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ABSTRACT

In plateau environment, aircraft encounter significant challenges stemming from low air density, strong and turbulent winds,
insufficient lift and stability, as well as a tendency toward lateral–longitudinal coupling instability. To mitigate these issues,
distributed propulsion technology is introduced to improve both aerodynamic and handling performance. This is combined
with a boundary protection control strategy designed to enhance flight safety under complex wind conditions. First, dynamic
wind tunnel tests are carried out to examine the longitudinal and lateral aerodynamic characteristics of a distributed propulsion
vehicle, leading to the development of aerodynamic and dynamic models. A flight control law is then devised, in which control
parameters are adaptively tuned based on the real-time flight state, and the time-domain characteristics of the resulting
closed-loop system are analyzed. By systematically evaluating the flight dynamics across a wide range of initial conditions,
a dynamic safety boundary is established. On this basis, a boundary protection control scheme is developed using a deep
neural network. Finally, altitude flight tests are performed within the prescribed dynamic boundary, and the results validate the
effectiveness of the proposed boundary protection control method.

Introduction
The take-off, landing, and flight operations in the complex wind fields of plateau regions are of considerable commercial
importance but also present substantial challenges. This issue represents a multidisciplinary problem intersecting aerodynamics,
control science, and systems engineering, and has attracted significant attention from relevant institutions and researchers in
recent years1–5. According to the International Civil Aviation Organization (ICAO), airports situated above 2,438 meters are
defined as plateau airports. Notably, regions such as the Qinghai–Tibet and Pamir Plateau have average altitudes exceeding
4000 meters, where air density is only about 60% of that at sea level. Moreover, wind speeds frequently exceed Force 6,
accompanied by highly variable wind directions. These external disturbances considerably complicate the design of flight
controllers6–8. Under such complex wind conditions and at comparable flight velocity and angle of attack, aircraft experience a
reduction of approximately 40% in lift, thrust, and control moments. As a result, aircraft operating in these environments must
exhibit exceptional lift capacity and strong wind resistance to ensure safe take-off and landing at plateau airports.

Recent advances in aviation research have confirmed that distributed propulsion vehicles (DPVs) offer multiple performance
benefits-such as high lift efficiency, enhanced aerodynamic performance, and reliable operational capability-making them a
promising platform for take-off and flight in plateau environments9–11. DPVs employ multiple small engines distributed along
the wings or fuselage as the primary power source, constituting a novel aircraft architecture. Depending on the propulsion
mechanism and installation arrangement, DPVs can be broadly classified into several configurations, including tilt-rotor,
leading-edge propeller, wing-embedded fan, and trailing-edge embedded fan types12–18. Among these, the trailing-edge
embedded fan configuration integrates multiple small ducted fan engines into the wing’s trailing edge. This design takes
advantage of the boundary layer suction effect to significantly increase wing lift and reduce drag, while maintaining low power
loss. As a result, it is regarded as an effective layout for simultaneous power augmentation and drag reduction19.

In the complex wind fields characteristic of plateau regions, the trailing-edge ducted fan configuration used in DPVs
offers two distinct advantages. First, by utilizing the boundary layer suction effect, this configuration enables an increased lift
coefficient and a reduced drag coefficient, thereby enhancing the aircraft’s load-carrying capacity20–23. Second, the integration
of an aerodynamically efficient fixed-wing design allows for greater control forces and moments, which improves both
maneuverability and wind resistance. Moreover, the ducted fan engine operates at a fundamental frequency exceeding 800Hz,
where high-frequency noise features limited propagation range, weak penetration ability, and rapid attenuation-attributes that
contribute to favorable low-noise flight performance24. Based on these advantages, the trailing-edge ducted fan DPV is selected
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in this study as the flight test platform for operations in the complex wind field environments of high-altitude plateaus.
However, it should be noted that the ducted fan DPV represents a complex systems engineering challenge, marked by strong

coupling among the control system, aerodynamics, and propulsion system. These interrelated factors present considerable
difficulties that may lead to instability or stall under the demanding conditions of high-altitude plateaus25–28. Moreover, flight
safety is continually threatened by asymmetric flight conditions, which can arise from various sources such as engine failure in
multi-engine aircraft, asymmetric payload distribution, airframe damage, or the effects of environmental wind fields29–31. In
response, numerous researchers have explored control strategies for distributed propulsion vehicles, including PID control,
state-space control, and dynamic inversion control32–38.

While existing research on PID, state-space, and dynamic inverse controllers has greatly contributed to distributed propulsion
control, several limitations emerge when these methods are applied in high-altitude plateau environments-characterized by
strong turbulence and low air density. First, although many model-based advanced controllers achieve high precision, they rely
heavily on accurate nonlinear dynamic models. The strong coupling among aerodynamics, propulsion, and control in DPVs
under severely turbulent conditions is extremely difficult to model with high fidelity. As a result, performance degradation
caused by model uncertainties and unmodeled disturbances remains a major concern. More critically, conventional control
schemes primarily focus on reference tracking and stability, often lacking an integrated real-time framework for proactive flight
envelope protection. In plateau regions, where crosswinds and maneuver coupling cause the safe flight envelope to contract and
shift significantly, tracking performance alone is insufficient. The key challenge lies in preventing the aircraft from approaching
stall or loss-of-control boundaries-an aspect not explicitly addressed by these controllers. Boundary protection control offers a
potential solution by evaluating the flight safety margin in real time based on the distance between the current flight state and
the predefined safety boundary, and implementing corresponding protection strategies. It serves as an effective approach to
handling uncertain wind disturbances in high-altitude flight environments39.

Accordingly, a control framework that integrates precise tracking with real-time adaptation to the dynamic safety boundary
is critically needed. This work presents a boundary protection control strategy, supported by wind tunnel tests, to address this
need and enhance the flight safety of distributed propulsion vehicles operating in the complex wind fields of high-altitude
plateaus.

1 Aerodynamic Characteristics of Distributed Propulsion Verification Aircraft
The aircraft features a blended-wing-body configuration. Propellers are mounted on the inner section of the upper wing
surface to exploit the boundary layer suction effect, thereby enhancing lift and reducing drag to meet the stringent performance
requirements for high-altitude takeoff and landing. The wing trailing edges are equipped with flaps and ailerons, while a V-tail
configuration is adopted for attitude and directional control.

To acquire accurate aerodynamic characteristics of the distributed propulsion test aircraft, a full-scale dynamic wind tunnel
test was conducted in a large low-speed wind tunnel facility. Key methodological considerations-including Reynolds number
effects, wind tunnel wall interference, and support system interference-were addressed to ensure the reliability and accuracy of
the aerodynamic data40, 41. The test plan encompassed typical flight conditions such as cruise, yaw under differential thrust,
and banked turns. A structured grid strategy was applied to discretize these flight states. Measurements included baseline
performance, control effectiveness of the V-tail and aileron surfaces, and differential thrust response, yielding aerodynamic
forces and moments at critical operating points. The wind tunnel tests were performed at four inflow velocities: 25m/s, 33m/s,
42m/s, and 50m/s. The ducted fan power setting was varied among three levels: off, 45% power, and 85% power. Ambient
conditions were maintained at an air density of 1.225kg/m3 and a temperature of 15 °C, with the Reynolds number ranging
from 9.4132×105 to 1.8826×106.

To investigate the influence of the ducted fan power on the longitudinal aerodynamic characteristics, force measurements
were conducted in an open-jet wind tunnel. Figure 1 shows the variations of the lift coefficient CL, residual thrust coefficient CR,
and pitching moment coefficient Cm with the angle of attack. Tests were performed at ducted fan power settings of 0 and 85%,
with a freestream velocity of 25m/s, zero sideslip angle, zero V-tail rudder deflection, and all data referenced to the wind-axis
coordinate system. The residual thrust coefficient is defined as CR =CD −CT , where a negative value indicates that and the
thrust coefficient CT exceeds drag coefficient CD, and a positive value indicates that drag coefficient exceeds thrust coefficient.
In Figure 1(a), the blue curve corresponds to the lift coefficient at 0 fan power, and the black curve represents the aerodynamic
coefficients at 85% power. It can be observed that for angles of attack below 18◦, the lift coefficient increases nearly linearly
with the angle of attack. This confirms that the proposed configuration significantly enhances the aircraft’s lift generation.
Furthermore, the stall angle of attack is notably increased, indicating an expansion of the flight envelope.

In order to study the influence of aileron deflection on the lateral-directional aerodynamic characteristics, wind tunnel tests
were conducted on the aileron control effectiveness. The variations of the lateral force coefficient CY , yaw moment coefficient
Cn, and roll moment coefficient Cl with the angle of attack are shown in Figure 2. The fan power input was 45%, the incoming
flow speed was 42m/s, and the sideslip angle was 0. The aileron control surfaces were deflected at 5◦ upward on the left side
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Figure 1. The longitudinal aerodynamic coefficients: (a) coefficient of lift, (b) coefficient of residual thrust, (c) coefficient of
pitch moment.

Figure 2. The differential rudder effect of aileron: (a) coefficient of rolling moment, (b) coefficient of yaw moment, (c)
coefficient of lateral force.

and 5◦ downward on the right side (δal =−5◦,δar = 5◦), and 20◦ upward on the left side and 20◦ downward on the right side
(δal =−20◦,δar = 20◦) respectively. It can be seen that the differential deflection of ailerons has a significant impact on the
lateral force coefficient and roll moment coefficient. As the differential deflection of aileron control surfaces increases, the
slope of the yaw moment coefficient curve also increases.

In order to study the influence of V-shaped tail wing deflection on the lateral-directional aerodynamic characteristics, wind
tunnel tests on the aileron control effectiveness of V-shaped tail wings were carried out. The variations of the lateral force
coefficient CY , yaw moment coefficient Cn, and roll moment coefficient Cl with the angle of attack are shown in Figure 3. The
fan power input was 45%, the incoming flow speed was 42m/s, and the sideslip angle was 0. The aileron control surfaces
were deflected at 5◦ upward on the left side and 5◦ downward on the right side (δl =−5◦,δr = 5◦), and 20◦ upward on the left
side and 20◦ downward on the right side (δl =−20◦,δr = 20◦) respectively. It can be seen that the differential deflection of
V-shaped tail wings has a significant impact on the values of the lateral force coefficient, yaw moment coefficient, and roll
moment, but has a relatively small impact on the slope.

The distributed propulsion vehicle can utilize the power differential to provide yawing moment, which has stronger lateral
wind resistance capability. To take advantage of the strong lateral control advantage of the distributed propulsion vehicle, a wind
tunnel test with power differential was carried out. The variations of the lateral force coefficient CY , yaw moment coefficient Cn,
and roll moment coefficient Cl with the angle of attack are shown in Figure 4. The angle of attack is 2◦, the incoming flow
speed is 42m/s, and the sideslip angle range is -26◦ to 0◦. By analyzing the influence of power differential on aerodynamic
parameters through varying the sideslip angle under different crosswinds conditions. Differential mode 1 represents 75% of
the left power and 0% of the right power; differential mode 2 represents 68% of the left power and 20% of the right power;
differential mode 3 represents 56% of the left power and 33% of the right power. It can be seen that the power differential has
little influence on the lateral moment but has a significant influence on the yawing moment and rolling moment. In the design
of the boundary protection control law for anti-crosswind capability, the power differential can be utilized to enhance the lateral
control ability of the aircraft.
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Figure 3. The rudder effect of V-tail: (a) coefficient of rolling moment, (b) coefficient of yaw moment, (c) coefficient of
lateral force.

Figure 4. The lateral moment coefficient in dynamic differential mode: (a) coefficient of rolling moment, (b) coefficient of
yaw moment, (c) coefficient of lateral force.

2 Dynamic Model and Control law

2.1 Dynamic model of distributed propulsion vehicle
Inspired by Kou et al34, the six-degree-of-freedom nonlinear dynamic model is established. For clarity, the model is decomposed
into the following three subsystems.

(1) Translational kinematics:

V̇ = − 1
mCRQS−gsinθ

β̇ = 1
mV cosβQSCY + psinα − r cosα

+ 1
V gcosθ sinφ

α̇ = − 1
mV cosβ

QSCL +
1

V cosβ
gcosθ cosφ

+ 1
cosβ

(−pcosα sinβ +qcosβ

−r sinα sinβ )

(1)

which governs the change in velocity, primarily driven by the residual thrust and the component of gravity. Furthermore, it
describes the evolution of the sideslip and angle of attack, which are critical for aerodynamic performance and stability. These
equations capture the complex coupling between rotational rates, aerodynamic forces and the vehicle’s attitude.

(2) Rotational Dynamics:

ṗ = Iz
IxIz−I2

xz
QSbCl +

Ix
IxIz−I2

xz
QSbCn

+
Ixz(Ix−Iy+Iz)

IxIz−I2
xz

pq+
Iz(Iy−Iz)−I2

xz
IxIz−I2

xz
qr

q̇ =
QScCm+(Iz−Ix)pr+Ixz(r2−p2)

Iy
ṙ = Ixz

IxIz−I2
xz

QSbCl +
Ix

IxIz−I2
xz

QSbCn

+
Ixz(Ix−Iy+Iz)

IxIz−I2
xz

qr+
Ix(Ix−Iy)−I2

xz
IxIz−I2

xz
pq

(2)
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which governs the change in angular rates. The terms involving moments of inertia represent gyroscopic cross-coupling effects.
The aerodynamic moments and reference dimensions is the primary driver for vehicle maneuvering. The product of inertia
accounts for the asymmetry of the vehicle.

(3) Attitude Kinematics:
φ̇ = p+(r cosφ +qsinφ) tanθ

θ̇ = qcosφ − r sinφ

ψ̇ = 1
cosθ

(r cosφ +qsinφ)
(3)

which describes the relationship between the body angular rates and the time derivatives of the Euler angles.
The specific meanings of the symbols in the above model are as follows: V,β ,α, p,q,r,φ ,θ ,ψ represent the velocity,

sideslip angle, angle of attack, roll rate, pitch rate, yaw rate, roll angle, pitch angle and yaw angle of the aircraft respectively;
m,Q,S,b,c,g represent the mass, dynamic pressure, wing area, wing span, wing chord and gravitational acceleration of the
aircraft respectively; Ix, Iy, Iz represent the moment of inertia about the x-axis, y-axis and z-axis of the aircraft respectively, Ixz
represents the moment of inertia product; CL,CR,CY ,Cl ,Cm,Cn are modeled using polynomial functions of the state and control
variables, a standard practice for flight dynamics modeling within a defined operational envelope42.

CL = C0
L +Cα

L α +Cδe
L δe

CR = C0
R +Cα

R α +Cδe
R δe +Cα2

R α2 +Cδ 2
e

R δ 2
e

CY = Cβ

Y β +Cδa
Y δa +Cδr

Y δr

Cl =
Cp

l pb
2V +

Cr
l rb
2V +Cδa

l δa +Cδr
l δr +C

δβ

l δβ

Cm = CV
m(V−V0)

V0
+ Cα

mα

V0
+ Cq

mcq
2V0

+Cδe
m δe

Cn = Cβ
n β +Cδa

n δa +Cδr
n δr +

Cp
n pb
2V

+Cr
nrb
2V + Iz

b

14
∑

i=1
NT,iCRi

(4)

where NT,i represents the horizontal distance between the i-th thruster and the longitudinal axis of the aircraft, and CRi represents
the residual thrust coefficient of the i-th thruster.

2.2 Design of control law
The choice of controller type for different loops is dictated by their distinct dynamic characteristics. For the pitch and roll
attitude loops, which are naturally damped and require fast, stable responses, a PD controller is employed. The derivative
action provides necessary damping to suppress oscillations, while the omission of an integral term prevents potential integrator
windup during aggressive maneuvers and avoids introducing unnecessary complexity, as a small steady-state error in attitude is
acceptable for trajectory tracking. Conversely, for velocity and heading control, which behave more like integrating processes,
a PID controller is necessary. The integral action is crucial to eliminate steady-state errors caused by persistent disturbances,
such as steady crosswinds, or model inaccuracies, ensuring precise tracking of these key navigation states.

The design of the velocity control law is as follows:

Φ = kV eV + kVi

∫ t

0
eV dt +Φp (5)

where eV =Vr −V is the tracking error of velocity, Vr is the reference signal of flight velocity, V is the flight velocity; kV and kVi
are velocity control parameters; Φ is the bypass fan power, and Φp is the trim power of the bypass fan under cruise condition.
The pitch angle control law is designed as:

δe = kθ eθ − kqq (6)

where eθ = θr −θ represents the tracking error of pitch angle, θr represents the pitch angle reference signal, θ represents the
pitch angle; q represents the pitch angle velocity; kθ and kq are respectively the pitch angle control parameters and the pitch
angle velocity control parameters; δe represents the elevator deflection angle. The roll angle control law is designed as:

δa = kφ eφ − kp p (7)

where eφ = φr −φ represents the tracking error of roll angle, φr represents the roll angle reference signal, φ represents the roll
angle; p represents the roll angle velocity; kφ and kp are respectively the roll angle control parameters and the roll angle velocity
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Table 1. Control parameters

Parameters V =35m/s V =40m/s V =45m/s V =50m/s
kθ 4.87 5.59 6.29 6.99
kq 0.27 0.23 0.21 0.18
kp 0.11 0.08 0.05 0.04
kφ 0.51 0.39 0.31 0.25

control parameters; δa represents the deflection angle of the aileron. To avoid excessive roll angle, a roll angle protection
system is designed:

δac =


−φ − 30

57.3 , i f φ <− 30
57.3 ,

δa, i f − 30
57.3 ≤ φ ≤ 30

57.3 ,
−φ + 30

57.3 , i f φ > 30
57.3

(8)

where δac represents the deflection angle of the aileron after limiting. The heading angle control law is designed as:

δr = kβ eβ + kβ i

∫ t

0
eβ dt − krr (9)

where eβ = βr − β represents the tracking error of sideslip angle, βr represents the reference signal of sideslip angle, β

represents the sideslip angle; r represents the yaw angular velocity; kβ , kβ i and kr represent the control parameters of sideslip
angle and yaw angular velocity respectively; δr represents the rudder deflection angle.

To achieve good flight performance, the control parameters are inversely deduced by setting the desired damping ratio and
oscillation frequency. Some of the control parameters are shown in Table 1.

Taking into account the engineering reality, the power limit of the bypass fan during the take-off run stage is set at 0.7 times
the maximum power, while that during other stages is set at 0.85 times the maximum power. The range of the rudder deflection
angle for the elevator and rudder is set to [−20◦,20◦]. The block diagram of the basic control law is shown in Figure 5.

Figure 5. The structure block diagram of basic control law.

2.3 Analysis of Time Domain Response Characteristics
In order to evaluate the control performance of the aircraft, the time-domain response characteristics of the closed-loop system
are analyzed. Stepping commands are given to the flight velocity and flight altitude respectively. As shown in Figure 6, the
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Figure 6. The flight velocity step response.

Figure 7. The flight altitude step response.

maximum overshoot of the flight velocity is 6.04%. The time required for the flight velocity to rise from the 10% of the step
command to the 90% of the step command is 0.75s. The adjustment time for the error to remain within 5% of the step command
is 2.3s, and the steady-state error is 0.05m/s. As shown in Figure 7, the maximum overshoot of the flight altitude is 69.1%. The
time required for the flight altitude to rise from the 10% of the step command to the 90% of the step command is 1.08s. The
adjustment time for the error to remain within 5% of the step command is 17.47s, and the steady-state error is 0.001m.

The aforementioned step response analysis not only verifies the basic tracking performance of the closed-loop system but
also provides insight into its capability to handle in-flight uncertainties. In the complex plateau wind field, the aircraft may
encounter uncertainties such as sudden wind gusts and sensor measurement noise. The step signal, as a canonical test signal,
represents a severe form of disturbance due to its abrupt change. The simulation results demonstrate that the designed control
system can respond rapidly to such “disturbance-like” commands and quickly dampen the transients to accurately return to the
command value, as evidenced by the well-damped characteristics. The exceptionally small steady-state errors further indicate
that the system possesses sufficient control authority to reject sustained external disturbances. Consequently, the controller is
expected to exhibit similar stabilization and recovery capabilities when counteracting state deviations caused by actual wind
disturbances and parameter uncertainties during flight.

3 Safety boundary and protection control method

3.1 The flight safety boundary
The atmospheric conditions on the plateau differ significantly from those at sea level, characterized by lower air density, stronger
and highly turbulent winds, and consequently elevated flight risks. To ensure flight test safety, the flight safety boundary is
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preliminarily estimated via numerical simulations. Due to the pronounced coupling between longitudinal and lateral dynamics
in distributed propulsion aircraft, lateral maneuvers such as turning introduce considerable operational risks. To quantitatively
assess these risks, turning maneuvers were simulated under a comprehensive set of 5386 distinct initial states, constructed from
a parameter grid, as shown in Table 2, to delineate the flight safety boundary and thereby enhance the safety of subsequent
flight tests.

To improve computational efficiency, strongly coupled longitudinal–lateral dynamic parameters during turning are selected
as inputs. The simulation space is discretized by gridding airspeed, angle of attack, and roll angle. The initial altitude is set to
4200m, while the speed, angle of attack, and roll angle are sequentially incremented from their respective minimum values.

Table 2. The instruction set executed by vehicle

Parameters Maximum value Minimum value Interval
V (m/s) 30 60 2
α(◦) -10 20 1
φ(◦) -40 40 1

The flight safety boundary is shown in Figure 8. The blue dots represent the stable state points. As the speed decreases, the
available angle of attack range also decreases. As the roll angle increases, the available angle of attack gradually decreases,
which is because after the roll angle increases, the lift of the aircraft decreases, and the aircraft is prone to stall. Due to the
lower air density in high-altitude areas, at the same speed, the dynamic pressure of the aircraft is much smaller compared to sea
level, and the aircraft is more likely to stall. Therefore, throughout the flight process, the amplitude of the angle of attack needs
to be controlled. At high speeds, the angle of attack should not be too small either, otherwise, the descent rate will be too fast,
and there is a risk of damaging the landing gear and hitting the ground.

Under crosswind conditions, the flight safety boundary will change. Figure 9 shows the flight safety boundaries of the
distributed propulsion aircraft under no wind, 6m/s and 12m/s crosswind conditions. It can be seen that as the wind speed
increases, the safe flight boundary becomes smaller and the stall angle of attack becomes smaller. This phenomenon is more
obvious at lower speeds because crosswind intensifies the lateral longitudinal coupling, and at low speeds and large angles of
attack, stall is more likely to occur. The safety boundary was derived from an evaluation of 5386 distinct initial states across a
wide range of flight and crosswind conditions. This systematic analysis provides a foundational understanding of DPV behavior
within the operational envelope, enhancing the generalizability of the derived protection strategy.

Figure 8. The flight safety boundary.

3.2 Safety boundary protection control method
In the high-altitude wind field environment, the airflow disturbance is strong and the direction changes rapidly. The flight states
of tailwind, headwind and crosswind are rapidly switched, which intensifies the coupling between the lateral and longitudinal
motions of the aircraft. As can be seen from the flight safety boundary in Figure 8, when the flight velocity is small and
the roll angle is large, the safe angle of attack range is small. This is because as the roll angle increases, the lift coefficient
keeps decreasing, and the stall speed and stall angle of attack also decrease accordingly. In the low-density and strong-wind
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Figure 9. The safety boundary under crosswind conditions.

environment at high altitudes, the coupling of the lateral and longitudinal aerodynamic characteristics has an undeniable impact
on flight safety. The schematic diagram of the influence of the cross-lateral coupling on the safety boundary is shown in Figure
10. The fundamental mechanism driving the safety boundary contraction under lateral-longitudinal coupling is the reduction
of the vertical component of the aircraft’s lift force during banked flight. In a coordinated turn, the total lift force L is tilted
by the roll angle φ . The vertical component that opposes the weight G of DPV becomes Lvertical=Lcosφ . To maintain level
flight (Lvertical=G), the total lift L must increase as φ increases (L=G

/
cosφ ). Since lift is a function of the angle of attack

L =CL (α) ·QS, achieving a higher L requires a higher α . In the low-density environment of a plateau, where the dynamic
pressure Q is already low, the DPV operates at a higher baseline α . The additional α required for turning quickly consumes the
remaining margin before the stall angle of attack is reached. This interplay between roll angle, required lift, and available angle
of attack is the core of the lateral-longitudinal coupling that dynamically reshapes the safety boundary.

𝛼𝛼 

𝑉𝑉 
𝜙𝜙 increasing Equal lift 

coefficient 
curve 

G

L ( )cosL φ

( )sinL φ F

φ

Figure 10. The safety boundary under crosswind conditions.

The flight stability is compromised under the strong wind disturbance in the plateau environment, and it is prone to induce
stall with a large roll angle. The lateral and longitudinal coupling stall mechanism is very complex, involving the nonlinear
strong coupling relationship among velocity, wind disturbance, and roll angle. The strong perception characteristic of the
black box model of a deep learning neural network is utilized to end-to-end learn the nonlinear coupling influence laws of the
flight environment and internal dynamics on the flight vehicle’s motion. The input variables for the network are selected as
x = [Vw,V,α,φ , p]T , where Vw is the wind speed, V is the flight velocity, α is the angle of attack, φ is the roll angle, and p is
the roll rate. The rationale is grounded in the physics of the risk of lateral-longitudinal coupling stall: Vw and V are fundamental
as they determine the dynamic pressure and the relative wind state, which are the primary factors affecting the safety boundary;
α and φ are the key state variables whose coupling directly dictates the proximity to the stall boundary, where a large φ

reduces the effective lift and lowers the stall angle of attack; p is included as a dynamic precursor, providing the network with
information about the rotational tendency of aircraft, enabling proactive protection against rapid maneuvers that could lead to a
dangerous state. The output is the power differential mode, a binary decision D on whether to activate the differential thrust
strategy. A single, generalized neural network model was trained using a comprehensive dataset encompassing various wind
conditions. This approach allows the model to learn the universal mapping from the input state space to the safety decision,
making it robust and applicable across the operational envelope without requiring retraining for specific wind scenarios. The
safety boundary simulation data are extracted as training samples.
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Figure 11 shows the power differential protection control model based on deep learning neural network. The network
architecture is as follows: The input layer has 5 nodes, corresponding to the 5 input features. This is followed by 4 hidden
layers with the number of nodes being [128,256,128,64]. The ReLU activation function is used for all hidden layers to
introduce nonlinearity, the network training parameters are shown in Table 3. The output layer consists of a single node with a
Sigmoid activation function to produce a probability for the binary decision. The model was trained to minimize the Binary
Cross-Entropy loss function using the Adam optimizer. To mitigate overfitting, several techniques were employed: Dropout
layers with a rate of 0.2 were inserted after the first and second hidden layers; The total dataset of 5386 samples was randomly
split into a training set (80%) and a validation set (20%). The validation set was used to monitor the generalization performance
and to implement an early stopping criterion, which halted the training if the validation loss did not improve for 10 consecutive
epochs.

Figure 11. The control model of dynamic differential protection based on deep learning neural network.

Table 3. The training parameters of neural network

Training parameters Maximum value
learning rate 0.001
total sample size 5386
single training batch size 128
number of iterations 1000000

The training dataset was constructed from simulation data spanning a comprehensive grid of flight states (Table 2) and
wind conditions (0, 6, 12 m/s crosswind). This range is designed to be representative of the challenging but operationally
relevant conditions encountered in plateau environments. While the model demonstrates robustness within this envelope, its
performance in more extreme, out-of-distribution scenarios (e.g., severe gusts beyond 12 m/s, combined failures) is a subject
for future research and would require an expanded training dataset.

Based on the neural network model, it is determined whether to activate the differential power response strategy. The
differential power protection control system is shown in Figure 12, where x = [Vw,V,α,φ , p]T , Vw represents wind speed, Ω

represents the dynamic safety boundary, the neural network outputs the differential power strategy, D := 1 indicates that the
power differential protection strategy is enabled, with a 20% power differential on both sides, while D := 0 meaning that the
power differential protection strategy is not enabled.

Figure 12. The dynamic differential protection control system.
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Figure 13. The flight path.
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Figure 14. The relative altitude and power rate of ducted fan.

4 Flight test in plateau environment

4.1 Flight test results
The flight test was conducted at the Gesar Airport, situated at an altitude of 4068 meters. This location was selected as a
representative and challenging high-altitude test environment. According to the ICAO definition (airports above 2438m), Gesar
Airport is a typical plateau airport. More importantly, it is characterized by strong channel winds and significant turbulence,
providing a stringent validation scenario that encompasses key challenges of plateau flight, such as low air density and complex
wind fields. Successfully validating our method under these demanding conditions provides strong evidence of its potential
robustness. Flight tests were carried out considering the dynamic boundary conditions for assessment. The aircraft went
through stages such as taxiing, takeoff, climbing, turning, descent, and landing. The flight trajectory and some flight attitudes
are shown in Figure 13.

Figures 14-18 show the flight data recorded by the flight parameter recorder. Figure 16 indicates that the aircraft began
to taxi and take off around 1300 seconds after the start of the flight parameter recorder. From Figure 15, it can be seen that
the aircraft began to make a 180◦ turn around 1380 seconds after the start of the flight parameter recorder. During the turning
process, due to the effect of the roll angle protection system, the roll angle remained within the range [−30◦30◦]. A brief
overshoot in the roll angle can be observed around 1420 seconds during a turning maneuver. This transient behavior is attributed
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Figure 15. The roll angle, pitch angle and yaw angle.
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Figure 16. The ground speed, airspeed and wind speed.

to the combined effect of the actively tuned PD controller, which prioritizes rapid roll response for effective wind disturbance
rejection, and the potential influence of sudden wind gusts prevalent in the plateau environment. From Figure 16, it can be seen
that the maximum ground speed exceeded 50m/s, and the aircraft encountered a maximum wind speed of 19m/s, indicating that
the aircraft has the ability to resist wind disturbances of level 8. The aircraft can withstand strong wind disturbances. The angle
of attack is obtained through α=θ − γ , where γ is the climb angle. Firstly, the climb speed is obtained by differentiating the
relative altitude, and then the climb angle is calculated by dividing the horizontal component of the airspeed. The calculated
climb angle and angle of attack are shown in Figure 17. It can be seen that the maximum climb angle is 13◦/s, corresponding to
a ground speed of 45m/s and a vertical speed of 10.1221m/s. The angle of attack exhibits some oscillatory behavior during the
flight. These oscillations are primarily attributed to the aircraft’s active response to the strong and turbulent wind field inherent
to the high-altitude plateau environment. The flight control system continuously adjusts the aircraft’s attitude to maintain
stability and track the desired trajectory against these gusts. Crucially, despite these oscillations, the angle of attack consistently
remains within the safe boundary, and no stall condition occurred. This demonstrates that the closed-loop system possesses the
necessary robustness to operate practically and safely in the challenging conditions for which it was designed. Figure 18 shows
the effect of the power differential boundary protection control. Considering the influence of wind speed, flight velocity, angle
of attack, roll angle, and roll angle velocity, in order to ensure flight safety, the power differential protection control model
takes effect at the red dotted line, limiting the amplitude of the roll angle and avoiding the instability of longitudinal and lateral
coupling under large roll angles.

4.2 Discussion and future work
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Figure 17. The climbing angle and angle of attack.
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Figure 18. The boundary protection control strategy.

The successful flight test at 4068m altitude, demonstrating resilience to wind disturbances up to 19m/s, provides a critical
benchmark for the practical application of distributed propulsion technology in extreme environments. When contextualized
with prior research32–38, which often lacks validation under such demanding operational conditions, this achievement highlights
a significant step from simulation-based design to proven field operation. It validates the integrated PID and boundary protection
control strategy as a viable approach for ensuring operational safety in the complex plateau wind field.

The control architecture in this work deliberately employs a PID-based baseline controller integrated with the proposed
safety boundary protection. While advanced control techniques (e.g., model predictive control, reinforcement learning) offer
potential benefits, the selection of PID was driven by key practical considerations for safety-critical flight testing: simplicity,
reliability, and ease of certification. This choice serves to clearly isolate and demonstrate the efficacy of the novel dynamic
boundary protection system as the primary contribution. The successful flight test confirms that this integrated approach is
sufficient and effective for ensuring safety within the target operational domain defined in this study.

It is important to clarify the scope and inherent limitations of the current proof-of-concept study. The boundary protection
model was trained on offline simulation data spanning a comprehensive but predefined operational envelope and a set of wind
conditions representative of typical plateau challenges. Its decision is dynamically influenced by real-time inputs, notably the
instantaneous wind speed, allowing adaptation to changing environmental conditions within this trained scope. However, the
model is deterministic and static post-training. Consequently, its performance in more extreme out-of-distribution scenarios
(e.g., severe gusts beyond 12m/s, novel failure modes), its ability to adapt to long-term system degradation, and the provision
of formal analytical safety guarantees remain subjects for future investigation. The current validation-through high-fidelity
simulation, extensive envelope exploration, and real-world flight testing-provides strong empirical evidence of robustness,
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which is a crucial foundation for the next stages of development.
Building upon this foundation, future work will focus on enhancing the maturity, generalizability, and certifiability of the

boundary protection framework through the following interconnected directions:
(1) Expanding operational envelope and robustness. Extending flight tests and data collection to a broader spectrum of

meteorological conditions (e.g., more extreme wind shear, turbulence) and unseen flight regimes to iteratively expand and
validate the safety envelope. Investigating integration with fault detection and diagnosis systems to handle potential propulsion
failures.

(2) Enhancing adaptive and learning capabilities. Developing online and adaptive boundary estimation techniques. This
includes exploring safe continual learning algorithms that can update the model from operational data to adapt to specific
aircraft characteristics or degradation, and coupling the system with a high-fidelity digital twin for continuous, real-time safety
boundary re-evaluation.

(3) Integrating uncertainty quantification. Incorporating uncertainty quantification methods into the model to provide
confidence estimates for its decisions. This is essential for nuanced decision-making and for meeting the probabilistic safety
guarantee requirements of certification authorities.

(4) Pursuing formal verification and certification. Bridging the gap between empirical validation and formal certification by:
exploring integration with formally verifiable robust control inner loops; investigating methods for neural network verification
and control barrier function synthesis to translate the learned boundary into a mathematically provable safe region; employing
reachability analysis tools to compute forward invariant sets of the closed-loop system.

Furthermore, the core methodology presented here-using a deep learning model to identify a dynamic safety boundary and
trigger proactive protection-holds significant potential for application to broader vehicle classes, such as electric vertical take-off
and landing (eVTOL) aircraft operating in complex urban airscapes, or regional aircraft serving high-altitude airports. The
model-agnostic learning approach allows for retraining on platform-specific data, underscoring the scalability of the framework.

5 Conclusion
This paper takes the flight test of distributed propulsion aircraft in plateau environment as the main thread. Aerodynamic data
are obtained through wind tunnel tests, and the flight safety boundaries are estimated and the boundary protection control
methods are proposed. The main work and conclusions are summarized as follows:

(1) The aerodynamic characteristics of distributed propulsion aircraft with power differential are analyzed. The results show
that power differential can provide large yaw moment and roll moment, which can provide a basis for improving lateral control
force.

(2) An aerodynamic model and a six-degree-of-freedom distributed propulsion aircraft dynamics model are established
based on wind tunnel tests, and a flight controller is designed. The closed-loop system has good time-domain response
characteristics.

(3) Flight dynamics boundaries are obtained through flight simulation. Boundary protection control strategies are designed
based on the characteristics of plateau environment, and flight tests are completed at plateau airports to verify the effectiveness
of the protection control strategies.
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