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ABSTRACT

In this paper, we present a comprehensive first-
principles model that is developed for a minia-
ture tilt-rotor convertiplane with Y-6 configura-
tion. First, a flight dynamics model architecture
is proposed based on the physical principle of
the tilt-rotor convertiplane. Next, the parameter
identification is conducted to determine the nu-
merical values of all necessary parameters. The
model fidelity is finally evaluated using practical
data collected in flight experiments

1 INTRODUCTION

Miniature Unmanned Aerial Vehicles (UAVs) have re-
cently gained significant popularities in both defence and civil
applications. In general, miniature UAVs are dominated by
two types: fixed-wing and rotorcraft, and each of which,
however, has inherent limitations. A fixed-wing UAV gener-
ally advances in payload capacity, flight range, and endurance
but requires runways or special equipments for take-off and
landing. On the other hand, a rotorcraft UAV features the
unique hovering capability and versatility but its speed and
endurance limit significantly trunks its applications in mis-
sions requiring wide coverage or long endurance. As such,
a new trend of miniature UAV design, which integrates the
advantages of both and contributes to a much broader range
of applications, has been recently explored. As a result, the
Hybrid UAV, or fixed-wing Vertical Take-Off and Landing
(VTOL) UAV, is born.

The miniature hybrid UAVs available in the market are
categorized into two types: convertiplane UAVs and tail-sitter
UAVs. A convertiplane maintains its airframe orientation in
all flight modes, and certain transition mechanisms such as
tilting rotors or wings are required to achieve mode traverse.
On the other hand, a tail-sitter is an aircraft that takes off
and lands vertically on its tail, and the the entire airframe
needs to tilt to accomplish cruise flight. Recently, the con-
vertiplane shows a much enhanced popularity over the tail-
sitter, which is partially due to the non-airframe-transition,
equivalent maneuverability, more robustness to environmen-
tal disturbances, and sufficient payload. Inspired by its popu-
larity, we select a miniature tilt-rotor convertiplane with Y-6
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rotor configuration (i.e., tri-copter with coaxial motor setup),
named FireFLY6 and illustrated in Fig. 1, is selected as our
research platform.

Figure 1: FireFLY6 miniature convertiplane.

In the procedure of a UAV development, establishing a
reliable model that is able to capture the flight dynamics ac-
curately over the flight envelope of interest is critically impor-
tant. For the case of hybrid UAV, the modeling work is much
more challenging, given its complicated mechanical design
and aerodynamic features. A number of modeling work (see,
e.g., [1] [2] [3] [4]) have been documented in the literature.
Our survey provides two observations: 1) no systematic mod-
eling work for the hover or low-speed operation, which is an
essential flight condition but challenging to be modeled, and
2) very rare work provide model fidelity validation based on
flight-test data. Inspired by such niche, in this paper we in-
tend to present a first-principles modeling work for our tilt-
rotor convertiplane at low-speed range, and further prove the
model fidelity via a comparison between the actual flight data
and simulation model responses.

The remaining content of this paper is organized as fol-
lows: In Section 2, a complete first-principles modeling ar-
chitecture is proposed. Section 3 presents the procedure on
determining the physical parameters involved in the proposed
model. In Section 4, the fidelity of the model is comprehen-
sively examined. Finally, Section 5 draw some key conclu-
sions.

2 FIRST-PRINCIPLES FLIGHT DYNAMICS MODEL

In this section, a flight dynamics model architecture is
proposed. The flight dynamics of a tilt-rotor convertiplane
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over the low-speed envelope consists of five key elements:
1) kinematics, 2) six degree-of-freedom (6-DOF) rigid-body
dynamics, 3) forces and moments generated by the rotors,
4) aerodynamic forces and moments of the fuselage, and 5)
on-board stabilizer dynamics. To simplify the model, it is as-
sumed that the aircraft operates in a rather calm environment.
Consequently, wind effect can be omitted.

2.1 Kinematics
The kinematics component addresses the relative trans-

lation and rotation between a multi-rotor vehicle and the lo-
cal environment. Two coordinate systems are involved: the
body frame and the local North-East-Down (NED) coordi-
nate frame. The kinematics can then be expressed by{

Ṗn = Rn/b Vb

Φ̇ = Sn/b ωb
(1)

where Pn = [ px py pz ]
′ is the position vector expressed

in the local NED frame, Φ = [ϕ θ ψ ]
′ is the Euler angle

vector, Vb = [u v w ]
′ and ωb = [ p q r ]

′ are the
body-axis velocities and angular rates. Rn/b and Sn/b are the
corresponding rotation matrices and their expressions can be
found in many textbooks such as [5].

2.2 6DOF Rigid-Body Dynamics
The 6-DOF rigid-body equation of motion representing a

vehicle’s translational and rotational movements in its body
frame are defined by{

V̇b = −ωb × Vb +
Fb

m
+

Fg

m
ω̇b = J−1 [Mb − ωb × (Jωb)]

(2)

wherem is the vehicle’s mass, J = diag{Jxx, Jyy, Jzz} is the
moment of inertia matrix, Fg is the gravity force projected
onto the body frame, and Fb and Mb are the aerodynamic
forces and moments. Their expressions are particularly es-
sential to fidelity of the derived first-principles modeling. For
the case of the tilt-rotor convertiplane, they are mainly gen-
erated by the multiple rotors Frt and the fuselage Ff . Their
detailed expression will be addressed below.{

Fb = Frt + Ff

Mb = Mrt + Mf

(3)

2.3 Forces and Moments Generated by Rotors
Forces and moments determination related to multiple ro-

tors is important in establishing the dynamics model. Partic-
ularly, for the convertiplane with Y-6 rotor configuration, the
performance interference between the upper and lower rotors
needs to be considered carefully. Before going to the detailed
analysis, three reasonable assumptions are made as follows:

1. The coaxial rotors require the same rotation speeds for
torque balance.

2. The performance of the upper rotor is not influenced by
the lower rotor.

3. Only half of the area of the lower rotor operates in an
effective climb velocity induced by the upper rotor.

Combining the analysis based on the Momentum Theory [6]
and force/torque expression introduced in [7], we obtain

Tj,U = CT,j ρΩ
2
j,U d

4
rt

Qj,U = CP,j ρΩ
2
j,U d

5
rt/(2π)

Ωj,U = Krt rj,U +Ωhov

(4)


Tj,D = kintfCT,j ρΩ

2
j,D d

4
rt

Qj,D = CP,j ρΩ
2
j,D d

5
rt/(2π)

Ωj,D = Krt rj,D +Ωhov

(5)

where the subscript U(D) denotes the upper(lower) rotor be-
long to the same coaxial rotor set, the subscript j stands for
jth rotor set marked in the previous figure, CT and CP are
dimensionless thrust and power coefficients, ρ is the air den-
sity, Ω is the motor rotation speed, drt is the rotor diameter,
r is the normalized PWM-based motor driving input with the
range of [-1, 1], kintf is the thrust factor from interference,
Krt is the scaling factor of rotation speed change to normal-
ized joystick input deflection, and Ωhov is the rotation speed
at hover. Note that

1. CT and CP can be determined either via ground exper-
iments or based on the wind-tunnel test data which is
available online (see, for example, [8]).

2. Due to the motor’s extremely fast response, a simple
proportional relationship (using hover condition as the
trim) is utilized in the first-principles model.

3. The constant value of kintf is based on the Momentum
Theory, given the case of balanced torques [6].

4. Given the assumption 1 and the Y-6 configuration, all
the six rotors share an identical RPM, that is, Ωhov, at
ideal hover.

Both the translational and rotational movements of the ve-
hicle leads to slight flapping motion of the rotor blade. To
account for this effect, a quasi-steady rotor flapping expres-
sion, proposed in [9], is adopted in our modeling process, and
defined by:{
βlc,j = (Kab1q +Kab2p−Kab3u−Kab4v)/Kab5

βls,j = (−Kab1p+Kab2q −Kab3v +Kab4u)/Kab5

(6)
where βlc,j , and βls,j are the longitudinal and lateral flapping
angles, Kab1 to Kab5 are the lumped derivatives whose de-
tailed definitions can be found in [9]. Is should be highly
noted that due to the above definition, the upper and lower
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rotors of the same coaxial rotor set share the same flapping
angles. Therefore, no subscript U and D are used in the above
equation. With the flapping angles defined, the force and mo-
ment vectors of the upper and low rotors are calculated by:{

Frt,j,U = [Tj,U s(βlc) −Tj,U s(βls) −Tj,U c(βlc) c(βls) ]
′

Frt,j,D = [Tj,D s(βlc) −Tj,D s(βls) −Tj,D c(βlc) c(βls) ]
′

(7){
Mrt,j,U = [ 0 0 ±Qj,U ]

′

Mrt,j,D = [ 0 0 ±Qj,D ]
′ (+ for CW)

(8)

The aerodynamic drag caused by the fuselage of multi-rotor
vehicles is generally small and can thus be ignored. There-
fore, the combined aerodynamic force Fb and moment Mb

can be reduced to:
Frt =

n∑
j=1

(Frt,j,U + Frt,j,D)

Mrt =
n∑
j=1

(−Mrt,j,U − Mrt,j,D + lj,U × Frt,j,U + lj,D × Frt,j,D)

(9)
where lj,U/D is the body-frame position vector of the jth up-
per (lower) rotor with respect to the center of gravity (CG).

2.4 Forces and Moments of Fuselage
A unique feature of the low-speed operation of a tilt-rotor

convertiplane is the aerodynamic forces and moments gener-
ated by its fuselage. From the perspective of aerodynamic
effect, there are generally three force components: lift, drag,
and side forces. Each of the three force components is further
associated with a moment generation. Furthermore, in low-
speed operation, the side force and moments are sufficiently
small and thus can be omitted.

As for the lift and drag analysis, stripe theory is adopted in
our work to achieve sufficient accuracy. More specifically, the
entire fuselage was divided into multiple sections along the
starboard with sufficiently small span value. For each section,
we have 

∆L =
1

2
ρ∆AV 2

localCl,b

∆D =
1

2
ρ∆AV 2

localCd,b

(10)

where ∆L and ∆D are the sectional lift and drag forces,
∆A is the effective fuselage area for lift and drag generation,
Vlocal is the local total velocity at the current section, Cl,b and
Cd,b are the lift and drag coefficients for the current section

Once the sectional lift and drag forces are determined, the
decomposition to the body frame needs to be conducted as
follows {

∆Ff,x = −L s(αin)−D c(αin)

∆Ff,z = −L c(αin) +D s(αin)
(11)

where αin is the incidence angle.
The corresponding moment is calculated by

∆Mf = ∆Ff × lae (12)

where lae = [xae yae zae ]
′ is the aerodynamic center’s

location with respect to the CG.
The overall aerodynamic force and moment generated by

the fuselage is achieved by integrating the sectional forces
and moments along the starboard.

2.5 On-board Stabilizer Dynamics

The last dynamics component of the first-principles mod-
eling is related to the on-board stabilizer module, which
is widely used in multi-rotor vehicles to dampen the rotor
response. In our work, we employ an open-source stabi-
lizer module, named Pixhawk, with configurable PID con-
trol structure and control gains. Its stabilization mechanism
is shown in Fig. 2. More specifically,

1. For the rolling and pitching dynamics, both Euler angle
(ϕ or θ) and angular rate (p or q) are fed back to the
stabilizer. Two successive control loops are included:
PID control structure is adopted in the inner loop for
angular rate stabilization, whereas P control is adopted
in the outer loop for Euler angle stabilization.

2. For the heave dynamics, vertical acceleration (az) is fed
back for stabilization, which is achieved by a single PI
control loop.

3. For the yawing dynamics, both heading angle Ψ and
yaw rate r are fed back to the stabilizer. Two suc-
cessive control loops are adopted: PI control structure
is adopted in the inner loop for yaw rate stabilization,
whereas P control is adopted in the outer loop for head-
ing angle stabilization.

Bare Hybrid UAV 
Dynamics

P Control PID Control

DR
P Control PID Control

PI Control

PID ControlP Control

a z

,d

,d

,d

,d

Figure 2: Onboard stabilizer dynamics.

Finally, the stabilizer module also acts as a signal distrib-
utor, converting the driving commands to motor-recognized
control signals for n motors (i.e., r1 to r6), realized by

 r1...
r6

 = RD


δail
δele
δcol
δped

 (13)
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where RD is 6× 4 signal distribution matrix given by

RD =


1 1 1 1
1 1 1 −1

−1 1 1 1
−1 1 1 −1
0 −1 1 1
0 −1 1 −1

 (14)

3 PARAMETER IDENTIFICATION

To complete the first-principles modeling, a set of physi-
cal parameters are required to be determined. These parame-
ters are categorized into three types, including: 1) parameters
that can be measured directly, 2) parameters that can be deter-
mined via computer-aided-design (CAD), and 3) parameters
that need to be determined experimentally. Note that

1. In Table 1, all the parameters that can be measured di-
rectly are summarized in the first category.

2. CAD software such as SolidWorks can be adopted as
an efficient tool to determine the physical properties of
the fuselage and rotor blades. The virtual hybrid UAV
built in the CAD environment is required to maximally
match the actual one, in terms of physical dimension
and material property. Fig. 3 illustrate the virtual and
real FireFLY6 platforms, and the related parameters are
summarized in the second category of Table 1.

Figure 3: Virtual and actual FireFLY6 hybrid UAVs.

3. The aerodynamic coefficients for the propellers are de-
termined either via wind-tunnel or ground experiment,
depending on the availability of the wind-tunnel test
data. Recently, thorough research and wind-tunnel
experiments have been carried out for hobby-based
propellers and representative airfoils, and the associ-
ated results are accessible in the literature or online
databases (see, e.g., [8]). However, if such data is not
available, particularly to certain newly developed pro-
pellers, dynamometer-based experiment should be con-
ducted, in which the thrust and torque values at differ-
ent rotation speeds should be recorded for determining
the coefficients via data curve-fitting.

4. The lift, drag, and moment coefficients for the sectional
fuselage can be either determined via wind-tunnel or

using simulation toolkit. The latter is preferable in our
work given its availability and efficiency. A popular
software analysis toolkit named XFLR5 is adopted to
generate these coefficients over the complete range of
angle of attack [-π, π], assuming a uniform airfoil is
applied to the entire flying-wing fuselage. The result-
ing coefficients are obtained in the lookup table format,
and plotted in Figs. 4 to 6 for convenient reference.
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Figure 4: Lift coefficient of the selected airfoil at ultra-low
Reynolds number.
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Figure 5: Drag coefficient of the selected airfoil at ultra-low
Reynolds number.
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Figure 6: Moment coefficient of the selected airfoil at ultra-
low Reynolds number.

5. As for the on-board stabilizer, if the control structure
and control gains are configurable, their values can be
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obtained directly. For the case of FireFLY6, these pa-
rameters are summarized in the third category of Ta-
ble 1. If these information are not available, two types
of ground experiments are required to initially estimate
the parameters related to the on-board stabilizer. The
former is for determining the scaling factors, in which
the hybrid UAV is required to be fixed onto a testing-rig
with only one free degree of freedom (i.e., roll, pitch,
heave, or yaw), and step input is injected into one of
the four input channels. Both the input and the cor-
responding output should be recorded for scaling fac-
tor determination. The second experiment is conducted
for estimating the PI/PID control gains and the signal
distribution matrix. The control gains and distribution
matrix can be determined via input-output data curve-
fitting.

Table 1: Parameters required for FireFLY6 first-principles
modeling.

Category Symbol Value Unit
1 c 0.027 m
1 drt 0.255 m
1 m 2.71 kg
1 ρ 1.16 kg m−3

2 Jxx 0.0945 kg m2

2 Jyy 0.0816 kg m2

2 Jzz 0.1691 kg m2

2 Iβ 3.72 e-9 kg m2

2 kβ 0.251 N m rad−1

3 Kϕ 5 NA
3 KP,p 0.12 NA
3 KI,p 0.002 NA
3 KD,p 0.003 NA
3 Kθ 5.5 NA
3 KP,q 0.12 NA
3 KI,q 0.002 NA
3 KD,q 0.003 NA
3 Kψ 2.8 NA
3 KP,r 0.22 NA
3 KI,r 0.02 NA
3 KD,r 0.002 NA
3 KP,az 2 NA
3 KI,az 0.0015 NA

4 MODEL VALIDATION

Model validation has been be conducted based on multi-
ple flight experimental data. Frequency sweep, which refers
to a class of control inputs that has a quasi-sinusoidal shape
of increasing frequency [10], is adopted as the input signal
because it is relatively easy to issue and can persistently per-
turb the frequency band of interest. Each individual perturba-

tion starts with the hovering condition. The frequency sweep,
which is issued by an human pilot, is then sequentially in-
jected into one of the four input channels to excite the flight
dynamics. Meanwhile, the pilot maintains the rough trim
condition by issuing minimum and uncorrelated control sig-
nals in the remaining input channels. The same procedure is
repeated for the remaining joystick inputs. As a result, four
types of perturbations are recorded.

The validation results are depicted in Figs. 7 to 12, which
all belong to the elevator channel perturbation. Note that
for each output response, a fairly good matching has been
achieved. Mismatch can be still observed, which is mainly
caused by the omittance of certain flight dynamics mode,
the simplified model architecture of several flight dynamics
modes included, and the environmental disturbances that are
not modeled in the current work.
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Figure 7: Elevator input.

X-axis Acceleration
0 5 10 15 20 25 30 35 40

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Simulation
Experiment

Figure 8: X-axis acceleration.

5 CONCLUSION

In this paper, we have proposed a feasible first-principles
model for a Y-6 hybrid UAV. Parameter identification is dis-
cussed and flight test data collected in the low-speed range are
adopted for model fidelity validation. The future work will
concentrate on the following key issues: 1) enhanced first-
principles architecture, 2) enhanced parameter identification
procedure with higher accuracy, 3) more comprehensive eval-
uation with necessary analysis, and 4) an in-depth analysis on
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Z-axis Acceleration
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Figure 9: Z-axis acceleration.

Roll Angle
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Figure 10: Roll angle.

the necessity and contribution of the dynamic components in-
volved in structuring the first-principles model.
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