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In view of the strong nonlinear and coupling
characteristics of the airdrop operations, a novel
control method is proposed based on the active
disturbance  rejection control (ADRC) for
decoupling control strategy of the pitch angle and
airspeed. The unknown disturbances, including
aerodynamic uncertainty and nonlinear coupling
effect between the aircraft and cargo dynamics,
are estimated and compensated with the extended
state observer (ESO). Meanwhile, the nonlinear
law state error feedback (NLSEF) is adopted to
restrain the compensation residual. Simulation and
flight quality evaluation shows the satisfactory
capacity and strong robustness of the proposed
control method in guaranteeing the airdrop task

and flight safety.

1 Introduction

Heavyweight airdrop plays an increasingly vital role
in modern warfare by virtue of superiority in many
aspects, such as avoiding enemy radar detection,
improving the accuracy of the cargo delivery and
reducing damage risk of the payloads [1-2]. During
the airdrop process, the pitch angle of the carrier
aircraft rises constantly under the stress of pitch
moment exerted by the gradual rearward goods and
followed by a fierce bow because of a sudden
extraction of the cargo, which leads to sensitive
flight parameters to whatever disturbance, and even
to a fatal crash. Therefore, an effective controller
for the airdrop is crucial to both flight safety and
task performance.

Over the last few decades, many significant
achievements have been made by a number of
scholars: variable structure control has advantage of
insensitivity over  parameter changes and
disturbances, removal of needs for on-line
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identification [2-3], and simplicity in mechanical
implementation. But the “upper boundary” of the
controller is chosen according to the “worst case”,
which always results in the conservation and flutter
of the controller. Feedback linearization transfers
the complex nonlinear model to the simple one, and
achieves the decoupling control [4]. However, this
method depends on the accurate knowledge about
the aircraft dynamics. It is not the case with the
heavyweight airdrop project since there are always
some unmolded dynamics. H. control and neural
networks, in theory, could obtain a perfect
performance, and don’t rely on the precise model of
the system [5-6]. But their control effects will
deteriorate constantly with the growth of the cargo
weight. Under this situation, a controller should be
designed by paying attention to the physical
implementation, meeting the airdrop task demand
and satisfying the flight safety requirement.

Active disturbance rejection control (ADRC) is a
nonlinear method proposed by professor Han [7].
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This method employs the kernel of PID controller
that adopts error-feedback to regulate the system.
Various disturbances both external and interior ones
are estimated and compensated for properly through
the ADRC controller. Numerous successful
engineering applications using ADRC control have
demonstrated its efficiency [7-8]. The controller
proposed in this paper does not only provide a
method to achieve the height maintaining and speed
holding during airdrop, but also offers good system
stability in the presence of uncertainty.

2 Aircraft-cargo dynamics

The force analysis of the transport during airdrop
process is shown in Fig. 1. The longitudinal motion
equation of the aircraft can be described by
relations in [9]:

V=(Tcosa—D—mygsiny—F,)/m, (1)
y=Tsina+L—-mygcosy—F,_)/mV (2)
q=(M, + M)/, 3)

O=¢q 4)

where m; is the mass of the cargo, the disturbances
F.., F.. and M, are the friction forces, contact force
and pitch moment exerted to aircraft by the cargo. ¢
is the pitch rate, /, is the pitch moment of inertia.
The aerodynamic pitch moment M,, drag force D,
lift force L, engine thrust 7 can be found by:

My :qSCA[CmO +Cma(a_a0) (5)
qc
+Cmq2—;+Cm5056]
D = qS[CDO + CDO{ ((Z - 0(0) + CD5056] (6)

LZ?S[CLO+CLa(a—a0)+CL5e5e] (7)
T=T,5, ()

where g is the dynamic pressure, S is the wing
area, o, is the elevator deflection, 7,, is the
maximum thrust of the engine, 5, €[0,1] is the
throttle opening, the detailed derivation and the
other symbol definition can be referred to [9].

According to theoretical mechanics, the absolute
acceleration vector a,. can be expanded in the wind-

axes frame as a, =i-a,, +k-a,,:

7 2 ..
Ay, =V +q°r,cosa—ri,cosa ©)

+qr, sina +2qr, sina

_ . 2 . ..
ay, =—Vy—q'rsina+r,sina

(10)

+gr, cosa +2qr, cosa

where r, , 7. are distance and acceleration of the

cargo to the center of gravity of the airplane,
respectively [9-10].

extraction

A
R U e R R RV et

Figure 1. Graphical representation of the airdrop
process and forces analysis.

The force analysis of the cargo is shown in Fig. 2.
According to Newton’s laws of motion, we can
obtain the acceleration of cargo as:

mcawszcx—Fp—mchini’ (11)
mga,,, =—F, +m.gcosy (12)
Fo = pke, (13)

where m, is the mass of cargo, F), =m,gA is the

force of the extraction parachute with the extraction
rate 1, y is the friction coefficient between the

cargo and the slide track.

Vs Vs

Figure 2. Forces analysis of the cargo.
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From Egs. (9-13), we can obtain:

F, =mg,sinaq+mlV

—(m,gcos@—2m.qr,)sina

: 2 iy (14)
+(m.gsin@+m,q°r, —m.i.)cosa
+F,
F,_ =(m.,gcosf—-2m.qr,)cosa
—m.1, cosaq
, > s (15)
+(m.gsin@+m.q"r, —m_ii,)sina
+mJVy
i = Vcosa +Vsinay + gsin 6
— ugcosd
(16)

+u(Vsina—Vycosa +gr, +2qr,)
+F,cosa /m,+ uF,sina /m, + g’
As a disturbance moment exerted by the cargo

results from the cargo’s pressure to the aircraft [9-
11], M, can be described as:

M, =r, - (F, cosa—F,sina)

(17)

=mgr,gcosd—Fr sina

—-mr, (Vsina—Vycosa + gr, +2qr.)

From Eqgs. (1-8), and Eqgs. (14-17), we can describe
the longitudinal motion equation of the aircraft as:

x=f(x)+Af (x)+(B(x)+AB(x))u (18)

where the states: x=[V, a, g, H]T ,

the inputs: u =[5e, 5p JT >

the input-control matrix:

T
bll bZl b31 b4l:|

B(x)=[b1,b]{
by by by by

the amount of uncertainty in the system:

Af (x) =[Af1, Afy, Afs, A1

3 Control law design
3.1 Framework of the control system

During the airdrop process, cargos are pulled out of
the deck with an extraction umbrella; considering
the task characteristics of ultra-low altitude heavy-
weight airdrop and requirements for flight safety;
the flight states should be stabilized as far as
possible. According to the dynamics modeling in
Sec. 2, the angle of attack « is not affected directly

by the controlled quantities [§e 5T] , which is

regulated with the pitch angle 6 and airspeed V' .
Therefore, the controller should be designed for
tracking the desired instructions of € and V to
maintain the longitudinal states during the airdrop
process. Meanwhile, for the outer loop, a holder for
flying altitude is essential to prevent touchdown and
delivery deviation. As shown in Fig. 3, the
framework of the control system is integrated by the
inner loops for airspeed and pitch angle stabilization
and PID controller in outer loop for altitude
holding.

The desired pitch angle can be obtained from the
PID controller of the external loop [12-13]. In the
inner loop, the airspeed and pitch angle are tracked
by first-order and second-order ADRC controller,
respectively, and we can obtain the desired
instructions V,, 6. through the decoupling control.

Both the elevator deflection &, and the throttle
opening &, have an effect on the airspeed and pitch

angle at the same time. Therefore, a proper rudder
distribution method is necessary for meeting both
requirements, as we know:

|:chj|:[b11 blz}{@}
Uge by, by 517

Then,
5 _1
u:[ e}z{bu b12:| {chi| (19
5p by, by Ugc

Through the states of feedback and disturbance
compensation we can obtain the desired dynamic
response.
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Vd €y - Second-order Vc 14
ADRC Rudder o -
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Distribution . i
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ADRC > H
H d
PID | AH L~
controller

Figure 3. Framework of the control system.

3.2 ADRC theory

For the airspeed V' and the pitch angle &, first-
order and second-order ADRC controller has been
designed, respectively. Since there is a similar
principle for two channels, we take here the sub-
loop of the pitch angle as an example to explain the
design of the ADRC controller.

Considering the following system with uncertainty:

G=1(6, 6)+r(t)+bu

where r(t) is uncertainty, b is a constant.

As illustrated in Fig. 4, the controller of the pitch
angle consists of tracking differentiator (TD),
nonlinear law state error feedback (NLSEF) and
extended state observer (ESO). Let 8, denote the

trim pitch angle.

1) Tracking Differentiator (TD)
According to 6,, the TD produces the input of the

controller:
9511 = Hdz
) 0,10 20
0, =—-R -sign[0d1 -6, +—d22|Rd2|] (20)

where R is the tracking parameter, which
determines the rate of the TD for tracking the input,

the signal function sign(') is used to reduce the

difference between 6,, and ;. Thus 6, — 6,
with the transient process to prevent an excess input,

and 0, —)9d to provide the differential signal
shielding the noise interference [6,12].

2) Extended State Observer (ESO)

There are states X; =6, X, =0 , and the external
disturbance x; , which can be evaluated with the
extended state observer (ESO):

e=z _0
2 =2y by fal(e,a;,2p)
&y =z3 by, fal(e,apy, 29y ) +u

2y =—by fal(e,ay3,243)

21)

where by;, i=1,2,3 are feedback coefficients, z;,
z, are the estimations of the pitch angle and angle
rate, z; is the estimation of “total disturbance” (the
the external
disturbance 7, and the nonlinear dynamics fp(x).

extended state) which contains

|u|a sign(u) |u| >z

fal(u,a,z)z u , with the

Zl—a

|u|£z

nonlinear exponential ¢ and saturation zone z is
the time optimal control function [14] to
approximate the states instantly but without high

frequency flutter: z, — 6, 2o >0, z, — f, +1y.
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As the key of the ADRC controller, the stability of
the ESO is closely related to the effectiveness of the
method. The error function of second-order ESO
can be described as:

{el =e, — B (el)

22
G =w () ﬁzfz(el) 22

where w(7) is the change rate of external state x; .

Define the function:

h(el,ez) =e, — S (el)+kg1 (el)sign(el) (23)

where g;(¢) is a continuous positive definite

function with g;(0)=0,k > 1 is a constant.
Define the area:

G:{(el, ez):|h(e1,ez)Sg1(€1)}

and assume that (el(t),ez (Z))GG , then when
Vt>T, we can obtain that:
é +kg (el)sign(el ) <g (61)
—kg, (e )sign(e) - g (e))<é
<—kg (e )sign(e)+g (¢)
since g,(¢)>0 k>1, Ve #0; then:
if ¢ >0, ¢ <(1-k)g(¢)eg <0 Ve #0;

e <0, ¢é <(k-1)g/(e)e <0 Ve =0.
1 . .
Define V} =5e12, then V=€ <0 Ve #0, t>T;

q(t)—>0 ; if £(0)=0,

(1) >0(t > ) , which means that the area

so, when - « ,

G ={(e1, e;):|h(erer)< g (e )} is the area within

which the system later converges to its original
point.
And for states out of the area G, the function is

_Le 2(5)) -
—E(h (elaez)_gl (el)) :
when V,, 20 V(ep,ey)#0, Vig
do not converge to the original point will arrive at

the boundary 7, =0, and then penetrate into the G.

On this basis:
Assume the change rate of the extended state

defined: V),

< 0 then states that

w(t)=0, f,(¢ )¢ and define f'=—"——~ () Ifin

€

the system (22) ﬂf > ﬂ (%J , the state will be
1 1

bounded within the area Gwith the condition:

gl(el):%ﬂé'ﬁ', 0<k<k", (k*+1)2:4clk*
)
01:L>1‘
4/, (fz/ﬁ)

If the function f,(e)) =|e;|" sign(e)),

/o (e1)=|e1 |a2 sign(e,) , then for the parameters of
the ESO:

ﬂz S 4(1 +a, —q )ﬂz |el|l+a2—2a1

1 (24)

aq

g (31):&|61 |1+a2—a1

) (25)

Since g;(0)=0, 1+a,—a; >0.1If w(r)#0
but within a finite boundary |w(t)| <W . Assume

file)=e., fr(e)=fal(e,a,6) (0<a<l),and

consider:

) |f2|

61,62
el,

it B2 >4c,p, |f2'|,c2 >1, there will be an area G ,
which contains the original point:

Gy = {(el,ez):,é’lgz (er,0,) < ) W}
02—1

Vig >0 (26)

Vig <O

)
2 w,
Bi(ca 1)
according to the definition of g,(ej,e,), we can
obtain that:

and its boundary is: g, (el,ez):

)

|h1 (el,ez )| =———W V> 0
-1
fl (c;-1) o7
_ 2
g (el)——ﬁ1 (C2 _1) th <0



148 S.W. Zhao, X.X. Sun, et al.: Active disturbance rejection control

By combining the definition of A (el,ez) and

g1 (¢ ), we can obtain that:

el* = max {|el |} =f;(%}
1
:[ ke, W Ja
b (02 _1)
% « (k=1)e, W
e, = max {|ez|} = [ —%

(28)

In Eq.(28), ¢ reflects the estimation error for the
states of the system; ¢; determines the estimation
error to the extended state (total disturbance), when
By > kaVI; , ¢ and ¢ will be reduced with the
diminution of @, which means the adaptability of
the ESO to the uncertainty and finally disturbance is
enhanced.

What is noteworthy here is that the error analysis
mentioned above is based on a precondition

C2_

|w(t)| <W, which is in accordance with the airdrop

operations.

3) Nonlinear Law State Error Feedback (NLSEF)
In the traditional control method, the control
quantity u, usually consists of the linear

combination of output error, while the nonlinear
feedback is more efficient than the linear in
eliminating the error [15]:

e =0, -1z
e =012,
uy =kg 'fal(e’akl’zkl)

+kog, 'fal(e’akzazm)

(29)

where ky,, kg, is the nonlinear feedback coefficient.

Then

uge =(ug—z3)/b (30)
where z;/b as a feedback quantity is used to

compensate for the uncertain disturbance. By
combining Eq. (18) and (30), we can obtain that:

é=f9 +b-u€c+rg

(1)

=fo+1gtuyg—z3=1uy

Thus, a nonlinear system with unknown disturbance
and uncertainty is transferred into a second-order
linear equation; it is well-known that the model

) = u, is easy to be controlled.

As the controller designed for the whole system is
independent of the accurate model, ADRC can
achieve the decoupling control for all states and
obtain strong robustness.

3.3 Controller algorithm

With the analysis above, the pitch angle control
instruction from PID controller can be described as:

edepAH+K,jAHdt+KD‘;—Z

(32)
Algorithms of the two sub-loops are:

1) Airspeed sub-loop
The TD for airspeed can be defined as:

561 =Xy

) X5 |X 33
x2=—R-faZ[x1—v(t)+ 22|Rz|’aT1’ZT1j 33)

where R is tracking rate.
To estimate the airspeed and relevant uncertainty
(extended state), the ESO is defined as:

e=Zl _xl
2y =2y = by fal(e,ayy. 2y, ) +u
Z =_bV2faZ(eaaV2>ZV2)

(34)

where Z; is the estimation of the system state, Z is
the one for the extended state.
According to the state Z; and the extended state 22,

we can design control law to compensate for the
uncertainty:

u,. =ky - fal(e,ay,z, ) -z, (35)
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where ky is nonlinear gain of the airspeed etror

functionfal(e,aV,ZV) .

2) Pitch angle sub-loop

For the TD algorithm of the pitch angle sub-loop, it
is similar to the one in TD sub-loop.

For the pitch angle sub-loop, the pitch angle &,
pitch rate 4 , and relevant uncertainty (extended

state) need to be estimated by the ESO:

e=z1—0
2 =2, —by fal(e,ap;,2p)
Zy =23 —by, fal (e,ay,,2gy ) +u

Zy =—by3 fal(e,ay3,243)

(36)

where z|,z, are the evaluations to the pitch angle
and angle rate, z; is the one to extended state.

Similar to the airspeed sub-loop, the control law for
the pitch angle is:

tge = koy - fal (e,ayy, 2y )

(37)
+kgy - fal (e,ay2, 242 )~ 23

where kg, , ky, are the gains for error of angle and
angle rate respectively.

P ﬁ,O—el> Nonlinear " dynamical
/ tracking A~ law state z’l(): ) e
differentiator Hdz ~ & error A model ?f the
> > feedback - carrer

A 4

Z v
] Z2 3 | extended
state |[€«——
zZ 1 observer 9

Figure 4. Second-order ADRC controller block for pitch angle.

4 Simulation analysis

To demonstrate the efficiency of the controller for
the airdrop operations, we simulate, for example, a
24,955 kg transport aircraft airdrop, 4,000 kg and
8,000 kg payload, respectively. The initial
conditions are: flight altitude Hyp= 10 m, airspeed
V=80 m/s, flap d,=25 deg, and elevator J.=0 deg.
Firstly, the aerodynamic response of the aircraft
without controller is tested to analyze the flight
characteristics of the airdrop process. Then the
controller performance is shown to demonstrate its
capability. At last, the robustness of the controller is
tested with the aerodynamic coefficients time-
varying. The parameters of the controller are:

The PID parameters for external loop:
K, =005, K;=0.02, K}, =0.005.

And within the internal loop:

a) For the TD, both airspeed and pitch angle sub-

loop are resembled:
R = 100’ aTl :0 5 ZTl :00025 .

b) The other parameters are:
ay; =0.5, z,,=0.002, a,, =0, z,, =0.0025,
by, =by, =10, a, =0.5, z, =0.0025, K;, =0.8.
ag; =0.6, zpy =0.0025, by, =10, ay, =0.56,
Zgy =0.0025, by, =30, ay; =0, z»3 =0.002,
by =50.
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Ak :05, Zk1 200025, KHI :18,
ago 20.5, Zgo :00025, ng =1.2.

When the aircraft airdropping is without control, as
shown in Fig. 4, the cargo’s movement to the rear
exerts an adverse effect on the carrier’s stability,
and this phenomenon is insufferable for the real
airdrop task and the flight safety, which manifests
the vital importance of a controller for the airdrop
operation.

150
£ 100}
o)
©
2
= 50}
<
% 2 4 6 8 10
time (sec)
6

4 6
time (sec)
m = 4000 kg

Figure 5 represents the flight states with the ADRC
controller; and the result of estimation to the total
disturbance (extended states) by the ESO is
illustrated in Fig. 6. It can be seen that the plane
tends to be steady when time is 5 s, and all of the
flight states are within the allowed range safety.
Meanwhile, from the Fig. 6 we can conclude that
the proposed controller is fully capable of dealing
with disturbance and uncertainty, which is also the
key advantage of this method compared to the other
strategies.

85

(o]
o

Speed (m/sec)
~
)]

70}

5% 2 4 6 8 10
time (sec)

20

-
[¢)]

Pitch Angle (deg)
=

5,
% 2 4 6 8 10
time (sec)

------------ m = 8000 kg

Figure 4. Longitudinal states of the aircraft without control.

During the real airdrop process, the flight control
system may fail to maintain satisfactory stability or
performance due to the influence of unknown
disturbance, especially for the aerodynamic
coefficients. In order to test the robustness of the
proposed control system, as is shown in Fig. 7, we
suppose that the aerodynamic coefficients have
+20% uncertainty; and Fig. 8 for the system with
the aerodynamic  coefficients time-varying

c=C *|:1+025*(7Tt/2):| 5 Where S iS the

aerodynamic coefficient under the normal condition.

We can see that the controller eliminates the effects
of the uncertainty perfectly, which proves the
ADRC controller has strong robustness against
disturbance and uncertainty during the airdrop
process.

To assess the effectiveness of the controller
objectively, the flight quality of the aircraft should
be evaluated in view of the characteristic of the
airdrop task, which can be examined from two
aspects:

(1) Handling quality of the aircraft.

According to the flight quality specification defined
by the U.S Department of Defense [16], the
handling quality of the aircraft can be evaluated
with criteria of Chalk and Gibson based on the
transfer functions analysis. The low-order

equivalent transfer function of the pitch rate f can
be described as:
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Figure 5. Longitudinal states of the aircraft under the ADRC controller.

0.4 0.8
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g 8
i) = 0.6}
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>
72 7
i — 0.4}
@ i
= 0 o i
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< | @ estimation of the total disturbance Z2 a | estimation of the total disturbance Z3
04 2 4 6 8 10 02 2 4 6 8 10
time (sec) time (sec)

Figure 6. "total disturbance" and its estimation by ESO.

Then the result about the pitch rate response angle and pitch rate meet the requirement of level
according to the Chalk Criteria is listed in Table 1.  flight quality, which means that the handling quality
And the evaluation for pitch angle response with the  of the aircraft is clearly adequate for the flight phase.
Gibson Criteria is illustrated in Fig. 9 (the detail
definition of the related symbol can be referred to
Ref. [16]). The results show that both the pitch
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Figure 7. Longitudinal states of the aircraft with aerodynamic coefficients perturbation.
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Figure 8. Longitudinal states of the aircraft with aerodynamic coefficients time-varying .

(2) Mission capability and safety evaluation

Until now, there is still no universally accepted
evaluation criterion for airdropping mission and
safety. On the basis of reference to the related data
about C-130 and C-17 carrier of the U.S [17, 18],
our research team has established the evaluation
criterion for directing the ultra-low airdrop

operation. As listed in Table 2, (where Vmax is the
maximum taxi speed for the landing gear, Vminis
minimum level speed for the carrier, fmax is the
permissible pitch angle to prevent the tail hitting the

ground, am is the stalling angle, 0, , @, are

trimming pitch angle and angle of attack,
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respectively.) we can make an evaluation of the
performance of the aircraft according to the
criterion we established.

From the evaluation results about handling quality
and mission capacity, we can conclude that the
proposed controller is adequate for the airdrop
operation in terms of the flight safety and mission
achievement.

Table 1 Evaluation result of Chalk Criteria for
pitch rate response

Index 7, TPR At
Value 0.02123 0.13208 2.2493
Level I I I

A: favorable response
B : sudden oscillation

q, /qss C: continuous oscillation
D : sluggish response

/S

NNZANN

The result

I~

—_

I I I I I I Z‘DB

-0.2 0 0.2 0.4 0.6 0.8

Figure 9. Evaluation result of Gibson Criteria for
Pitch angle response

Table 2 Evaluation criterion and result for mission capability and safety

Evaluation criterion of the aircraft for ultra-low airdrop

Evaluation

Index Desired range (level.l)

Moderate range (level.Il) result

" He[7.2,12]

H e(3,7.2)U(12,30) I

Ve [032‘/NL(1.L + 0-68‘/min;

V S [0.19‘//,,“”; + 0‘81‘/min~

v 0,68V + 0.32V0] 0.81Vynan + 0.19V;40] I
0 Al € (0,0.37(Brrase — 0,)]. Abras € [0-37BOrmase — 0p),0-69Omas — 0p)] I
a A (0,0.37 (s — 03)]. At (03T (Cunar — )5 0-69(tpnus — a)]. 11

5 Conclusions

Compared with the normal flight, heavyweight
airdrop brings stringent demands for the dynamic
response of the aircraft. Some research has been
done direct during this complex task:

(1) According to the characteristics of the airdrop
operations, the effect of cargo’s movement is
regarded as a disturbance to the carrier, which
simplifies the aerodynamic model. The simulation
proves its effectiveness.

(2) In view of the airdrop characteristics that
contain strong perturbation and nonlinearity, a
novel ADRC control theory is introduced, and the
flight controller is designed based on the proposed
method to meet the requirement of the airdrop task.
Simulation and flight quality evaluation show good
performance of the control method in the presence
of time-varying aecrodynamic coefficients.

(3) The paper provides a pregnant control technique
for the thorny problem, benefiting from its
advantage that can eliminate the disturbance and

decouple control timely independence of the
system’s accurate mode, which has important
significance for reference in an airdrop operation;
while further research into the ADRC controller
parameter regulating method is still needed.
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