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Cargo blocking failure analysis, simulation,
and safety control of transport aircraft
with continuous heavy airdrop
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Abstract
This article investigates the cargo’s blocking failure analysis, simulation, and safety control of transport aircraft with
continuous heavy airdrop. As the cargos move backward and drop out, the continuous variation of center of gravity for
the whole system will deteriorate flight quality dramatically. Furthermore, due to various mechanical reasons, if the cargo
is blocked on the delivery channel and the airdrop process is suspended suddenly at this time, the flight safety may be
threatened. In view of this, the blocking failure is analyzed based on the aircraft model in this article and then the
simulation is completed to show the failure’s impact on aircraft’s flight quality. Next, based on the uncertainty analysis and
introduction of interval robust control theory, the safety controller is designed to stable the closed-loop system. The final
simulation shows the proposed safety control strategy’s effectiveness.
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Introduction

Both for the civil relief supplies and military weapons

delivery, the rapid, heavy and accurate are the development

trends of air transportation. As a necessary skill for trans-

port aircraft, airdrop technology has attracted more and

more attention from lots of country;1–2 airdrop ability is

an important indicator of national defense force and signif-

icant means of rapid response and long-distance maneuvers

in modern war.

Airdrop attracts lots of scholars’ attention and increases

steadily.3–19 Ward3 and his colleagues complete the system

control for autonomous airdrop system through in-flight

system identification, which can estimate the system

dynamics better than a precomputed model, and then they

extend their works on the glide slope control strategy4 for

autonomous airdrop systems. Bury et al.5 focus his work on

the experimental characterization of the vortices structure

in the aft fuselage region and in the wake of a simplified

geometry of a military transport aircraft. Xu and Chen6

present the review of modeling and control during the air-

drop process of transport aircraft, dividing it as high-

altitude and low-altitude airdrop. In a study by Chen and

Shi,7 the modeling problem of transport aircraft with cargo

moving inside is studied and then the effects of moving

process parameters are analyzed. Based on these simplified
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airdrop flight equations, the advanced control methods are

developed to tackle the flight attitude holding and distur-

bance/uncertainty attenuation problem in the studies by

Chen and Shi8 and Chen et al.9 Cuthbert10 and Cuthbert

and Desabrais11 develop the simulation software called

Decelerator System Simulation to predict the dynamics and

trajectory of the parachute system. Wright et al.12 develop

the Precision Airdrop System to support ground and in-

flight high-altitude airdrop mission planning for ballistic

and autonomously guided system payloads. Zhang et al.13

present the mathematical model of the airdrop system with

two different methods and then the comparison analysis

and effectiveness simulation verification are explored.

Considering the transport aircraft’s ultralow altitude air-

drop mission, Ouyang and his colleague14 study the mod-

eling problem of Y-8 aircraft with ultralow altitude airdrop,

Liu et al.15 build the system model for ultralow altitude

airdrop and then complete the controller design. Regarding

the ultra low altitude airdrop problem on unconventional

condition, Chen et al.16 adopted the computational fluid

dynamics approach to analyze the ground effect on air-

plane’s aerodynamic parameters with forward or asymme-

trical lateral obstacles and obtained some useful results. For

the heavy airdrop problem, Liu et al.17 build the dynamics

equation of transport aircraft for heavyweight airdrop and

then linearize it to construct L1 adaptive control. In Ger-

man Aerospace Center (DLR), Institute of Flight Systems,

Thomas18 presents a cargo airdrop simulation for evalua-

tion and assessment of airdrop mission in future military

transport aircraft applications.

Continuous airdrop refers to the airdrop of more than

one goods in a short time. Compared with the single air-

drop, this scenario is more common in engineering prac-

tice and it will change the flight quality dramatically. If

the controller is not designed or implemented properly,

security accidents will happen to the aircraft.19 During the

continuous airdrop process, the cargos fixed on the floor

will move backward along the delivery channel and drop

out in turn. As the transport aircraft frequently performs

heavy cargo airdrop or even continuous airdrop, the air-

drop mechanical system is prone to be blocked or other

failure. The blocking failure will not only result in the

suspension of the airdrop mission but also introduce trou-

ble to flight safety.20 In view of this, the variable structure

control theory is adopted to control such process based on

the input–output feedback linearization form.20,21 Xu22

investigates the dynamic surface control of nonlinear

transport aircraft model during the continuous heavy

cargo airdrop.

The main contributions of this article are as follows:

(1) Different from the airdrop modeling and various con-

troller designs by most scholars, this article focuses on the

blocking failure analysis of continuous airdrop and

extends the previous results in a study by Chen and Shi7

to the failure process modeling. (2) With this analysis, the

typical continuous airdrop process cases are defined and

simulated to show the blocking failure’s impact on air-

craft’s flight quality. (3) To guarantee flight stability and

complete continuous airdrop mission, the safety controller

is designed based on the interval control theory and then

the simulation test is completed to validate the controller

design in the end.

This article is organized as follows. In the “Cargo block-

ing failure analysis and problem formulation” section, the

simplified model of airdrop is described firstly and then the

continuous airdrop and its blocking failure mode are ana-

lyzed based on this model. To show the continuous airdrop

and its blocking failure’s impact on flight quality, the simu-

lation test is completed in the “Cargo blocking failure

simulation test” section. In the “Safety controller design

for cargo blocking failure” section, based on the failure

mechanism analysis, the safety controller design is pre-

sented to guarantee flight stability and then the simulation

results are illustrated. The final conclusion is included in

the “Conclusion” section.

Cargo blocking failure analysis and
problem formulation

Simplified flight equations of transport aircraft with
cargo airdrop

Based on Newton’s second law and the Euler angle relation

of rigid body, the nonlinear aircraft motion equations with

the heavy cargo airdrop were derived7,26,27,28 as

1. Force equation

1V

@V

@t

����
b

¼ ðF þ GÞ=m� n1

d2s B

dt2

����
i

�� � V ð1Þ

2. Moment equation

I 0 � _� þ� � ðI 0 �� Þ þ ð1� n1ÞmBs B

� ½€sB þ _� � s B þ 2� � _sB þ� � ð� � s BÞ�
¼ M 0 � n1s B � F

ð2Þ

The values and units of the aircraft coefficients in this

article are listed in a study by Xu.22

Through the analysis of force and motion, we can get

the following conclusions: Airdrop has great impacts on

inertia force, aerodynamic moment, and inertial moment;

meanwhile, the aerodynamic moment of cargo moving

(i.e. n1sB � F) makes a critical effect on aircraft attitude

variation, and the other items can be neglected in force

equations and moment equations in the range of tolerance

deviation.

Expand the aero dynamical moment as

Ma ¼ M 0 þ ð�n1Þs B � F ¼
�L

M þ n1sBFz

N � n1sBFy

2
64

3
75 ð3Þ

Then the moment equations can be rewritten as
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�L ¼ _p I x� _r I xzþqrðI z�I y Þ � pqI xz

M þ n1 sB F z¼ _q I yþprðI x�I z Þ þ ðp2�r2 ÞI xz

N � n1 sB F y¼ _r I z� _p I xzþpqðI y�I x Þ þ qrI xz

8><
>: ð4Þ

In this article, the airdrop’s impact on longitudinal axis

equations is further considered, that is, the whole system

can be rewritten as

_x ¼ f ðx; sB; dÞ ð5Þ

where the flight states are xT ¼ [V, a, q, q] and the con-

troller inputs are d ¼ ½de; dT �.

Continuous heavy airdrop formulation

Generally speaking, before airdrop, the cargos will be

placed and fixed in the fuselage in turn. As the transport

aircraft delivers them to the predestined location and alti-

tude, the cargos will be released from aircraft one by one,

that is, the cargo near the door will begin to move backward

and drop out firstly, and then the second cargo will start to

move backward, and so on. With this airdrop process, the

center of gravity (CG) of aircraft will move backward and

switch back suddenly as the cargo moves back and drops

out, and it will be repeated again as the next cargo airdrops.

As the cargo’s weight, quantity, and airdrop time increase,

the flight quality will be gradually decreased.

In this article, we set two continuous airdrop scenarios,

namely two cargos continuous airdrop and four cargos con-

tinuous airdrop, which are described in Tables 1 to 4 and

Figures 1 and 2 as follows.

(1) Two 20 tons cargos airdrop

(2) Four 10 tons cargos airdrop

The cargos’ airdrop process is defined as follows:

(1) Each cargo’s moving acceleration is optional,

which is 0.5 m/s2, 1 m/s2, and 2.5 m/s2.

(2) The (k þ 1)th cargo will start moving as the kth

cargo drops out 1 s later.

(3) The airdrop process will be ended as the last cargo

drops out.

Cargo blocking failure analysis

During the airdrop process, due to the cargo’s heavyweight,

the high strength usage of airdrop system, and the sundries

intrusion, the blocking failure is easy to be occurred on

delivery channel, and furthermore, the blocking location

is unknown in advance.

Cargo blocking failure will lead to the suspension of

airdrop, and the closer the blocking location is from the

door, the greater the impact is on the flight condition. Espe-

cially, if the cargo is blocked near the door, the whole

system will be susceptible to disturbance or even be

unstable, and the predesigned control law may not guaran-

tee flight safety.

With the occurrence of the blocking failure, the cargo’s

moving velocity and acceleration in the system are zero,

Table 1. Flight condition for two 20 tons cargos airdrop.

Empty
weight
(kg)

Fuel loading
as airdrop

(kg)

Initial flight
speed
(km/h)

Initial
flight

height (m) a0(rad) q0

90,000 40,000 266 1000 0.2667 0.2273

Table 2. Two 20 tons cargos layout scheme.

Airdrop flight weight 130,000 þ 40,000 kg

Cargos’ CG To the nose: 19.65 m
To the dropout point: 12 m

Cargo’s size 6 m � 2.4 m

CG: center of gravity.

Table 3. Flight condition for four 10 tons cargos airdrop.

Empty
weight
(kg)

Fuel loading
as airdrop

(kg)

Initial flight
speed
(km/h)

Initial
flight

height (m) a0(rad) q0

90,000 40,000 266 1000 0.2305 0.2311

Table 4. Four 10 tons cargos layout scheme.

Airdrop flight weight 130,000 þ 40,000 kg

Cargos’ CG To the nose: 18.65 m
To the dropout point: 13 m

Cargo’s size 3 m � 2.4 m

CG: center of gravity.

Single 20t airdrop

cargo

To the nose

7.15m

9m
8.50m

Fuselage

Single 20t airdrop

cargo

12m

1m

Figure 1. Two cargos airdrop layout.

10t airdrop

cargo

To the nose

7.15m

4m
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10t airdrop

cargo

10t airdrop

cargo

10t airdrop

cargo

1m

13m

Figure 2. Four cargos airdrop layout.
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and the location remains constant. From the viewpoint of

modeling, the whole system’s CG stays near the safety area

boundary for a long time. If the system is affected by the

external disturbances (e.g. crosswind) or the controller is

not working properly, then the aircraft will become

uncontrollable, which is a serious threat to flight safety.

Cargo blocking failure simulation test

Based on the airdrop model, flight condition settings, and

continuous heavy airdrop formulation described in the sec-

tion above, the simulation platform is built in this section.

And the cargo’s moving acceleration is set to 1 m/s2 as an

example.

For the cargo blocking failure simulation test, the simu-

lation conditions are set as:

(1) airdrop mode: the two modes described above, for

example, two 20 tons cargos airdrop and four 10

tons cargos airdrop;

(2) control mode: the airdrop process with controller

in a study by Chen et al.8 will be implemented;

(3) blocking failure: During the continuous airdrop,

the last cargo is assumed to be blocked near the

door.

With these conditions, the flight simulation tests with

cargo blocking failure and normal airdrop are completed

and compared to show the failure’s impact on aircraft’s

flight state as follows.

(1) Two 20 tons cargos airdrop

(2) Four 10 tons cargos airdrop

From Figures 3 and 4, it’s interesting to see that, as the

second cargo or forth cargo is blocked near the door, the

whole system becomes more fragile, especially the short-

period motion parameter. As the cargo’s weight is heavy in

the two cargos continuous airdrop mode, which is shown in

Figure 4, the angle of attack and pitch angle rate oscillation

amplitude are bigger. It’s no doubt that such a large oscilla-

tion angle cannot be accepted in an actual airdrop mission.

Safety controller design for cargo
blocking failure

The tasks for blocking failure problem can be divided into

two items, that is, failure detection and stable control after

the occurrence of failure. In engineering practice, the

moving cargo’s blocking failure time can be detected by

the airdrop system, but the blocking failure location can-

not be known in advance or be known precisely. Such

unknown location makes it difficult to determine the con-

trolled model.

So in this section, the cargo blocking failure time is

assumed to be detected, and the controlled model determi-

nation and controller design are analyzed in detail. Consid-

ering the model uncertainty’s interval properties, the

interval system robust control theory is introduced firstly

as follows.

Interval system

To design the safety controller, the general controlled sys-

tem is considered as

_x ¼ AxðtÞ þ BuðtÞ ð6Þ
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Figure 3. Closed-loop systems’ flight state curves comparison 1.
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where x 2 Rn is the system state vector, A 2 Rn�n is the

state matrix, and B 2 Rn�p is the control matrix, u 2 Rp is

the control input.

The matrices A and B are described as interval form as

follows

A 2 N ½P;Q�;B 2 N ½S;T � ð7Þ

where P, Q and S, T are the upper and lower bounds of

state matrix and control matrix, respectively.

Modeling of cargo blocking failure

During the airdrop process, the CG of the whole system

will move as the cargo’s moving in the fuselage. With the

cargo blocking failure, the final aircraft’s CG location is

unknown or uncertain. From a theoretical point of view, the

uncertainty of the CG location will lead to the uncertainty

of the system controlled model, and we can assume that the

uncertain upper and lower bounds are the initial system

model and the model which the last cargo has blocked near

the doorway. And these two models can form the model

boundary of transport aircraft with cargo blocking failure,

for example, the system state equation’s matrix interval.

With nonlinear flight equations in the “Cargo blocking

failure analysis and Problem formulation” section and the

continuous airdrop scenarios description above, we can get

their system intervals as follows.

(1) Failure system interval for two 20 tons cargos air-

drop: For the initial system model, the cargos’

moving acceleration and velocity are all set to be

zero, which means the cargos’ state is kept in the

initial layout as shown in Figure 1; and for another

system model, the ultimate cargos’ weight is set to

20 tons and the cargo location is set to the tail of

fuselage.

(2) Failure system interval for four 10 tons cargos air-

drop: For the initial system model, it’s the same

with the (1) above; for another system model, the

ultimate cargos’ weight is set to 10 tons and the

cargo location is set to the tail of fuselage.

With these two airdrop scenarios, four nonlinear equa-

tions and the trimming and linearization methods can be

used to get the linear system state matrixes. Take the two 20

tons cargos airdrop as an example, its corresponding

matrixes in equation (7) are

P ¼

�0:012 8:9297 0 �9:8

�0:0035 �0:4695 1 �0:0001

0:0009 �0:8207 �0:5278 0

0 0 1 0

2
6664

3
7775

Q ¼

�0:0139 8:7847 0 �9:8

�0:0038 �0:5478 1 �0:0001

0:0047 �0:3285 �0:5131 0

0 0 1 0

2
6664

3
7775

S ¼

2:4 0:0820

�0:0024 �0:019

0:0007 �0:62

0 0

2
6664

3
7775;T ¼

2:2345 0:0957

�0:0021 �0:0222

0:0065 �0:5828

0 0

2
6664

3
7775
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Figure 4. Closed-loop systems’ flight state curves comparison 2.
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The four 10 tons cargos airdrop’s matrixes are the same

with the above method, so it’s omitted because of the lim-

ited space.

Controller design

The emergency controller’s mission is to guarantee flight

stability in short time passively without knowing the cargo

blocking failure location. Based on the classical interval

system robust control theory, the below theorem can be

obtained:

Theorem 1: The system (6) with state feedback controller is
stable if there exist positive define matrix X and real constant
e > 0 that satisfy the following Riccati equation23.

XA0 þ A0
TX þ XðEE T þ EBEB

T

� B0ðFB
TFBÞ�1

B0
TÞX þ F TF þ eI ¼ 0

ð8Þ

where

A0 ¼
P þ Q

2

B0 ¼
S þ T

2

G ¼ T � S

2

H ¼ Q� P

2

E ¼ ½
ffiffiffiffiffiffiffiffiffiffiffi
h11e1

p
� � �

ffiffiffiffiffiffiffiffiffiffiffi
h1ne1

p
� � �

ffiffiffiffiffiffiffiffiffiffiffi
hn1en

p
� � �

ffiffiffiffiffiffiffiffiffiffiffi
hnnen

p
�;

F ¼ ½
ffiffiffiffiffiffiffiffiffiffiffi
h11e1

p
� � �

ffiffiffiffiffiffiffiffiffiffiffi
h1nen

p
� � �

ffiffiffiffiffiffiffiffiffiffiffi
hn1e1

p
� � �

ffiffiffiffiffiffiffiffiffiffiffi
hnnen

p
�T

EB ¼ ½
ffiffiffiffiffiffiffi
g11

p
e1 � � �

ffiffiffiffiffiffiffi
g1p
p

e1 � � �
ffiffiffiffiffiffiffi
gn1

p
en � � �

ffiffiffiffiffiffi
gnp
p

en �
FB ¼ ½

ffiffiffiffiffiffiffi
g11

p
f 1 � � �

ffiffiffiffiffiffiffi
g1p
p

f p � � �
ffiffiffiffiffiffiffi
gn1

p
f 1 � � �

ffiffiffiffiffiffi
gnp
p

f p�T

In which, the definition of E, EB, F, and FB can be seen

in a study by Shi et al.23 If there has a feasible solution X

for the Riccati equation (8), then the controller

uðtÞ ¼ �ðFT
BFBÞ�1

BT
0 X .

With the system description in (6), the real constant e in

theorem 1 is set to 0.3 for the closed-loop system eigenva-

lue optimization and we can get the interval system robust

controller as

K ¼
�1:8735 �3:3785 �0:0230 �4:0297

�0:1464 �2:7210 4:9637 8:9728

� �

Closed-loop system simulation

For the effectiveness validation of controller design, sev-

eral cargo blocking failure cases (e.g. different blocking

failure locations: case 1, case 2, case 3; from cases 1 to 3,

the blocking position is farther to the rear door) are simu-

lated and analyzed comparatively with three different

controllers (e.g. normal airdrop with general controller

in a study by Chen and Shi,8 cargo blocking failure air-

drop with general controller, and the third one, the failure

airdrop with safety controller), the results are shown in

Figures 5 to 7.
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Figure 5. Closed-loop systems’ flight state curves comparison for case 1.
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Compared with the blocking failure with general con-

troller in Figures 5 to 7, after 11 s, the angle of attack and

pitch angle rate curves of closed system with safety con-

troller still have slight oscillation, but the amplitudes have

obviously been reduced in different blocking failure cases.

Moreover, the whole system tends to be stable or smooth

rather than divergent, which means that the controller can

effectively guarantee the system’s stability and can smooth

the system response with different failure cases. The results

show that the safety controller can stable the system with

cargo blocking failure, even if the blocking failure location

is unknown in advance.

Conclusion

In this article, to analyze the cargo blocking problem, the

simplified flight model and continuous heavy airdrop for-

mulation were described, and then the flight process
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Figure 6. Closed-loop systems’ flight state curves comparison for case 2.
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Figure 7. Closed-loop systems’ flight state curves comparison for case 3.
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simulation and safety controller design with cargo blocking

failure were implemented. The system model with uncer-

tain failure location was assumed to be interval model, and

then the robust controller design method was adopted to

stable the closed system. Simulation results were presented

to show the effectiveness of the proposed controller.

For future work, because the failure has happened sud-

denly, the failure self-detection which is integrated into the

controller design framework by employing the disturbance

observer,24 immunity-based schemes25 should be consid-

ered. Furthermore, the failure detection and the correspond-

ing safety control problem in case of low-altitude airdrop

should be considered since the aircraft’s attitude variation

in low altitude is intolerable.16
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