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Abstract

For vertical takeoff and landing (VTOL) control of distributed-propulsion, fixed-wing
UAVs exhibiting strong nonlinearity and aerodynamic/propulsive coupling, traditional
linearization methods incur significant modeling errors in pitch–roll coupling and vortex
interference scenarios due to neglected high-order nonlinearities, leading to inherent control
law limitations. This study focuses on a non-tilting, distributed-propulsion VTOL UAV
featuring integrated airframe-propulsion design. Each of its four propulsion units contains
six ducted rotors, arranged in tandem wing configuration on both fuselage sides. A
revised propulsion–aerodynamic coupling model was established and validated through
bench tests and CFD data, enabling the design of an Incremental Nonlinear Dynamic
Inversion (INDI) control architecture. The UAV dynamics model was constructed in
Matlab/Simulink incorporating this revised model. An INDI-based attitude control law
was developed with cascade controllers (angular rate inner-loop/attitude outer-loop) for
VTOL mode, integrated with propulsion-system and control-surface allocation strategies.
Digital simulations validated the controller’s effectiveness and robustness. Finally, tethered
flight tests with physical prototypes confirmed the method’s applicability for high-precision
control of strongly nonlinear distributed-propulsion UAVs.

Keywords: distributed electric propulsion vehicle; dynamics modeling; incremental
nonlinear dynamic inversion; suspension experiments

1. Introduction
According to data released by the International Air Transport Association (IATA),

carbon dioxide emissions from the aviation industry account for 2.5% of global total
emissions and are increasing annually. Meanwhile, intensifying global competition is
pressuring manufacturing enterprises to reduce energy costs. In response to growing
international calls for carbon reduction in aviation, many aircraft manufacturers have
shifted their production goals toward energy efficiency and low-carbon technologies [1–5].

Against the backdrop of current advancements in aviation emission reduction tech-
nologies, the distributed hybrid electric propulsion architecture has attracted significant
attention as a promising solution to environmental challenges. This innovative propul-
sion system employs a conventional thermal engine to drive generators, which in turn
power multiple distributed electric propulsion units (motor/propeller assemblies) along
the aircraft’s wings or fuselage to perform primary or complete propulsion tasks [2,3,6–10].
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Compared to traditional propulsion systems, this distributed layout not only reshapes the
aerodynamic configuration of the aircraft, but also significantly increases the effective by-
pass ratio through flow field optimization, thus enhancing propulsion efficiency, reducing
fuel consumption and pollutant emissions [6–9], and generating lower noise levels [11].
Another example is that electrified/hybrid propulsion coupled with distributed propulsion
can significantly improve the efficiency of propulsion–wing coupling, thereby reducing fuel
consumption and contributing to noise reduction, given the right architecture and energy
management [12]. Generally speaking, research on fixed-wing unmanned aerial vehicles
typically employs small interference linearization analysis methods. However, during
the transitional flight phase, the dynamics of distributed drones evolve into a multi-state,
coupled nonlinear model. Such strongly nonlinear systems are typically characterized by
coupled high-order differential equations, requiring mathematical models that incorporate
aerodynamic derivatives, inertial coupling terms, and propulsion system dynamics within
a nonlinear state-space framework. Traditional linearized analysis methods, which neglect
higher-order nonlinear coupling terms, result in significant modeling errors under typical
conditions such as pitch–roll coupling and vortex interference, leading to fundamental
flaws in control law design.

Meanwhile, as a vital carrier of modern aviation technology, UAV systems have
demonstrated significant application value in national defense reconnaissance, ecologi-
cal data collection, emergency supply delivery, and other fields [11,13]. In this context,
enhancing mission execution accuracy in complex operational scenarios has become a
focal point of research in flight control. As a core component of the flight control system,
attitude regulation technology plays a decisive role in maintaining the operational stability
of aerial platforms [11]. Optimizing this technology is not only crucial for achieving basic
UAV performance metrics but also directly affects the reliability of aerospace equipment
under extreme conditions. To ensure precise task execution by UAVs, extensive research
has been conducted globally on attitude control methods [14–17]. Common methods
include Proportional–Integral–Derivative (PID) control [16], backstepping control [17],
sliding mode control [18], and Nonlinear Dynamic Inversion (NDI) [15]. However, these
methods exhibit notable limitations when addressing multi-state coupled nonlinear sys-
tems: PID control struggles with tuning parameters in the presence of strong inter-channel
coupling and lacks robustness [19]; backstepping control is highly dependent on accurate
dynamic models, leading to performance degradation under unmodeled dynamics [20];
sliding mode control, although robust, suffers from chattering, which accelerates actuator
wear [20]; adaptive control allows online parameter tuning but is computationally inten-
sive and often lags behind rapid system changes [21]. These limitations fundamentally
stem from the reliance of traditional control methods on accurate mathematical models.
When confronted with the highly coupled nonlinear dynamics of transitional flight phases,
control laws based on linear assumptions or simplified models cannot effectively compen-
sate for time-varying aerodynamic parameters or nonlinear actuator saturation. While
NDI simplifies control laws by mathematically inverting system dynamics to construct
a linearized equivalent system for closed-loop control, it demands accurate models and
invertible control input matrices, limiting its applicability [16].

The above analysis reveals that a key contradiction in traditional control approaches
lies in their reliance on precise models versus the intrinsic nonlinearity and uncertainty of
real-world systems. To address this issue, Incremental Nonlinear Dynamic Inversion (INDI)
has garnered increasing interest in recent years. Derived from classical NDI theory [22,23],
INDI introduces an incremental control strategy and utilizes sensor measurements to re-
place model-dependent components, significantly reducing dependence on precise system
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models while enhancing robustness. This method is particularly suitable for high-precision
UAV control in complex dynamic environments [15,16,22,23].

In conclusion, distributed propulsion UAVs offer vast application prospects due to
their unique configuration and performance advantages. However, this configuration also
presents a series of unresolved issues in flight mechanics and control. To date, only limited
studies have addressed the complex aerodynamic/propulsion coupling disturbances, and
experimental validation on physical prototypes remains scarce. Therefore, this paper fo-
cuses on modeling the hovering dynamics of distributed propulsion UAVs, constructing
aerodynamic and coupled propulsion component models, analyzing dynamic characteris-
tics, and developing a reliable control allocation scheme to address these research gaps.

The structure of this article is as follows: (1) A dynamic modeling approach is proposed
based on the description of the dynamics of unmanned institutions. (2) Considering the
multi-variable, nonlinear, strongly coupled, high-order, and uncertain characteristics of the
system, an INDI-based control scheme is developed. (3) Design suspension test to verify the
precise control and anti-interference ability of INDI controller on real UAV. (4) Summarized
the work of this article and provided prospects for future research.

2. Dynamic Modeling
2.1. Design Features

Figure 1a,b shows the vertical view and side view of the VTOL mode of the object
under study in this paper, in which the orange and yellow areas are the power part, in
which the power differential in the orange area realizes the transverse heading control, the
power differential in the yellow area realizes the longitudinal control, the blue area is the
rudder surface, which is also divided into the light blue and dark blue areas according
to the demand of the longitudinal and transverse heading control. The green area is the
induced wing, which is positioned at the duct exit to deflect the jet flow from the duct. By
redirecting the thrust vector, the induced wing enables control over the direction of the
propulsive force, thereby facilitating vertical takeoff and landing (VTOL) capability. The
aircraft employs a tandem wing layout with a V-tail, and the ducted fan propulsors are
embedded directly into the wings, enabling a highly integrated propulsion–wing design.

(a) (b)

Figure 1. Configuration design of the UAV: (a) Vertical view. (b) Side view.

The UAV power unit itself does not tilt, but the induced wing deflects the thrust
direction to realize vertical takeoff and landing. Throughout the flight, the control surface
deflection and induced wing inclination range from −10◦ to 40◦ and 0◦ to 55◦, respectively.
In the VTOL mode, the control surface deflection angle is set to 25◦, and the induced wing
tilt angle is 55◦. The propulsion units are aligned with the fuselage axis. Because the
induced wings can deflect the ducted thrust by approximately 45 degrees, the aircraft is
designed to assume an initial pitch attitude of about 45 degrees during hover so that the
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resultant thrust becomes vertical, ensuring balanced forces for vertical takeoff and landing.
Each propulsion unit consists of six ducted fans.

The overall parameters of the drone are shown in Table 1.

Table 1. UAV overall parameters.

Parameters Numerical Value

Mass/kg 100
Wingspan/m 3
Fuselage length/m 2
Duct Diameter/m 0.25
Number of duct 24

2.2. Definition and Transformation of Coordinate Systems

The UAV configuration studied in this work is illustrated in Figure 2a, which presents
the aircraft state in hover mode. This is a distributed propulsion vertical takeoff and landing
(VTOL) fixed-wing UAV with a passive tilting mechanism. It features an integrated design
of passive tilt, distributed propulsion, and a power-integrated fuselage. Each propulsion
wing unit consists of six ducted rotors, with four propulsion wing units mounted in tandem
on both sides of the fuselage. To ensure the general applicability of the model, both the
ground coordinate system ogxgygzg and the body-fixed coordinate system obxbybzb are
defined. The ground frame is fixed to the Earth, with its origin at a certain point on the
ground. Its vertical axis ogzg points toward the Earth’s center, while the other two axes
ogxg and ogyg lie in the horizontal plane and are orthogonal to each other. Typically, the
ogzg = H represents flight altitude. The body frame is fixed to the UAV, with its origin at
the UAV’s center of mass. The xb lies within the plane of symmetry and points forward;
the zb is perpendicular to the xb and points downward; the yb is perpendicular to the x − z
plane and points to the starboard wing.

(a) (b)

Figure 2. Schematic layout of the UAS: (a) Hover mode. (b) Propulsion wing unit.

Figure 2b presents a mechanical diagram of the center point of the duct jet of the
propulsion wing unit. A dual control surface (upper and lower) is employed to achieve
vertical takeoff and landing. During the VTOL process, the ducted jet flow must be deflected
to generate vertical lift. Therefore, deflection vanes are added at the nozzle to change the
airflow direction. In addition to the effect of the deflection vanes on the jet direction, the
upper and lower control surfaces also contribute to deflection. The diagram includes
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quantities such as total lift (Lu), total drag (Du), thrust of the duct (Tu), resultant force
magnitude (Fa), and resultant force direction (ξT). δ f and δe represent the deflection of the
induced wing and control surfaces, respectively.

The UAV’s attitude, position, and velocity are represented differently in different
coordinate systems. Thus, the transformation relationships between coordinate systems
must be clarified before establishing motion equations. The transformation from the ground
frame to the body frame is expressed as

R =

 cos θ cos ψ cos θ sin ψ − sin θ

sin θ cos ψ sin ϕ − sin ψ cos ϕ sin θ sin ψ sin ϕ + cos ψ cos ϕ cos θ sin ϕ

sin θ cos ψ cos ϕ + sin ψ sin ϕ sin θ sin ψ cos ϕ − cos ψ sin ϕ cos θ cos ϕ

 (1)

Taking the inverse of the above gives the transformation matrix from the body frame
to the ground frame, where θ is the pitch, ϕ is the roll, and ψ is the yaw.

2.3. UAV Motion Equations

This section derives the motion equations of the UAV. The focus of this study is on
the vertical takeoff, landing, and hovering phases; therefore, lateral–directional motion
equations are omitted. Under the assumption of coordinated horizontal flight (no sideslip),
the nonlinear dynamics of the fixed-wing UAV are modeled in continuous time.

Firstly, the following assumptions need to be given as UAVs are affected by complex
factors in the actual flight environment:

(1) The Earth is taken as an inertial reference frame, assumed to be non-rotating and with
negligible curvature. Gravitational acceleration is constant.

(2) The UAV is treated as a rigid body with no deformation under external forces, and its
center of mass is fixed.

(3) The UAV’s mass and moment of inertia are constant.

Based on the above assumptions and a force analysis of the UAV, the Newton–Euler
equations yield the following:

F⃗ =
d
dt
(mv⃗)

∣∣∣∣
E

(2)

M⃗ =
dH⃗
dt

]E (3)

where F is the total external force, m is the mass, V is the velocity vector, M is the total
external torque, and H is the angular momentum.

Expanding (2), we obtain the translational motion differential equations:

X̄ + FT − mg sin θ = m(u̇ + qw − rv)

Ȳ + mg sin ϕ cos θ = m(v̇ + ru − pw)

Z̄ + mg cos ϕ cos θ = m(ẇ + pv − qu)

(4)

where X̄, Ȳ, Z̄ are the forces in the three-axis direction, FT is the propulsion, p, q, r is the
three-axis angular velocity, and u̇, v̇, ẇ is the three-axis velocity.

Expanding (3), we obtain the rotational motion differential equations:

L̄ + LT = ṗIx − ṙ Ixz + qr(Ix − Iz)− pqIxz

M̄ + MT = q̇Iy + pq(Ix − Iz) + (p2 − r2)Ixz

N̄ + NT = ṙ Iz − ṗIxz + pq(Iy − Ix) + qrIxz

(5)
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where L̄, M̄, N̄ is the Three-axis torque, LT , MT , NT is the Three-axis component of propul-
sion torque, Ix, Iy, Iz is the Three-axis inertia, Ixz is the product of inertia of x-axis and
z-axis.

Retaining only the equations related to longitudinal motion and rearranging, we
derive the UAV’s longitudinal dynamic model:

V̇ =
T cos α − D

m
− g sin γa

γ̇a =
T sin α + L

mV
− g cos γa

V
α̇ = q − γ̇a

q̇ =
M
Iy

(6)

where γa is the flight path angle, α is the angle of attack, and the pitch angle θ = α + γa.

2.4. Propulsion Wing and Deflection Surface System Model

The distributed electric propulsion VTOL UAV studied in this work incorporates
deflection surfaces downstream of the ducted propulsion wings. These surfaces deflect
high-speed jets from the propulsion system to generate aerodynamic forces for VTOL,
reducing energy consumption during vertical operations. Moreover, by deflecting the
thrust vector via these surfaces, aircraft maneuverability is improved [4]. This section
presents the propulsion wing–deflection surface unit model under powered input, followed
by system-level modeling.

The model proposed by Zhao et al. [4] is suitable for the conceptual design phase
of UAVs. It integrates various data inputs to construct a computationally efficient, low-
fidelity model capable of rapidly establishing a unified propulsive–aerodynamic–kinematic
coupling framework under varying inflow conditions and thrust states. Given that the
research subject of this paper aligns with that of Zhao et al., their approach is adopted
herein to derive the lift model as follows:

L = γTρApVpVo sin(δ̄ f + α∞) + ρA∞V2
∞ sin ε − γTρAoV2

∞ sin(δ̄ f + α∞) (7)

δ̄ f = K f δ f + Keδe (8)

where α∞ is the freestream angle of attack, ρ is the atmospheric density, γT is the thrust
correction factor, δ̄ f is the deflection vane flow angle, ε is the duct flow deflection angle, Ao

is the area of the jet stream when fully developed, AP is the rotor disk area, and A∞ is the
freestream cross-sectional area. The first term on the right represents thrust deflection by
the deflection surface, the second term is the lift from freestream flow without power input,
and the third term accounts for volume blockage effects by the jet stream.

Similarly, the axial thrust generated by the unit is

Tc = γTTt cos(δ̄ f + α∞)− A∞ρV2
∞(1 − cos ε)− γTTt(1 − cos(δ̄ f + α∞))

V∞

Vo
(9)

The first term represents the axial component of deflected duct thrust, the second
term is drag under no power input, and the third term is additional drag due to the jet
flow. Notably, when freestream velocity is zero (i.e., in hover), the deflection surface mainly
serves to redirect thrust.

The aerodynamic model of the power wing-induced airfoil unit is obtained from the
previous section, and the overall distributed power wing-induced airfoil system is now
modeled. Wang Kelei et al. [3] proposed that the spreading distribution of the power
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wing-induced airfoil units mainly brings two effects: (1) adjacent power suction induction
between the propulsion units arranged along the spreading direction, resulting in a local-
ized increase in intake flow rate of the increase, resulting in a decrease in power thrust. Due
to this interference effect, the thrust output and energy conversion efficiency of each unit of
the distributed-propulsion system will have a 6–8% degradation. (2) Under the interference
condition of wingtip vortex field, the distribution law of lift along the spreading direction of
the distributed propulsion airfoil and its fluctuation range are highly similar to that of the
conventional airfoil. For the power loss due to adjacent power pumping induction, it can be
corrected by the thrust correction factor γT . For the effect of the change of lift distribution
in the spreading direction, the following corrections can be made to the distributed power
wing-induced airfoil model with reference to the relationship between the aerodynamic
characteristics of the three-dimensional airfoil and the two-dimensional airfoil:

L =
NLc

1 + τc
(10)

where L is the total lift of the corrected system; N is the number of unit spreading distribu-
tion; Lc is the unit lift; τc is the lift correction factor.

Similarly, due to the change in lift, there is a change in induced drag, so the system
thrust can be corrected as

T = NTc −
NLc

πeAR
(

τc

1 + τc
) (11)

where T is the modified total system thrust; Tc is the unit thrust; AR is the wing spread
ratio; and e is the Oswald factor.

2.5. Propulsion Wing Unit Bench Test

Although lift and drag models have been derived, UAVs exhibit nonlinear, strongly
coupled, and uncertain parameter characteristics, making precise modeling difficult. Thus,
a bench test was conducted to calibrate the mathematical model based on measured lift
characteristics. Figure 3 shows the schematic of the bench test system: The propulsion wing
unit was mounted on a balance using connectors and connected to the external regulated
power supply, the signals required for the sweeping experiment are set up in advance on
the computer, and finally, the data are collected with the data collector on the balance.

Figure 3. Schematic diagram of the bench test system.

Figure 4 presents the actual experimental setup. The duct, control surfaces, induced
wing of the propulsion wing unit and balance, control hub, and visual angle sensor are
visible in the figure. Setting different induced wing angles, control surface angles, and
throttles, the output of the balance is recorded and the lift characteristics of the power wing
unit are obtained through the conversion of the axis system. The resulting lift characteristics
are shown below, where T is the throttle and L is the lift.
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Figure 4. Partial certification of bench test systems.

Figure 5a shows the lift generated in hover mode, with the induced wing deflected
54° downward and the control surface at 27°. Hover is achieved at 65% throttle, producing
a lift of 250 N. Figure 5b illustrates the control effectiveness of the control surface at 60%
throttle. The rudder affects the ducted jet flow in a manner similar to the induced wing;
however, because of its shorter chord length and because it is not fully immersed in the jet
stream, its influence on the ducted flow is relatively small. When the rudder is deflected, it
slightly alters the thrust direction. Specifically, if the baseline thrust is oriented horizontally
forward, downward rudder deflection gradually redirects the thrust vector toward the
vertical direction. When this redirected thrust is resolved into lift and drag components,
the vertical component, which is lift, experiences a modest increase. Under this throttle
setting, the baseline lift is 220 N, and the control surface deflection ranges from −10° to
+25°. A maximum control input yields an additional force of 50 N, which is sufficient for
stable hover control.

(a) (b)

Figure 5. Lift and rudder effect characteristics: (a) Lift. (b) Rudder Effect.

Further analysis was conducted to examine the influence of both induced vane de-
flection and control surface deflection on the ducted fan thrust vector angle. Figure 6a,b
illustrate the relationship between the deflection angles of the induced vane and control
surface, respectively, and the resultant thrust vector angle at throttle settings of 0.5, 0.6, and
0.7. The figures indicate that, during hover, the magnitude of the throttle has a minimal
impact on the direction of the thrust vector. Instead, this direction is primarily influenced
by the deflections of the control surface and the induced vane, and these relationships are
linear. The model developed in this section accurately captures these characteristics.



Vehicles 2025, 7, 138 9 of 19

(a) (b)

Figure 6. Relationship between control surface and force direction angles and resultant thrust vector
angle at various throttle settings: (a) Induced wing. (b) Control surface.

3. INDI Controller Design and Simulation Verification
3.1. INDI Controller

According to Liu et al. [23], Incremental Nonlinear Dynamic Inversion (INDI) is
essentially a feedback linearization method that compensates nonlinear and coupling terms
in the system to achieve a decoupled linear transfer relationship. In this section, the INDI
control law will be given according to the literature [15].

Consider a nonlinear system: {
ẋ = f (x) + g(x)u

y = h(x)
(12)

where x is the state vector, u is the input vector, and y is the output vector. The conventional
NDI control law is

u = g−1(x)[v − f (x)] (13)

where v denotes the desired output response of the system. It can be seen that conven-
tional NDI requires an accurate global nonlinear model, but in distributed systems, f (x)
(Coriolis force, gyroscopic effect, etc.), it is difficult to model accurately. Its robustness
deteriorates when there are parameter ingressions and uncertainties. And according to the
literature [15,24–26], the control law of INDI is

u = g−1(x0)(v − ˆ̇x0) + u0 (14)

where x0 and u0 are the previous state and control input, and ˆ̇x0 is the estimated control
effectiveness for ẋ0. From the above equation, it can be seen that the INDI control law does
not depend on f (x), the relevant information of the controlled object model is replaced by
the filter measurements ˆ̇x0 that can be made. Therefore, INDI control has a low dependence
on the model and is more robust to model uncertainties and disturbances. The longitudinal
INDI control system is constructed from the above equation as shown in Figure 7:

The overall system includes an altitude linear controller and an attitude INDI controller.
In order to eliminate the static error of altitude tracking, a linear PI controller is used

in the altitude outer loop, whose inputs are the desired altitude and the current altitude,
and the altitude controller calculates the error between them and outputs the longitudinal
velocity command cmdVy in the ground coordinate system. In addition, to enhance the
robustness of the system to atmospheric perturbations (e.g., ground effects) and sensor
drift, an auxiliary feedback to the estimated rate of change of altitude is Ĥ also introduced.
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And then, together with the horizontal velocity command cmdVx, it is fed into the velocity
controller, which uses a linear gain structure to produce rejection of the velocity error and
outputs the desired rate of change of velocity desV̇e for acceleration level regulation. The
current estimated velocity V̂e is used as a feedback signal during the control process to
calculate the desired acceleration desV̇e and compared to produce an error signal input to
the attitude control module.

Figure 7. Vertical control system.

The attitude control system needs to stabilize the tracking of the attitude angle com-
mand output from the front circuit system, in order to ensure the tracking accuracy, the
attitude control system is divided into the attitude angle outer loop and the angular ve-
locity inner loop. The attitude angle outer loop is composed of a linear PID controller
that inputs the attitude angle corresponding to the desired acceleration (desV̇e solved by
the control matrix) and outputs the desired angular velocity, while the angular velocity
inner loop adopts INDI control, and the core role of the inner loop INDI is to solve the
angular acceleration command by using the current control effectiveness model (i.e., the
real-time estimated control allocation matrix B̂p1, B̂p2, which represents the effect of the
control inputs on the angular acceleration of the airframe) and the sensor data, using
the error between the desired and the actual feedback angular acceleration as the input,
pseudo-inverse control quantities y1 to improve robustness to aerodynamic disturbances
by directly compensating for disturbances through the dynamic inverse model. The input
feedback signal is the angular acceleration error.Control quantities and control matrices are
solved to form a control system mixer, use the pseudo-inverse control volume output from
the attitude INDI controller as an input signal, and the pseudo-inverse signal is solved
into the thrust increment U1, U2 and rudder deflection commands θcmd of 4 power wing
units (one group on the same side) through the control allocation matrix, so as to realize
the attitude control of the UAV.

This control system architecture realizes the problem of controlling the distribution
and strong coupling characteristics of a distributed electric propulsion multi-input system
through hierarchical decoupling and introducing the anti-jamming capability of the INDI in-
ner loop, combined with the real-time solving of the control allocation of distributed power.

3.2. Digital Simulation Verification

MATLAB 2022b and Simulink 5.1 are used to build the UAV simulation system, shown
in Figure 8.
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Figure 8. Digital simulation system.

The simulation system includes the UAV model, mixed controller, environment model,
control bus system, and oscilloscope. The UAV model comprises a 6-DOF model, aerody-
namic model, and propulsion model. The Commander state flow initializes and manages
simulation conditions, while oscilloscopes record real-time states. The simulation initial
conditions and simulation state settings are shown in Table 2, where the wind distur-
bance is directly applied as a torque to the dynamics model, which can directly verify the
anti-disturbance capability of the attitude controller.

Table 2. Simulation settings.

Parameter Initial Conditions Target Setting

Height/m 2 20
Attitude angle/° (0, 45, 0) (10, 45, 10)
Wind interference/N · m (50, 50, 50)
Induced wing declination/° 54
Rudder declination/° 27

Table 3 summarizes UAV performance parameters. To verify the designed INDI
controller, simulations were conducted under disturbance and actuator failure scenarios.

Table 3. UAV Performance Parameters.

Parameters Numerical Value

Mass/kg 100
Wingspan/m 3
Fuselage length/m 2
Duct Diameter/m 0.25
(Jx, Jy, Jz)/(kg · m2) (40.56, 44.46, 69.68)
Jxz/(kg · m2) 12.35

3.2.1. Disturbance Rejection Simulation

To match typical electric motor dynamics of small UAVs, a first-order inertial element
with time constant 0.1 s is used. The simulation investigates vertical transition from takeoff
to hover. Initially, the UAV rests on the ground with a pitch angle of 45◦, then ascends
vertically to 20 m and hovers. To verify robustness, a 50 N · m pitch disturbance is added
after hovering stabilizes. Figure 9 shows flight states.
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(a) (b)

(c) (d)

Figure 9. Simulation state: (a) Velocity. (b) Height. (c) Pitch. (d) Throttle.

The UAV is able to take off vertically and smoothly under the designed control scheme,
with an altitude overshoot of no more than 1 m, a pitch angle fluctuation of 1.5◦ or less
and throttle levels within control bounds (Throttle 1–3 are in the same group, and 4–6 are
in the same group, so only dt3 and dt6 are shown, as follows). X-axis speed fluctuates
are within 0.5 m/s during takeoff, while Y-axis speed remains zero, confirming vertical
lift-off capability. After applying disturbance at 15 s, height remains steady, speed deviation
is witnin 0.1 m/s, pitch within 1◦, all recovering within 5 s—demonstrating strong anti-
interference capability and fast adjustment speed.

The longitudinal control and anti-jamming capability of the UAV was verified above.
Further, to test attitude control, a 10◦ yaw command is issued after stabilization, followed
by a 10◦ roll command. A 50 N · m lateral disturbance is continuously applied. Figure 10
shows flight states.

As shown in Figure 11, after applying lateral and directional disturbance moments
during stable hover, both roll and yaw angles promptly return to stability with fluctuations
not exceeding 2◦. Furthermore, when attitude angle commands were applied at 20 s and
30 s, respectively, the UAV accurately tracked the commands with less than 1◦ overshoot
and steady-state error. Control surface deflections remained within acceptable limits while
altitude maintained stability throughout. These results validate the INDI controller’s
precise attitude control and strong disturbance rejection capabilities.
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(a) (b)

(c) (d)

Figure 10. Simulation state: (a) Height. (b) Pitch. (c) Velocity. (d) Throttle.

(a) (b)

(c) (d)

Figure 11. Simulation state: (a) Height. (b) Yaw. (c) Roll. (d) Rudder angle.
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3.2.2. Power Failure Simulation

In actual flight, propulsion failure represents a typical fault that distributed-propulsion
UAVs must address. The ability to rapidly recover attitude stability during sudden propul-
sion failure serves as a critical metric for evaluating controller robustness. As previously
described, the six thrusters are divided into two groups (Thrusters 1–3 and 4–6) in the
simulation. This test verifies the strong robustness of the INDI controller by deactivating
one thruster in each group. Specific procedure: After achieving stable hover, Thruster 2
was deactivated at 10 s, followed by Thruster 5 at 20 s, with all thrusters reactivated at 30 s.
Simulation results are shown in Figure 10.

The UAV’s pitch angle exhibits fluctuations within 4◦ after propulsion failure. Never-
theless, the controller enables rapid command tracking, maintaining post-recovery tracking
error below 1◦. Altitude remains stable throughout, while forward velocity experiences
approximately 3 m/s fluctuations during failure (within acceptable limits), recovering to
zero immediately after propulsion restoration to reestablish hover. Figure 10d demonstrates
that after single-thruster failure, the remaining thrusters respond rapidly with maximum
throttle commands not exceeding 0.83. This confirms maintained control redundancy
during single-point failures and validates the strong robustness of the INDI (Incremental
Nonlinear Dynamic Inversion) controller.

4. Suspension Test and Conclusion
For actual flight validation where parameters (e.g., moment of inertia, thrust efficiency)

differ from simulation, tether-assisted hanging tests were conducted to verify attitude
control. Test environment: wind speed 5 m/s, temperature 30◦. The physical platform
parameters matched those in Table 3, except that the reference pitch angle was set at 48◦

due to center-of-gravity configuration. Figure 12a shows the tethered system hardware:
UAV, suspension frame, remote emergency cutoff switch, and ground station system
(including communication link, real-time kinematic (RTK) base station, etc.). The UAV
was suspended via steel cables, ensuring exclusive longitudinal tension. Flight states
were monitored and recorded by the ground station, while the emergency cutoff switch
enabled immediate braking during contingencies. When an emergency occurs during
the test, the test can be terminated in time by shutting down the power supply of the
UAV, thus effectively guaranteeing the safety of the testers and the UAV and avoiding
the risk of falling caused by control instability. Figure 12b shows the principle of the
suspension test, the prototype of the UAV is fixed on the hanging device, and the flight
controller carried by the UAV obtains the attitude and state information of the UAV in
real time through the sensors on the one hand, and completes the control algorithm
and outputs the actuator control commands on the other hand. At the same time, the
pilot can not only obtain the real-time data of the UAV through the ground station, but
it also directly observes the flight status through visual means and utilizes the remote
control to implement the control of the UAV, thus realizing the comprehensive monitoring
and safety control of the test process. The procedure is as follows: (1) Elevate tethered
UAV to preset altitude; (2) After ground station unlocking, commence operator-controlled
takeoff; (3) Transition to hover mode at target altitude; (4) Automatic data logging by flight
control system. The tests proceeded under wind-disturbed conditions to concurrently
evaluate disturbance rejection. Three phases comprised the following: (a) Hover tests
validating VTOL capability and flight logic; (b) Forward impulse tests assessing attitude
controller’s disturbance rejection; (c) Propulsion-failure tests verifying robustness of the
INDI (Incremental Nonlinear Dynamic Inversion) controller.
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(a) (b)

Figure 12. Suspension test: (a) Suspension test bench. (b) Principle of suspension test.

4.1. Hover Test

The hover test lasted 70 s. As shown in Figure 13a, the UAV takes off manually from a
height of 0.8 m. At 10 s, the system switches to a stabilized mode, during which a sudden
pitch-down command of approximately 6◦ occurs. The INDI controller compensates,
stabilizing the aircraft and allowing it to ascend. At 22 s, the UAV switches to altitude-hold
mode with altitude variations within 0.2 m. From 30 to 50 s, the UAV maintains hover
before switching back to manual mode and ascending for the next test. Throughout the
process, the UAV remains stable. Figure 13b shows that the pitch angle closely follows the
command, with fluctuations within 3◦, excluding mode transitions. Figure 13c indicates
continuous roll angle fluctuations within 4◦ due to wind interference. Roll command
tracking shows a 1 s delay, acceptable for the UAV’s limited control authority. Figure 13d
shows yaw changing from 20◦ to −5◦, initially offset due to mechanical asymmetry and
gradually corrected after takeoff. Some overshoot and latency are observed due to wind
and control limitations. Figure 13e indicates throttle usage never exceeds 0.7 (maximum
defined as 1), suggesting sufficient control margin.

4.2. Forward Impulse Test

Surge test data (Figure 14) indicate three consecutive tethered surges initiated at 20 s,
40 s, and 60 s respectively. Constrained by the tether mechanism, forward velocity was
limited to ≤0.5 m/s. Pitch response curves (Figure 14b) demonstrate rapid command
tracking with low latency, maintaining < 5◦ deviation during surges. Height variations
during each surge event remained ≤ 0.1 m (Figure 14c). Throttle commands never exceeded
80% throughout the test (Figure 14d), with thruster differential magnitude merely 0.05
(full-scale reference: 1.0) during surges.

4.3. Power Failure Test

Following hover and surge tests validating the INDI controller’s flight logic and
disturbance rejection, propulsion-failure tests were conducted to evaluate robustness. In
these tests, one thruster unit in each of the left-rear (L-R) and right-front (R-F) positions
was deactivated (six units total), while UAV flight states were monitored. Safety measures
included tethering the UAV at an increased altitude of 2 m. The procedure involved a
vertical takeoff to hover, triggering the thruster failure, transitioning to operator-controlled
manual mode, and recording the flight parameters.

Figure 15 shows that, at 10 s during stable hover, sudden thruster failure caused 1.5 m
altitude drop due to lift deficit. Subsequent throttle increase restored altitude while main-
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taining pitch oscillations < 8◦. Differential throttle commands emerged in failure-affected
thruster groups (Figure 15d) to counteract disturbance moments from asymmetric thrust.
During surge simulation initiated at 30 s, pitch angle maintained precise command tracking
despite acceptable latency/error, with maximum throttle at 80% confirming control margin.

Suspension tests demonstrate that the INDI controller achieves disturbance rejection
in physical flights, maintains control accuracy under dual modes, and preserves attitude
stability plus maneuverability post-failure. This verifies bounded-disturbance robustness
with control redundancy ensuring operational reliability.

(a) (b)

(c) (d)

(e)

Figure 13. Simulation state: (a) Height. (b) Pitch. (c) Yaw. (d) Roll. (e) Throttle.
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(a) (b)

(c) (d)

Figure 14. Simulationstate: (a) Vx. (b) Pitch. (c) Height. (d) Throttle.

(a) (b)

(c) (d)

Figure 15. Simulation state: (a) Height. (b) Pitch. (c) Vx. (d) Throttle.
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4.4. Limitations of the Work

This study addresses the flight control design and analysis of a distributed-propulsion
VTOL UAV in hover mode under a limited set of disturbance conditions. Several limitations
of the present work should be recognized. First, the current analysis considers only a subset
of disturbance types and does not fully capture the controller’s performance under realistic
wind gusts or coupled environmental and operational perturbations. Second, although
the aircraft is intended to operate across multiple flight modes, including the transition
between hover and forward flight, the present investigation is confined to hover-phase
control with fixed induced-wing deflection angles. Future efforts should therefore focus
on extending the control framework to incorporate dynamic actuation of the induced
wings during transition flight and to evaluate the stability and performance over the
entire flight envelope, thereby ensuring safe and robust operation across a wide range of
flight conditions.

5. Conclusions
This paper presents a comprehensive approach to modeling and control of a non-

tilting distributed electric propulsion VTOL UAV during hover flight. By accounting for
strong aerodynamic–propulsion coupling and high-order nonlinearities often neglected
in conventional models, we developed an accurate dynamic model and implemented an
Incremental Nonlinear Dynamic Inversion (INDI) control strategy, which was validated
through both simulation and real-world tethered flight tests.

The main conclusions are as follows:

• An INDI-based attitude controller with a cascaded structure (attitude outer loop and
angular rate inner loop) was designed, significantly reducing dependence on precise
system models while maintaining high control accuracy and robustness.

• A coordinated control allocation strategy was developed to manage 24 ducted rotors
across four fixed propulsion units together with deflected control surfaces and induced
wings, enabling effective attitude regulation without tilting the motors.

• Both digital simulations and tethered flight experiments on a physical prototype
confirmed the effectiveness of the proposed method, demonstrating its capability to
achieve precise hover control under real-world disturbances and model uncertainties.

This work presents a practical and validated control framework for distributed-
propulsion VTOL UAVs, in which the tight integration of propulsion and aerodynamic
surfaces results in strong propulsion–aerodynamic coupling. The proposed approach ad-
dresses this coupling explicitly and demonstrates robust performance in hover, thereby
laying a foundation for future applications in urban air mobility and other advanced
aerial platforms.
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