Disturbance Observer-based Robust Control Barrier Functions

Yujie Wang and Xiangru Xu

Abstract— This work presents a safe control design approach
that integrates the disturbance observer (DOB) and the control
barrier function (CBF) for systems with external disturbances.
Different from existing robust CBF results that consider the
“worst case” of disturbances, this work utilizes a DOB to
estimate and compensate for the disturbances. DOB-CBF-based
controllers are constructed with provably safe guarantees by
solving convex quadratic programs online, to achieve a better
tradeoff between safety and performance. Two types of systems
are considered individually depending on the magnitude of the
input and disturbance relative degrees. The effectiveness of the
proposed methods is illustrated via numerical simulations.

I. INTRODUCTION

Control barrier functions (CBFs) have emerged as one
powerful tool for ensuring control system safety in the form
of set invariance and have been successfully applied to
various autonomous and robotic systems [1]. Nevertheless,
most existing works on CBF-based control design rely on
accurate model information and state measurement, which
are usually difficult to obtain in practice. To address this
problem, robust and adaptive CBF approaches were proposed
for systems with model/measurement uncertainties and/or
external disturbances [2], [3], [4], [5], [6], [7]. Most of
the robust CBF-based methods consider the “worst case”
of disturbances and design safe controllers that are often
unnecessarily conservative.

Recently, some robust CBF control schemes based on dis-
turbance estimation and compensation techniques were pro-
posed with the goal of reducing the conservatism of the re-
lated safe controllers [8], [9], [10], [11], [12]. For example, in
[8], [9], a high-gain input disturbance observer was integrated
into the CBF framework; in [10], Gaussian processes were
employed to estimate the disturbances/uncertainties from
data and an end-to-end safe reinforcement learning scheme
was developed based on CBFs; in [11], a piecewise-constant
disturbance estimation law was proposed and integrated into
the robust CBF framework; in [12], a CBF-based safe control
law was designed for autonomous surface vehicle systems
based on the fixed-time extended state observer.

Disturbance observer (DOB) is a special class of unknown
input observers. DOBs estimate the internal and external
disturbances by using identified dynamics and measurable
states of plants, and have been widely employed in appli-
cations such as robotics, automotive, and power electronics
[13], [14], [15]. In contrast to other worst-cased-based robust
control schemes, the DOB-based methods aim to attenuate
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(a) Architecture of the proposed DOB-CBF-QP framework.
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(b) Illustration of the evolution of the safe set C'.

Fig. 1: As shown in (b), trajectories of the closed-loop system
are guaranteed to stay in a set C’. Since DOB will ensure
d converge to d, the set C’ keeps expanding and can be
made arbitrarily close to the original safe set, C, by choosing
parameters appropriately. In contrast, robust CBF design
based on the “worst-case” of disturbances will result in a
safe set whose size shrinks as the magnitude of disturbances
becomes larger. Note that safety, instead of input-to-state
safety, is ensured by the DOB-CBF-QP-based controller.

the influence of disturbances by compensating for the distur-
bances and achieve a better tradeoff between robustness and
performance. The majority of existing DOB-based control
schemes focus on systems whose disturbance relative degree
is higher than or equal to the input relative degree [16];
however, systems with a lower disturbance relative degree are
ubiquitous (e.g., the missile system [16] and the flexible joint
manipulator [17]), and various results were recently proposed
to design DOBs for such systems.

This paper develops a safe control design method that
integrates the DOB and the CBF for systems with external
disturbances. As shown in Fig. 1(a), a DOB is introduced to
generate an estimate of the disturbance, which is used by the
CBF-based safety filter to compensate for the disturbance.
By solving a convex quadratic program (QP) online, a safe
control law is obtained that can achieve a better tradeoff
between safety and performance. Specifically, this paper first
presents a DOB-CBF-QP-based safe control design method
for systems whose input relative degree is not higher than the
disturbance relative degree. Compared with existing results,
the proposed approach relies on milder assumptions and can
provide a robust safety guarantee even if the bound of the



disturbances is not exactly known. This paper also establishes
two DOB-CBF-QP-based approaches for a class of systems
whose input relative degree is lower than the disturbance
relative degree, by using the recursive CBF design and the
extended DOB techniques, respectively. To the best of our
knowledge, this is the first safe control design result for such
class of systems. The remainder of this paper is organized
as follows: preliminaries about CBFs and DOBs and the
problem statement are provided in Section II, the main results
are presented in Section III, numerical simulation results are
provided to validate the proposed methods in Section IV, and
finally, the conclusion is drawn in Section V.

II. PRELIMINARIES & PROBLEM STATEMENT
A. Control Barrier Function
Consider a system

&= f(z)+ g1(z)u+ g2(x)d(t), (1)
where z € R"™ is the state, u € R™ is the control input,
f iR 5 R gy : R® - R" ™ and g9 : R™ — R™*? are
known and sufficiently smooth functions, and d(t) : R — R?
represents the unknown external disturbance.

Suppose that A(z) : R® — R is a sufficiently smooth
function associated with system (1). If m = g = 1, then
system (1) is said to have an input relative degree of r(1 <
r < n) in a region D if Ly, L} h(wo) # 0, Ly, Lsh(x) =
0,2 = 1,---,r — 2, for all x € D, and an disturbance
relative degree of p(1 < p < n) if ngL?_lh(xo) #*
0, Lg,L}h(x) =0, =1,-+-,p—2, for all 2 € D, where
L, L?h are Lie derivatives [16], [18], [19]. If m > 1 and/or
q > 1, then the vector input and disturbance relative degrees
can be similarly defined following [18, Section 5].

In [20] and [21], (zeroing) CBFs with different rela-
tive degrees were introduced for disturbance-free systems.

Specifically, given system (1) with g = 0 and a safe set
C C R defined by

C={z eR":h(z) >0}, (2)
the function h is called a CBF of (input) relative degree 1 if
sup [Lyh(z) + Lg, h(x)u + vh(z)] > 0 3)

for all x € R", where v > 0 is a given positive constant.
It was proven in [20] that if h(z(0)) > 0, then any
Lipschitz continuous control input u(z) € {u | Lyh(z) +
Lg, h(z)u+ vh(z) > 0} will ensure the forward invariance
of C. Similarly, the function h is called a CBF of (input)
relative degree r(r > 2) if there exists a € R", such that

sup[Lg, Ly~ h(z)ut+Lih(z)+a n(z)] 20, @)

for all z € R™, where n(x) = [L}flh,L}*Qh, . h]T ERT,
and a = [a1,...,a,|" € R" is a set of parameters chosen such
that the roots of A" + a1 A"~ + ...+ a,_1 A+ a, = 0 are all
negative reals —Aq, ..., — A, < 0. The functions s (z(t)) for
k=0,1,...,r are defined recursively as

s0(e(0) = hia(). sa(®) = (G + ) or ®

If s;(x(0)) > 0 for k = 0,1,...,7 — 1, then any Lipschitz
continuous control input u(z) € {u | LglL}*lh(sc)u +

Lh(z) + a'n(x) > 0} will ensure the forward invariance
of C [21], [22].

B. Disturbance Observer & Extended Disturbance Observer

1) Disturbance Observer: We follow the results of [23] to
introduce the DOB that will be used for safe control design
in Section III. A standard assumption for DOB is given first.

Assumption 1: The disturbance d(t) and its derivative d(t)
are bounded by known positive constants, i.e., ||d(t)] < wp
and ||d(t)|| < w1, V¥t > 0 where wy > 0 and w; > 0.

Given system (1), we consider the following DOB:

{dA:z—l—ap,

. 6
5= —aLy(f + grut gad), ©

where d is the disturbance estimation, Lq(z) is the observer

gain satisfying —z " Lygox < —z Tz for any z (e.g., Lg =

—(g9 g2)"1gs if g2(z) has a full column rank), a > 0 is a

positive funing parameter, and p(x) is a function satisfying

% = Ly(z). The design of p(z) and L4 is non-trivial and

problem-specific; see [13], [14], [15] for more details.
Define the disturbance estimation error as

eqg=d—d. (7

Then, ¢4 = d—d = :+a3Pi—d = i+aLyi—d. Substituting
(.1) and (6) into this equality yields ¢ = —alggseq —

d. Choose a Lyapunov candidate function Vi = 3 |eql|*.
Invoking Assumption 1 and the definition of L4, we have
2
Vi < —26V3 + L, (8)
2V1

A
where Kk = o — &

>, U1 is a constant satisfying 0 < v} < 2¢,
and the second inequality is from the fact that wy|leq]] <

% ||eq||*+5,-wi. Recalling comparison lemma [19], we have

lea(t)]] < 21k leq(0)]|2e= 25t 4+ w2(1 — e—2nt)
B 21/1,‘{ .

€))

Form (9) one can see the disturbance estimation error e is
uniformly ultimately bounded.

2) Extended Disturbance Observer: As a generalization
of DOB, the extended DOB was proposed in [17] to estimate
the high order derivatives of disturbances. Consider the
following system

&= f(x,u) +d(t) (10)
where z € R" is the state, u € R™ is the control input,
and d : R — R"™ is the external disturbance. Similar to
Assumption 1, we assume d and its derivatives are bounded.

Assumption 2: The disturbance d and its derivatives
d(l), ...,d(r), where r is a fixed positive integer, are
bounded by some known constants, i.e., ||dg(t)|| < & and
[[d+D ()] < & for any t > 0, where & > 0,& > 0, and
dp(t) 2 [dOT dMT 7] with d© = d.

Consider the following extended DOB as in [17]:

d9 = p; + Lz, (11a)

pi = —li(f +d0) +dHY, (11b)

where d® denotes the estimate of d®, I; is a tuning
parameter, i = 0,1,--- ,p, and d"+1) = 0. Define dp(t) =



[d(O)T dOT J(T)T] T and the estimation error

éa=dp —dg. (12)
Equations (11) can be written compactly as
éq = Aég+ Bd"HY, (13)
where
—ly 1 0 0 0
- 0 1 0 0
A= : ol i B=E
—l—1 0 0 --- 1 0
- 0 0 --- 0 -1
and lo, - - - , 1, are selected such that Ayin(A) < 0. Define a

Lyapunov candidate function as Va = 1||é4||?. Then,

VQ < 2I€E‘/2+ 51

where kg £ —Apin(A) — %2 and vy is a constant satisfying
0 < vo < —2Amin(A). Similar to (9),

lea(t)]) < ¢ Zupros [ )| 2o 4 /(1 e

21/2I<;E

(14)

. (15)
It can be seen the €4 is uniformly ultimately bounded.

C. Problem Statement

In this paper, we will consider the DOB-CBF-based safe
control design problem for two types of systems individually
depending on the magnitude of the input and disturbance
relative degrees. In the first problem, the system has an input
relative degree not higher than its disturbance relative degree.

Problem 1: Given system (1) whose input relative degree
is not higher than its disturbance relative degree, the safe
set C defined in (2), and the DOB given in (6), design a
controller u(x,(f) such that the closed-loop system is safe
with respect to C, i.e., h(z(t)) > 0 for all ¢ > 0 provided
that z(0) € C.

For the second problem, we consider the following system
with a mismatched disturbance:

i = f1(72) +d,

&y = fo(T3), (16)

In = fn(jn) + g<§7n)ua
where z; € R is the state, u € R is the control input, d € R is
the mismatched disturbance, and Z; = [z1 25 --- x;] | € R,
1 =1,2,--- ,n. The safe set for such a system is given as
C={(x1,,2,) ER™: h(z1) > 0}, (17)

where h : R — R is a C" function. Clearly, for system (16)
with the output function h defined in (17), its disturbance
relative degree is lower than its input relative degree.

Problem 2: Given system (16) and the safe set C defined
in (17), design a DOB with the estimated disturbance d and
a controller u(z, ci) such that the closed-loop system is safe
with respect to C,ie., h(z1(t)) > 0 for all ¢ > 0 provided
that Z,, (0) € C.

Remark 1: In this paper we only consider the single-
input-single-output system (16) with one disturbance due to
the page limit. However, the proposed methods can be readily

extended to more general systems, such as the nonlinear
missile model studied in Example 2. The detailed design
procedure will be given in our future work.

III. MAIN RESULTS

In this section, the main results of this paper are presented.
In Section III-A, a DOB-CBF-based QP is proposed for the
system whose input relative degree is not higher than its
disturbance relative degree. In Section III-B, two DOB-CBF-
based QPs are developed for the system whose input relative
degree is higher than its disturbance relative degree, by using
recursive CBF design and extended DOB techniques, re-
spectively; compared with the first approach, the second one
tends to have less conservative safe controller in simulation
but it requires more restrictive assumptions (see simulation
examples in Section IV).

A. DOB-CBF-QP for Solving Problem 1

In this subsection, we will present the DOB-CBF-based
safe control design method to solve Problem 1. We will
first consider the simple case where the CBF A has an input
relative degree 1, and then generalize the result to the case
where h has a higher input relative degree r(r > 1).

The following result is the first main result of this work
for the CBF © with an input relative degree 1.

Theorem 1: Consider the system (1), the safe set C de-
fined in (2), and the DOB given in (6) with (Z(O) = 0.
Suppose that Assumption 1 holds, h has an input relative
degree 1, and h(x(0)) > 0. Assume that there exist positive

2
constants 7, &, 3 > 0 such that « > £, 3 > lleaO)IL- " and

2h(x(0))°
L+:h— LR _ ‘*’% _ BHLthHZ h L. h

sup, [Ly | Lgohllx 2018 404—2V_2'y+ + Lg, hu] >

0 hold true, where x = wo + \/w3 + 2u —. Then, any

Lipschitz continuous controller, u(z) € Kpog(z,d) £
{u | %o + ¢1u > 0} where

wi __BlLg,hl?
2v18  da—2v1—2y

Yo = Lyh+Ly,hd—

P = Lg1 h:
will guarantee h(x(t)) > 0 for all ¢ > 0.
Proof: If d(0) = 0, then d(t) satisfies ||d(¢)[| = [|d(t)+
eq(t)|] < x from (9) Define a new candidate CBF h as
h(:c(t) t) = Bh — Le; eq where €d is defined in (7). It can

be seen h > 0 implies h > Hed” > 0. Since 8 > gzﬁéio(yg)

one can verify h(z(0),0) > O. Moreover, h satisfies

2

- (8
h> B(Lsh+ Lo, hu + Loyhd) + ke eq — 2“71
1

7T
—€, e
g d™d

+7h,

= B(Lyh + Ly hu+ Ly,hd — Ly, heq) +

2
e S I S O
+(O‘ 2 2>eded 2,

wi B Lg,n|?

=pB(Lsh+ Ly h Ly hd) — =L — =292
BLgh+ Ly hu+ Lo hd) 21 4a—2u1—27
Ly, h
B e RELE
2 52




> B (Yo + Yru —vh) + *eged

Therefore, any v € Kpop yields h > —vBh +
—7(611— >
0,Vt >0 as h(x(0),0) > 0. Thus, h(z(t)) > 0,Vt >0. =

The safe controller proposed in Theorem 1 is obtained by
solving the following DOB-CBF-QP:

v

¥, T
264 €d

V

lejeq | = —vh, which implies that h(z(t),1)

(18)

||u_“nomH2

S.t. ’(ﬁo —+ ’l/)l’u Z 0,
DOB given in (6),

min
u

where g, 11 are given in Theorem 1 and .., 1S any given
nominal control law.

Remark 2: The proof of Theorem 1 reveals that, by
ensuring h(t) > 0, x(t) is restricted to stay in a set defined
by C'(t) = {z | h(z) > %} According to (9),
the ultimate bound of |leq(t)| is m; therefore,
C'(t) will evegltually converge to the set C'(o0) = {z |
h(z) > m} By choosing the parameters «, vy, 3
appropriately (e.g., choose « or  large enough with other
parameters fixed), the set C’'(o0) can be made arbitrarily close
to the original safe set C despite the unknown disturbance;
that is, the system trajectory is allowed to approach arbitrarily
close to the boundary of C (see also Fig. 1 (b)). Note that the
selection of 3 depends on the estimation of e4(0). In practice,

[ can be selected sufficiently large such that 5 > g;‘éi%‘g;

Remark 3: The assumptions in Theorem 1 are milder than
those in [8]. If Kpop(z,d) is modified by dropping the
term zw—ﬁ in ¢, then any u(z) € Kpop(z,d) yields h >

—yh— 2 5,-» Which implies input-to-state safety of the system
[24], [25]. Therefore, even when w; is not exactly known,
the proposed controller may be modified to serve as an input-
to-state safe controller; in contrast, the exact value of wi is
indispensable in the control design of the DOB-CBF-based

method in [8].

Now we consider the case where a CBF h has a higher
input relative degree r(r > 1). To simplify the expression,
we assume u and d in (1) are scalars; however, the proposed
method can be readily extended to the case where u and d are
vectors. In Section IV, we will present a robot manipulator
example whose input and disturbance are both vectors.

Theorem 2: Consider the system (1) with dimensions
m = q = 1, the safe set C defined in (2), and the DOB given
in (6) with d(0) = 0. Suppose that Assumption 1 holds, &
has an input relative degree r(r > 1), and si(z(0)) > 0
for £k = 0,1,...,7 — 1, where si(z(t)) is defined in (5).
Assume that there exista € R", 3 > 0, a > Ar ’2”1 , such that

_ 2 B||Lg, L7 A
sup,[L5h— | Lgs Ly hllx— 5oy s+ n(x)+
llea(0)11?

LglL;_lhu] > 0and 5 > hold true, where

2s,—1(x(0))
a, n are defined in (4) and x = wo +

wi + 2u . Then
any Lipschitz continuous controller u(z) € Kb, p5(z,d) 2

{u | ¥ + ¢¥ju > 0}, where
W BlLe Ly AP
218 da—2\.—2v

b =Lh+Lg, L} hd— Tn(x),
Y =Lg, L} 'h,
will guarantee h(x(t)) > 0 for all ¢ > 0. B

Proof: We define a new CBF candidate as h"(z,t) =
Bsq_1(x)—13 7ed eq. It can be easily verified that selecting u €

Khop gives h™ > —A\.h", and § > % indicates

h"(2(0)) > 0. Therefore, one can see that A" > 0, which
indicates h(z1(t)) > 0 for any ¢ > 0 because sg(x(0)) > 0,
k=0,1,---,r—1[21]. =
The safe controller proposed in Theorem 2 is obtained by

solving the following DOB-CBF-QP:
rrbin [l — (19)

Unom H

s.t. Yy +YPiu >0,
DOB given in (6),

where 97, 1] are given in Theorem 2 and w0, is any given
nominal control law.

B. DOB-CBF-QP for Solving Problem 2

In this subsection, we will present two DOB-CBF-based
safe control design methods to solve Problem 2. The first
method relies on a DOB and recursive CBF design, while the
second method is based on an extended DOB. We consider
the system (16) and the safe set defined in (17).

1) DOB and Recursive CBF-Based Method: 1In this
method, we design the following DOB as given in (6):

cZ:eroml,

) N (20)
z = —a(fi(x1,22) +d),
From (20) we have d= —aeq, where e, is defined in (7).
Define a set of functions h;(Z;4+1,t), ¢ =0,1,--- ,n—1 as
follows:
ho(xy1,t)=h(z1), 21
hi(Zip1,t)=Qi(Zit1,d) — BV, (22)

1,2 -
where ‘/1 = 3¢ Qi(xi+17d>7l = 1727 T
recursively as

n —1, is defined

. oh 1 (0n\?
Q1(T2,d) = 3711(‘]01 +d) — 2&(3@) + A1th, (23a)
99 = 0Qin
Qi(Tit1,d) = o 1(f1+d)+g2 o lfj-ﬁ-)\iQiq
2
0Qi_1 0Qi_1
(a od T om: ) _ﬁi—lw%

_ 23b
ﬂi,1 (40[—21/1—2)\2') 21/1 ’ ( )

and 0 < \; < 2a—1q, B; > 0 are tuning parameters. Define

ﬁnf 1&)%
2V1

2
99n—1 | 0Qn—1
(Oé + d£1 )

B <4a—2u1—2v)'




It is easy to verify that aQ” L is independent of d. Mean-

while, if x{,---,x, are ﬁxed, P(:En,ﬂ) and Qn,l(fmd)
can be represented as polynomials of d. Hence, one can see
that there exist functions F;(z,),i = 0,1,--- ,n — 1 and

Gi(Zn),j=0,1,--- ,nsuchthat Q,,_1(Z,,d) and P(Zp, (f)
can be expressed as
n—1
Qn1(Zn,d) = Fo(Zn) + Y Fi(@n)d',  (24a)
=1
P(Zn,d) = Go(Tn) + D _ Gi(zn)d".  (24b)
i=1

Theorem 3: Consider the system (16), the safe set C
defined in (17), and the DOB given in (20) with J(O) =
Suppose that Assumption 1 holds, h;(Z;41(0),0) > 0, and
i=0,1,--- ,n—1, where h; is defined in (22). Assume that
there exist vy > 0,A; > 0,8, >0fori=1,- 1 such
that v < 2a—v; and supu[go+’yfo—(|gn|x +Z |9’1
vFiIx) + BQ“ Lu] > 0, where x = wo + /w?d + 2ym and
Fi, G; are deﬁned in (24). Then any Lipschitz continuous
controller u(z) € KJ,p(z, d) 2 {u| 5+ ¢ieu > 0},
where

66 = ,P(:Z'ru CZ) + 'Yanl(i‘na dA)7
re __ aanl
1 — 8xn )
will guarantee h(x1(t)) > 0 for all £ > 0.
Proof: We will show that h; > 0 indicates h;_; > 0
for any ¢ > 0 if h;_1(2;(0),0) >0,i=1,2,--- ,n — 1.
Step 1: Note that h+4 A1 h satisfies A+ A\ h = gfl (f1 +cf)—
2

251 +Ah— %63 =

hl(xg, t), from which it can be seen that h; > 0 indicates
h+ A1h > 0; thus, h > 0 for any ¢ > 0 as h(x1(0)) > 0.
Step © (i = 2,--- ,n— 1): It can be seen that
Ei 1+ Aihiza

®) ) 2
_8Qz 1(f1+d +28Q1 1 ﬁz—lwl

= €5 21/1
0Qi—1 | 0Qi ] IR AR
<a 2a o >6d+511(04 5 2)6(1
0Qi_ -
> 09 LA+d)+ >

0Q;i—1 Bi—1w?
N -
— Orp = al'j fJ Qi 211

(aagll+a§;l) Y 2
zla22€d

Y
ey Y
( 0Qi—1 391—1)2
ad Oz _ A
— > Qi(Zit1,4d),
,81‘ 1 (40[ 21/1—2)\') - Q (‘T + )
from which it can be seen t_hat h; > 0 indicates Q; > 0 and
hl 1+)\hl 1 > 0; thus, h;—y > 0 for any ¢t > 0 because
Step n: Slmllar to the steps above, one can see that
hn_l > P(Tn,d) + agn Lo + B" Pn1%62  Selecting u €

B’L€d+)\1h> Bh (f1+d) 1 <6h

f]+)\Qz 1

K¢, yields h,_1 > —vh,_1, which implies h,_1 >
0,Vt > 0 as hy,_1(%,(0),0) > 0. Thus, h(x1(t)) > 0 since
Bi(xi+1(0),0)20,1':0,1,---,n—l. |
The safe controller proposed in Theorem 3 is obtained by
solving the following DOB-CBF-QP:

min |ju —

(25)

Unom ||

st Py +Y1%u >0,
DOB given in (20),
where (¢, 9]¢ are given in Theorem 3 and upem, is any
given nominal control law.

2) Extended DOB-based Method: Now we will present
an alternative approach to solve Problem 2 based on the
extended DOB. Compared with the DOB-CBF-QP con-
trollers by Theorem 3, controllers obtained from this second
approach are often less conservative in simulations (see
Section IV).

Consider the system (16) and the safe set defined in (17).
Similar to (5), a set of functions wg(Zp41,t),k =1, ,n—
1, are defined as

d
wk(ik_i,_l,t) = (dt + )\k;) o wk—l(i/mt)a

where wo(x1,t) = h(xzy) and Ay > 0. Suppose that
Assumption 2 holds with r = n — 1, ie., ||[dg(t)| < &
and |d™| < &, where dp(t) is defined in Assumption 2.
We design the following extended DOB as in (11):
dD = p; + lizy, (27a)
pi = —Li(fr +d©) + Y, (27b)
where d(”)( t) = 0forany ¢t > 0 and d( ") denotes the estimate
of dgl) 1=0,1,--- ,n—1. Suppose that there exist functions
To(Zn), 7'1(gcn) Ro(jn), R1(Zy), Ra(Zy), such that
wn—lz%(jn)+ﬂ(fn)dE(t)a (28a)
wn—l:RO(i‘n)+R1(jjn)u+R2(jn)dE(t)v (28b)
where w, 1 is defined in (26). Intuitively, condition (28)
indicates that w,_; and w,_; can be represented as the
linear combination of d and its derivatives with fixed Z,,.
Based on the extended DOB given in (27) and the condi-
tion shown in (28), the following result provides a QP-based
safe controller for solving Problem 2. ~
Theorem 4: Consider the system (16), the safe set C
defined in (17), and the extended DOB given in (27) with
dg(0) = 0. Suppose that Assumption 2 holds with r = n—1,

(26)

wk(Zr41(0),0) >0, k=0,1,--- ,n—1, and condition (28)
holds. Suppose that there exist positive constants -~y > 0,
1 E4(0)]]

ﬁ > O,suchthatO < v < QHE,B > m
2
and sup,[Ro + 770 — [Re + 1Tillxm — 55t + Riu —

%] > 0 holds true, where g is defined in (14) and

xe = &+ /& + QViE. Then any Lipschitz continuous
controller u(z) € KEDOB(:c,czE.i)) £ {u| ¥ + ¢fu >0}
will guarantee h(z1(t)) > 0 for all ¢ > 0, where
E (Ra+9Th)*  BE
=Ro+7To+ AR VN
Yo oo B4k —27v) 2u4
VP =Ry.

(Ro4+~Ti)dg—



Proof: If dg(0) = 0, then dg(t) satisfies ||dg(t)|| =
lde(t) + éa(t)| < xg from (15). Define a new CBF
candidate hg as hp = w,_1 — BV, where Vo = 1| dg|/*
Since

- (14 2
hp > Ro+ Riu+ Rodp + Brpléa|® — %
= Ro+7To+Riut(Ro+9T1)de —7(To+Tidp)

2
~(Ro +¥To)éa + Brgléal? - 2oL

(28) ~
> Ro+vT0 + Rivu+ (Re +4T1)dEg — ywn—1

8 (ro—1)Ea- (Ra+9T1) ’2

2 2,/8 (vp—%)

Bdkg — 29) g 17 2wy
Selecting u € Kppop yields hg > —Ywn-1 + %Hédﬂ2 =
—vhg. Note that the selection of 5 ensures hg(Z,(0),0)
0. Thus, one can see hg > 0 and w,,_; > 0 for any t > 0.
As wi(Zr41(0),0) >0, k =0,1,--- ,n — 1, it easy to see
that A(x1(¢)) > 0 for any ¢ > 0. [ |
The safe controller proposed in Theorem 4 is obtained by
solving the following DOB-CBF-QP:

+

(29)

\Y]

min ||t — tpom||* (30)
st. Y +yfu>0,
extended DOB given in (27),

where ¥{°, 1F are given in Theorem 4 and w,,on, is any given
nominal control law.

IV. SIMULATION EXAMPLES

In this section, two examples are presented to illustrate
the effectiveness of the proposed methods. The robust CBF
method proposed in [3] is used for comparison.

Example 1: Consider a 2-DOF planar robot whose dy-
namics are described by M (q)§+C(q,4)d+G(q) = 7+ Ta,
where ¢ = [q1 g2] T € R? denote the joint angles, 7 € R?
is the control input, and 74 € R2 represents the external
disturbance satisfying ||74|| < 30 and ||74]] < 50. For the
robust CBF approach, the bound of 7, is also set as 30.
The physical parameters used are chosen as those in [26],
and the nominal controller is a PD controller. The following
four CBFs are employed to represent the constraints on joint
angles: hy = ¢1 + 3, ha = 3 — q1, hs = ¢2 + 1, and
hy = 2—qs. Clearly, the input relative degree of the system is
equal to the disturbance relative degree. It can be verified that
the conditions of Theorem 1 hold, so that a DOB-CBF-QP-
based controller can be obtained by solving (18) to ensure
the safety of the closed-loop system. The simulation results
are presented in Fig. 2. It can be seen that the trajectories
of the closed-loop system with the proposed DOB-CBF-QP-
based controller by solving (18) are always safe as ¢, g2 stay
inside the respective safe regions bounded by the dashed red
lines; furthermore, the trajectories of the closed-loop system
are less conservative than the robust CBF approach because

the trajectories are able to track the desired trajectories (i.e.,
the green lines) much better inside the safe region.

=
g
S
-4
0 2 4 6 8 10
Time (s)
(a) Evolution of the joint angle g1
)
g
&
-2
-4
0 2 4 6 8 10

(b) Evolution of the joint angle g2

Fig. 2: Simulation results of Example 1.

Example 2: Consider the longitudinal dynamics of a mis-
sile given in [16]:

&= fi(a)+q+ b1 (a)d +dy, (31a)
G = fa(a) + bad + da, (31b)
0= (1/t2)(=6 + ), (3lc)

where « is the angle of attack, ¢ is the pitch rate, § is
the tail fin deflection, uw is the control input, d;, do are
mismatched disturbances satisfying ||d1[| < 30, [|dz| < 30,
ldi]l < 50, [lda]] < 50, and fi(a), bi(a), fala) are
nonlinear known functions given in [16]. The same bounds
above are used for the robust CBF approach. It is obvious that
the disturbance relative degree of d; is lower than the input
relative degree. Although system (31) is slightly different
from (16), the control approaches presented in Section III-
B can be easily generalized to deal with such a system.
The nominal controller is the DOB-based tracking controller
given in [16].

To avoid the stall, the proposed DOB-CBF-QP-based
controllers are employed to restrict the value of « in the
presence of disturbances. We consider two scenarios: 1) Two
CBFs are selected as hy = 10 — « and hy = « + 10;
in this case, the DOB-CBF-QP-based controllers both in
(25) and (30) are applicable. 2) A single quadratic CBF
h = 100 — a? is employed; in this case, only the DOB-
CBF-QP-based controller in (25) is applicable. From the




simulation results shown in Fig. 3, it can be seen that the
proposed safe controllers can both ensure safety (i.e., the
trajectory of « is always inside the safe regions bounded by
the dashed red lines), and the trajectories of the closed-loop
system are less conservative than the robust CBF approach
because of the better tracking performance inside the safe
region. Meanwhile, it can be observed that the DOB-CBF-
QP-based controller obtained from (30) has a better tracking
performance than that from (25).

30 Reference
DOB-CBF-QP in (25)
DOB-CBF-QP in (30)
Nominal CBF
20 Robust CBF
— — Safety Boundary
—
? 10_‘FR\\____T'g\\‘____-/”*?\_—__f
= \ \ !
=
3

Time (s)

(a) Evolution of the angle of attack « by using
two CBFs h1 =10 — a and he = oo 4+ 10

30
Reference
DOB-CBF-QP in (25)
Nominal CBF
Robust CBF
20 — — Safety Boundary
—
%0 10—~—«=\————/—f——ﬂ—————‘f—»-v————=
<
=
]
0
\ ] /
AOF -V mda e
0 5 10 15 20

Time (s)

(b) Evolution of the angle of attack « by using a
single CBF h = 100 — o?

Fig. 3: Simulation results of Example 2.

V. CONCLUSION

In this paper, a new DOB-CBF-QP-based safe control
design approach was proposed for systems with external
disturbances, with the goal of achieving a better tradeoff
between safety and performance. The simulation results
demonstrate the superiority of the proposed control scheme
over existing worst-case-based robust CBF techniques.
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