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A B S T R A C T   

In recent years, tail rotor failure has been a significant factor in helicopter accidents, contributing to around 30 % 
of all incidents. Among these failures, tail rotor pitch lockup accounts for nearly 2/3. However, there is currently 
a lack of research on the landing trajectory and control optimization for piloted helicopters facing tail rotor pitch 
lockup. Therefore, this paper aims to study the landing trajectory and pilot control strategy optimization during 
helicopter tail rotor pitch lockup. The findings of this research are expected to provide valuable insights and 
serve as a reference for subsequent real-time pilot-in-the-loop simulations and final flight tests. In this paper, we 
utilize the UH-60A helicopter as a prototype to establish a flight dynamics model and a pilot model. The 
aerodynamic forces and induced velocity of the main rotor are calculated using the blade element method and 
Pitt-Peters model. The rotor flap motion is simplified to a first-order harmonic quantity. We then formulate the 
problem of safe landing and control optimization as a nonlinear optimal control problem, with the cost function 
designed to reflect safety and feasibility during the flight and touchdown process. To solve the optimal control 
problem numerically, we use direct multiple shooting and sequential quadratic programming algorithms. Flight 
test data for the UH-60A, encompassing steady-state flight, dynamic response, and autorotation landing, are 
utilized to validate the accuracy of the flight dynamics model and the effectiveness of the optimal control al
gorithm. Finally, the paper investigates the safe landing trajectories and control strategies for the sample heli
copter when encountering high tail rotor pitch lockup and low tail rotor pitch lockup, respectively. Simulation 
results demonstrate that when the tail rotor is stuck at a high pitch, it is advisable for pilots to execute a high- 
power state landing by maintaining the engine at high power while reducing forward speed and descent rate. 
Conversely, when the tail rotor is stuck at a low pitch, flying at an economical speed (in a low-power state) is 
advantageous, but it does not facilitate a safe landing thereafter. If the pilot attempts a conventional landing, the 
yaw rate at touchdown would be very high and potentially dangerous. In contrast, if an autorotation landing is 
executed, the landing will be safer with a much lower yaw rate at touchdown. The optimal landing trajectory and 
control process align with the recommendations from actual helicopter flight tests. The proposed method pro
vides feasible pilot control strategies for safe landing when helicopters encounter various tail rotor pitch lockup 
situations. This research can serve as a reference for pilots before conducting actual flight tests.   

1. Introduction 

Conventional single rotor helicopters rely on a tail rotor to balance 
the torque generated by the main rotor and to achieve heading control. 
Consequently, complete or partial tail rotor failure can lead to signifi
cant control issues for the helicopter. In recent years, tail rotor mal
functions have been responsible for a substantial proportion of 
helicopter accidents, accounting for approximately 30 % of all incidents 

[1–3]. Helicopter tail rotor failures can be classified into three main 
types: aerodynamic failures, complete tail rotor system failures, and tail 
rotor pitch lockups. Aerodynamic failure occurs when the tail rotor is 
unable to function properly due to vortex ring, resulting in a loss of tail 
rotor effectiveness. In such cases, the pilot can mitigate the issue by 
accelerating the helicopter forward to dissipate the vortex ring at the tail 
rotor using the airflow. This type of failure is generally straightforward 
to avoid or resolve. Complete tail rotor failure refers to the situation 
where the tail rotor fails to generate lateral force. This failure can result 
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in significant deflection of the fuselage at high yaw angular velocities, 
especially at low to medium speeds. In such scenarios, it is recom
mended that the pilot immediately perform an autorotation landing [4, 
5]. Tail rotor pitch lockup refers to a situation where the tail rotor pitch 
control mechanism becomes stuck at a particular value and cannot be 
adjusted. This condition is known as a frozen control state, where any 
change in power, speed, or sideslip angle can cause directional imbal
ance. Statistical data shows that tail rotor pitch lockup is the most 
common type of tail rotor failure, accounting for approximately 2/3 of 
all failures [2–4]. 

In recent years, significant research has been conducted to address 
the issue of helicopter tail rotor pitch lockup. Ref. [6] focused on 
developing a predictive health management (PHM) system for both the 
main and tail rotor actuators. The researchers proposed a particle 
filtering method to predict faults in these actuators. Ref. [7] studied the 
causes and mechanisms of fatigue failure in helicopter tail rotor blade 
beams during flight. Ref. [8] introduced the operational modal analysis 

(OMA) method, which can be used for permanent monitoring of the tail 
rotor structure. Ref. [9] combined physics-based simulation results with 
machine learning techniques to establish a parameter substitution 
model for detecting the proximity of loss of tail rotor effectiveness (LTE) 
events. Refs. [4,10] mainly carried out landing flight tests for low pitch 
lockup, and gave basic operation suggestions for different levels of tail 
rotor pitch lockup. Ref. [11] proposed a method that can simulate tail 
rotor drive failures during flight testing and provided the corresponding 
corrective measures. Ref. [12] designed a multi-loop PID controller to 
ensure the safe flight of unmanned helicopters after tail rotor failure in 
hovering state. Ref. [13] discussed the different tail rotor failures 
encountered by the helicopter during flight, and conducted 
pilot-in-the-loop flight simulation to retrim it under specific flight con
ditions. Based on the above research, it seems that there is currently a 
lack of research on the landing trajectory and control optimization for 
piloted helicopters facing tail rotor pitch lockup. Therefore, this paper 
aims to study the landing trajectory and pilot control strategy 

Nomenclature 

a slope of the rotor blade lift curve 
a0, a1, b1 taper, rear, and side angles of the rotor disk, rad 
b number of rotor blades 
c blade segment chord length, m 
CT, CTR rotor thrust coefficient; tail rotor thrust coefficient 
D damping matrix 
e flapping hinge offset, m 
fG ground effect factor 
f extrinsic motivator vector 
g acceleration of gravity, m/s2 

h height, m 
HW rotor drag force in wind axis, N 
Hp transfer function of pilot model 
Ix Iy Iz inertias of helicopter, kg⋅m2 

IMR,ITR rotational inertias of the main rotor and tail rotor, kg⋅m2 

Iβ inertia moment of blade flapping, kg⋅m2 

J performance index 
kT ratio of tail rotor speed to main rotor speed 
kx, kv scaling factors 
Kβ equivalent flapping torsion spring stiffness, N⋅m/rad 
K stiffness matrix 
mb mass of the blade, kg 
Mβ mass moment of blade flapping, kg⋅m 
MW, LW rotor pitch and roll hub moments, N⋅m 
N number of nodes 
PA,PMR,PTR, PR engine output power; required power of the main 

rotor; required power of the tail rotor; power required by 
the helicopter, kW 

p,q, r angular velocities of the body axis system, rad/s 
pHW, qHW hub roll and pitch angular velocities under the rotor wind 

axis system, rad/s 
Q rotor torque, N⋅m 
R rotor radius, m 
r’ radial length from the blade profile to the flapping hinge, 

m 
t time, s 
td, t0, tf delay time, initial time, and final time, s 
TL, TI, TN feedforward time constant, inertia time constant, lag time 

constant, s 
UT,UP blade profile normalized tangential and normal airflow 

velocities 
ub, ud, uf control stick vector, delayed command input vector, final 

control input vector 
u control vector (the first-order derivative of the control 

inputs) 
udelay control vector at td 

ucol,ulon rate of collective pitch input, longitudinal stick input, and 
lateral stick input, %/s 

u,v,w linear velocities of the aircraft body axis system, m/s 
ue,ve,we ground-axis forward velocity, lateral velocity, and descent 

rate, m/s 
wt, wv, wu, wa weighting factors in the performance index 
xF,xR,xI fuselage motion state vector, rotor flapping state vector 

and rotor inflow state vector 
x state vector 
xdelay state vector at td 

xp relevant state variables of the neuromuscular system 
X discrete optimal variables 
x̂k+1 The shooting of discrete time segment k 
x,y longitudinal, lateral position in inertial frame, m 
YW lateral force in wind axis, N 
z height of the rotor hub above the ground, m 
β blade flapping angle, rad 
βsp helicopter’s body slip angle, rad 
δ drag coefficient of the blade airfoil 
δcol,δlon,δlat ,δped collective stick input, longitudinal stick input, 

lateral stick input, and pedal input, % 
η power transmission coefficient 
θ pitch angle, rad 
θG blade profile pitch angle, rad 
κ rotor tip loss coefficient 
λ, λTR inflow ratio of rotor; inflow ratio of tail rotor 
μ, μTR advance ratio of the rotor; advance ratio of tail rotor 
ν0,ν1s,ν1c rotor uniform inflow, first-order sine inflow, and first- 

order cosine inflow 
ν0T uniform inflow of tail rotor 
ρ local atmospheric density, kg/m3 

σ rotor solidity 
τ non-dimensional time 
τp delay time of delay element in the pilot model, s 
φ roll angle, rad 
φ′ blade azimuth angle, rad 
ψ yaw angle, rad 
Ω main rotor speed, rad/s  
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optimization during helicopter tail rotor pitch lockup. The findings of 
this research are expected to provide valuable insights and serve as a 
reference for subsequent real-time pilot-in-the-loop simulations and 
final flight tests, contributing to the optimization and refinement of 
control system design. 

Numerous scholars have conducted research on flight path, trajec
tory, and control optimization for aircraft, achieving relatively mature 
results that greatly inspire the study of landing trajectory and control 
optimization for piloted helicopters facing tail rotor pitch lockup. 
Ref. [14] focused on the effective control of a three-axis gimbal system 
mounted on a UAV for improved real-time target tracking performance 
under external disturbances. The study contributes to the development 
of a mathematical model, linear and nonlinear modeling, and the suc
cessful implementation of the MPC algorithm, ensuring precise target 
tracking and system stability even with external disturbances. Ref. [15] 
focused on real-time control of a UAV using a neural network to ensure 
precise payload delivery to targets along a specified path. A UAV’s 
Nonlinear Autoregressive exogenous (NARX) model was developed for 
real-time path tracking. A Load Transporting System (LTS) was designed 
to transport and deliver payloads to targets while considering environ
mental limitations and path tracking. The study examined the impact of 
these factors on the NARX control algorithm’s mission performance. 
Ref. [16] focused on optimizing the attitude and altitude control of 
UAVs for accurate path following using metaheuristic optimization al
gorithms based on swarm intelligence, such as Particle Swarm Optimi
zation (PSO) and Harris Hawks Optimization (HHO). A new control 
algorithm with optimized PID parameter values was proposed for UAV’s 
attitude and altitude control, offering advantages such as simplicity, 
flexibility, random search ability, and avoidance of local optima. The 
performance of various control algorithms was tested and compared on 
specified routes with different geometries. Ref. [17] addressed the 
growing interest in using drones for various applications while consid
ering the risks associated with emergency scenarios, such as motor 
failure. The proposed design involved breaking safety requirements into 
functional and physical requirements, and creating functional and 
physical architectures for drones. The design suggests drones aggregate 
their environmental perception through a "potential landmark data
bank" to maximize the safety of people and assets in emergency situa
tions. Ref. [18] presented a novel hybrid form of Dubins-simulated 
annealing (HDSA) optimization framework for emergency landing of 
impaired airplanes with degraded performance characteristics. The 
HDSA framework generates candidate trajectories considering 
post-failure performance and environmental constraints, and selects the 
optimal trajectory to guide the airplane to the desired landing site. The 
effectiveness of the proposed approach was demonstrated through 
simulations, aiming to enhance flight management systems and assist 
pilots in planning suitable emergency landing trajectories. Ref. [19] 

proposed a safe emergency landing approach for autonomous rotorcrafts 
in 3D terrains. It combines trajectory optimization and path planning for 
obstacle-free flight, with an Incremental Backstepping controller for 
trajectory tracking. Simulations showed the method’s effectiveness in 
ensuring rotorcraft safety during emergency landings like engine failure. 
Ref. [20] analyzed the impact of variable rotor speed on the low-speed 
H-V diagram of a UH-60A helicopter in one engine inoperative (OEI) 
situations by validating a flight dynamics model and applying optimal 
control methods against flight test data. Ref. [21] developed an 
augmented longitudinal rigid-body model for the landing procedure of 
XV-15 tilt-rotor aircraft in single-engine failure scenarios by formulating 
it as a nonlinear optimal control problem, incorporating pilot inherent 
limitations. Ref. [22] presented a method to predict pilot workload 
during helicopter landing using a nonlinear optimal control approach, 
with results showing consistency between the proposed method and 
flight test data. 

According to the research described above, these studies share a 
common focus on enhancing the flight performance and safety of heli
copters or UAVs in various scenarios. They achieve this through the 
development and application of advanced control algorithms, optimi
zation methods, and flight dynamics models, offering both theoretical 
foundations and practical guidance for addressing real-world flight 
challenges. In comparison, this paper specifically concentrates on the 
investigation of safe landing control strategies for piloted helicopters 
encountering tail rotor pitch lockup issues. To tackle this problem 
effectively, this paper aims to establish a more accurate nonlinear flight 
dynamics model and pilot model to provide a more precise representa
tion of helicopter dynamics and pilot behavior. 

Tail rotor pitch lockup in helicopter can be classified into two com
mon cases, namely high pitch lockup and low pitch lockup. When 
encountering high tail rotor pitch lockup, the helicopter is generally in a 
state of high power or low forward speed. On the other hand, when 
encountering low tail rotor pitch lockup, the helicopter is generally in a 
state of low power or economic speed. Consequently, the landing tra
jectories and control strategies corresponding to the two situations will 
also be different. Therefore, this paper studies the optimal safe landing 
process of a helicopter encountering high and low tail rotor pitch 
lockups, respectively. The problem of achieving a safe landing for a 
helicopter experiencing tail rotor pitch lockup can be described as an 
underactuated control optimization problem. This type of problem is 
typically addressed using optimal control method, which is commonly 
employed to calculate and analyze the optimal flight trajectory and 
control strategy for helicopters in the case of engine failure, providing 
valuable guidance and a foundation for conducting flight tests [19–22]. 
Therefore, this paper investigates the landing trajectory and control 
optimization for helicopters encountering various tail rotor pitch lockup 
scenarios using an optimal control method. 

The structure of this paper is organized as follows: Section 2 presents 
the development of a comprehensive flight dynamics model for a single 
rotor helicopter (UH-60A) with a tail rotor. In Section 3, the problem of 
optimal safe landing and control is formulated as a nonlinear optimal 
control problem, considering a pilot model. The problem is then solved 
numerically using direct multiple shooting and sequential quadratic 
programming (SQP) algorithms. In Sections 4 and 5, we investigate the 
scenarios of high and low tail rotor pitch lockup, respectively. For the 
case of low tail rotor pitch lockup, we also examine the safety implica
tions of employing conventional landing and autorotation landing 
techniques during the landing phase. Finally, Section 6 presents the 
conclusions of this study, summarizing the findings and contributions of 
this research. 

2. Flight dynamics modeling and validation 

2.1. Flight dynamics modeling 

Firstly, this paper utilizes the UH-60A as a prototype to establish a 

Table 1 
Basic parameters of UH-60A [23].  

Parameter Value 

Gross mass (kg) 7257 
Number of blades of main rotor 4 
Main rotor speed (rad/s) 27 
Main rotor radius (m) 8.1778 
Main rotor shaft tilt (deg) 3 
Flapping hinge offset (m) 0.381 
Tail rotor radius (m) 1.6764 
Number of blades of tail rotor 4 
Inertia Ix Iy Iz (kg⋅m2) 5466.9, 39,500, 36,917 
Main rotor inertia (kg⋅m2) 9569.5 
Main rotor solidity 0.0826 
Engine response time (s) 1.5 
Power transmission coefficient η 0.9 
Horizontal tail aerodynamic reference area (m2) 4.18 
Horizontal tail incidence angle (deg) 0 
Vertical tail aerodynamic reference tail area (m2) 3  
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flight dynamics model. The basic parameters of the UH-60A prototype 
are shown in Table 1 [23]. 

It is a high-order nonlinear flight dynamics model consisting of a 
main rotor, a tail rotor and an airframe with vertical tail and horizontal 
tail. A brief introduction to the model is provided below.  

1. The aerodynamic forces and moments acting on the main rotor are 
calculated using the blade element method. Lift, drag, and moment 
are determined for each blade element using a table lookup method, 
which considers flow separation and transonic compressibility ef
fects. The induced velocity is described using the first-order dynamic 
inflow model proposed by Pitt-Peters [24]. (Fig. 1) 

The expressions for rotor thrust, drag, and lateral force are:   

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

F1(φ′
i) =

1
2

ρac(ΩR)2( U2
T θG + UT UP

)

F2(φ′
i) =

1
2

ρac(ΩR)2( UT UPθG + U2
P

)

F3(φ′
i) =

1
2

ρc(ΩR)2δU2
T

(2) 

The rotor torque is represented as: 

Q =
∑b

i=1

∫ R− e

0
(e+ r′)F3(φ′

i)dr′ − κ
∫ R− e

0
(e+ r′)F2(φ′

i)dr′ + IMRΩ̇ (3) 

The rotor pitch and roll hub moments are represented as: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

MW =
∑b

i=1
− κ

∫ R− e

0
eF1(φ′

i)cosφ′
idr′ +

(

eMββ̈i − Kββi

)

cosφ′
i

LW =
∑b

i=1
− κ

∫ R− e

0
eF1(φ′

i)sinφ′
idr′ +

(

eMββ̈i − Kββi

)

sinφ′
i

(4) 

Where ρ denotes the local atmospheric density; a denotes the blade 
lift line slope; b denotes the number of rotor blades; c denotes the blade 
segment chord length; κ denotes the rotor tip loss coefficient; e denotes 
the flapping hinge offset; Ω denotes the main rotor speed; R denotes the 

rotor radius; r’ denotes the radial length from the blade profile to the 
flapping hinge; δdenotes the drag coefficient of the blade airfoil; 
mbdenotes the mass of the blade; Mβ denotes the mass moment of blade 
flapping; Kβ denotes the equivalent flapping torsion spring stiffness; β 
denotes the blade flapping angle;IMRdenotes the moment of inertia of the 
rotor; UT,UPdenote the blade profile normalized tangential and normal 
airflow velocities, respectively; θG denotes the blade profile pitch angle; 
φ’ denotes the blade azimuth angle; u, v, w denote the velocities under 
the body axis system; p, q denote the roll and pitch angular velocities 
under the body axis system, respectively; g denotes the acceleration of 
gravity. 

This paper only considers the pitch and flap motion of the rotor 
blades. The rotor flap motion is simplified to a first-order harmonic 
quantity. According to the moment balance acting on the flapping hinge, 

the following blade flapping motion equation can be derived. 

Iββ̈ + Kββ +
(
Iβcosβ + eMβ

)
Ω2sinβ =

κ
∫ R− e

0

1
2

ρac(ΩR)2( U2
TθG + UTUP

)
r′dr′

+2
(
Iβ + eMβ

)
(pHWΩcosφ′ − qHWΩsinφ′)+

Iβ(ṗHWsinφ′ + q̇HWcosφ′) + Mβ(ẇ − uq + pv − g)

(5) 

Where Iβ denotes the inertia moment of blade flapping; pHW, qHW 
denote the hub roll and pitch angular velocities under the rotor wind 
axis system, respectively. By equating the constant term and the coef
ficient of the first harmonic term on the left and right sides of the 
equation respectively, the dynamics equation of the rotor disk under the 
wind shaft system can be derived as, 
⎡

⎢
⎢
⎣

ä0
ä1
b̈1

⎤

⎥
⎥
⎦+ D

⎡

⎣
ȧ0
ȧ1
ḃ1

⎤

⎦+ K

⎡

⎣
a0
a1
b1

⎤

⎦ = f (6)  

where D denotes the damping matrix; K denotes the stiffness matrix; f 
denotes the extrinsic motivator vector; a0, a1, and b1 denote the taper, 
rear, and side angles of the rotor disk, respectively (see details in 
Ref. [24]). 

Fig. 1. Helicopter rotor aerodynamic characteristics.  

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T =
∑b

i=1
κ
∫ R− e

0
F1(φ′

i)dr′ − b
[

Mβä0 + mbg − mb(ẇ − uq + pv)
]

HW =
∑b

i=1

∫ R− e

0
F3(φ′

i)sinφ′
idr′ − κ

∫ R− e

0

(
F2(φ′

i)sinφ′
i + F1(φ′

i)βicosφ′
i
)
dr′

YW =
∑b

i=1
−

∫ R− e

0
F3(φ′

i)cosφ′
idr′ + κ

∫ R− e

0

(
F2(φ′

i)cosφ′
i − F1(φ′

i)βisinφ′
i
)
dr′

(1)   
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1. The aerodynamic force and moment coefficients of the fuselage, 
horizontal tail, and vertical tail are obtained through interpolation of 
wind tunnel test data.  

2. During the landing phase, the helicopter is affected by ground effect, 
which requires correction of the rotor-induced velocity using the 
ground effect factor fG, expressed as follows [11,25]. 

fG = 1 −
σaλ
4CT

(R/4z)2

1 + (μ/λ)2 (7)   

In this expression, σ represents rotor solidity; CT represents rotor 
thrust coefficient; λ represents the inflow ratio of the rotor; z is the 
height of rotor hub above the ground; and μ represents the advance ratio 
of the rotor.  

1. In addition, the helicopter may encounter vortex ring state during 
high-speed descent in landing procedure, which will cause unsteady 
aerodynamic behavior of rotor. To prevent entering the vortex ring 
state, it is necessary to keep the main rotor and tail rotor outside the 
vortex ring region, which can be expressed as a constraint condition 
[11]. 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

μ2 + λ2 − λν0
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μ2 + λ2

√ ≥ − 0.28
̅̅̅̅̅̅
CT

2

√

μ2
TR + λ2

TR − λTRν0T
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ2
TR + λ2

TR

√ ≥ − 0.28
̅̅̅̅̅̅̅̅
CTR

2

√ (8)   

Here, μTR represents the advance ratio of the tail rotor; λTR is the 
inflow ratio of the tail rotor; ν0 and ν0T respectively denote the average 
non-dimensional induced velocity of the main rotor and tail rotor; CTR is 
the lift coefficient of the tail rotor.  

1. During the safe landing procedure after low tail rotor pitch lockup, 
the pilot can choose to perform an autorotation landing in the final 
stage. In this case, the engine throttle is closed to idle mode, and the 
engine output power PA and the rotor speed Ω can be described by 
the following differential equations [11,22], 
⎧
⎪⎨

⎪⎩

ṖA = (0 − PA)
/

tp

Ω̇ =
PA − (PMR + PTR)/η

(
IMR + k2ITR

)
Ω

(9)   

where tp represents the engine response time; PMR and PTR denote the 
required power of the main rotor and tail rotor, respectively; η repre
sents the transmission efficiency; IMR and ITR represent the rotational 
inertias of the main rotor and tail rotor, respectively; k is the propor
tionality factor between the main rotor speed and tail rotor speed. 

The governing equation of the flight dynamics model is summarized 
below, 

ẋb = f (xb, ub, t) (10)  

where ub = [δcol; δlat ; δlon; δped] is the pilot control vector, δcol denotes 
collective stick input, δlat denotes lateral stick input, δlon denotes longi
tudinal stick input, and δped denotes pedal input, t is time. xb = [xF; xR; xI]

is the state vector that contains fuselage motion statexF, rotor flapping 
statexR, and rotor inflow statexI. 
⎧
⎨

⎩

xF = [u, v,w, p, q, r,ϕ, θ, ψ, x, y, h]T

xR = [ȧ0, ȧ1, ḃ1, a0, a1, b1]
T

xI = [ν0, ν1s, ν1c]
T

(11) 

Where u, v,w represent the linear velocities of the aircraft body axis 
system; p, q, r correspond to the angular velocities of the body axis sys
tem; ϕ, θ,ψ represent the roll, pitch, and yaw angles, respectively; x, y, h 
denote the position of the aircraft in the Earth’s axis system; and ν0, ν1c,

ν1s represent the non-dimensional terms for rotor uniform inflow, first- 
order cosine inflow, and first-order sine inflow, respectively. 

Fig. 2. Model trim validation with flight data and AMES GEN HEL model [23].  

X. Yan et al.                                                                                                                                                                                                                                     



Aerospace Science and Technology 145 (2024) 108828

6

Fig. 3. Model dynamic response validation with AMES GEN HEL model.  

Fig. 4. Schematic diagram of the optimal control model.  
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2.2. Model validation 

Flight test data and the AMES GEN HEL model of the UH-60A heli
copter in Ref. [23] are used to validate the steady-state flight dynamics 
model at an altitude of 1600 m and gross weight of 7257 kg. The trim 
validation data is obtained from Fig. B1 (UH-60A Black Hawk 
level-flight static trim) in Ref. [23]. Fig. 2 compares the predicted results 
to the flight test data and the AMES GEN HEL model. The calculated 
steady-state variables show good agreement with both the flight test 
data and the AMES GEN HEL model. 

To verify the dynamic response accuracy of the proposed model, 
transient responses of the UH-60A helicopter AMES GEN HEL simulation 
in Ref. [23] are used for comparison. The dynamic response data is 
obtained from Fig. D1 (Comparison of Ames real-time simulation and 
flight-test data, l-in. right cyclic input at hover). The flight conditions, 
including weight, center of gravity, inertial moments, and atmospheric 
environment, are derived from Appendix C. The dynamic response 
calculated in this study has the same time duration as that reported in 
Ref. [23]. Fig. 3(a) shows the control inputs, while Fig. 3(b) compares 
the calculated transient responses of translational velocities, angular 
velocities, and attitudes with those of the AMES GEN HEL simulation. 
The results demonstrate that the proposed model can capture the dy
namic characteristics of the UH-60A helicopter and has sufficient ac
curacy in dynamic responses. 

3. Nonlinear optimal control method 

The nonlinear optimal control model for helicopter landing during 
tail rotor pitch lockup includes the differential equations constructed 
from the flight dynamics model and the pilot model, as well as the cost 
function, path constraints, and boundary conditions formulated based 
on the flight missions and flight safety requirements. 

3.1. Pilot model 

To capture the pilot’s control strategy for helicopter landing during 
tail rotor pitch lockup, a corresponding pilot model is developed and 
integrated into the optimal control model. 

The pilot’s primary role is to assess the current flight situation and 
determine suitable control strategies based on the flight mission to 
maneuver the aircraft. Therefore, a pilot model generally needs to 
encompass three aspects of the pilot: perception system, control 
behavior, and neuromuscular system. Given that the optimal control 
model in this paper can define the desired flight mission via cost func
tion, path constraints, and boundary conditions, and derive appropriate 
control strategies through numerical solutions, it is assumed that the 
pilot’s control behavior is already encompassed in the optimal control 
model presented in this paper [26], as illustrated in Fig. 4, where ud 
represents the delayed command inputs, and uf represents the final 
control input to activate the flight dynamics model. This section solely 
requires establishing a model that delineates the pilot’s perception 
system and neuromuscular system. 

The perception system and neuromuscular system can be represented 
using the following transfer function: 

Hp(s) =
1 + TLs
1 + TIs

⋅
e− τps

1 + TNs
(12) 

Where TL represents the feedforward time constant, which reflects 
the pilot’s ability for anticipatory prediction, typically ranges between 
0.1 s and 0.6 s, and is set to 0.25 s in this study based on relevant 
literature [26]. The inertia time constant (TI) is used to represent the lag 
effect of the pilot’s input displacement on the control stick, generally 
ranges between 0.2 s and 0.4 s and is also set to 0.25 s in this research. 
The inertia time constant (TN) represents the lag caused by the pilot’s 
neuromuscular response, typically ranges between 0.01 s and 0.2 s, and 
is set to 0.1 s in this study. The delay element (e− τps) reflects the delayed 

response of the pilot. The delay time (τp) is set based on the pilot’s ca
pabilities, usually ranges between 0.1 s and 0.25 s, and is set to 0.15 s in 
this study. Within the pilot’s frequency range (0.1–10 rad/s) [24,26], 
the pure delay element can be approximated using a second-order Pade 
transfer function. 

e− τps ≈
1 − 1

2

(
τps

)
+ 1

8

(
τps

)2

1 + 1
2

(
τps

)
+ 1

8

(
τps

)2 (13) 

In each control input channel, the pilot model can be represented in 
the following state-space form: 
{

ẋp = Axp + Bub
uf = Cxp + Dub

(14) 

Where xp represents the relevant state variables of the neuromus
cular system. The elements of matrices A, B, C, and D depend on the 
delay and filter parameters. The above equation can be integrated into 
the flight dynamics model to reflect the pilot’s control actions during 
landing trajectory and control optimization. 

Tail rotor pitch lockup is generally caused by two types of mal
functions: tail rotor control linkage mechanism failure and pedal jam
ming. The tail rotor control linkage failure cuts off the connection 
between the pedal and the tail rotor pitch, rendering the pedal ineffec
tive. The pedal jamming, typically caused by tail rotor control mecha
nism jamming or tail rotor hydraulic booster failure, prevents the pedal 
from moving and thus makes the pilot unable to control the tail rotor 
pitch. It can be seen that when the helicopter encounters tail rotor pitch 
lockup, regardless of the type of malfunction, the tail rotor pitch will be 
fixed at the current value, and the pedal will be unable to function, the 
pilot can only control the main rotor collective pitch, lateral cyclic pitch 
and longitudinal cyclic pitch to perform a safe landing. In this paper, the 
first-order derivative of the control inputs with respect to time are used 
as the control variables. In the meantime, the original control inputs are 
treated as part of the state variables to avoid discontinuities during 
numerical optimization. 
⎧
⎨

⎩

δ̇col = ucol
δ̇lat = ulat
δ̇lon = ulon

(15) 

The basic governing equation of the flight dynamics model (10), Eqs. 
(14) to (15) form an augmented flight dynamics model for helicopter 
landing trajectory and control optimization during tail rotor pitch 
lockup. The differential equation form of the model is as follow, 

ẋ = f (x, u, t) (16)  

{

x =
[
xF, xR, xI, xp, δcol, δlat, δlon

]T

u = [ucol, ulat, ulon]
T (17)  

3.2. Formulation of optimal control problem 

The underactuated optimal control problem for a safe landing during 
tail rotor pitch lockup can be described as follows: Given the occurrence 
of tail rotor pitch lockup, the objective is to find a control strategy that 
satisfies controllability and safety requirements. This strategy should 
successfully guide the helicopter from its initial state to a specified target 
state while optimizing a performance index. The corresponding 
nonlinear optimal control problem (NOCP) can be expressed as follows:  

(1) Optimal variables: Differential state vector x, the control vector u, 
and the free final time tf (with the initial time t0 set to 0). 

(2) Cost function: The cost function of the NOCP serves as the per
formance index for the entire landing procedure. It is designed to 
capture the safety and feasibility aspects during the flight and 
touchdown process, including factors such as variations in flight 
states, time of flight, and pilot control activity. Since the tail rotor 
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cannot be manipulated during the lockup condition, the perfor
mance index can be defined as below. 

minJ = wttf + wv

(
u2

e,f + v2
e,f +w2

e,f

)

+
1

tf − t0

∫ tf

t0
L(u(t),φ(t), θ(t),ψ(t))dt (18)  

L(u(t),φ(t), θ(t),ψ(t)) =

wu⋅
(

u2
col

/
u2

col,max + u2
lon

/
u2

lon,max + u2
lat

/
u2

lat,max

)
+

wa⋅
(
ϕ2/ϕ2

max + θ2/θ2
max + ψ2/ψ2

max

)

(19)   

Where the first and second terms of (18) represent the terminal state 
performance index, and the third term represents the state and control 
performance index of the whole optimal landing procedure. ue,f, ve,f, we,f 
are the forward speed, lateral speed, and descent rate of the helicopter at 
tf; ucol,max,ulon,max,ulat,maxare the maximum values of the control variables; 
ϕmax,θmax,ψmax are the maximum allowable roll, pitch, and yaw attitude 
angles respectively; wt, wv, wu and wa are weighting factors of each item 
in the performance index. The higher the weight factor, the greater the 
corresponding term. Therefore, the selection of weight factors needs to 
be fine-tuned to balance the effects of each term. Since the pilot mainly 
focuses on controlling the remaining three control variables while also 
considering changes in the helicopter’s attitude angles, wu and wa can be 
relatively larger. Meanwhile, the landing speed limitation can be re
flected in the constraint equations, and the flight time can be appro
priately extended, so wt and wv can be relatively smaller. Based on these 

considerations, the ranges of the above weight factors can be estimated 
as: 
⎧
⎨

⎩

wt + wv + wu + wa = 1
0 ≤ wt,wv ≤ 1/4
1/4 ≤ wu,wa ≤ 1

(20) 

In this study, we set the time weight (wt) and terminal velocity 
weight (wv) to 0.125, as suggested by Ref. [22]. These weights reflect the 
urgency of the landing procedure and the need to minimize the landing 
speed. Subsequently, since the primary objective of this paper is to 
provide feasible pilot control strategies and serve as a reference for pilots 
before conducting actual flight tests, we assign a larger weight factor for 
pilot control activity (wu) compared to the weight factor for aircraft 
response (wa), i.e., wu = 0.45 and wa = 0.3. The simulation results 
presented in this paper in Sections 4 and 5 demonstrate that the optimal 
landing trajectory and control process align with the recommendations 
from actual helicopter flight tests, indicating that the chosen weight 
factors are reasonably appropriate.  

(1) Constraints: The constraint equations consist of differential 
equations, initial boundary conditions, path constraints and ter
minal constraints. 

The differential equations refer to the flight dynamics model (16). 

ẋ = f(x(t),u(t), t) t ∈
[
t0, tf

]
(21) 

The initial boundary conditions are determined in the moment of 
initial pilot control actuation after tail rotor pitch lockup. This paper 
assumes that the helicopter is in a stable state when encountering tail 
rotor pitch lockup, and it takes a certain delay time (generally 1 s, Refs. 

Fig. 5. Numerical optimization process chart.  
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[22,27]) for the pilot to start landing operation after discovering the tail 
rotor control failure. Therefore, the pilot response delay time td is 
considered, and the initial boundary conditions at time t0 are the vari
ables in the moment after td delay. 

x(t0) = xdelay, u(t0) = udelay (22) 

In fact, tail rotor pitch lockup refers to the mechanism being stuck at 
the current value, resulting in a frozen control state. In the ideal flight 
condition assumed in this study, during the pilot delay period, the he
licopter still maintains a stable flight state. Therefore, altering the pilot 
delay time does not influence the subsequent simulation results for the 
landing trajectory and control optimization. 

The terminal constraints are determined by referring to the re
quirements for safe landing in the helicopter airworthiness regulations 
[27]. 

xf min ≤ x
(
tf
)
≤ xf max (23) 

Where xfmin, xfmax are the minimum and maximum values of the state 
variables at the final time, respectively. The specific values will be given 
in the case study. 

The path constraints can be represented as: 
{

xmin ≤ x(t) ≤ xmax
umin ≤ u(t) ≤ umax

, t ∈
[
t0, tf

]
(24)  

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0 ≤
μ2 + λ2 − λν0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μ2 + λ2

√ + 0.28
̅̅̅̅̅̅
CT

2

√

0 ≤
μ2

TR + λ2
TR − λTRν0T

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ2
TR + λ2

TR

√ + 0.28
̅̅̅̅̅̅̅̅
CTR

2

√ (25) 

The path constraints of states are properly selected according to the 
vortex boundary (8) and specific requirements for rotorcraft of FAR 
[27]. The constraints of the pilot control rates are selected according to 
the maximum physical rate limits of the servo booster. The specific 
values will also be given in the case study. 

In the field of engineering applications, NOCPs rarely have analytical 
solutions and numerical computation methods are usually required to 
solve them. Numerical methods for NOCP are generally classified into 

two categories: indirect methods and direct methods. Indirect methods 
require the derivation of the first-order optimality conditions for the 
NOCP. However, due to the highly nonlinear and complex nature of the 
flight dynamics model established in this paper, it is very difficult to 
obtain the first-order optimality conditions. Direct methods do not 
require the derivation of the first-order optimality conditions for the 
NOCP. Instead, they directly approximate the NOCP and transform it 
into a nonlinear programming problem (NLP) for numerical computa
tion. According to the different discretization methods, direct methods 
include shooting methods, collocation methods, and differential inclu
sion methods. Among them, the direct multiple shooting method is 
suitable for unstable dynamic systems (such as rotorcraft) with a large 
number of degrees of freedom and high complexity. Therefore, in this 
paper, the direct multiple shooting method is used to discretize the 
NOCP into an NLP and solve it numerically. 

3.3. Numerical solution techniques 

Due to the highly nonlinear and complex nature of the flight dy
namics model established in this paper, the nonlinear optimal control 
model for helicopter landing during tail rotor pitch lockup involves 
numerous state and control variables, as well as intricate constraint 
equations and cost function. This necessitates the design of a high- 
convergence numerical optimization method for solving the problem. 

As depicted in Fig. 5, this study employs the direct multiple shooting 
collocation method to generate discretization nodes and utilizes the 
Sequential Quadratic Programming (SQP) algorithm for numerical so
lution. To handle large-scale sparse matrices, Cholesky decomposition is 
used to reduce computational complexity and data storage re
quirements. The outcome of this approach is an approximation of the 
pilot control strategy and flight trajectory for the optimal control 
problem. The specific numerical optimization process can be described 
as follows: 

Firstly, in order to improve the convergence of numerical optimi
zation, normalization and scaling of the optimal variables in NOCP are 
applied as follows, 

Fig. 6. Direct multiple shooting approach.  
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(u, v,w) =
1

kvΩ0R
(u, v,w), (p, q, r) =

kx

kvΩ0
(p, q, r)

(ȧ0, ȧ1, ḃ1) =
kx

kvΩ0
(ȧ0, ȧ1, ḃ1), (x, y, h) =

1
kxR

(x, y, h),

Ω =
Ω
Ω0

, PA =
kx

kvΩ3
0

(
IMR + k2ITR

)PA , τ =
kvΩ0

kx
t

u =
kx

kvΩ0
u

(26)  

where Ω0 is the helicopter standard rotor speed. To make the 
normalized-scaled optimal variables close to one in value, take kx=10 
and kv=0.1, The specific non-dimensional scaling process can be found 
in Ref. [11]. 

The direct multiple shooting collocation method [28] is applied by 
breaking the continuous landing procedure into discrete time nodes and 
segments. The discretizing process is shown in Fig. 6. 

According to Fig.6, the solution time interval [t0, tf] is discretized 
into N equally spaced nodes, the corresponding NLP variables are 

X =
[
(x,u)1, (x, u)2, ..., (x, u)k, ..., (x, u)N , tf

]
(27) 

At the k-th time interval, the differential equations of the flight dy
namics model (21) are integrated in a time-stepping manner (from tk to 
tk+1), and “shooting” is performed with the discretized design variables 
at the nodes. This integration has the advantage of decreasing the cost 
for computing finite differencing by increasing the problem sparsity 
[28], which helps to stabilize the integration of the unstable systems, 
especially for rotorcraft vehicles. The shooting of discrete time segment 
k (denoted byxk+1) can be described as, 

xk+1 − x̂k+1 = 0, k = 1,⋯,N − 1 (28)  

x̂k+1 = xk +

∫ tk+1

tk
f (x,u, t)dt (29) 

During the integration process, the control variable u(t) is obtained 
through linear interpolation with uk and uk+1. This method not only 
guarantees that the discretized model is as close as possible to the 
original nonlinear model, but also helps to increase the sparsity of the 
NLP and reduce the computational cost of finite difference methods. 

The cost function of NOCP is also discretized as the sum of piecewise 
integrations: 

minJ = wttN + wv

(
u2

d,N + v2
d,N +w2

d,N

)
+

1
tf − t0

∑N− 1

k=1

∫ tk+1

tk
L(u,φ, θ, ψ)dt

(30) 

The constraints are enforced on the corresponding time nodes of Xk. 

xf min ≤ x(tN) ≤ xf max (31)  

{
xmin ≤ x(tk) ≤ xmax
umin ≤ u(tk) ≤ umax

(32)  

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0 ≤
μ2

k + λ2
k − λkν0,k
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ2
k + λ2

k

√ + 0.28
̅̅̅̅̅̅̅̅
CT,k

2

√

0 ≤
μ2

TR,k + λ2
TR,k − λTR,kν0T,k

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ2
TR,k + λ2

TR,k

√ + 0.28
̅̅̅̅̅̅̅̅̅̅
CTR,k

2

√ (33) 

The nonlinear programming problem can be effectively solved using 
SQP algorithm [29] to get the approximate solution of the original 
NOCP. To improve the accuracy of the optimal solution, the optimal 
state variables x(t) are calculated by integrating the flight dynamics 
model (21) from t0 to tf with piecewise linear interpolation of (u1,u2, ...,

uk, ...,uN). 

3.4. Validation of optimal control method 

Currently, there is a lack of research on the landing trajectory and 
control optimization for piloted helicopters experiencing tail rotor pitch 
lockup. Therefore, we have utilized flight test data from the UH-60A 
helicopter’s conventional autorotation [22] to validate the effective
ness of flight dynamics model, pilot model and optimal control 
approach. While there is a clear distinction between safe landing during 
tail rotor pitch lockup and conventional autorotation, both scenarios 
involve an autorotation landing procedure after engine shutdown. As a 
result, the comparison still demonstrates the effectiveness of safe land
ing during tail rotor pitch lockup to some extent. 

The conditions are steady-state with weight of 7239 kg, altitude of 
9.1 m, standard atmospheric environment, forward speed of 0 m/s, track 
angle of 0◦, no sideslip and pilot delay time of 1.2 s. The landing pro
cedure lasted about 5 s because the altitude was set low for the safe 
autorotation landing test. 

The specific path constraints are as follows, where all the variables 
take the SI units (Tables 2, 3) 

The terminal constraints are: 
The optimal landing procedure is calculated and compared with the 

flight test data (Ref. [22]) as shown in Fig. 7. It can be found that the 
optimal landing procedure is close to the flight test data, which indicates 
that the flight dynamics model, pilot model and optimal control 
approach applied in this paper are feasible. 

4. Landing optimization in high tail rotor pitch lockup 

4.1. Case study 

This section provides a computational analysis of the optimal landing 
trajectory and control strategy for a helicopter encountering high tail 
rotor pitch lockup, which typically occurs during hovering, low-speed 
flight, and climbing. The UH-60A helicopter in Ref. [23] is used as the 
sample helicopter with gross weight of 7257 kg. In this case study, we 
assume that the helicopter is in a stable flight at a low speed of 2 m/s at 
an altitude of 50 m with a heading angle of 0◦ in standard atmospheric 
condition. Then, the tail rotor is suddenly stuck at high pitch, rendering 
it uncontrollable. After a delay of 1 s, the pilot uses the remaining three 
controls to safely land the helicopter. 

The initial boundary conditions are the state and control variables of 
the helicopter after experiencing high tail rotor pitch lockup for 1 s 
delay. Considering the specific requirements for a safe landing [27], the 
terminal constraints are determined as shown in Table 4. 

Considering the flight mission, safety and control system character
istics, the path constraints are proposed in Table 5. 

In addition, the constraint Eq. (8) for vortex ring state boundary is 

Table 2 
Path constraints in landing.  

Constraints Min Max Constraints Min Max 

u(t)(m /s) 0 40 h(t)(m) 0 20 
v(t),w(t)(m /s) − 20 20 y(t)(m) − 10 10 
p(t),q(t), r(t)(∘/s) − 20 20 x(t)(m) 0 200 
φ(t), θ(t),ψ(t)(∘) − 20 20 δcol,lon,lat,ped(t)(%) 0 100 
Ω(t) 0.8 1.1 ucol,lon,lat,ped(t)(%/s) 0 25  

Table 3 
Terminal constraints in landing.  

Constraints Min Max Constraints Min Max 

p(tf ),q(tf ), r(tf )(∘/s) − 5 5 θ(tf )(∘) − 5 10 
φ(tf ),ψ(tf ) − 2 2 ẏ(tf )(m /s) − 1 1 
ẋ(tf )(m /s) 0 12.2 ḣ(tf )(m /s) − 1.5 0 
h(tf )(m) 0 0     
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also included to avoid entering the vortex ring state. 
Based on the analysis and conclusions in Section 3.2 of this paper, as 

well as previous simulation debugging, the weight factors for perfor
mance index (18) are selected as shown in Table 6. 

In the case study of landing optimization in high tail rotor pitch 
lockup, a sampling time of 0.36 s (sampling frequency of 2.78 Hz, with 
30 discrete points) was used. Through extensive simulations, it was 
observed that when the number of discrete points N exceeded 30, the 
numerical simulation results remained essentially unchanged, while the 
computational efficiency rapidly decreased. Additionally, the frequency 
range commonly used by pilots is between 0.1 and 10 rad/s (0.016–1.6 

Fig. 7. Comparison of optimal solution and flight test data [22] for autorotation landing in OEI.  

Table 4 
Terminal constraints in landing.  

Constraints Min Max Constraints Min Max 

p(tf )(∘/s) − 5 5 ẋ(tf )(m /s) 0 12.2 
q(tf )(∘/s) − 5 5 ẏ(tf )(m /s) − 1.524 1.524 
r(tf )(∘/s) − 5 5 ḣ(tf )(m /s) − 1.524 0 
ϕ(tf )(∘) − 5 5 h(tf )(m) 0 0 
θ(tf )(∘) − 5 10     

Table 5 
Path constraints in landing.  

Constraints Min Max Constraints Min Max 

u(t)(m /s) 0 20 h(t)(m) 0 60 
v(t),w(t)(m /s) − 10 10 y(t)(m) − 50 50 
p(t),q(t), r(t)(∘/s) − 20 20 x(t)(m) 0 200 
φ(t), θ(t)(∘) − 30 30 δcol,lon,lat,ped(t)(%) 0 100 
ψ(t)(∘) − 90 90 ucol,lon,lat,ped(t)(%/s) 0 25  

Table 6 
Weight factors selected.  

Weight factor Description Value 

wt Weight factor for flight time 0.125 
wv Weight factor for touchdown speed 0.125 
wu Weight factor for pilot control activity 0.45 
wa Weight factor for attitude changes 0.30  
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Hz), which is lower than the sampling frequency in this study. Therefore, 
the optimization results of pilot control strategies can adequately reflect 
their manipulation behavior, indicating that the selected sampling time 
is reasonable. 

Figs. 8 and 9 show the optimal landing process of the sample heli
copter encountering high tail rotor pitch lockup. Where ue, ve, we denote 
the ground-axis forward velocity, lateral velocity, and descent rate, 

respectively; βsp refers to the helicopter’s body slip angle; PR represents 
the power required by the helicopter. 

The results are concluded in Table 7 from Figs. 8 and 9. 
The optimal landing trajectory and control process obtained in this 

study are generally consistent with the suggestions for safe landing in 
high tail rotor pitch lockup, as proposed in actual flight tests (Refs. [4,5, 
10]). That is when the tail rotor is stuck in a large pitch angle, staying in 

Fig. 8. State variables of optimal landing procedure in high tail rotor pitch lockup.  
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a high-power state (low speed) helps to maintain directional stability. 
The main rotor collective pitch can be manipulated to maintain direc
tion and sideslip angle until touchdown. This indicates that the nu
merical simulation results in this section are reasonable. 

4.2. Discussion 

The landing of piloted helicopters during high tail rotor pitch lockup 
is a critical situation that may result in loss of control and accidents. 
Therefore, comprehending how to manage it is vital for helicopter safety 
and performance. These findings offer an in-depth insight into the 
landing trajectory and control optimization for such helicopters. The 

Fig. 9. Required power and controls of optimal landing procedure in high tail rotor pitch lockup.  

Table 7 
Results drawn from optimal landing procedure in high tail rotor pitch lockup.  

Stage Pilot control Flight state Time of 
duration 

Pilot delay 
period 

No control Stable flight in a frozen 
state 

0 ~ 1 s 

Oblique 
downward 
flight 

1. Reduces the main 
rotor collective pitch  
(Fig. 9b), and uses 
longitudinal cyclic pitch 
to make the helicopter 
enter an oblique 
downward flight  
(Fig. 8e); 
2. Stabilizes the roll 
angle by making slight 
adjustments to the 
lateral cyclic pitch stick 
(Fig. 9c). 

1. The power required 
decreases (Fig. 9a), the 
torque of the rotor 
decreases, and the 
relatively large lateral 
force of the tail rotor 
causes the helicopter to 
yaw to the left  
(Fig. 8h–j), resulting in a 
large-angle sideslip 
flight; 
2. At the same time, the 
helicopter has a small 
right roll response 
during the descent  
(Fig. 8f), mainly caused 
by the main rotor lateral 
flapping. 

1–4 s 

Preparation 
for landing 

1. Gradually increases 
the main rotor collective 
pitch; 
2. Then the slightly pulls 
the longitudinal stick 
back to slow down and 
prepares for the final 
landing touchdown  
(Fig. 9d). 

1. The negative torque 
of the main rotor 
increases, so the 
previously unfavorable 
yaw rate and negative 
sideslip angle gradually 
decrease; 
2. The helicopter 
gradually rolls to the left 
to balance the tail rotor 
thrust. 

4–8.6 s 

Precise 
landing 

Continues to slightly 
increase the main rotor 
collective pitch (Fig. 9b) 
and manipulates the 
helicopter to stabilize its 
attitude, preparing to 
land vertically (Fig. 8a,  
b). 

1. The helicopter lands 
almost vertically  
(Fig. 8e), and the 
descent rate is close to 0 
m/s at the moment of 
touchdown (Fig. 8c). 

8.6–11 s  

Table 8 
Terminal constraints in conventional landing.  

Constraints Min Max Constraints Min Max 

p(tf )(∘/s) − 15 15 ẋ(tf )(m /s) 0 12.2 
q(tf )(∘/s) − 15 15 ẏ(tf )(m /s) − 3.048 3.048 
r(tf )(∘/s) − 40 40 ḣ(tf )(m /s) − 1.524 0 
ϕ(tf )(∘) − 5 5 h(tf )(m) 0 0 
θ(tf )(∘) − 5 10     

Table 9 
Path constraints in conventional landing.  

Constraints Min Max Constraints Min Max 

u(t)(m /s) 0 50 h(t)(m) 0 60 
v(t),w(t)(m /s) − 20 20 y(t)(m) − 50 50 
p(t),q(t)(∘/s) − 20 20 x(t)(m) 0 400 
r(t)(∘/s) − 60 60 δcol,lon,lat,ped(t)(%) 0 100 
φ(t), θ(t)(∘) − 40 40 ucol,lon,lat,ped(t)(%/s) 0 25 
ψ(t)(∘) − 90 90     

Table 10 
Constraints at a height of 3 m, before autorotation.  

Constraints Min Max Constraints Min Max 

p(th),q(th1 ), r(th)(∘ /s) 0 0 ṗ(th), q̇(th), ṙ(th)(∘ /s) 0 0 
u̇(th), v̇(th), ẇ(th)(m /s) 0 0 h(th)(m) 3 3  
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optimized trajectories and control strategies contribute to the safety and 
performance of helicopters in several ways:  

1. Oblique downward flight: The pilot reduces the main rotor collective 
pitch and uses longitudinal cyclic pitch to control the helicopter’s 
descent. This allows for a controlled and safe descent, reducing the 
risk of a crash.  

2. Preparation for landing: The pilot gradually increases the main rotor 
collective pitch to balance the negative torque of the main rotor and 
the lateral force of the tail rotor. This helps to stabilize the helicop
ter’s yaw and sideslip, maintaining control and direction.  

3. Precise Landing: The pilot manipulates the helicopter to land almost 
vertically, with the descent rate close to 0 m/s at the moment of 
touchdown. This precise control during the landing phase reduces 

Fig. 10. State variables of optimal landing procedure in low tail rotor pitch lockup.  
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the risk of damage to the helicopter and ensures the safety of the pilot 
and any passengers.  

4. Validation of flight test suggestions: The optimal landing trajectory 
and control process obtained in this study align with the suggestions 
for safe landing in high tail rotor pitch lockup from actual flight tests. 
This validates the effectiveness of these strategies and provides a 
practical guide for pilots facing such situations. 

In conclusion, these findings provide valuable insights into how to 
handle high tail rotor pitch lockups, enhancing the safety and perfor
mance of helicopters in such situations. They also contribute to the 
broader understanding of helicopter control and flight dynamics, which 
can inform future research and development in this field. 

5. Landing optimization in low tail rotor pitch lockup 

5.1. Case study 

This section analyzes the optimal landing trajectory and control 
process for a helicopter experiencing low tail rotor pitch lockup. Low tail 
rotor pitch lockup generally corresponds to low power flight states such 
as descent or economical speed flight. The UH-60A helicopter in 
Ref. [23] is used as the sample helicopter with gross weight of 7257 kg. 
In this case study, it is assumed that the helicopter is in a stable flight at a 
height of 50 m and a track angle of 0◦ at an economic speed of 30 m/s in 
standard atmospheric conditions. Then, the tail rotor is suddenly stuck 
at low pitch and cannot be controlled. The pilot uses the remaining three 
control inputs to safely land the helicopter after a delay of 1 s. 

When a low tail rotor pitch lockup occurs, the pilot can choose a 
conventional landing or an autorotation landing at a height of 2–3 m 
from the ground. Therefore, this paper discusses and analyzes these two 
methods respectively.  

(1) Conventional landing 

The initial boundary conditions are the state and control variables of 
the helicopter after experiencing low tail rotor pitch lockup for 1 s delay. 
During conventional landing, insufficient lateral force from the tail rotor 
can result in higher body angular velocities (especially yaw rate r) when 
touching down. Considering the requirements for safe landing, this 
paper sets the following terminal constraints as shown in Table 8. 

Considering the flight mission, safety and control system character
istics, the following path constraints are proposed as shown in Table 9. 

In addition, the constraint Eq. (8) for vortex ring state boundary is 
also included to avoid entering the vortex ring state.  

(1) Autorotation landing at 3 m above ground 

According to the description in Refs. [4,5,10], when a low tail rotor 
pitch lockup occurs, the pilot can choose an autorotation landing at a 
height of 2, 3 m from the ground. Autorotation landing is a complex 
emergency maneuver. In order to reduce the difficulty of operation, this 
paper assumes that the helicopter is in a stable flight at a height of 3 m 
(at time th) before performing the autorotation landing, the corre
sponding constraints are as follows: (Table 10). 

Based on the assumption of stable flight at a height of 3 m, the tra
jectory and control optimization for autorotation landing are further 
conducted. During autorotation optimization, the engine is set in idle 
mode, so the corresponding differential equation of engine output shaft 
power and rotor speed (9) is included. For comparison, the boundary 
conditions, path constraints, and performance indexes of autorotation 
landing are consistent with conventional landing. 

During autorotation landing, the helicopter can use the rotational 
kinetic energy stored in the rotor to land safely. However, if the rotor 
speed is too high, the advancing blades will experience compressibility 
effect, causing a sudden increase in drag. On the other hand, if the rotor 
speed is too low, the blades may stall, leading to a significant decrease in 
rotor lift. Therefore, the limitation of the rotor speed is incorporated into 
the path constraints, as shown below (Ref. [22]). 

0.9 ≤ Ω(t) ≤ 1.1 (34) 

In the case study of landing optimization in low tail rotor pitch 
lockup, the conventional landing optimization corresponds to a sam
pling time of 0.3 s (sampling frequency of 3.3 Hz, with 30 discrete 
points), while the autorotation landing optimization corresponds to a 
sampling time of 0.3 s (sampling frequency of 3.3 Hz, with 50 discrete 
points). Both of these sampling times are higher than the frequency 
range commonly used by pilots. Hence, these two sampling times are 
also considered reasonable. 

Figs. 10 and 11 show the optimal landing process of the sample he
licopter encountering low tail rotor pitch lockup. 

The results are concluded in Tables 11 and 12 from Figs. 10 and 11. 

Fig. 11. Required power and controls of optimal landing procedure in low tail rotor pitch lockup.  

X. Yan et al.                                                                                                                                                                                                                                     



Aerospace Science and Technology 145 (2024) 108828

16

The optimal landing trajectory and control process obtained in this 
section are generally consistent with the recommendations for safe 
landing after low tail rotor pitch lockup in actual helicopter flight tests 
(Refs. [4,5,10]). That is, when the tail rotor is stuck at a low pitch angle, 
direction balance can be maintained in a low power state (near eco
nomic speed), but it is not conducive to a safe landing afterwards. 
During the landing process, a larger sideslip and descent rate should be 
used to approach the landing area, and the horizontal speed should be 
appropriately increased before touchdown to prioritize ensuring that the 
vertical speed and landing attitude are within limits at the moment of 
touchdown, which could be dangerous. Alternatively, when the height 
drops to about 2–3 m, the throttle should be closed to idle to perform 
autorotational landing. At this time, the landing will be safer with a 
much lower yaw rate at touchdown. This case study shows that the 
numerical simulation results in this section are reasonable. 

5.2. Discussion 

These findings in Section 5.1 are significant as they offer a compre
hensive understanding of landing trajectory and control optimization for 
piloted helicopters facing low tail rotor pitch lockup. The optimized 
trajectories and control strategies contribute to the safety and perfor
mance of helicopters in several ways: 

Table 11 
Results for conventional landing optimization in low tail rotor pitch lockup.  

Stage Pilot control Flight state Time of 
duration 

Pilot delay 
period 

No control Stable flight in a frozen 
state 

0 ~ 1 s 

Oblique 
downward 
flight  

1. Reduces the main 
rotor collective pitch 
(Fig. 11b) to decrease 
the rotor torque, and 
uses longitudinal 
stick (Fig. 11d) to 
make the helicopter 
enter an oblique 
downward flight 
(Fig. 10e);  

2. Stabilize the roll 
angle by making 
slight adjustments to 
the lateral cyclic 
pitch stick (Fig. 11c).  

1. The relatively large 
lateral force of the 
tail rotor causes the 
helicopter to yaw to 
the left (Fig. 10h–j), 
resulting in a small- 
angle sideslip flight;  

2. At the same time, the 
helicopter will also 
have a small right roll 
response (Fig. 10f). 

1–2.5 s 

Preparation 
for landing  

1. Reduces the main 
rotor collective pitch 
to its minimum 
setting, then 
gradually increases it 
in order to reduce the 
rate of descent 
(Fig. 11b);  

2. Controls the 
longitudinal cyclic 
pitch stick (Fig. 11d) 
to reduce the forward 
speed to the 
maximum allowed 
value for landing 
(Fig. 10a) in order to 
minimize the 
required power (i.e., 
main rotor torque) at 
touchdown.  

1. The descent rate 
begins to decrease, 
and the lateral 
velocity has 
increased slightly 
(Fig. 10b, c);  

2. Before final landing, 
the larger negative 
rotor torque still 
causes the yaw angle 
and yaw rate to 
increase (Fig. 10h–j). 

2.5–5 s 

Precise 
landing 

Pushes the longitudinal 
stick forward to decrease 
the pitch angle within 
the allowable range of 
landing attitude ( 
Fig. 11d).  

1. At this point, the 
lateral velocity and 
descent rate are both 
close to 0 m/s 
(Fig. 10b, c) at 
touchdown;  

2. However, the larger 
negative rotor torque 
at touchdown still 
causes the yaw rate to 
increase to nearly 
− 30◦/s (Fig. 10j), 
which can easily 
cause danger. 

5–9 s  

Table 12 
Results for autorotational landing optimization in low tail rotor pitch lockup.  

Stage Pilot control Flight state Time of 
duration 

Pilot delay 
period 

No control Stable flight in a frozen 
state 

0 ~ 1 s 

Oblique 
downward 
flight  

1. Reduces the main 
rotor collective 
pitch (Fig. 11b) to 
decrease the rotor 
torque, and uses 
longitudinal stick 
(Fig. 11d) to make 
the helicopter enter 
an oblique 
downward flight 
(Fig. 10e);  

2. Stabilize the roll 
angle by making 
slight adjustments 
to the lateral cyclic 
pitch stick 
(Fig. 11c);  

3. Basically the same 
as that in the 
conventional 
landing process, 
but with smaller 
amplitude 
(Fig. 11c, d).  

1. The relatively large 
lateral force of the 
tail rotor causes the 
helicopter to yaw to 
the left (Fig. 10h–j), 
resulting in a small- 
angle sideslip flight;  

2. At the same time, 
the helicopter will 
also have a small 
right roll response;  

3. Compared to 
conventional 
landing, the 
helicopter’s roll and 
pitch attitudes 
change more 
gradually (Fig. 10f, 
g). 

1–3 s 

Preparation for 
autorotational 
landing  

1. Reduces the main 
rotor collective 
pitch to its 
minimum setting, 
then gradually 
increases it in order 
to reduce the rate 
of descent 
(Fig. 11b);  

2. Manipulates the 
longitudinal cyclic 
pitch stick 
(Fig. 11d) to guide 
the helicopter into 
a stable flight.  

1. The descent rate 
begins to decrease, 
and the lateral 
velocity has 
increased slightly;  

2. The required power 
has been maintained 
at a low level, so the 
yaw rate is basically 
maintained at 
around 0◦/s 
(Fig. 10j);  

3. At 10 s, the 
helicopter is in a 
stable flight at a 
height of 3 m and is 
ready for 
autorotational 
landing. 

3–10 s 

Autorotational 
landing  

1. Switches the 
engine throttle into 
idle mode, and 
pulls the 
longitudinal stick 
backwards 
(Fig. 11d) to 
further reduce the 
forward speed of 
the helicopter 
(Fig. 10a);  

2. Fine-tune the main 
rotor collective 
pitch to land slowly 
(Fig. 11b), while 
continuing to 
maintain a stable 
attitude (Fig. 10 g).  

1. 1.The lateral 
velocity and descent 
rate are both close to 
0 m/s at touchdown 
(Fig. 10b, c);  

2. The yaw rate is also 
approaching 0º/s 
(Fig. 10j), making 
the landing safer. 
This is because the 
engine no longer 
outputs torque to the 
main rotor, so the 
helicopter can still 
maintain a stable 
yaw attitude during 
landing. 

10–15 s  
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1. Maintaining stability: The study shows that during both conventional 
and autorotational landings, the pilot maintains a stable flight by 
making necessary adjustments to the main rotor collective pitch and 
cyclic pitch stick. This is important as it gives the pilot control over 
the helicopter’s descent and direction, reducing the risk of a crash.  

2. Oblique downward flight: The pilot gradually reduces the main rotor 
collective pitch to control the helicopter’s descent rate and forward 
speed. This allows for a controlled and safe descent, reducing the risk 
of damage to the helicopter and ensuring the safety of the pilot and 
any passengers.  

3. Safe landing: The pilot manipulates the helicopter to land with 
lateral velocity and descent rate close to 0 m/s, which reduces the 
risk of damage to the helicopter and ensures the safety of the landing.  

4. Autorotation advantage: The autorotational landing strategy, which 
involves the engine no longer outputting torque to the main rotor, 
allows the helicopter to maintain a stable yaw attitude during 
landing, resulting in a safer landing with a much lower yaw rate at 
touchdown. 

5. Validation of flight test recommendations: The optimal landing tra
jectory and control process obtained in this study align with the 
recommendations for safe landing after low tail rotor pitch lockup 
from actual helicopter flight tests. This validates the effectiveness of 
these strategies and provides a practical guide for pilots facing such 
situations. 

In conclusion, these findings provide valuable insights into how to 
handle low tail rotor pitch lockups, enhancing the safety and perfor
mance of helicopters in such situations. They also contribute to the 
broader understanding of helicopter control and flight dynamics, which 
can inform future research and development in this field. 

In this study, we simulated two extreme cases of tail rotor pitch 
lockup: high pitch lockup and low pitch lockup. Typically, conventional 
tail rotor pitch lockup situations fall between these two extremes. As the 
next step, we plan to expand our simulations to include more severe 
conditions such as gusts, turbulence, downdrafts, wind shear, etc., and 
apply the proposed optimal control method for simulation and optimi
zation, thereby providing feasible control strategies across different 
flight missions and environments. 

6. Conclusion 

This paper studies the optimal landing trajectory and control strategy 
for helicopter encountering different tail rotor pitch lockups using 
optimal control method. To address this issue, we establish a precise 
nonlinear flight dynamics model and a pilot model to accurately 
represent the helicopter dynamics and pilot behavior. The results yield 
the following conclusions:  

(1) High tail rotor pitch lockup typically occurs during high-power 
flight states such as hovering, low-speed flight, and climbing. 
As the tail rotor thrust is relatively large, it is recommended to 
perform a high-power state landing (i.e., keep the engine at high 
power) with a lower forward speed and descent rate. During 
landing process, the large lateral force generated by the tail rotor 
will cause the helicopter to experience significant yaw motion, 
the pilot can compensate for some of the excess yaw torque by 
using sideslip.  

(2) Low tail rotor pitch lockup typically occurs during low-power 
flight states such as gliding and level flight near the economic 
speed. During landing, the pilot can reduce the main rotor col
lective pitch to decrease the negative torque and balance the 
heading. This process may result in a relatively large descent rate. 
For a conventional landing, the small tail rotor thrust cannot 
balance the high negative torque of the main rotor, leading to a 
large yaw rate at touchdown, which may cause danger. If an 
autorotation landing is applied (at a height of about 3 m above 

the ground), the engine no longer outputs torque to the main 
rotor, so the landing will be safer with a much lower yaw rate at 
touchdown.  

(3) The optimal control simulation results (landing trajectories and 
control strategies) are basically consistent with the conclusions of 
actual flight tests in Refs. [4,5,10]. The landing trajectory and 
control optimization method for helicopter after tail rotor pitch 
lockup established in this paper can provide some reference 
before actual flight test. The findings of this research are expected 
to provide valuable insights and serve as a reference for subse
quent real-time pilot-in-the-loop simulations and final flight tests, 
contributing to the optimization and refinement of control system 
design. 

In this study, we simulated two extreme cases of tail rotor pitch 
lockup: high pitch lockup and low pitch lockup. Typically, conventional 
tail rotor pitch lockup situations fall between these two extremes. 
However, it should be noted that our current study only considers ideal 
flight conditions and does not account for the influence of extreme 
airflow conditions on the landing trajectory and pilot control strategy 
during tail rotor pitch lockup. As the next step, we plan to expand our 
simulations to include more severe conditions such as gusts, turbulence, 
downdrafts, wind shear, etc., and apply the proposed optimal control 
method for simulation and optimization, thereby providing feasible 
control strategies across different flight missions and environments. 

Currently, this method involves significant computational 
complexity and cannot be performed in real-time at present. One of our 
future goals is to achieve real-time computation on the flight control 
computer based on the current aircraft state. 
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