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Abstract

This paper details the process of devel-
oping a control system for Ingenuity, a drone
helicopter that operated from 2021 to 2024
on Mars as part of NASA’s Mars 2020 mis-
sion. Said process consists first of creating
a mathematical model capable of represent-
ing the behavior of the drone in flight over
Mars, and then designing a controller capa-
ble of imparting desired behavior and per-
formance (trajectory tracking) to the model.
The problem is approached through two dif-
ferent control strategies: first, with a static
input-to-output feedback linearization con-
troller, and then, through the backstepping
technique. Among the two, only the latter
returns satisfactory results, as it is able to
achieve the objectives by exploiting the fact
that Ingenuity is an underactuated robot.
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1 Introduction

In NASA’s Mars 2020 mission, the helicopter Inge-
nuity was deployed to demonstrate the first pow-
ered flight on another planet. The helicopter was
designed to be a technology demonstrator, and its
main goal was to prove that powered flight in the
thin Martian atmosphere is possible. By the date of
the end of its mission (caused by the rupture of one
of the rotor blades), Ingenuity had far exceeded ev-
ery expectation: originally designed to perform up
to five experimental test flights over 30 days, instead
it flew for almost three years, performing 72 flights,
and traversing more than 14 times the planned dis-
tance.

In the upcoming sections of the document we will
present a mathematical model of Ingenuity, and we
will discuss the control strategies that can be used
to stabilize and control it, possibly around a planned
trajectory, during flight in the Martian atmosphere.
The theoretical results will be validated through sim-
ulated experiments.

1.1 Helicopter structure

At its core, Ingenuity features a fuselage designed
for minimal weight and maximum strength, a sturdy
framework for housing critical components such as
the avionics, power system, and rotor assembly.

The most prominent feature is its coaxial ro-
tor system, comprising two horizontally-overlapping
counter-rotating (to mitigate reaction torque effects)
blades, ensuring stability and precise maneuverabil-
ity during flight. Attached to the rotor system is a
central mast, which extends upward from the fuse-
lage.

Figure 1.1: 3D render of the Ingenuity Mars Heli-
copter.

Complementing these is a suite of sensors, cam-
eras, and communication equipment strategically in-
tegrated throughout Ingenuity’s structure. These
instruments enable it to navigate autonomously ac-
cording to the instructions coming from the base of
operation on Earth and capture imagery of the Mar-
tian surface.

The main parameters of the helicopter structure
model are summarized in Table 1.1.

Parameter Symbol Value

Mass m 1.8 kg
Rotor diameter 2 r 1.2m
Blade chord c 0.24m
COM - upper
rotor distance

dcm,u 0.10m

COM - lower
rotor distance

dcm,l 0.05m

Inertia I
diag(0.210, 0.288,

0.278) kgm2

Table 1.1: Structural parameters of the Ingenuity
model.

1.2 Martian environment

Even though the Martian gravity is only about
38% of the Earth’s, its thin atmosphere, composed
mainly of carbon dioxide with a ground-level pres-
sure of about 0.6% of the Earth’s, makes it difficult
for aerial vehicles to fly. The athmospheric model
is split in two zones: below and above the altitude
of 7000m. Since Ingenuity only performs low level
flights, we are interested in the parameters of the
lower layer, whose expressions (with respect to alti-
tude) are summarized in Table 1.2.

Parameter Sym Value

Gravity g 3.71m s−2

Temperature T −242.1− 9.98× 10−4 h K

Pressure p 0.699 e−0.9×10−5h kPa
Air density ρ p/(0.192 T ) kgm−3

Table 1.2: Martian environment parameters for al-
titude h < 7000m.
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2 Mathematical model

Each of the two rotors of Ingenuity generates a
thrust vector in a commanded direction, which is
applied on the rotating hub. Not only does this re-
sult in a force capable of moving the helicopter, but
it also generates a torque that can be used to control
its orientation.
The helicopter is treated as a simple rigid body with-
out taking into account the aerodynamics of the
blades, therefore the only external force is gravity.

From now on, we will consider an inertial ref-
erence frame (superscript i) and a non-inertial one
attached to the drone body (superscript b).
The relative orientation of the latter with respect to
the former is expressed in roll, pitch and yaw angles
(i.e. the three components of W ), or alternatively
through the corresponding rotation matrix (in com-
pact trigonometric notation with sin(Wi) = si and
cos(Wi) = ci):

R(W ) = R =

c2c1 s2s1c3 − s1c3 s3s2c1 + s1s3
c2s3 s2s1s3 + c3c1 s3s2c1 − s1c3
−s2 s1c2 c2c1


2.1 Helicopter dynamics

The magnitude of the thrust generated by each of
the rotors is given by the sum of two components,
one due to the lift and the other due to the drag.

Fl = Klω
2,

Fd = Kdω
2,

where ω represents the angular velocity of the rotor,
while Kl and Kr are two coefficients, whose expres-
sions are the following:

Kl =
1

2
Clcr

3ρ,

Kd =
1

2
Cdcr

3ρ.

In the previous formulas, c is the chord of a rotor
blade and r is its hub-to-tip length; ρ is the air den-
sity, while Cl and Cd indicate the lift and drag co-
efficients of the rotor blades, which depend on their
angle of attack. We consider the latter constant at
a value such that Kl −Kd > 0.

This means that we can write the total thrust norm
generated by each rotor as:

||F || = Fl − Fd = (Kl −Kd)ω
2, (2.1)

therefore we can treat ωu and ωl as two of the con-
trol inputs of the system (respectively, for the upper
and lower rotor).

Now consider the angles that the projections of
the thrust vectors on the planes xz and yz form with
the vertical axis z, called respectively α and β: this
couple is the other input of the system, and it is the
same for the upper and lower rotors. The two angles
are illustrated in Figure 2.1.

z

x

F

α

z

y

F

β

Figure 2.1: Angles α and β that the projections of
the thrust vector forms with the vertical direction in
the xz and yz planes of the body frame.

In the body reference frame, the thrust vector is then
written by means of the auxiliary angle γ, i.e. the
angle that the thrust vector forms with the vertical
axis z in the three-dimensional space:

F b = T(α,β)||F || (2.2)

with T(α,β) =

− tanα cos γ
− tanβ cos γ

cos γ

 ,

tan2 γ = tan2 α+ tan2 β.

Since the thrust vectors are not applied in the
center of mass of the helicopter, they also generate
torques according to:

τ b =

 0
0

dcm

× F b, (2.3)

with dcm being the distance between the center of
mass of the helicopter and the center of the rotors.
Note that this cross product results in a vector whose
last component is null. In fact, the yaw rotation is
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caused by the difference of the reaction torques gen-
erated by the two rotors:

τ br =

 0
0

Qu −Ql

 with Q = 0.02 ||F ||. (2.4)

According to Newton’s second law, the overall
force acting on the helicopter is the sum of the forces
generated by the two rotors and the force of gravity:

F b
tot = F b

u + F b
l +RTF i

g

= T(α,β)(Kl −Kd)(ω
2
u + ω2

l ) +RTF i
g,

where F b
tot is the total force acting on the body and

F i
g is the gravitational force. Similarly, the total

torque is composed of the torques generated by the
two rotor thrust vectors (roll and pitch) and the re-
action torque of the two rotors (yaw):

τ btot = τ bu + τ bl + τ br , (2.5)

where τ btot is the total torque acting on the body.
By applying these laws, we compute the deriva-

tive of the velocity V in the body frame. Neglecting
external forces, the cross product term accounts for
the Coriolis effect. This is also done for the angular
velocity Ω, where the cross product term represents
the gyroscopic effect.

d

dt
V b =

F b
tot − Ωb × (mV b)

m
,

d

dt
Ωb = I−1(τ btot − Ωb × (IΩb)).

In the inertial frame, the position P and the orienta-
tion W of the robot are updated by integrating the
velocity and the angular velocity, with:

d

dt
P = RV b,

d

dt
W = RΩb.

2.2 Actuator dynamics

The control signals ωu, ωl, α and β are not instantly
translated into the corresponding angular velocities
or swashplate tilt angles: non-idealities arise since
the physical components of Ingenuity are set in mo-
tion by actuators (typically electrical motors).

In reality, often actuators integrate low-level closed
loops (sometimes even analog, e.g. through poten-
tiometers) whose dynamics may be overlooked in the
high-level control system design. To account for the
effect of these components in our model and simu-
lations, however, it is appropriate to model each of
the four input channels as double integrators:

Gi(s) =
1

s2
, i = 1, 2, 3, 4.

In feedforward, the trivial solution is to control the
double integrators with (physically realizable) con-
trollers such as:

Ki(s) =
s2

(1 + s Ti)2
, i = 1, 2, 3, 4,

with Ti being a (small enough) time constant that
can be tuned to match the actual dynamics of the
actuators.
This means that, at the end of the day, the resulting
actuator open-loop transfer functions are equal to:

Li(s) = Gi(s)Ki(s) =
1

(1 + s Ti)2
, i = 1, 2, 3, 4.

3 Control via I/O feedback lin-
earization

From the control perspective, Ingenuity is an under-
actuated robot, since the number of control inputs is
less than the number of degrees of freedom. Specif-
ically, it has six degrees of freedom (three for the
position and three for the orientation) and only four
control inputs (the rotation speed of the two rotors
ωu and ωl, and the thrust vector angles α and β).

In order for the robot to be controlled, it is nec-
essary to exploit its natural dynamics by employing
the four inputs to impart a certain behavior to the
total system (both positional and rotational state
variables) such that, at the end of the day, the three-
dimensional position and the yaw angle follow the
desired course in time. To grasp the concept, the
reader can imagine a quadrotor or helicopter with a
tail rotor, which need to tilt in the desired direction
in order to move.

If we choose as controlled outputs of the system
the three position components and the yaw angle,
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it is possible to employ the input-to-output feed-
back linearization technique to design a controller
that renders unobservable the nonlinear dynamics
of the helicopter. As a result, the system seen be-
tween input and output will have linear dynamics
and thus could be easily controlled via linear control
techniques.

Consider the following nonlinear state-space rep-
resentation of the robot dynamics:

d

dt


P
V b

W
Ωb

 =


RV b

1
mRTF i

g − Ωb × V b + 1
mu

RΩb

−I−1Ωb × (IΩb) + I−1τ btot

 (3.1)

where the input u is the total thrust force generated
by the rotors:

u = F b
u + F b

l . (3.2)

Calculations are facilitated if we make a change of
coordinates to the inertial frame.

d

dt

[
P

Ṗ

]
=

[
Ṗ

1
mF i

g +Ωb × Ṗ − (RΩb)× Ṗ + 1
mRu

]
.

The idea is to choose u to cancel the nonlinear
part of the positional dynamics:

u = mRT [(RΩb)× Ṗ − Ωb × Ṗ − 1

m
F i
g + v].

The transfer function relating the input v to the out-
put P is then a double integrator:

d2

dt2
P (t) = v(t) ⇐⇒ P (s)

v(s)
=

1

s2
.

It can be controlled using a simple PD controller
with a feedforward term:

v = kp,1(P
d − P ) + kd

(
d

dt
P d − Ṗ

)
+

d2

dt2
P d.

Notice that the only input affecting the Ωb
3 dy-

namics is the reaction torque τ br . Controlling the
third component of the angular velocity in the body
frame is all we can do if we want to keep the inputs
u and τ br decoupled, and it is sufficient if we assume
that the roll and pitch angles are sufficiently small.
Therefore, we proceed in an analogous way to the
previous case, choosing:

τ br =

0 0 0
0 0 0
0 0 1

 [Ωb × (IΩb) + Iw]

This results in the following transfer function for the
Ωb

3 dynamics:

d

dt
Ωb

3(t) = w3(t) ⇐⇒ Ωb
3(s)

w3(s)
=

1

s
,

where w3 is the third component of w. The lin-
earized system can be controlled using a simple pro-
portional controller with a feedforward term:

w =

 0
0

kp,2(Ω
b
3,d − Ωb

3) +
d
dtΩ

b
3,d

 .

Following this, a critical point is reached: once
an feedback linearizing control is implemented, it is
worth taking a look at how the part of the system
that has been hidden behaves. We could call this
part, in a non-formal way, the forced zero dynamics
of the system. It is obtained by substituting 2.3 and
2.5 in 3.1:

d

dt

[
Ωb

1

Ωb
2

]
=

−F b
l,2dcm,l+F b

u,2dcm,u

I1,1
− I2,2−I3,3

I1,1
Ωb

2Ω
b
3

F b
l,1dcm,l+F b

u,1dcm,u

I2,2
+

I1,1−I3,3
I2,2

Ωb
1Ω

b
3

 .

The latter is an autonomous dynamics that is af-
fected by the signals F b

l,1, F
b
l,2, F

b
u,1 and F b

u,2, which
in turn depend on the feedback linearizing con-
trol. In practical terms, in order to enforce the de-
signed behavior, the controller may induce pseudo-
chaotic angular accelerations in the not-directly-
controllable part of the system, leading to undesired
and ”clumsy” behaviors. It is a consequence of the
fact that the system is underactuated.

3.1 Actuation

The objective of this section is to recover the actual
control inputs of Ingenuity, i.e. the rotation speed
of the upper and lower blades ωu and ωl and the tilt
angles of the swashplate α and β, given the values of
the linearizing signals u and τ br entering the system
in 3.1 with 2.5.
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Since 3.2 holds, from the definition of the angles
α and β illustrated in 2.1, under the assumption that
u3 ̸= 0 1, the following is straightforward:

α = arctan

(
u1

u3

)
,

β = arctan

(
u2

u3

)
,

where u1, u2 and u3 are the components of the vec-
tor u.

Knowing α and β, it is possible to combine the
third component of 2.2 and 3.2 to find the sum of the
norms of the forces F b

u and F b
l , given that cos γ ̸= 02:

||F b
u||+ ||F b

l || =
u3

cos γ
,

while their difference is given by exploiting 2.4:

||F b
u|| − ||F b

l || = 50 τ br,3,

where τ br,3 is the third component of the vector τ br .
Using 2.1, we obtain the following system of equa-
tions: {

(Kl −Kd) (ω
2
u + ω2

l ) =
u3

cos γ

(Kl −Kd) (ω
2
u − ω2

l ) = 50 τ br,3
,

whose solutions are:

ωu =

√
u3

cos γ + 50 τ br,3

2 (Kl −Kd)
,

ωl =

√
u3

cos γ − 50 τ br,3

2 (Kl −Kd)

and only exist if τ br,3 satisfies:

|τ br,3| ≤
u3

50 cos γ
.

3.2 Simulation results

The implemented control law was tested on a trajec-
tory tracking task. To complete the task, the heli-
copter is required to perform, cyclically with period
T = 100 s, an helical trajectory for 70 s and then to

come back to the origin in the remaining 30 s, while
keeping the yaw angle to zero, i.e.

P d =



r · cos( t
d )

r · sin( t
d )

1 + t
k

 if t % 50 < 30

00
0

 else

(3.3)

W d = 0 (3.4)

with r = 5m radius of the helix, d = 5 a scaling
factor regulating the speed of the (x, y) plane and
k = 10 a scaling factor regulating the rate of climb.
The symbol % stands for remainder after division.
Moreover, the initial position of the robot belongs
to the helical trajectory, while the initial attitude is
null.

For the sake of realism, the control inputs to the
system cannot range over an infinite span, but it is
appropriate to constrain them to vary over limited
intervals. More specifically, we impose the following
constraints:

ωu ∈ [0, 2800] rpm (3.5)

ωl ∈ [−2800, 0] rpm (3.6)

α ∈ [−10, 10]◦ (3.7)

β ∈ [−10, 10]◦ (3.8)

Figure 3.1 shows the comparison between the ref-
erence and the actual trajectory traversed by the
robot. The tracking performance is outstanding as
long as the error is small, but failure occurs in the
instant that the error is too large, because of the
explosion of the states governing the forced zero dy-
namics. We deduce that the system is extremely
unrobust, so the control action is not sufficiently re-
liable.

1Always satisfied during normal conditions, since there will always be a part of u3 counteracting gravity.
2Consequence of u3 ̸= 01 using 3.2 and 2.2.
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Figure 3.1: Trajectory tracking.

This phenomenon is also visible in Figure 3.2.
Despite the pitch having, up to a certain point,
an acceptable evolution, the roll exhibits noticeable
fluctuations that induce Ingenuity to assume an un-
realistic behavior. As an additional consequence, the
small angles assumption of the previous signals is vi-
olated, leading to a significant error in the yaw angle,
whose reference is not followed. Moreover, as in the
previous graph, the abrupt change in the reference
causes the bursting of the examined states.
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Figure 3.2: Evolution of the roll, pitch and yaw an-
gles respectively.

The previous results can only be obtained if the
inputs are not constrained. In fact, Figures 3.3 and
3.4 show that the value of the angle β breaks the
constraint 3.8. If saturations were imposed on the
input signals, the system would fail to track the tra-
jectory and diverge even in the initial phase.
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Figure 3.3: Angles α and β of the swashplate.
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Figure 3.4: Angular velocities of the upper and lower
rotor respectively.

4 Control via backstepping

In this section we will present the backstepping con-
trol technique applied to the helicopter model. The
main idea is to act on the whole system to ulti-
mately obtain global asymptotic stability and there-
fore track a desired trajectory. Let us consider once
again the state-space representation in 3.1. In order
to find an analytical solution to the control problem,
we will assume that the horizontal components of the
control input u (defined in 3.2) are negligible. This
is justified by the fact that, in nominal operational
conditions, the main contribution of the thrust gen-
erated by the rotors is the vertical one with respect
to the body frame. Therefore u can be written as:

u =

 0
0
u3

 . (4.1)

The objective is to design a control law (u, τ btot),
depending only on the measurable states, such that
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the tracking error

ε(t) := (P (t)− P d(t),W3(t)−W d
3 (t))

is asymptotically stable for all initial conditions.
We start the procedure with the definition of the

position error in the body reference frame:

δ1 := RT (P d − P ).

Its time derivative is given by:

d

dt
δ1 = −Ωb ×RT (P d − P ) +RT

(
d

dt
P d − d

dt
P

)
= −Ωb × δ1 +RT

(
d

dt
P d − V b

)
.

From this, we identify the velocity error in the body
reference frame:

δ2 := RT

(
d

dt
P d − V b

)
.

After differentiation with respect to time, we obtain:

d

dt
δ2 = −Ωb × δ2 +RT d2

dt2
P d − 1

m
(RTF i

g − u).

Define as V1 the first Lyapunov function, regard-
ing the pseudo-energy of the position and velocity
errors, as:

V1 :=
1

2
(δ1 + λδ2)

T (δ1 + λδ2) +
1

2
δT1 δ1,

where λ > 0 is a slack variable to be tuned. The
time derivative of V1 is:

d

dt
V1 = (δ1 + λδ2)

T

(
δ2 + λRT d2

dt2
P d − λ

m
u

)
+ δT1 δ2.

We are looking for a virtual control input ( λ
mu)∗

making d
dtV1 ≤ −V1 barring an error that has to be

recovered in the next iteration of the backstepping
procedure. The aforementioned virtual control is:(

λ

m
u

)∗

= δ1 + λδ2 + 2δ2 + λRT d2

dt2
P d.

This choice results in:

d

dt
V1 = −(δ1 + λδ2)

T (δ1 + λδ2)− λδT2 δ2+

(δ1 + λδ2)
T δ3,

where:

δ3 :=

(
λ

m
u

)∗

− λ

m
u.

We proceed further by computing the time
derivative of δ3 as:

d

dt
δ3 = −Ωb × δ3 −

λ

m
Ωb × u+

λ+ 2

λ
δ3 −

λ+ 2

λ
δ1

− (λ+ 2)2 − λ

λ
δ2 + λRT d3

dt3
P d − λ

m

d

dt
u.

Let us consider at this stage the error in the yaw
component:

ε2 = W d
3 −W3.

The second Lyapunov function is:

V2 =
1

2
δT3 δ3 +

1

2
ε22,

with its time derivative being:

d

dt
V2 = δT3

(
− Ωb × δ3 −

λ

m
Ωb × u− λ+ 2

λ
δ1+

λ+ 2

λ
δ3 −

(λ+ 2)2 − λ

λ
δ2 + λRT d3

dt3
P d − λ

m

d

dt
u

)
+ε2

(
d

dt
W d

3 − d

dt
W3

)
.

The third component3 of the first bracket in the
previous equation can be directly shaped by impos-
ing the value of the derivative of the lift u:

d

dt
u3 =

m

λ

[
0 0 1

](λ+ 2

λ
δ3 −

λ+ 2

λ
δ1

−λ2 + 3λ+ 4

λ
δ2 + λRT d3

dt3
P d + δ1 + λδ2

)
.

The vector
[
0 0 1

]
has been used to isolate the

third component of the equation. The residual po-
sitional error is taken into account with the goal
of imposing the decrease rate of d

dt (V1 + V2) along

3Notice that δT3 (−Ωb × δ3) = 0 and Ωb × u =
[
⋆ ⋆ 0

]T
.

7



the system trajectories with the choice of the virtual
control:

(
λ

m
Ωb × u

)∗
:=

1 0 0
0 1 0
0 0 0

(
λ+ 2

λ
δ3 −

λ+ 2

λ
δ1

−λ2 + 3λ+ 4

λ
δ2 + λRT d3

dt3
P d + δ1 + λδ2 + k1δ3

)
.

that lives in the orthogonal plane to u3, where k1 > 0
is slack variable to be tuned in order to determine
the rate of convergence of the error δ3.
Through the last two choices, we have only con-
trolled the part of d

dtV2 regarding the position error.
Now we can focus on the yaw term by introducing
the virtual control:(

d

dt
W3

)∗
:=

d

dt
W d

3 + k2ε2,

The derivative of the second Lyapunov function be-
comes:

d

dt
V2 = δT3 δ4 − k1δ

T
3 δ3 − δT3 (δ1 + λδ2)− k2ε

2
2 + ε2ε3,

where:

δ4 :=

(
λ

m
Ωb × u

)∗

− λ

m
Ωb × u,

ε3 :=
d

dt
W ∗

3 − d

dt
W3.

Finally, the last iteration starts with the compu-
tation of the time derivative of the latter:

d

dt
δ4 =

d

dt

(
λ

m
Ωb × u

)∗

− λ

m

(
d

dt
Ωb

)
× u

− λ

m
Ωb ×

(
d

dt
u

)
,

d

dt
ε3 =

d2

dt2
W d

3 + k2

(
d

dt
W d

3 − d

dt
W3

)
− d2

dt2
W3.

At this point, we can define the third Lyapunov func-
tion and proceed as usual.

V3 =
1

2
δT4 δ4 +

1

2
ε23.

Which, after differentiation, results in:

d

dt
V3 = δT4

(
d

dt

(
λ

m
Ωb × u

)∗

− λ

m

(
d

dt
Ωb

)
× u

− λ

m
Ωb ×

(
d

dt
u

))
+ε3

(
d2

dt2
W d

3 + k2

(
d

dt
W d

3 − d

dt
W3

)
− d2

dt2
W3

)
.

Once again, our goal is to ”stabilize” the function
d
dtV3. This can be achieved through the following
choices:

d2

dt2
W3 =

d2

dt2
W d

3 + k2

(
d

dt
W d

3 − d

dt
W3

)
+ k4ε3 + ε2,

λ

m

(
d

dt
Ωb

)
× u =

d

dt

(
λ

m
Ωb × u

)∗

− λ

m
Ωb ×

(
d

dt
u

)

+

1 0 0
0 1 0
0 0 0

 δ3 + k3δ4.

The very last equation results into the following ex-
pressions for the derivatives of the angular velocities
in the body frame:

d

dt
Ωb

1 = − m

λu3

[
0 1 0

] [ d

dt

(
λ

m
Ωb × u

)∗

−

λ

m
Ωb ×

(
d

dt
u

)
+ δ3 + k3δ4

]
,

d

dt
Ωb

2 =
m

λu3

[
1 0 0

] [ d

dt

(
λ

m
Ωb × u

)∗

−

λ

m
Ωb ×

(
d

dt
u

)
+ δ3 + k3δ4

]
.

According to the above choices, the derivative of the
third Lyapunov function becomes:

d

dt
V3 = −k4ε

2
3 − ε2ε3 − δT4 δ3 − k3δ

T
4 δ4.

To summarize, consider the sum of the three
aforementioned Lyapunov functions as the overall
Lyapunov function V :

V = V1 + V2 + V3 =
1

2
(δ1 + λδ2)

T (δ1 + λδ2)+

1

2
δT1 δ1 +

1

2
δT3 δ3 +

1

2
ϵ22 +

1

2
δT4 δ4 +

1

2
ϵ23,
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with its time derivative being:

d

dt
V = −(δ1 + λδ2)

T (δ1 + λδ2)− λδT2 δ2 − k1δ
T
3 δ3

−k2ε
2
2 − k4ε

2
3 − k3δ

T
4 δ4,

meaning that V is monotonically decreasing (and
thus the control objective is achieved) if and only if
we pick the following:

d

dt
u3 =

m

λ

[
0 0 1

](λ+ 2

λ
δ3 −

λ+ 2

λ
δ1

−λ2 + 3λ+ 4

λ
δ2 + λRT d3

dt3
P d + δ1 + λδ2

)
,

d

dt
Ωb

1 = − m

λu3

[
0 1 0

] [ d

dt

(
λ

m
Ωb × u

)∗

−

λ

m
Ωb ×

(
d

dt
u

)
+ δ3 + k3δ4

]
,

d

dt
Ωb

2 =
m

λu3

[
1 0 0

] [ d

dt

(
λ

m
Ωb × u

)∗

−

λ

m
Ωb ×

(
d

dt
u

)
+ δ3 + k3δ4

]
,

d

dt
Ωb

3 =
c2
c1

(
d2

dt2
W d

3 + k2

(
d

dt
W d

3 − d

dt
W3

)
+ k4ε3

+ε2 +
[
0 0 1

]
M−1 d

dt
M M−1Ωb − s1

c2

d

dt
Ωb

2

)
.

with the latter resulting from the differentiation of
the yaw angle W3, and M being:

M =

−s2 0 1
c2s1 c1 0
c2c1 −s1 0

 .

4.1 Actuation

This section is the analogue of Section 3.1 for the
backstepping controller.
The backstepping procedure yields the values of the
time derivative of the lift d

dtu and the desired angu-

lar velocity dynamics d
dtΩ

b, which must be converted
into the actual inputs of the robot ωu, ωl, α, and β.

For simplicity, let us use the following notation:

τ := τ btot.

Assuming that α and β are small:

T(α,β) ≈

αβ
1

 ,

by 2.1, 2.2, 2.3, 2.4 and 2.5, we obtain a system of
four equations in four unknowns:

τ1τ2
τ3

 =

−β (Kl −Kd) (dcm,u ω
2
u + dcm,l ω

2
l )

α (Kl −Kd) (dcm,u ω
2
u + dcm,l ω

2
l )

0.02 (Kl −Kd) (ω
2
u − ω2

l )


u3 = (Kl −Kd)(ω

2
u + ω2

l )

,

whose (real) solutions exist only if the following con-
dition is satisfied:

|τ3| ≤
u3

50
.

In that case, the solutions are:

wu =

√
u3 + 50 τ3
2(Kl −Kd)

wl =

√
u3 − 50 τ3
2(Kl −Kd)

α =
2τ2

(dcm,l + dcm,u)u3 + 50 (dcm,u − dcm,l) τ3

β =
−2τ1

(dcm,l + dcm,u)u3 + 50 (dcm,u − dcm,l) τ3
,

where τ1, τ2 and τ3 are the three components of τ ,
whose value comes from 3.1:

τ = I
d

dt
Ωb +Ωb × (IΩb).

4.2 Simulation results

The backstepping controller was also tested on the a
trajectory tracking task akin to the one seen in Sec-
tion 3.2. The reference trajectory is expressed in 3.3
and 3.4, with the same parameters r = 5m, d = 5
and k = 10.
With the current controller, which is far more robust
than of the previous one, we can also afford to start
from an initial condition corresponding to a nonzero
initial tracking error, i.e., the origin.

The comparison between the reference and the
actual trajectory of Ingenuity is shown in Figure 4.1.
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Notice that the robot is able to follow the desired
path with a good approximation, while recovering
both the initial position error and the final one (gen-
erated by the abrupt change in the reference).

Figure 4.1: Trajectory tracking.

As theoretically expected, the controller exploits
the roll and pitch dynamics to impart the desired
behavior to the remainder of the system (see Figure
4.2).
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Figure 4.2: Evolution of the roll, pitch and yaw an-
gles respectively.

Finally, the necessary control inputs, adequately
saturated according to the constraints 3.5 - 3.8 so as
to reflect the actual physical limitations of the actu-
ators, are depicted in Figures 4.3 and 4.4.
We can therefore state that the controller is not only
robust to external disturbances, but also to these
types of constraints.
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Figure 4.3: Angles α and β of the swashplate.
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Figure 4.4: Angular velocities of the upper and lower
rotor respectively.

5 Conclusions

The Mars helicopter Ingenuity is a complex system
that requires careful modeling and control design to
ensure its stability and performance. In this paper,
we have presented a detailed mathematical model
of the helicopter dynamics during flight through the
Martian atmosphere, and then used it to design an
input-output feedback linearization controller and a
backstepping controller to stabilize it around a de-
sired trajectory. As a result, the following conclu-
sions can be drawn:

� Ingenuity is an underactuated system with
four control inputs and six degrees of freedom,
whose dynamics are highly nonlinear and de-
pend on the altitude, the rotor speed, and the
blade pitch angles. The model we have de-
veloped captures these dependencies and pro-
vides a good approximation of the real system
behavior.
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� The input-output feedback linearization con-
troller is able to stabilize the positional and
yaw dynamics of Ingenuity around a desired
trajectory, but the hidden nonlinearities re-
spond to the control inputs in an undesired
and unrealistic way. This is due to the fact
that the controller does not take into account
the coupling between the different states of the
system.

� The backstepping controller, on the other
hand, is able to stabilize the full dynamics of
Ingenuity because it accounts for the cascade-
like inner structure of the system and exploits
it by recursively designing virtual control laws
and stabilizing error dynamics at deeper lev-
els within the system, gradually steering it to-
wards the goal.
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