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The Mars coaxial-rotor unmanned aerial vehicles (UAVs) play a
crucial role in planetary exploration. However, a coaxial-rotor
UAYV is an underactuated system with four control inputs but six
degrees of freedom to regulate, which significantly affects the con-
trol performance and increases the complexity of trajectory track-
ing [1].

To address the underactuation problem, several fully actuated
control methods have been proposed, thereby enhancing control-
lability [2,3]. However, for Mars coaxial-rotor UAVs, the under-
actuation problem has not been addressed. In addition, the gust
disturbances in the thin Martian atmosphere further increase the
difficulty of achieving precise trajectory tracking control.

To address the impact of disturbances, the active disturbance
rejection control (ADRC) [4] has attracted widespread attention.
The core of ADRC is the extended state observer (ESO), which
estimates the internal and external disturbances as an extended
state, and compensates them in the control law to achieve ac-
tive disturbance rejection. However, conventional ESOs typically
achieve asymptotic convergence, which leads to slow response. To
address this issue, some methods ensuring convergence within a
bounded time are investigated [5]. Nevertheless, environmental
disturbances and structural uncertainties can still degrade the dy-
namic response, posing a particularly severe challenge for Mars
coaxial-rotor UAVs. Therefore, it is crucial to develop effective
methods that mitigate coupling interference while ensuring both
the disturbance rejection capability and the rapid response of the
system.

Motivated by the above challenges, this study proposes a con-
trol framework for a Mars coaxial-rotor UAV. The main contri-
butions are summarized as follows. (1) The dynamics of Mars
coaxial-rotor UAV is transformed into a fully actuated system via
the differential flatness approach, enabling simplified controller de-
sign and reducing coupling effects. (2) A finite-time disturbance
rejection control framework is proposed for the fully actuated sys-
tem to achieve stable flight, precise trajectory tracking and fast
response.

Notation: R is the set of real numbers. ir,iy,7, € R3 are
the standard basis vectors. ||z| is the the Euclidean norm.
[z]% = |z|“sign(z) for any = €R with a > 0.

Model description.
UAV is considered a symmetrical rigid body, and the center of

The structure of the Mars coaxial-rotor

* Corresponding author (email: xia_yuanqing@bit.edu.cn)

(© Science China Press 2026

gravity on Mars is coincided with the origin of the body-fixed
frame. Let & = [z,v, Z}T € R3 denote the position vector, and let
n=1¢,0, w]T €R3 as the attitude angle vector contains three Eu-
ler angles, namely roll ¢ € (—m/2,7/2), pitch 6 € (—mr/2,/2) and
yaw 1 € (—m, 7). The dynamics of the Mars coaxial-rotor UAV are
described as follows:

% = (cossinf cos ¢ + sin sin p)ur + ko@ + da,

i = (sintsin@ cos ¢ — cos P sin p)ur + kyy + dy,

2= —gm +cosOcospuy + k.2z2+d,

é=uz + k¢<15, W
6 =mus+ kgé,

P =us + ky,

where gn, is the gravity on Mars, dz, dy and d. are the unknown
disturbances, k;,7 = x,vy, z, ¢, 0, 1 are the positive coefficients, and
u;, 1 = 1,2,3,4, are the control thrusts. More details are provided
in Appendixes A and B.

Assumption 1. The additive disturbances d., dy and d.
are continuously third-order differentiable, and their third-order
derivatives are bounded.

Definition 1 ([3]). For system & = f(x,u), where z € R"
and v € R™ are the states and inputs, respectively. It is
called differentially flat system, if there exists a set of outputs
Yy = [Y1,-,ym] | € R™, such that both the system states = and
inputs u can be expressed as algebraic functions of y and a finite
number of its time derivatives, namely « = 8z (y, ¥, ...,y(*)) and
T = (SU(y,y,...,y(lﬁq))7 where 6,(-) and 6,(-) are smooth func-
tions, and k is a finite number.

Differential flatness dynamics. Considering the UAV sys-
tem (1), let the virtual input 7. = wujcosfcos¢p — gm. Then

it can be obtained that u; = % Let wy = kzd + dg,
wy = kyy +dy, and w, = k-2 + d. denote total disturbances, and
let €1 = tanf and eo = tcaozg As a fact that cosfcos ¢ # 0, the
position dynamics is described as

Z = (72 + gm) (€1 cosp + €2 sin ) + wy,
= (72 + gm)(e15in9Y — ez cosP) + wy, (2)
Z=1Ts + w,.
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Thus €1 and €3 can be obtained as

(& —wg)cosP + (§ — wy)siny
= Tz + gm '
(& — wg) siny — (§ — wy) cosy

Tz + gm

®3)

€2 =

During the stable flight, it can be reasonably considered that the
yaw angle 1) is small. Thus €; and €3 can be obtained as

LW —hy (F—we)Fs 2¢17,
€1 = - - )
Tz +9m (T2 +gm)? T:+9gm (1)
Tz + gm (Tz +gm)2 Tz “l‘grn7

where hy = Wz and hy = Wy.
Furthermore, it follows from (1) that ¢ and 6 can be
—ws) cos b (mwy)sindy

obtained as 6 = =
Z+gm

arctan ( @
(&—wg) sinh—(§—wy) cos
\/(i*wz)2+<y7wy)2+<5+97n)2
Let 71 = €1 and 72 = €2. Then it follows from (1), (2) and (4)
that the flat UAV system is expressed as follows:

arcsin( ), respectively.

F — we)F
@™ = (12 + gm)71 + 26175 + &= wo)?e + we,
Tz + gm
) _ L [ wy)T
Yy = —(72 + gm)7m2 + 2627 P~ Twy,  (5)

Z="T +wz,
12; = uq + kdﬂz}-

Note that the system has four control inputs 71, 72, 7. and ug4,
and four outputs , y, z and 1. Based on Definition 1, system (5)
is fully actuated. The properties analysis is provided in Appendix
C.

Controller design. Considering the translational position dy-
namics, let p1 = [m,y]T, p2 = [m,y]T, p3 = [mvy]T7 pa =
[(3),y(3)]T. One can obtain

P1 = p2,
P2 = p3,
) (6)
P3 = P4,

Ppa = BOTp + dp7

where 7 = [71, )T,

_[r+gm 0 - 217+ gl o,
0 —(124+9m) 25'2+Z—%+wy

and dp is the total disturbances. It follows from Assumption 1
that dj is differential and its derivative is bounded.

First, the finite-time ESO (FESO) is developed. Let ps = dp
and ps = h1(t). Then the FESO is given as

p1=p2 + li1p1 + iz [p1]%,
Do=pP3 + lo1p1 + lo2[p1]%,
Dy=pa + ls1p1 + ls2[P1]*, (7)

Py=05 + la1p1 + laz [P1]™ + BoTp,
ps=ls151 + ls2[p1] %,

where p;,i = 1,...,5 are the estimates of p;, p1 = p1 — p1, and
li1,li2 are positive parameters, « € (0, 1).

Second, the backstepping control law is developed. Let p, =
[xr,yT]T. The tracking error is defined as w1 = p, — p1. Let
w; = a;—1 — pi,t = 2,3,4 denote the virtual errors, where «; is
the virtual control law.
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Step 1: Choose Vi = %wrwl. One can obtain V; = w;rpr +
wlng —wlToal. Let avy = ciwi + pr, where ¢; is positive constant.
Then

Vi

N

2 T
—c1 [lwi||” + wy wa. (8)
Step 2: Choose Vo = %w;wz and ag = w1 + cows + &1, where
c2 is a positive constant. One can obtain

Va < —ca |lwa|? — wg w1 + wqg ws. 9)

Step 3: Choose V3 = %w;wg and a3 = wa + c3ws + &2, where

c3 > 0. One has
Vs < —c3 [[wsl|® — wg wa + wg wa. (10)

Step 4: Choose Vy = %wzuu;. One has

4
Vi <wj <Z kiw; +p) — dp — BoTp) : (11)
i

where k1 = —c‘ll+3c%+c%+2clcz —2, ko = c:f-i—cg—i—c%cz +clc% —
3c1 — 4co —c3, ks = 3 — c? — c% — c% — c1co — c2c3 — c1c3, and

k4 = c1 + c2 4+ c3. Then the controller is designed as

3
m=B;" <Zkiwi+(k4+k5)W4+ks [s1 J”—ﬁ5+p5-4)> . (12)

i=1

where k4, ksy, v € (0,1) are positive constants. Let s1 = wy
denote the sliding mode. It follows from (11) and (12) that

Vi < —ks |lwal|® — ks, [|s1]"T" — wy ps. (13)

Theorem 1. Considering the system (6) under the FESO (7)
and the controller (12), if ||h1(t)|| is bounded, the system can be
guaranteed uniformly ultimately bounded (UUB) in finite time.

The proof of Theorem 1 is provided in Appendix D. Further-
more, the designs of z-channel and -channel controllers follow
the same procedure as described above; the detailed analysis and
discussions are provided in Appendixes E-G.

Conclusion. In this study, the differential flatness approach
is exploited to transform the Mars coaxial-rotor UAV from an
underactuated to a fully actuated system, enabling more effec-
tive controller design and reducing coupling effects. A finite-time
disturbance-rejection control scheme is developed to handle Mar-
tian gust disturbances and dynamic uncertainties, ensuring robust-
ness and fast response. The effectiveness of the proposed method
is verified by the simulation results in Appendix H. The proposed
control framework exhibits dependence of the convergence time on
initial states and parameter settings, which introduces uncertain-
ties. Future work will focus on developing prescribed-time control
schemes to guarantee fixed convergence time.
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