Feb. 2015

Transactions of Nanjing University of Aeronautics and Astronautics

Guidance and Control for UAV Aerial Refueling Docking
Based on Dynamic Inversion with L, Adaptive Augmentation

Yuan Suozhong CRGIH) ", Zhen Ziyang (B T7¢), Jiang Ju CYT.5)

College of Automation Engineering, Nanjing University of Aeronautics

and Astronautics, Nanjing 210016, P. R. China
(Received 4 November 2014 ; revised 24 December 2014; accepted 12 January 2015)

Abstract: The guidance and control for UAV aerial refueling docking based on dynamic inversion with L, adaptive
augmentation is studied. In order to improve the tracking performance of UAV aerial refueling docking, a guidance
algorithm is developed to satisfy the tracking requirement of position and velocity, and it generates the UAV f{light
control loop commands. In flight control loop, based on the 6-DOF nonlinear model, the angular rate loop and the
attitude loop are separated based on time-scale principle and the control law is designed using dynamic inversion.
The throttle control is also derived from dynamic inversion method. Moreover, an L, adaptive augmentation is de-
veloped to compensate for the undesirable effects of modeling uncertainty and disturbance. Nonlinear digital simu-
lations are carried out. The results show that the guidance and control system has good tracking performance and

robustness in achieving accurate aerial refueling docking.
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0 Introduction

Unmanned aerial vehicles (UAVs) have been
widely deployed in international military conflict
recently to perform different missions ranging
from reconnaissance, intelligence acquisition, to
actual combat missions, Aerial refueling can ex-
tend the range, shorten the response time, and
extend loiter time of UAVs. The UAV aerial re-
fueling has become the trend of the future devel-
opment of UAV technology. One of the required
technologies is the ability to autonomously doc-
king with the tanker''?), Probe-and-drogue refue-
ling method is a good choice for UAV aerial refu-
eling. It requires a good autonomous three-
dimensional tracking controller. But this is ex-
tremely difficult due to the aerodynamic coupling
among the two aircraft and the drogue.

The problem of aerial refueling flight control
has been intensively addressed over the past dec-

ades. PID control laws for aerial refueling are
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used in Ref. [ 3] without considering the effect of
the trailing vortex in the simulation. Station
keeping control system for aerial refueling using
quantitative feedback theory was designed to take
care of the wind gust and fuel-transferring dis-
turbances in Ref. [4]. In Ref. [ 5] the authors
studied the applicability of proportional naviga-
tion guidance and line-of-sight angle control in
aerial refueling. An optimal controller with a con-
trol-rate-weighting controller was applied to track
and dock with a stationary drogue under the influ-
ence of Dryden light turbulence!®. All those were
studied based on the linear model of the receiver
aircraft.

To copy with the trailing vortex and disturb-
ance, model reference adaptive control (MRAC)
architecture with neural networks were designed
in Ref. [ 7], but it only studied the longitudinal
channel. In order to improve the transient per-

formance of aerial refueling tracking control, a
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novel L, neural network adaptive control were
studied in Refs. [8—9]. Based on linear model,
the L, controller was designed for each of the
three  position-separation  axes. Simulation
showed it had good robust tracking performance
with good transient response. But practically,
The UAV dynamics is a full nonlinear six-DOF
model"T,

adaptive control law for UAV aerial refueling

In this paper, we propose a nonlinear

guidance and control using nonlinear dynamic in-

version with L, adaptive augmentation.

1 Controller Structure for UAV
Aerial Refueling Docking

The summary of the entire guidance and con-
trol loop for UAV autonomous aerial refueling
docking is shown in Fig. 1, including a guidaning
law module, a UAV flight control module, a dy-
namic module of the UAV and a module of rela-

tive motion between UAV and a tanker aircraft.

Relative AV
Tanker | _| motion and . - UAV
aircraft || trajectory | Guldance|—> flight ™| dynamics
smooth control

T

Fig. 1 Block diagram of guidance and control structure

for UAV aerial refueling docking

2 Guidance Law

The ultimate goal of UAV aerial refueling
docking is to control the UAV to track the tanker
aircraft, approach and get connected with the
drogue, while matching the tanker's heading, and
airspeed.

So the control objective can be given as

x Xy \% Va

V> | Yal| s | V| > |V (@]

z Zd X Xd
where x,y,z describe the UAV's position in iner-
tial coordinate axes, and xq.y4,2q the desired co-
ordinates of the UAV in fixed inertial frame. In
aerial refueling it can be treated as the drogue's
position in inertial coordinate axes. V, y, y are

the UAV airspeed, longitudinal flight path angle

and lateral path angle, respectively, and V.7,
ya the tanker airspeed, longitudinal flight path
angle and lateral path angle, respectively.
Defining two vectors Z, and Z,
Z, =[x v 2]".2Z,=[V vy X]T (2)
Considering a tracking error formulation as

given below

AZ=AZ, + K, AZ, (3)
where
x— x4 T — x4
AZy = |y — ya 9A21: j’*j/d
T — 2y z— 24
ki 0 0
K =0 k3, 0 (4)
0 0 ki

where AZ is the tracking error, and K, the gain
matrix of the tracking system. The objective is to
make the tacking error zero so that the guidance
requirement can be fulfilled.

From the tracking error formulation it is as-

sured that as AZ—>0, it satisfies AZ,—>0,AZ, 0.
The trajectory equation of UAV in velocity
axes 1is
x Vcosycosy
y|= Vecosysiny (5)
z — Vsiny
And Eq. (5) can be rewritten as

7, = f(Z) (6)

Thus, the error AZ can be expressed as

. Jd
w2 g Az, (7
;)Zg
where
cosycosy — Vsinycosy — Vcosysiny
A = |cosysiny — Vsinysiny  Vcosycosy
— siny — Vcosy 0

(8)

In the process of aerial refueling, it generally

satisfies y<C90 . Therefore, matrix A will be non-

singular. We can assure that as AZI—>O » AZ,—0.
AZ,— 0 implies that the required position is a-
chieved and AZ,—0 implies that the velocity is al-
so achieved.

The aim of the guidance loop is to make

AZ—>0 and thereby generate the required com-
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mands for UAV flight control system.

The error dynamics equation is

AZ+ K, AZ =0 (9
where
ko 0 0
K,= |0 ky 0
0 0 ky

From Eq. (3) one gets

A =NZ, + K, AZ, =

T — Xy T — Xy

y*yd + K, y*yd (10)
é*%d Z*Zd

Differentiating Eq. (5) gains

x Veosycosy A\
.3‘/ ~4 Veosysiny | =A |y (1D
z — Vsiny X

From Eqgs. (9—11), one obtains

T — Xy

V .%(1
Aly| = |ya| +Ki |y —ya|+
X %, $ %y
:'L'*zl'd X — Xq
K ||y—yvi| +K |y—y.| |=0 (12)
i %y x—z,

Generally, in the process of docking, the
tanker flies in a straight level flight with a con-
stant speed, i. e., [xq ya 24]7 &~ 0. There-

fore, Eq. (13) is obtained.

V. Veosyceosy T4 T— 1y

7ol =A K +K; [Veosysing | = |ya| | TKiK; |y =y

. — Vsiny 24 T 24
13

The vertical and the lateral acceleration com-
ponents can be related to the flight path angle
using a point mass model of the equations of mo-

tion
—a,.=Viawy = %(L + T'sina)cosg — gcosy
14>
a, =Vicosy =--(L+ Tsina)sing  (15)

where m and g are the UAV mass and gravity
constant, respectively; L, T the lift and thrust
forces, and a, ¢ the angle of attack and the bank

angle, respectively.

Solving Eqgs. (14—15), one has

e (16)

. =arctan(—————
e a.+ gcosy

m+/(—a.+ gcosy)? + (a,)? — Tsing
QSCy,

+ Qo

a. =

an
where Q is the dynamics pressure, S the wing ar-
ea, CLU the lift coefficient, and a, the trim angle

of attack.

3 UAV Flight Control Law Based on

Dynamic Inversion

A two-time-scale approach™" is implemented
in Fig. 2. A "fast mode” control in which the in-
verse system outputs is the UAV commands,
such as aileron, elevator and rudder deflections,
while its inputs are fast-mode’'s commands con-
cerned with roll rate p, pitch rate ¢, and yaw rate
r. Moreover, there is a "slow mode” control, in
which the inverse system outputs corresponds to
the fast-mode’s commands p.q,r. while the in-
puts are slow-mode’s commands concerned with
angle of attack, bank angle, and sideslip angle.

The a5 ¢ commands are obtained from the guid-

ance loop.

L, adaptive
augmentation

o Oa

B,

é Slow loop|Z Fast-loop ge

- dynamic dynamic —» UAV >

- inversion inversion
a, B, ¢

Fig. 2 Block diagram of angle control system of UAV

The desired dynamic equation for the slow

loop is
a. (ac —a)
B =Ko | QB —p 18
2 (g —$)

where a. » Bc , <}SC are the desired values. K, is a di-
agonal matrix representing the bandwidth of each
loop.

The angular dynamics is given by



38 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 32

e B ¢1"=Fi+g@[p g r]"

19
where
#(— Tsing — L 4+ mg.)
mV cosp
fi= L(— Tcosasinf+Y + mg,)
mV
0
— cosatanf 1 — sinatang
g = sing 0 — cosa
1 tanfsing  tanfcosg

g. = g(singsing + cosacosgcosd)
g, = g(sinfcosasing + singcosfcosf —
cosgcosfsingsinf3)
Solving Eq. (19) for (p,q.r)" and replacing
(psq:r)" with (peigesro)” and (a.B:¢)" with

((;(c ’BC vtj'sc)T , We gets

pe| @ —a
g | =g Ko |B.—B|— (20)
e b — ¢
The fast loop dynamics of UAV is given by
I L
q =f,(x0 +g (M @D
r N
where
cirg + e pg
fo=|cspr —cep’ +csr”
Cs pg — c21q
cs 0 ¢
g:=10 ¢ O
ci 0 ¢
o= I, — I:)Ii* I, - a,—1I, —0—712)1,,2
I.—1TI. I.—I.

I. I,. I.— 1, I..
AR D TAM R S R B A
NS SO RS 1) A O A

I I.— I I.— I

The equation between the control surface and

the moment is

L 0.
M|=f;+g; |0 (22)
N 5

where

1 2 ~ ~ ~ /) < b
?PV Sb ((/[o + (//ﬂﬁ + (’/p ﬁ/[) + (//l_ ﬁr)
fi= %pvz Sc(Cu, + Coat oy o)
1 ~ - . b . b
E oV*=Sb ((/,,U + (msﬁ + (/,,P ZVP + (/7,', 2Vr )4
0 Cla‘ C‘a_

0 C, C,

From Eqgs. (21—22), one obtains

p E
q|=Cf: T8 f) +g.g |0 (23)
r 5,

Defining the desired dynamic equations for

the fast loop as

Pe pe— 0P
('Jc :KI q. — (g (24)
;”C re« —r

where K; is a diagonal matrix which represents
the bandwidth of each angular rate loop.

Solving Eq. (23) for [6. 8. 6.]", and re-
placing (p,q.m)" with (p..q..r.)", one obtains

the control surface command signal

O, b
6uc :(gzgg>7l(Kg qc _fz_ngg) (25)
S re

4 L, Adaptive Augmentation

If the model uncertainties and disturbance are
considered, the performance of the control law
designed in the above section will be degraded.
Here one designs a L, adaptive controller to com-
pensate the effects of the disturbance and model
uncertainties-'*,

For simplification, Eq. (23) can be written
as

o=fi(x)+g (Ou, (26)
r]t o, = [0, 0. 01" 1

considering the disturbance and model uncertain-

where @ = [p ¢

ties, Eq. (26) becomes
® =fi, () +Afi () + (g () +
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where d(z) is the disturbance, f, (x),g, (x)
are the known component of the model dynamics,
and Af,. Ag, the unknown components of the
UAYV dynamics. Rearrange the above, one has
(;):f%(f) + g, (Du, + () (28)
o(x) =Af,(x) + Ag.(Du; +d(x) (29)
Solving Eq. (28), the surface command can
be attained
u, =g () v—f, () —e(x)) (30)
Let the pseudoinput be
v=uy, + . =K, (0. — @) + u, 3D
where u;,, =K, (@w. —®) is the baseline control. It
guarantees the tracking performance with no need
to consider the disturbance and model uncertain-
ties. u,q is the adaptive output which compensates
the disturbance and model uncertainties
Substituting Egs. (30—31) into Eq. (28),
one gets
o=—Ko+1, Ko +u,+e) (32)
It can be written as
0=A,0+ B, Ko.+u,+6)  (33)
where
A, =—K;.B, =1,
The L, adaptive element should estimate the
uncertainties. The following is the state predica-

tor’s dynamicst®

®=A.0+ B, (Ko, +u,+6) +Kew (30)
where @=@® — @ is the error between the system
states and the predicted states. The term Kg o is
used to speed up the predication error dynamics.

The predication error dynamics can be writ-

ten as

o=A.0+ B.o+ Ko (35)
where matrix K is chosen to guarantee the equa-
tion A, =A,, + K, stable.

The adaptation law is defined by!®
6(t) =—B,' (A" —1,) (M2 (iT)
te UT,,.G+DT,],i=0,1,2,-+ (36)
where T, is the adaption update rate, which is
limited in real application by given hardware.
The control signal to be provided by the

adaptive augmentation is

U, (s) =—C(s)e(s) (37)

where C(s) can be chosen as a strictly proper fil-

ter with second-order dynamics C (s) =

(o
5 Velocity Control Law

In order to make UAV track the drogue, the
forward velocity should be controlled.

The dynamics of velocity is

V:Mfgsiny (38)
m

where D is the Drag force. From Eq. (38), the

thrust command is obtained

_ mV( + mgsiny + D

sinacosf

T (39)

Thereby
é\T — T‘/’.rmle (40)

6 Simulations

A 6-DOF model of the UAV is used in the
simulations. The tanker aircraft is in a steady lev-
el straight flight. It is assumed that the aircraft
flies toward north. The UAV's trim values are
V, =200 m/s, z,=—5 000 m, o, =37%, o, =
—2.77°. The drogue’s radius is r4=0.3 m. The
drogue lies in (—5 m, 5 m, 3 m) relative to the
center of gravity of the tanker. The UAV f{lies
behind and below the tanker, its initial relative
position to the tanker in initial coordinate is
(—100 m, 50 m, 50 m). To keep the UAV
smoothly track the tanker, a reference trajectory
generator is used to smooth the distance com-
mand, which was discussed in Ref. [ 6 ]. The
tracking precision performance index is defined as
R = [ [yi(ty)) =] —[yGy) =zGpH]M .
Fig. 3 shows the closed-loop trajectories in each
axis based on the dynamic inversion controller.
The solid lines are the responses of system only
under dynamics inversion control without consid-
ering any uncertainties and disturbance. In this
case, R= 0. 21. It satisfies the requirement of
docking. When considering the disturbance mo-

ment induced by the tanker wake vortex and at-
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L7, the responses are shown

mosphere turbulence
in Fig. 3 (the dashed line). And R=1. 2, it does
not satisfy the docking requirement. Fig. 4 and
Fig. 5 are the corresponding time history of the
UAV state and control variables (the dashed
lines).

The dotted lines in Fig. 3 show the closed-

loop trajectories in each axis based on the dynamic

Fig. 3 Trajectory tracking for UAV aerial refueling

Fig.4 State variables for UAV aerial refueling

Fig.5 Control signals for UAV aerial refueling

inversion control with L, adaptation augmentation
in the model uncertainties and disturbance condi-
tion. In this case, R=0. 197 5 satisfies the re-
quirement of docking. Figs. 4, 5 (dotted lines)
are the corresponding time history of the UAV

state and control variables.

7 Conclusions

The guidance and control system for UAV
aerial refueling docking is developed. The dynam-
ic inversion method is extremely effective without
any linear approximation. The L, augmented
adaptive control compensates the model uncer-
tainties, like inversion error, disturbance and pa-
rameters changes. Simulation shows that track-
ing performance and robustness for UAV aerial
refueling docking with the designed system are
guaranteed in the presence of model uncertainties

and disturbance.
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