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Correction to “Extended State Observer-Based
Integral Sliding Mode Control for an Underwater
Robot with Unknown Disturbances and Uncertain

Nonlinearities”

Rongxin Cui, Member, IEEE, Lepeng Chen, Chenguang Yang, Senior Member, IEEE, and Mou
Chen, Member, IEEE

The purpose of this note is to correct the matching con-
dition and stability proof in [1]. While the main results are
unchanged, there should be some consequent modifications,
which are shown in detail as follows:

Firstly, we define that (A.i) represents the ¢th equation in
the original paper. (A.14) should be modified as

—G3Hy/wy — GoHypn/wo = P~'Op, (1)

-
where p; = [pf1, ph, pi5] " € RY™ Y, pri, pra, pry € RO,
and the time-varying matrix © can be defined as

Igxeg -T2 —T3
© = |06x6 71 Ogsxe 2

Osx6 Osxe  T1
where 1 = diag(ey1, -+ ,€16), r2 = diag(ear, - ,€2),
rg = diag(es1, - ,€36), €1 = [e11,° - ,€16] ,E2 =
[e21, -+ ,€26) ' ,€3 = [e31, -+ ,e36] | are scaled estimation

errors. Due to the added term O, (A.23) can be corrected as

Vi=—woe (Al P+ PA)e+2e"PQ'f

+2e"PP1Op; — 2T Pw )
Substituting (A.18) into (3), we have
Vi=—woe e+2"PQ'f
+2:70p; — 2" Pw
< —wollel|* + 2[le | I-PIIQ ™ F1l @

+2e"0p; — 26 Pw
< [~wo + e2(Gu + G2) /wo] e
+2e"0p; — 2¢ T Pw
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Furthermore, (A.25) should be updated as follows:
Vi < —Bllel? + 2T Op; — 26 Pw )
Since €70 = [g],01x6,01x6], (5) can be rewritten as
Vi < —Bllell* + 2¢] pi — 26" Pw
—Blel +2Ce) T — 2P

where p;1 is bounded and satisfies ||py1]| < p2 € RT, and
which is the same as (A.25), therefore the result is unchanged.
Secondly, (A.29) should be corrected as
5(t) = Kpé(t) + Kie(t) + Kqé(t) (7
Based on the observer that presented in (A.10), we have

&= 1) — i = — iy — Cy(n, D)1 = D0, 2)1 @®)
— Gy + M,LU + Hq — Swgfl — WoToa
Using é = 6 — woe2 and (8), (A.31) can be rewritten as
§+ Kys =Kpé + Kie + Kgs — woKpeo + Ka(—ii,
= Cy(n, 17)7} — Dy (n, 3)7} =Gy + MyLU (9)
+ Hy— 3w(2):%1 — wota)

where w = [w],w,,w4 ] € R, € R6X1, j =
1,2,3. (A.32) should be updated as

Ueq = — (KaM, L) (Kpé + K;e + K,s)

+ (My L)~ [itr + Cy (1, 2)1) + wom  (10)
+ Dy(n, 0)) + Gy — Hy + 3wi:]
(A.34) should be written as
Usw = =(KaMy L)™' Kowsgn(s) (1n
Then, (A.36) can be described as
U = Ueq + Us (12)

Compared with Ugq in the original controller, the term
(M, L)' (wowz 4+ 3wdF,) are added, which will converge
to zero. Then, the main experimental results are unchanged.

Theorem 1: Consider system (A.6) satisfying Assumptions
1, under the designed ESO (A.10), the tracking error and
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external disturbance estimation error will converge to zero
under the control law (11), and the parameters 3, wg, Ky,
K, and K, satisfy following conditions: 8 > woAmax(Kp),
)\Inin(Ks) > wOAmax(Kp)/2 and )\IIIiIl(KSW) > O
Proof: Let us define a Lyapunov function candidate
V= %Vl + %sTs + iﬁg

where V7 is defined in (A.21). Based on Lemma 1, we have

13)

v < - §(€1T61 + 5;32 + 5953) + 5TCTpt1
1. (14)
— ETP’W —+ STé + 752ﬁ2
Y2
Substituting (A.13) and (A.15) into (14), we have
V<—Bee/24 5 5+ |Y]|p2—e Pw+|Y|po
=—BeTe/2+ s 5+ |V |p2
VI — el VIR /17
1Y = c1hipe
=—Be'e/2+5"5
Substituting (12) into (9), we have

(15)

§=— Kss —woKpea — Kgwsgn(s) (16)

Substituting (16) into (15), we see that the derivative of V'
can be described as

B

V<- §6T6 — 5" Kgs —wos ' Kpep — s Kyysgn(s)
(17)

Since —'lU(]STKpEQ < wo)\maX(Kp)(gTs + s57s)/2, we
have

nggg
+ woAmax(Kp) (e e + 57 5)/2
< — fTAE — /\min(KSW)”S”

g — STKSS - /\min(KSW)“S“
(18)

where ¢ = [T,sT]T, A = A1 Oisxe 7
Osx1s A2
Ay = (g o wO/\mZX(Kp)) Ligxis, As =

(Amin(Ks) - W%X(Kp)) 16><6~

Because the parameters (3, wg, K and K, satisfy related
conditions mentioned in Theorem 1, we know that 3 >
wO)\max(Kp)a )\min(Ks) > wO)\max(Kp)/2’ )‘min<sz) >0,
therefore A\pin(A) > 0.

Inequation (17) implies that V' < 0 for £ # 0, and the
signals s, € and ps are bounded. Based on (18), we have 1% <
—&TAE. Then, we have tlggo fot(fTAﬁ)dT <V(0) — V(o0).
Because V' (0) and V' (oco) are bounded, s and ¢ are square
integrable. According to (16) and the boundedness of s, we
can conclude that $ is bounded.

From (A.12), we know that || f|| = ||| Further, we have f
is bounded according to (1). The boundedness of H,and Hy,,
implies that p.(t) is bounded from (1). Because &, p2 and

h(t) are bounded, from (A.13), we can obtain w is bounded.
Then, € is bounded from (A.16). The boundedness of $ and

¢ implies that £ is bounded. According to Lemma 2, we have
lim &£(¢) =0, i.e., lim s(¢) =0 and lim e(t) = 0.
t—00 t— o0 t—00
Defining that
2(t) = 5(t) —wo Kaea(t) + Kpe(0) + K 46(0) 4+ Ke(0) (19)

where z(t) = [21(t), -, 26(t)] T € RO*L.

Substituting é = 7 — 1), = é — wpe2 into (A.27), we have
t

Kpe(t) + K, / e(r)dr + Kai(t) + Kae(0) = 2(t) (20)
0

Because K, K; and Ky are positive definite diagonal
matrices, we have

t
0

(2D
where z;(t) is the ith element of z(t), and i = 1,...,6.
Then, take Laplace transformation of (21), we have
ei(p) p )

zi(p)  Kaip® + Kpp + Ky
where p is the Laplace transformation operator, e;(p) and
zi(p) are the Laplace transformations of e;(t) and z(t),

respectively.
Using the final value theorem, we have

e(00) = lim ———2iP)
p—0 Kg;ip? + Kpip + Ky

(23)

Since the initial error e(0) and é(0) are bounded, and 5 (t)
is bounded, from (19), z;(t) is bounded. z;(t) can converge
to K,e(0) 4 K4¢(0) + K4e(0) as time goes to infinity. Then,
we have |2;(t)| < 2zimax < 00. The Laplace transformation
of z;(t) satisfies

(o] o0
s =| [ erain| < [ e
o 0 (24)
S Zirnax/ ‘e—PT|dt S @
0 p
Then, we have
. 2 _
Lim Ip“2i(p)| =0 (25)

Hence, it can be induced from (25) that lin% p?2i(p) = 0,
p—
and then we have

PzZi (p) —0 (26)

ei(o0) = P20 Kuip® + Kpip + Kii

The system given by (21) and (22) is stable if the pa-
rameters Kg;, K,; and K;; are chosen as positive constants
to satisfy Hurwitz stability criterion. According to (23) and
(26), we have tlggo e(t) = 0. This completes the proof. M
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