degree, which can pose significant limitations. This note
introduces a systematic approach for designing an Immersion
and Invariance-based Disturbance Observer (IIDOB) that cir-
cumvents these strong assumptions. The proposed IIDOB ensures
the disturbance estimation error is globally uniformly ultimately
bounded by approximately solving a partial differential equation
while compensating for the approximation error. Furthermore,
by integrating IIDOB into the framework of control barrier
functions, a filter-based safe control design method for control-
affine systems with disturbances is established where the filter
is used to generate an alternative disturbance estimation signal
with a known derivative. Sufficient conditions are established to
guarantee the safety of the disturbed systems. Simulation results
demonstrate the effectiveness of the proposed method.

Index Terms—Safe control, control barrier functions, immer-
sion and invariance, disturbance observer.

I. INTRODUCTION

Designing feedback controllers that guarantee the safety
specification of a system has attracted significant attention in
the past decades [1], [2], [3], [4]. Inspired by automotive safety
applications, [5], [6], [7] proposed reciprocal and zeroing
Control Barrier Functions (CBFs) that generalize previous
barrier conditions to only require a single sub-level set to
be controlled invariant. By including the CBF condition in a
convex Quadratic Program (QP), a CBF-QP-based controller
is generated in real time and acts as a safety filter that modifies
potentially unsafe control inputs in a minimally invasive
fashion. Various robust CBF approaches have been proposed
for systems with model uncertainties and external disturbances
[81, [91, [10], [11]; however, most of these robust CBF methods
consider the worst-case of disturbances, resulting in overly
conservative control behaviors.

To reduce the adverse effects of disturbances/uncertainties
on system performance, several works integrating distur-
bance/uncertainty estimation and compensation techniques
into the CBF-QP framework have been proposed recently [12],
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Figure 1: Configuration of the proposed IIDOB-CBF-QP
method that consists of three components: (i) an IIDOB
used for disturbance estimation, (ii) a filter that can generate
an alternative disturbance estimation signal with a known
derivative, and (iii) an IIDOB-CBF-QP-based safe controller
that can ensure safety of the closed-loop system.

[13], [14], [15]. In our previous work [12], the Disturbance
Observer (DOB) presented in [16] was incorporated into
the CBF-QP framework for the first time. Compared with
other robust control schemes, DOB-based control has two
main advantages: (i) the DOB can be designed independently
and added to a baseline controller to improve its robustness
and disturbance attenuation capability; (ii) in the presence
of disturbances/uncertainties, the nominal performance of the
baseline controller can be recovered by the DOB-based con-
troller [17], [18], [19].

Nevertheless, the design of DOBs is non-trivial and highly
problem-specific. Specifically, designing a DOB requires the
existence of two functions that can ensure the asymptotic
stability of the error dynamics and the satisfaction of a par-
tial differential equation (PDE) simultaneously (more details
will be given in the next section) [17]. Fulfilling these two
requirements is challenging, and existing methods rely on
relatively strong assumptions, e.g., the disturbance relative
degree is uniformly well-defined [16], [20]. A systematic and
computationally feasible method for constructing DOBs for
generic nonlinear control-affine systems is still lacking.

The contribution of this note is twofold: (i) Inspired by the
Immersion and Invariance (I&I) technique [21], [22], [23], we
propose a systematic approach for designing 1&I-based Distur-
bance Observer (IIDOB) for general nonlinear control-affine
systems without imposing the strong assumptions adopted by
existing DOB design methods, such as the solvability of a PDE
or the existence of an output function with a uniformly well-
defined disturbance relative degree. By approximately solving
the PDE and compensating for the approximation error, the
proposed IIDOB ensures that the disturbance estimation error
is globally Uniformly Ultimately Bounded (UUB). (i) We
propose a filter-based IIDOB-CBF-QP safe control design
approach for control-affine systems with disturbances (see Fig.
1). We design a filter to obtain an alternative disturbance esti-

Authorized licensed use limited to: University of Wisconsin. Downloaded on June 29,2024 at 21:56:39 UTC from IEEE Xplore. Restrictions apply.

© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automatic Control. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAC.2024.3416323

mation signal with a known derivative and provide sufficient
conditions that ensure the safety of the disturbed system. The
remainder of this note is organized as follows: the background
and the problem statement are provided in Section II; the
proposed IIDOB is presented in Section III; the IIDOB-CBF-
QP-based safe control strategy is provided in Section IV;
numerical simulation results are provided in Section V; and
finally, the conclusion is drawn in Section VI.

Notation: For a given positive integer n, denote [n] =
{1,2,---,n}. For a column vector x € R™ or a row vector
x € RY", denote x; as the i-th entry of = and ||z|| as its 2-
norm. Denote [, as an identity matrix with dimension n X n.
For a given matrix A € R™*™, A;; is the (i, j)-th entry of
A, Aj is the j-th column of A, and [|A]| is its Frobenius
norm. Denote diaglay,ag, - ,a,] € R™ ™ as a diagonal
matrix with diagonal entries ai, a9, - ,a, € R. The gradient
% € R™*! is considered as a row vector, where z € R"
and h : R” — R is a function with respect to x. For a
function f : R™ — R" with respect to z € R, % denotes

. . .. . Of;
the Jacobian matrix whose (7, j)-th entry is aa}: ,

II. BACKGROUND AND PROBLEM STATEMENT
A. Background

Consider a control-affine system & = f(z) + g(z)u, where
x € R™ is the state, u € R™ is the control input, and f : R™" —
R™ and g : R®™ — R™ ™ are known and locally Lipchitz
continuous function functions. Define a safe set C as

C={xz€R":h(zx) >0}, ()
where h : R” — R is a sufficiently smooth function. The
function h is called a CBF of (input) relative degree 1 if
supyerm [Lsh + Lghu + vh] > 0 holds for all z € R™, where
v > 0 is a given positive constant, and Lsh = % f and
Lyh = % g are Lie derivatives [7]. It was proven in [7] that
any Lipschitz continuous controller u € {u : Lyh + Lyhu +
~vh > 0} will ensure the safety of the closed-loop system, i.e.,
the forward invariance of C.

Now consider the following control-affine system with
disturbances:

& = f(z) + g(x)u+ p(z)w(t) 2)
where x € R™ is the state, v € R™ is the control input,
w: R>g — R! is the disturbance, and f:R*" > R" g:
R" — R™ ™ and p : R" — R™*! are known functions.
Provided that the disturbance w is bounded, robust CBF-based
methods can be adopted to ensure the safety of system (2) [8],
[9]. In existing robust CBF-based methods, safety is achieved
by sacrificing the nominal performance, as the worst-case of
the disturbances is considered in the safe controller design.
Therefore, trajectories of the closed-loop system will stay in
a shrunk subset of the original safe set C, implying that the
performance of these controllers is conservative.

DOB is one of the most effective tools for estimating and
compensating disturbances/uncertainties in nonlinear control
design, and has been extensively applied to numerous systems
[17], [18], [19]. Our previous work [12] integrated DOBs
into the CBF-QP framework, and proposed a DOB-CBF-QP
controller with safety guarantees. However, designing DOBs
for control-affine system (2) is non-trivial.

Suppose that w is slowly time-varying, that is, w ~ 0 for
any t > 0. As shown in [17], [20], the DOB for system (2)
has the following structure:

W=z + q(x), (3a)

2= —l(x)p(x)z — U(z)[f(x) + g(x)u + p(z)q(x)], (3b)
where 0 is the disturbance estimation, z € R is the internal
state of the DOB. The function I(z), known as the DOB gain,
and the function ¢(z) should be designed such that [17]

aq(gf) — I(a), @)

and the error dynamics is globally asymptotically stable for
any x € R™:

éw +1(z)p(x)ew, =0, (5
where e,, = w — W is the disturbance estimation error.
Designing | and ¢ is a challenging and highly case-specific
task in general [17]. Several methods have been proposed
based on relatively strong assumptions. If p has full column
rank for any x € R"™, then one can select ¢ by solving the PDE
% = pT, where pJf denotes the left inverse of p [24]; however,
when n > 1, this PDE is generally unsolvable and even
when solvable, its closed-form solution is hard to obtain. If
the disturbance relative degree is uniformly well-defined with
respect to an output function s(z), an approach for designing
q is proposed in [16], [20]; however selecting such a function
s is challenging and its existence is not guaranteed (e.g., there
may exist z* € R™ such that p(z*) = 0). A practically
useful approach involves treating pw as the total disturbance
and assuming that %(pw) is bounded [25], [26]; however,
this assumption is rather restrictive because %(pw) explicitly
relies on v and z. As will be shown in Section III, we will
provide a systematic approach for designing DOBs that avoids
the issues of the aforementioned methods.

B. Problem Statement

Consider system (2) and the safe set defined in (1), where h
is a sufficiently smooth function. Recall that g; denotes the j-
th column of ¢ for j € [m], and p; denotes the i-th column of
p for i € [I]. System (2) is said to have a vector Input Relative
Degree (IRD) Z = (01,02, ,0m,) at a given point xg € R
if Ly, LYh(x) = 0 for any k € [0 — 2], j € [m], and for all
x in a neighborhood of zo, and L, L?_lh(zo) # 0 holds
for any j € [m] [27, Remark 5.1.1]. Similarly, system (2) is
said to have a vector Disturbance Relative Degree (DRD) D =
(v1,v2,--- , 1) at a given point g € R™ if L, Lih(x) =0
for any k € [v; —2], j € [I], and for all  in a neighborhood of
z, and Ly, L;jflh(xo) # 0 holds for any j € [I] [28]. Note
that because system (2) is multiple-input-single-output with h
as the output, the definitions of vector IRD and vector DRD
above are slight modifications of those given in [27], [28].

In this note, with a slight abuse of notation, we will call
r; = minZ and rp = minD as the minimum IRD and the
minimum DRD of system (2) with respect to function & at a
given point zo € R", respectively; that is, r; (or rp) denotes
the number of times % has to be differentiated to have at least
one component of u (or w) explicitly appearing.

Next, a standard assumption for DOB design is given.
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Assumption 1: The disturbance w and its derivative are
bounded as ||w| < wp and ||w] < w;, where wy and w;
are positive constants not necessarily known in DOB design.

The first problem investigated in this note is to design a
disturbance estimation law to estimate the total disturbance

d(z,t) = p(z)w(t). (6)

Problem 1: Consider system (2) with f,g € C! and p €
C? and suppose Assumption 1 holds. Design a DOB-based
estimation law to estimate the total disturbance d online.

Using the DOB-based estimation of the total disturbance,
the second problem investigated in this note is to design a
feedback control law such that system (2) is safe.

Problem 2: Consider system (2) with f,g € C' and p € C?
and the safe set C defined in (1). Suppose that Assumption 1
holds and r; = rp for system (2) with respect to h. Given
the DOB developed via solving Problem 1, design a feedback
control law such that system (2) is safe, i.e., h(z(t)) > 0 for
any ¢t > 0 provided h(z(0)) > 0.

Remark 1: In Problem 2, if 1 < rp, the disturbance can be
directly decoupled from the system via state feedback control
[29]. The case r; > rp will be explored in our future work.
Note that we don’t assume the minimum DRD of system (2)
is uniformly well-defined as in [16], [20], i.e., there may exist
xo € R™ such that ijL;jflh(xo) =0 for any j € [I].

Remark 2: In this note, we aim to estimate the total
disturbance d rather than the disturbance w for two main
reasons: first, since no assumption is imposed on p except for
p € C?, the disturbance w may not be uniquely determined
in general; second, Problem 2 can be solved by using the
information of d only.

III. IIDOB DESIGN

Inspired by the I1&I technique [21], [22], [23], we propose
an IIDOB design approach to solve Problem 1 in this section.
First, we augment system (2) with an additional integrator:
&= f(x) + g(x)u+ p(r)w(t), (Ta)
U=, (7b)
where v denotes the auxiliary control input to be designed, and
u is considered as a state variable of the augmented system.
The relationship between system (2) and the augmented sys-
tem (7) is illustrated in Fig. 1. As will be shown in this section
and Section IV, the auxiliary control input v will be used in
the design of IIDOB, and it will be generated from solving the
IIDOB-CBF-QP. The control input u for the original system
(2) will be obtained through integrating v.

Define a time-varying set M(t) = {(z,Z,u) € R™ x R™ x
R™ : &(t) 4+ B(&, x,u) — p(x)w(t) = 0}, where & denotes the
state estimation and &, [ are known functions that will be all
specified later. Define

d=¢+ 3 (3
as the estimated total disturbance, and the disturbance estima-
tion error as

eq =d—d. 9)
It is clear that if the system trajectories are restricted to M(¢),

the disturbance estimation is accuratcel. We also define
y = %7 (10)
r

where 7 is the scaling factor governed by an adaptive law yet
to be designed. It is clear that ey = rz. Our [IDOB design will
render e, globally UUB [30, Definition 4.6] by guaranteeing
that 2z is globally UUB and r remains bounded. Note that z,
the time derivative of z, can be expressed as

(e 9, , 99,
—pw—Zapi(f+gu+pw>w- (1)
— al. K2 ?
where p; denotes the i-th column of p, i € [I]. Define
2 2
Ipi
bia,w) =7 |lp] +Z< )|+ o ) +9(12)

where v,n > 0 are tuning parameters and ~ denotes the
observer gain.
If §(x,u) € R™ is a solution to the following PDE:

13)

then the DOB design becomes straightforward by following
[21]. Specifically, one can design the total disturbance estima-
tion as d = §+ 0, where & is governed by £ = ,7(1’ +
gu+&+90) — 9, Invoking (7) and (9), one can see é; =
—eq — pi — 21:1 %1;‘ (f + gu + pw)w;. By selecting a can-
didate Lyapunov function V' = %e;ed, one can easily verify

l ~

that V = 6d ( theq —pi — Y, ‘981;‘ (f +gu +pw)w,-> <
l

~tlleall® + willpllleall + iy wo | 3 (f + gu)||leall +

54 ||| Neall < —vllea+ & (wf-+ i +1usf). which
indicates that eg is globally UUB. However, when n > 1,
solving (13) is extremely challenging in principle, and even a
solution to (13) may not exist [23]. To tackle this issue, we
will follow [23] to first “approximately solve” (13) and then
use 7° to compensate for the approximation error.

Recall that f,g € C! and p € C?. Then, p € C', and
it is easy to verify that there exist continuous functions d;; :
R™ x R" x R™ — R, i,j € [n], such that [31], [32]:

¢(£17"' aii—17xi7£i+l7"' 7£7lau)_w(x7u)
j=1
where
e=21—2x (15)

and e; denotes the j-th entry of e. The following theorem
shows that our IIDOB design ensures the disturbance estima-
tion error e4 is globally UUB.

Theorem 1: Consider system (7) where f,g € C! and
p € C?, and suppose Assumption 1 holds. If the disturbance
estimation law d is designed as:

d=¢+8, (16a)

A= <k1+k2r2>fn+§diagnm1||2, A6
fo (T, %9, &3, ,&p,u)drT

- fo (21, T, i‘g, s Ty w)dT 7 (160)

foxn w(ila an e 73?77,—17 T, U)d’l’
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i=f+4gu+d—Ae, (16d)
a8 aB - 9B

£= *f(er u+d) — 30 9 (16¢)

P= —9(r—1)+32e§||Aj||2, r(0) > 1, (16f)

j=1
where 1 is defined in (12), e is defined in (15), ~v,c,0 >
0 are positive constants satisfying v > 5 + 0, A; =
diag[élj,égj,- .- 7671]'] € R™ "™ with (Sij defined in (14) for
i,j € [n], and ky,ke > 0 are positive constants satisfying
k2 > f=9n7c—19- then eq is globally UUB.

Proof:  Recall that e; = rz. To prove that ey is globally
UUB, we will first show z is globally UUB, and then r is
bounded. Substituting (16e) into (11) yields

. l

: oo 1 . Ip;

b= —tr g r<pw+;am

Recall that ) € C''. According to the fundamental theorem of
calculus, one can see that

(f+gu+pw)w¢>. (17)

op . . N N . .
% = dlag[¢($1,$27‘ o 7xn7u)7 w(l’h.’ﬂz,l'g,' o ,l‘n,u),
. ;1/}(5%175%27"' ,{fﬁn,17$n7u)]. (18)
Define ey, = Hw(x,u)ln — %H as the “approximation error”

induced by approximately solving (13) using 8 designed in
(16¢). Intuitively, from (18) one can see that if Z is very close
to x, ey would be negligible. Note that the influence of ey
will be eliminated by 7 as shown in the following analysis.
Then, substituting (14) into (18) ylelds
%—wxuf —ZA ej,
j=1
and substituting (12) and (19) into (17) yields
2

19)

. 1 2
._ Ipi Ipi 2
f=—szoyz—y ;(Hax(ﬂgw +| 5,7 >+|p||
n 1 l 8p-
+;A]‘€jz+; (—pw—; 3; (f—i—gu—!—pw)wi). 20)

From (16f) one can easily verify that » > 1 for any ¢ > 0
because the set {r : » > 1} is invariant. Substituting (16f)
into (20) gives

1 ¢ l Op; 2
5= z—2Ze?||Aj||2z—[ (H “(f + gu)
j= =1
8pl 2 2
+ *HPH ZA ej|z
8191 i
—Z (f + gu)w Z o, Pwwi ) =7z (21)
Meanwhlle, subtractlng @) from (16d) yields
é¢=d—d—Ne=rz—Ae. (22)

Next, we prove that z is globally UUB. Define a candidate
Lyapunov function as V' = %z—rz, whose time derivative is

n
Zt??IIAJ'IIFZIIZII2 +2T ) Ajejz

J 1 Jj=1

2
)Jrllp2

(21)
V= H 1> -
l 2
n Op;
2 LZ_; (H Ox

+ I21>

Opi
ox p

(f+gu)

4
2! i : Ip; 9
v (;ow; P41 4 gut pups ) - 1l
€ n
< oS A P+ D 14 el 21
Jj=1 j=1
! 2 2
o Op; Op; 2|2
) [Z<H 5 Hou) [+ 5o >+||p| el
— 2 M Op;
e+ L LI
l
wg)
=1
2 1 2 2 4
<~ (1= 0= 5) WP o+ g (o 1 + )
< =kl +w, 23)
where .
517*2779>0, (24a)
1
w= 2—(w% + lwi 4 lw)) > 0, (24b)

the first and second inequality arise from Cauchy-Schwarz
inequality, and the last inequality comes from the fact that
r > 1. Therefore, one can see that

YO+ S =0, @)

which indicates that z is UUB. Note that selecting a larger
k will result in a smaller final bound of ||z||. However, the
convergence of ||z|| does not imply the convergence of eg4
unless r is bounded. To show the boundedness of r, we
construct an augmented candidate Lyapunov function W as
W = V+ 5€ Te+ r , whose time derivative satisfies

2] <

W § f/s||zH2 fw—e'Aetelrz—0r(r—1)

CTQ i
+7Z€§||Aa‘”2
j=1

—I€||2H2+w—k‘1HGHQ—IGQTQHGHQ—97“(7“—1)+€T7“Z
< —HHZH2 +w — klle]® = kar®|le]|* + kor?|le]?
0 0

+4k Izl 5" +2

1 9 5 0, 0
= (0= g el = el = 5+ (5 4+

(16b)

0
< —xW + (2 +w> , (26)
where y = min {2n o ,2k1,9}. From (26) we have
0+2
r <\ 2W(0)ext + % — 0, (). 27)

Recall that e; = rz. From (25) and (27), it is easy to conclude
that eg4 is globally UUB. This completes the proof.

Remark 3: From (25) and (27), one can see that
limy o0 |leq(t)|| @, implying that the ultimate
bound of e; can be made arbitrarily small by appropriately
choosing the tuning parameters v, 6, c, k1, ko in the IIDOB
design. In practice, the selection of these parameters should
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reflect a trade-off between reducing the ultimate disturbance
estimation error and achieving a desired transient performance.

Remark 4: From (16c) one can see that 3 is obtained
via calculating an (indefinite) integral, whose explicit form is
hard to obtain in general. In practice, a numerical integration
can be adopted to compute [S. Moreover, since ¢ € C L

gg can be computed using the Leibniz integral rule [33]

[¢) i A A
as (32), = o ),
where (%) ~denotes the ¢j-th entry of ‘3—6

Remark 5U The IIDOB design method proposed in this
work can be seen as an extension of the I&I estimator
design approach given in [31], [32] since unknown time-
varying functions, instead of unknown constant parameters,
are considered in this work. Note that the definition of the
scaled estimation error z and the design of 3, ¢ are different
from their counterparts in [31], [32].

Before the end of this section, we show the design of an
IIDOB-based tracking controller, which could be used as a
nominal controller in the IIDOB-CBF-QP in Section IV. Note

that d can be expressed as

d=é+ P51 9054 By . g

The following proposmon presents gn [IDOB- based tracking
control law provided the right inverse of g exists.

Proposition 1: Consider system (7) and suppose that all
conditions of Theorem 1 hold such that the IIDOB shown in
(16) exists. Suppose that x defined in (24a) is greater than
1, and the right inverse of g exists for any x € R™. Given a
reference trajectory x4(t) where x4(t) and ¢4(t) are bounded,
Vvt > 0, if the control law is designed as

—gf (f + (a1 + ;ﬁ) en+d— ;'vd) . (29a)

2
U:_aﬁu+gl_d%w_ﬂ%?%m (29b)

where e, = — x4, €, = u — ud, gT is the right inverse of g,
G = a“d ‘9“‘1 (f+gu+d) +2 547, ap, ap > 0 are positive
constants, and g2 = (Qua B 4 aud

8d Oz
ey 1s globally UUB.
Proof: Define V; =

s Li—1, Ty Ti41y """

) then the tracking error

1,7

1,T
5€p€x + 5%

z as a candidate

. (23)

Lyapunov function where z is deﬁned in (10) Note that V; <

. (29

(f+gu+10w iq) — K 2]* +w < — (e + TI) lle||* —
re T2+ elge, — k2] +w < —aqles|? — H— = |z||2

ew geytw, where w is defined in (24b). Since u is a funcnon

of z,r,d and t, its derivative is g = 6“‘1 a"d “4(f 4+ gu +

d) + a"dr — r(%gg + 3“d>z = Ql — ggz. Then, we

define Vo =V} + J e, as an augmented Lyapunov function

. (28 .
candidate, whose derivative satisfies Vo < Vj + ez (v—G1+
Goz) < —anfles|]> = (k= 1) [2]* +efg es +eg (v —Gi) +
leul?lG20? | E 2 (o— 1)) — 2
7 - tw < —anlleg||® = (k= D]2]* — azlleu]]” +w.
Thus, Vo < —9Va + w, where ¥ = min{2ay, 2k — 2,205 }.

Hence, one can see that |le, || < 1/2V2(0)e=?* + 22 indicat-

ing e, is globally UUB. This completes the proof.
When g has no full row rank, an IIDOB-based tracking
controller similar to Proposition 1 can still be designed by

following the backstepping technique [34], provided some
control Lyapunov function conditions hold. The details are
omitted due to space limitation.

Remark 6: The dynamic surface control [35] or command
filter [36] technique can be adopted to bypass the tedious
calculation of partial derivatives of u4. For example, the idea
of the dynamic surface control is to let uy defined in (29a)
pass a low-pass filter eu(’; = fug +uq, where uf; is the filtered
signal and e is a small time constant. Then, one can replace
ugq with uﬁ and use a{; directly in the design of v, instead of
computing partial derivatives of wug.

IV. IIDOB-CBF-QP-BASED SAFE CONTROLLER

In this section, we will present an IIDOB-CBF-QP-based
safe control design method to solve Problem 2.

We will design a safe controller v based on the augmented
system shown in (7) that is used for the IIDOB design in the
preceding section. Two issues need to be addressed in this
design: (i) The time derivative of dis indispensable in control
design and it depends on z, which is unknown since z relies
on w, as shown in (28); however, considering the worst-case

of d may lead to unnecessary conservatism. (ii) The minimum
DRD of system (7) is lower than its minimum IRD (.e., d
appears prior to v when one differentiates /), which makes the
direct decoupling of the disturbance from the system difficult
even if the disturbance is precisely estimated [29].

We address the first challenge by designing a filter to obtain
an alternative disturbance estimation signal whose derivative is
known. Specifically, given an IIDOB shown in (16), we design

the following filter:
2
a.. ) (df - d)7

where d ¢ denotes the filtered disturbance estimation with
dg(0) = d(0), r is governed by (16f), § is given in (16¢c),
and 77,75 > 0 are tuning parameters. The filter shown in
30)is a modlﬁed low-pass filter by adding an additional term

—Tor ‘ ‘ (df —d) whose usefulness will be clear from the

9B

proof OJ Lemma 1. From (30) one can see that the derivative
of ch is completely known. Define the filtering error ey as
(€29)
The following result shows that ch is close to d in the
sense that ey is bounded by a known time-varying function
whose ultimate bound can be arbitrarily small by choosing
appropriate parameters.

Lemma 1: Consider the augmented system (7), the [IDOB
as shown in (16), and the filter given in (30). If Assumption
1 holds and 15 > 4@, where x is defined in (24a), then the
filtering error ey satisfies

les ()] < \/ (||z<o>||2 - 22”) w200

for any ¢ > 0, where ¢ = min{277, 2x— ﬁ} and w is defined

dp = — <T1 + Tor? (30)

ef:dffd.

(32)

in (24b).
Proof: Substituting (28) into (30) gives
o8| a8
oe = —Ther — Tor? || =— L.
€y ey = Tor™ || =) ey + "’ (33)
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Construct a candidate Lyapunov function V; as
1 1

Vi = §e;ef + §ZTZ’ (34)
whose derivative satisfies
T0B
Vf _T1||efH2 Tyr? 72 Kl1z]1?

8

<-Tilles HQ—TzT

85‘

_ 2
oa|ler 2l =#l=l"+w

1
~Tllesl? - (n— 4T) el +

*CVf + w,

IN

IN

(35)

where the second inequality comes from Cauchy-Schwarz in-
equality. Note that V;(0) = 1||2(0)||? because d(0) = d(0).
It is standard to obtain (32) from (35).

Next, we will present the safe controller design. Consider
system (2) and the safe set C defined in (1). Suppose that
rr = rp = ¢ > 1 for system (2) with respect to h; clearly,
because of (7b), rp < ry for the augmented system (7). To
address the second issue above, we define a set of functions
ho,hl,...7hL as

¥)=h, (36a)
T) = ((;it + /\1—1) ohi—1, i €t —1], (36b)

N
bl dp) = 25 4 gu v dy) e %
AT, U, T, = —a_ U - ~
f 3 g f 35C— n 1)
_ﬁw + )\L—lhb—la (360)

where p > 0,\; > 0(¢ = 0,1,---,¢ — 1) are tuning
parameters, and w > 0 is the constant defined in (24b). Based
on the I[IDOB shown in (16), the filter given in (30), and the
notations above, the following result provides a safe controller
v that ensures the forward invariance of C for system (2).

Theorem 2: Consider system (2) and the safe set C
defined in (1). Suppose that all conditions of Theorem 1
hold such that the IIDOB shown in (16) exists. Suppose
that r7 = rp = ¢ > 1 for system (2) with respect
to h, and there exist positive constants p, p, and \;(i =
0,1,---,¢) such that A\, < 2k, A\,—1 < ¢, hi(z(0)) > 0O
fori = 0,---,0—2, hf_l(x(O)) — pV(ef(0),2(0)) > 0,
and h,(2(0),u(0),7(0),ds(0)) — §[[2(0)[|* > 0, where &, C,
and Vy are defined in (24a), (32) and (34), respectively. If
SUp,epm (Yo + 110] > 0 holds for any u € R™, r € [1, o],
ldll < Iplleto + ea. sl < lplleo + o0 + o7 llesll < e
xz € C, and t > 0, where g = 0,0, With g, and g, defined
in (25) and (27), respectively, oy is defined in (32), and

on, S oh oh s r|of
—pw + )\Lhm (373)
oh,
P = o (37b)
u

with 7, aZf, and h, defined in (16f), (30), and (36c), respec-
tively, then any Lipschitz controller v € Kpp = {0 € R™ :
Yo + Y10 > 0} will ensure h > 0 for all ¢ > 0.

Proof: Define Hy(x,u,r, d}, 2)
is given in (36¢). Since

=h, — 22"z, where h,

. (23) oh, Oh, Oh,. Oh, :
H —d
12> (f+gu4rpw)+8uv+ 87“r+8df b
+pf~’»||Z|| — pw
oh, s Oh, Oh,. 1 2
oh, oh, A
L (k=5 ) 11
8df ox 2
oh, o Oh, . Bh, i |9
1 L, Oh,
Pl + e — pw
= o +P1v — A\ Hy, (38)
any v € Kgp will result in Hy > —\H;. Noting

that hb(m(O),u(O),r(AO),cif(O)) — §||z(0)||2 > 0 —
Hi(2(0),u(0),7(0),d¢(0),2(0)) > 0, we can conclude that
H; > 0, which implies that h, > 0, for any ¢ > 0.

Define another function as Hs(z, z, e #) = h,—1—pVy where
V} is given in (34). Note that

Hy+ \,_1H,
(35) ahL 1 ahL—l ahL 1
2~ (Ftgu +dp)—r o C T ap O TP

=\
Phahiy + E72 P a4 ey
2

> M gurdy) - el iz P
= a g 2[)(<7)\L_1) 14 t—11b—1
= h, >0. (39)
Since h,—1(z(0)) — pVi(ef(0),2(0)) > 0 =

Hy(z(0), 2(0), ef(O)) > 0, we have Hs > 0, which implies
that h,_; > 0 for all £ > 0. According to (36b), one can
conclude that h; > 0 = h;—q > 0 for any ¢ € [t — 1]
because h;(x(0)) > 0,7=0,1,--- ,¢—2 [37]. Therefore, one
can see h > 0 for all ¢ > 0. This completes the proof.

The safe controller v proposed in Theorem 2 can be
obtained by solving the following convex IIDOB-CBF-QP:

(40)

v — UnomH2
S.t. ’(/JO + wl’U Z 07

where 1, 11 are given in (37) and v, iS any given nominal
control law that is potentially unsafe (e.g., the IIDOB-based
tracking controller given in Proposition 1). Note that the
IIDOB-CBF-QP (40) is convex and can be efficiently solved
online. In fact, (40) has a closed-form solution that can be
expressed as [6]:

,UTL()TVL ’
v =
Unom

In this section, two simulation examples are presented to
demonstrate the effectiveness of the proposed method.

min
v

if ¢0 + wlvnom Z 07

Yot1vnom Y, otherwise.

prpy

V. SIMULATION
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Example 1: Consider the following system:

Ii’l T2 1 0 (5% T
|:£L'2:| - |:$1£L'2:| + |:0 1+ sin2(a:1)] |:U2:| + |:(E2:| w(t)’ (41)
—— —
f(=@) g(z) p(w)
where © = [r] xo]' is the state, u = [u; us]' is the
control input, and w is the disturbance. It is easy to verify that
f, g, p are smooth functions. In the simulation, we choose the
disturbance as w = 5sin(t) 42 cos(2t) +4 sin(3t) + 3 cos(4t),
which implies that Assumption 1 holds with wy = 8, w; = 26.
We select the initial condition as z1(0) = x2(0) = —0.5,
and the reference trajectory of z is z4(t) = [z14(t) z24(2)]",
where z14(t) = 2sin(t) and x94(t) = 2 cos(t).

We choose parameters v = 100, k1 = ko = 10, 6 = 10,
c = 0.5, and a; = a2 = 50 in Theorem 1 and Proposition 1. It
is easy to verify that all conditions of Theorem 1 hold so that
the IIDOB is designed as shown in (16). We design a tracking
controller for (41) using the dynamic surface technique in [35]
with the filter parameter ¢ = 0.001 (see Remark 6). As shown
in Fig. 2, the disturbance estimation of the proposed IIDOB
is accurate and the tracking performance is satisfactory.

Next, we consider two safety sets C; = {z € R2:z;+1>
0} and C; = {z € R? : 1 — 25 > 0}, which aim to keep
x1 > —1 and o < 1. Define hy = x1 + 1 and hy = 1 — 5.
One can easily verify that the minimum IRD and the minimum
DRD of system (41) with respect to hy, ho are both 1, i.e.,
rr = rp = 1. We choose parameters p = p =1, A\g = \; =
50,77 = 50,75 = 1 in Theorem 2, and let other parameters
the same as above. We also choose the nominal controller as
the tracking controller designed above. One can verify that all
conditions of Theorem 2 are satisfied, so that the IIDOB-CBF-
QP-based controller (40) can ensure hy > 0 and hy > 0 for
all t > 0. Indeed, as shown in Fig. 3, trajectories of x; (or
x9) always remain within the safety set C; (or Cs).

We also compare the tracking performance of the proposed
controller (40) with the robust CBF approach proposed in
[8]. As shown in Fig. 3, although the robust CBF controller
can always ensure safety, its tracking performance of the
reference trajectories inside the safe region is not as good as
our proposed controller (40).

Example 2: Consider a two-linked planar robot manipulator:

M(q)i+Cg,9)q +Gla) =7+ T (QFu(t),  (42)
where ¢ = [q1 ¢2] T is the joint angle, ¢ = [¢1 go] " is the joint
angular velocity, 7 € R? is the control input, Fy is the external
disturbance satisfying Assumption 1, and M € R?>*2. C ¢
R2%2. G € R?, and J € R?*? denote the inertia matrix, the
Coriolis/centripetal matrix, the gravity term, and the Jacobian,
respectively.

It can be seen (42) can be expressed in the form of (2)
with = [q1 ¢2 ¢1 ¢o]", [ =[¢" —(C+G)TM T,
g = [0ax2 M~ T]T, and p = [02x2 JM~T]T. It is obvious
that f,g,p are smooth functions. The expression of M,C,G
and physical parameters are chosen the same as those in [38].
Note that the Jacobian .J is singular when ¢ = 0 such that
it is impossible to uniquely recover Fy even if ¢ is available.
The reference trajectory of q is qq = [q14(t) q2a(t)]", where
q14(t) = qo24(t) = 2sin(t); the nominal controller is designed
by following Proposition 1; the disturbance is selected as Fy =

T

!
20! -20!
0 2 4 6 8 10 0

time (s) time (s)

Figure 2: Simulation results of the proposed IIDOB and
IIDOB-based tracking controller for system (41). (top) Trajec-
tories of the states x1, 2o and the reference signals x4, T24;
(bottom) trajectories of the total disturbances di,ds and the
estimated total disturbances cil, cig.

0
B
-
2
-2 3
3 -4
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
reference - -safe boundary —IIDOB-CBF-QP —robust CBF

Figure 3: Simulation results of the IIDOB-CBF-QP-based
controller (40) and the robust CBF-based controller proposed
in [8]. Both controllers can ensure safety, but controller (40)
has better tracking performance inside the safe region.

[dy do]T with dy = dy = 5sin(t) + 2cos(2t) + 4sin(3t) +
3 cos(4t) such that Assumption 1 holds with wy = 11,w; =
37, four CBFs are selected as hy = ¢q1 + 1, ho = —¢q1 + 1.5,
hs = g2 + 1.2, and hy = —qgo + 1, which aim to ensure
—1< ¢ <1.5and —1.2 < go < 1. It can be verified that the
minimum IRD and the minimum DRD of system (42) with
respect to h;, i € [4], are 2, i.e., r1 = rp = 2. We select
the control parameters as v = 250,¢ = 5,0 = 50,k1 = ko =
20,041 = Qg = 50,p = ﬁ = 1,)\0 = 25,)\1 = 30,/\2 =
50,77 = 250,75 = 1 in Theorem 1 and 2.

The simulation results are presented in Fig. 4. One can
observe that the disturbance is precisely estimated by the pro-
posed IIDOB (16), and the IIDOB-CBF-QP-based controller
(40) can ensure the safety because the trajectories of qi,qs
remain within the safety sets.

VI. CONCLUSION

This note introduced a systematic approach for designing
IIDOB for general nonlinear control-affine systems without
imposing restrictive assumptions employed by existing DOB
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qud
-2 —q
- -safe boundary

— -safe boundary

~o 2 4 6 8 10 0 2 4 6 8 10
time (s) time (s)

--d,
-60
0 2 4 6 8 10

time (s)

Figure 4: Simulation results of the proposed IIDOB-CBF-QP-
based safe control for the two-linked planer robot (42). One
can see that the disturbance estimation is accurate and the
safety is ensured. Moreover, the tracking performance of the
nominal controller is well preserved inside the safe region.

time (s)

design strategies. Based on that, a filter-based IIDOB-CBF-
QP safe control design method was proposed. The numeri-
cal simulation results demonstrated the estimation accuracy
achieved by the IIDOB and the superior performance of the
proposed safe controller compared to the robust CBF-QP-
based methods. Future studies include extending the proposed
method to hybrid systems and applying it to robotic systems
such as bipedal robots subject to rigid impacts with the ground.
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