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Abstract: One of the primary difficulties in using powered parafoil (PPF) systems is the lack of effective trajectory tracking
controllers since the trajectory tracking control is the essential operation for PPF to accomplish autonomous tasks. The characteristic
model (CM) based all-coefficient adaptive control (ACAC) designed for PPF systems in horizontal and vertical trajectory control is
proposed. The method is easy to use and convenient to adjust and test. Just a few parameters are adapted during the control process.
In application, vertical and horizontal CMs are designed and ACAC controllers are constructed to control vertical altitude and
horizontal trajectory of PPF based on the proposed CMs, respectively. Result analysis of different simulations shows that the applied
ACAC control method is effective for trajectory tracking of the PPF systems and the approach guarantees the transient performance

of the PPF systems with better disturbance rejection ability.
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1 Introduction

Recently, flexible vehicles have gradually become a
research hot topic in the aerospace field [1,2]. Ram-air
parafoil is a new kind of flexible wing vehicle developed
from traditional umbrella-like parachute, which derives
lift from a ram-air inflated canopy. The main
characteristics of the parafoil are its steer-ability, stability
and portability. Parafoil systems are lightweight and are
compact before deployment. They fly at a low speed and
can provide a soft landing for sensible facilities. The
dynamics of the parafoil are sufficiently slow so that it is
able to track a desired trajectory precisely and attains
accurate ground impact. The development of large size
ram-air parafoil, global positioning system (GPS),
miniaturized powerful sensors and micro control units
(MCUs) enable the implementation of fully autonomous
aerial cargo delivery systems. The autonomous operating
parafoil system is considered an adequate means to
precisely deliver aerial cargo to almost everywhere on
the ground [3]. Parafoils find widely use in unmanned
aerial vehicle (UAV), crew return vehicle (CRV), guided
parafoil air drop system (GPADS) and sports activities

due to their good gliding as well as control
characteristics.

In order to use the parafoil UAV functions not as a
glider, but rather an aircraft with thrust being applied to
the system, namely, it is a powered parafoil (PPF), which
is composed of a parafoil and a suspended payload body
equipped with an engine and a propeller [4], as shown in
Fig. 1. Typically, the PPF flies around the speed
11.6-14.3 m/s, and cannot be at any other speed.
Actually, several autonomous PPFs have been studied
and developed for various purposes, such as land
observation, surveillance and reconnaissance of the
ground circumstances. The low flight speed of the PPF
makes it suitable for observation in a small area with
high accuracy. Furthermore, the PPF is safe and
survivable in case of engine fault because it can keep
stable flight without thrust and can be guided to the safe
area. Even the failure of the control system will not
derive severe damage to the whole system because of the
landing capabilities of the parafoil.

The PPF system is a complex nonlinear system and
is subject to wind disturbance. Modeling dynamics of a
PPF are more complicated than a rigid-body aircraft [5].
Substantial research has been conducted on the dynamics
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Fig. 1 Powered parafoil and relevant coordinates

of parafoils and payloads, beginning with that of WARE
and HASSELL [6], who investigated ram—air parafoils in
a wind tunnel. Flight test data of NASA’s X-38 parafoil
program, which researched the lateral and longitudinal
aerodynamics for large-scale parafoils, have recently
been reported [7, 8]. Parafoil dynamic model complexity
varies significantly in literature with different degrees-of-
freedom (DOF). Simple three- and four-DOF models are
proposed by JANN [9] based on ALEX parafoil flight
test data. More complicated models with higher DOF are
then presented. MORTALONI et al [10] focused on
six-DOF dynamic model and showed their result, which
treated the parafoil and payload as a rigid connection.
SLEGERS and COSTELLO [11] considered the relative
motions between the parafoil and the payload and
established a nine-DOF dynamic model. Following
consideration of the engineering practice of the PPF
system, WATANABE and OCHI [4] reduced the
dynamic model to eight-DOF.

The research on the control of parafoil dynamics at
present mainly examines the six-DOF model of the
gliding parafoil systems without a propeller. SLEGERS
and COSTELLO [5] applied the model predictive control
method (MPC) to control the parafoil-payload system.
But they deal with the horizontal trajectory tracking
problem based on the six-DOF model and the altitude
control is not considered. A hybrid algorithm of fuzzy
control and predictive control method was proposed in
Ref. [12] in flight path tracking of the parafoil system.
GADO et al [13] tackled the problem of parafoil trajectory
tracking by using data expanded ADRC, which achieved
some positive result. In both Refs. [12] and [13] the
simulation was proposed based on the six-DOF parafoil
model and only the horizontal trajectory tracking
problem was concerned.

The work reported here builds a characteristic
model (CM) based all-coefficient adaptive control

(ACACQC) strategy for the PPF aircraft. Two control
channels are constructed to control vertical and
horizontal trajectory of the PPF. In order to improve
simulation accuracy, a dynamic model with eight-DOF
of the PPF system is presented and used to support
simulation analysis in this work.

2 Dynamic modeling of PPF

The PPF system is presented with eight-DOF in this
work, including three inertial position components of the
parafoil mass center, three Euler orientation angles of the
parafoil, and relative pitching and yawing motions
between the parafoil and the payload. In order to
facilitate the analysis, some reasonable hypotheses are
made as follows [14].

1) After the parafoil has been inflated completely,
its aerodynamic configuration keeps steady without
maneuvering;

2) The mass center of the parafoil overlaps the
aerodynamic pressure center, but does not overlap the
gravity center;

3) The lift force of the payload is ignored only
considering its aerodynamic drag force;

4) The ground is plane.

2.1 Coordinate systems

In this work, three independent coordinate systems
are utilized to formulate the dynamic model of the PPF,
including the inertial coordinate system 2} , the
parafoil-fixed coordinate system X, and the
payload-fixed coordinate system 2 . 27, 2, and

S

2, are shown in Fig.1 and are defined as (X, Y3, Z)), (X,
Y, Zy) and (X,, Y,, Z,), respectively. The Xj-axis, Yi-axis
and Z-axis form a right-hand inertial coordinate system.
The direction of Xi-axis is forward and the direction of
Zi-axis is downward. The Xj-axis and Yj-axis form a
horizontal plane. The origin and the positive direction of
X-axis of X} are set appropriately according to the
parafoil-fixed coordinate system. The origin O; of the
parafoil-fixed coordinate system is chosen at the center
of gravity (CG) of the parafoil and the Z-axis is defined
in the direction from O to O,, the origin of the
payload-fixed system and the CG of the payload. The
Xs-axis is perpendicular to the Zg-axis in the symmetry
plane of the payload and the positive direction of the
Xs-axis is taken forward. The Y -axis is designed so that
the payload-fixed coordinate system forms a right-hand
coordinate system. The X-axis is taken forward along
the thrust direction, and the X,-axis is taken downward,
perpendicular to the X,-axis in the symmetry plane. The
selection of Yj-axis makes X a right-hand coordinate
system.
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2.2 Motion equations of payload P oy V, 7
The payload is treated as a rigid body with a regular H, B [ ot r] w, )

shape so that the momentum and the moment of
momentum method are applied to formulate motion
equations of the payload. The forces acted on the payload
are the aerodynamic force, the gravity, the tension of the
suspension line and the thrust by propeller. The gravity
and thrust are assumed to be applied to the mass center
of the payload. The moments caused by the gravity and
thrust are ignored. The motion equations are described as

oP
p _ aero t G th
EJFWPXPP_FP +F, +F +F, )
8Hp +W._ x H. = M*° +Mf+Mt (2)
ot p p p p p

where V,=[u v w]" and W=lp q r]" are the vectors of
velocity and angle velocity of the payload mass center,
respectively; F and M with subscript p are the forces and
moments acted on the payload, respectively. The
superscript aero denotes the acrodynamic force; t denotes
the tension of suspension lines; G represents the gravity;
th represents the thrust and f represents the friction. P,
and H, denote the momentum and the moment of
momentum of the payload, respectively, and are
formulated as

Py=m,V, 3)
H=J,W, “4)

where m, denotes the mass of the payload and J, is the
matrix moment of inertia of the payload.

2.3 Motion equations of parafoil

This section is described under the consumption that
the parafoil has been completely inflated in the air. The
forces performed on the parafoil include the aerodynamic
force, the gravity and the tension of lines.

OP.
6; +[/Vs XI)S =Fvsaer0 +F~SG +F~St (5)

OH
ot

SHW, xH, +V,xP,=M*° +M' +MS +M! (6)

where V; and W; are the vectors of velocity and angle
velocity of the parafoil mass center and the subscript s
represents the parafoil coordinate system. Equations (1)
and (2) are similar to Egs. (5) and (6) given above.

The parafoil is a kind of flexible flight wing which
is a lightly loaded vehicle. It is significantly important to
take apparent mass into consideration when computing
the parafoil motions. Therefore, the performance of the
apparent mass and the moment of inertia caused by the
apparent mass are considered when calculating the
momentum P, and the moment of momentum H.

Or to facilitate the derivation, the equation can also
be rewritten as

B [4 4]V, ©
Hs A3 A4 u/s

where A4, and A, represent the inertia matrix of the
apparent mass and the real mass, respectively; 4, (=1,
2, 3, 4) denotes a third-order sub-matrix of [4,+A4,].

2.4 Constraint of velocity and angular velocity

The parafoil and payload both have a six-DOF
model. But the velocities and the angular velocities of
the parafoil and the payload are not independent from
each other. Let C be the middle of the two connection
points between the parafoil and the payload. Then, the
constraint of velocity and angular velocity satisfies the
equation:

Vo +W,xL, =V, +WxL_, Q)

where L, . and L. denote the distance from the mass
center of the payload to C and the distance from the mass
center of the parafoil to C, respectively.

As for the relative rotation of two bodies, the
equation can be obtained as

W, =W, +t, +K, (10)

where 7=[0 0 y;] and #,=[0 6 0] stand for the relative
yaw angle and the relative pitch angle, respectively.

2.5 Dynamic model of PPF system

Let x=[V, WS v wl ¥ 6] be the
state vector of the dynamic model of the PPF system.
Then x is a 14%x1 vector with eight independent
parameters. Combining Egs. (1), (2), (5), (6), and (9), the
dynamic model of the PPF is organized as

x=(p' b, Dpf D/IV'E' E, Ej E;I'
(11)
The details of the model are shown below.

D =T, jm, 055 A A, 0s,] (12)

‘]p 03><3 03? 3 :|
03X3 A3 A4

D, =| 05,5 Cm|:

T
L 0
pl —1 3x3
le |: :| Tp—s

Lp2 AIT 05><2 ( 1 3)

k[0 0 1]y, || 4

Di=[-T 1,1, I -L, 0] (14)

S—C
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0 S focused on the modeling problem of the PPF system.

D=0y Tps Oss =1 | 0 =, (I3) 3 Characteristic model based all-coefficient
-1 adaptive control

— T G T G th
EI*FV:CO"‘F‘S +Tp,S(Fpan+Fp +Fp )_

WSX(AII/S+A2Ws)_Tp—st><(mpr) (16)
M Wy x (T W) .
| M0+ M =W x (A + AW ) =V x (W)
_le Lpl Tp_—ls
Lp2 X
| k[O 0 I]V’r
(W, (A, + W)~ F2*° —FF )+
- i
le b
M! (17)
L <Y,
E3 - Tp—st X(Vp +Wp ><Lp—c)_st X(Vs +I/Vs st—c)
(18)
0 v, 0 0
E,=Wx(T, W, )+ |y, 0 0T, |6[] (19
0 0 O 0

In Egs. (11)—(19), the symbol T. . means the
transference matrix from one coordinate system to
another. And 7.\ is the inverse matrix of 7Ti_.. The
coefficient £ in Eq. (12) is a constant determined by the
nature of the system. M' and M! denote the
moment caused by spring and damper. L, and L,
mean the distance between the two connection points
expressed in the parafoil-fixed coordinate system and the
payload-fixed coordinate system. C,, is given as

cgcy 0 sp¢, 1 00 i
cgSy. 0 sps, 0 1 0
0 1 0 0 00
C —s 0 ¢ 0 0 0
Cm _ ml | _ 6; o, (2 0)
C.» 0 0 0 0 01

where the symbol s, stands for sinf and the symbol ¢y
stands for cond.

A brief introduction for dynamic modeling of the
PPF system is presented in this section and the state
equation is given as a conclusion at the end. The detailed
modeling procedure is shown in Ref. [14], in which we

Characteristic model based all-coefficient adaptive
control was first proposed in 1980s [15,16]. In the
preceding two decades, significant progresses in theories
along with its integration with adaptive control design
have been made, and allowed several new engineering
applications to be implemented [15—17]. Unlike former
theory based control algorithms, the characteristic model
based all-coefficient adaptive control is an engineering
oriented control method, which requires to estimate and
adapt a few parameters. The explicit model of the system
is not a necessity in its application. The characteristic of
such an approach guarantees the transient performance of
the closed-loop system. Therefore, the practical
difficulties in the application of adaptive control laws can
be overcome to a further extent [18]. In fact, the
characteristic model based all-coefficient adaptive
control has been implemented in various fields,
particularly in the area relative to aircrafts and satellites
[17].

In the application of the CM based ACAC method,
a CM of the plant to be controlled is established at first.
The ACAC is designed based on the proposed CM.

3.1 Characteristic model

The CM used in the ACAC theory is a dynamic
model designed to represent the practical dynamic model
of the plant. The CM is easier to use compared to
practical dynamic models, but it is not just simplified
from them. The key idea of the characteristic modeling is
to model the plant based on the control performance
requirements as well as the dynamic characteristics of
the plant.

The characteristic model contains the following
important features [15].

1) The same input leads to the same output for the
plant and its CM.

2) The specific form and the order of the CM
mainly rely on the control performance requirements.

3) The structure of the CM is simpler than that of its
original dynamic equations, and thus is easier to use in
engineering applications.

4) It is essentially different from the conventional
reduced-order models, and it compresses the information
of the system dynamics into several characteristic
variables. Within the bandwidth of the control system, no
information is lost.

In general, a second-order CM is sufficient for
maintaining position and tracking the trajectory of the
control system. According to requirements of the control
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problem at hand, the CMs for each variable of the PPF
system, the vertical and horizontal dynamics, are
described by the following time-varying differential
equation [15].

yk+1) = fi(k)y(k)+ fr()y(k =)+ gy (kyu(k) — (21)

where y(k) and u(k) denote the output and input signals
of the system, respectively; fi{(k) (i=1, 2) and go(k) are
slow time-varying coefficients of CM.

The time-varying coefficients f}, > and gy belong to
the convex set below.

2¢ max < fi <2
f 1< fy < gy
_ 3
Ds - f2 ER 5 Ze_nmax _e_zﬂmax Sfi +f2 <1
g
0 by At? 1 Yl < g < by At?
2 3 07

(22)
where #max=1/Tmin and Ty, is the minimum time constant
of the system; by denotes the input gain [19].

The parameters used in the CM, fi(k), f>(k) and go(k),
are slow time-varying according to the dynamics of the
controlled plant and will be estimated online. To proceed
the control design, we define the parameter vectors as
follows:

0(k)= (1, (k)13 (k). g (k)" (23)
$(k)= (v (k). (k1) u(k))’ (24)

Then, Eq. (20) can be rewritten in the follow
compact form:

y(k+1)=¢(k)

The gradient correction parameter estimation
method is adopted to update the parameter vector:

. /11¢(k)(y(k+1)—¢(k)T e(k))

19 (k) $()
O(k+1)=TI(0(k+1)) (26)

T o(k) (25)

0(k+1)=0(k)

where A; (i=1, 2) are constants preventing the system
output from being zero and 0<A;<l, 2,<0; II(s) is
projection operator ensuring the estimated parameters to
be held in the range defined by Eq. (21).

It is necessary and reasonable to impose constraints
on the parameters of the system and it is also the key
feature of the CM based ACAC.

3.2 All-coefficient adaptive control
The output of all-coefficient adaptive control is
constructed as

u(k)=u0 (k)+uG (k)+ul(k)+uD (k) 27)
where uo(k), ug(k), uj(k) and up(k) are the tracking

controller, the golden-section controller, the logic
integral controller and the logic differential controller,
respectively.

The detailed uy(k), ug(k), u(k) and up(k) are given
as follows.

_ 2 (k+D) = fi (k) v (k)= £ (k) 2, (k1)

uy (k) 2 (k) (28)

TGO RYIGECS 00

uy (k) =uy (k—1)—kee(k) (30)

up =—kpe(k) (31)
Here, the e(k) is defined as

e(k) =y (k)= (k) (32)

where y,(k) and y(k) denote the tracking target function
and system output; fi(k), (k) and gy(k) are time-varying
coefficients of the CM; 4 is a tunable parameter.

The parameters /; and /, are constants expressed as
11=0.382, ,=0.618. That is the reason why the controller
ug(k) is named golden-section controller. The parameters
ki and kp are defined as

[ el el)-elk1) 0
_{klz’ ife(k)(e(k)—e(k—l))go (33)

Ip
ke = ep /}§J|e(k)| (34)

where k;>kp>0, cp>0, [p>0 are constants; /p is a
positive integer.

Additionally, the four parts of the ACAC control
law are optional except the golden-section controller. The
designing of the all-coefficient adaptive controller
structure depends on the engineering practice. The
golden-section controller is essential as it is the key part
of ACAC. The other parts are selected or given up as
necessary.

It is easy to tell that the all-coefficient adaptive
control is essentially different from conventional
adaptive control according to the ACAC control law. The
estimated parameters used in designing ACAC are the
coefficients of the CM. As a result, the constraints on the
unknown parameters of the system dynamics in
nonlinear adaptive control are diminished. It has been
proven in Refs. [20] and [21] that the ACAC method
guarantees the transient property and robust stability of
the control system.

I

4 Designing of controllers

According to the engineering practice, two control
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channels are designed to control vertical and horizontal
trajectory of the PPF system. The details are shown in
Fig. 2.

Vertical | _ OMI i
reference a4 & C: )
ey o] | PPF Y2

2% 0@ RCACH2
Horlzontal: - . Dynamic
reference | CM2 . model

! CM based ACAC

controllers

Fig. 2 Control block diagram

The symbols y; and y, represent the vertical and
horizontal positions of the PPF, respectively; u; is the
thrust provided by powered propeller and u, is the
deflection of the parafoil. CM1 and CM2 denote the
computed CM of the vertical and the horizontal dynamic
model, respectively. The CM1 is obtained based on the
thrust and the vertical altitude and the CM2 is obtained
based on the deflection and the horizontal fly direction.
The controller ACACI is utilized to control the vertical
altitude while ACAC2 is utilized to control the horizontal
trajectory.

4.1 Vertical altitude control

It has been introduced in a former section that the
ACAC method contains four parts, the tracking
controller, the golden-section controller, the logic
integral controller and the logic differential controller.
All the four parts are not all necessary in ACAC, with the
exception of the golden-section controller. The structure
of the ACAC is determined by the engineering practice.
According to the requirements of the PPF wvertical
altitude control problem, the vertical altitude controller is
selected to consist of three parts, the golden-section
controller, the logic integral controller and the logic
differential controller.

[Z3] :uG+u1+uD (3 5)

The ACAC is a kind of error-driven algorithm. The
input of the ACAC controller is the calculated vertical
error. In this section, the error means the difference

between actual altitude and the desired altitude. The error
is formulated by

er=rty (36)

where 7, and y; mean the desired altitude and the actual
altitude of the PPF, respectively.

4.2 Horizontal position control
According to the inherent characteristic of the
horizontal position control problem, the structure of the

horizontal position controller is defined as follows:
uy=uptugtuptu 37)

The horizontal position controller consists of all the
optional parts.

Compared with calculating the vertical error,
obtaining the horizontal error proves more complicated.
The horizontal error consists of two parts. The first is the
direct distance from the PPF to the desired trajectory in
horizontal plane. It is obtained by using the formula for
the distance from point to line. The second is the error
between the flight direction of the PPF and the direction
of the desired trajectory line. In order to unify the unit of
the horizontal error, the distance error unit is transformed
to radian by applying arc tangent function. The
horizontal error is formulated as

ezzrz—yZZf)l—92+atan(d/ke) (3 8)

where r, and y, denote target point and actual horizontal
position of the PPF, respectively; 8, and 6, denote the fly
direction of the PPF and the desired target direction,
respectively; k. is a tunable factor and d represents the
distance error.

5 Simulation analysis

The simulation experiment is conducted based on a
certain type of PPF. The parafoil and payload system
applied in the testing is shown in Fig. 1 with the physical
parameters in Table 1. The ability of the PPF to follow a
path by utilizing ACAC controllers will be analyzed in
the following section.

Tablel Physical parameters of applied PPF

Span/ Chord/ Aspect Areaof  Length
Parameter . canopy/ of
m m ratio 2 .
m line/m
Value 10.5 3.1 34 33 6.8
Rigging Mass of Mass of Characteristic Thrust/
Parameter angle/ canopy/ payload/ area of drag
©) kg kg  of payload/m?
Value 10 10 80 0.6 0-300
The initial position of the PPF system is

(0, 0, 500)m in the inertial coordinate system and the
initial velocity is set to be ¥,=[14.9 0 2.1]" mVs.

5.1 Following circular trajectory

The desired trajectory to be followed is set to be a
circle in the horizontal plane with a fixed altitude. A
short straight line is added to the circle for the PPF to
reach steady status from initial state. It shows in Figs. 3
and 4 that the PPF starts from the location at
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(0, 0, 500)m in 2| coordinate system. After a period of
gliding, the PPF follows the trajectory of the desired
circular trajectory. As the PPF is a kind of light aero
vehicle, dynamic performance of the PPF with wind
disturbance is also considered in this work. Wind
disturbance contributes to the relative velocity of the PPF
and the air, while the lift and drag forces are proportional
to the relative velocity. The wind disturbance extends the
settling time of the horizontal performance. A steady 3
m/s wind along x-axis expressed in 2} is added to PPF
system as an external disturbance in simulation. Figures
3 and 4 present the PPF horizontal and vertical trajectory
tracking performance based on different controllers.
Comparisons between PID and ACAC controllers are
also presented at the same time.

----- Desired trajectory
ot 0 e PID controlled trajectory

0

=100 |

y/m

=200 -

=300 -

=400

=500 ¢ ! . . . i . .
0 100 200 300 400 500 600 700 800
x/m

Fig. 3 Actual and desired horizontal trajectory with wind

disturbance
500
490
————— Desired altitude

ag0ll 0 PID controlled altitude
g —— ACAC controlled altitude
()
'5 470
<

100 150 200 150 300
t/s
Fig. 4 Actual and desired altitude with wind disturbance

Figure 3 shows trajectory tracking results of PID
controller and ACAC controller in the horizontal plane. It
can be observed from it that the performance of the
ACAC controller outperforms the PID controller with
less settling time and lower overshoot. When the PPF is
controlled by ACAC controller, the maximum tracking
error at the beginning appears at 50 s with the error value
of 0.41, while the maximum tracking error of the PID
controller is 0.49. According to another criterion, mean

square error (MSE), the horizontal ACAC controller with
a horizontal distance MSE value of 13.45 m” is superior
to the PID controller with an MSE value of 41.28 m®. On
the other hand, the maximum distance error of the PID
controlled system is 19.5 m when the PPF is flying along
the wind direction and that of the ACAC controlled
system is 3.2 m. The ACAC controller shows better
disturbance rejection ability than the PID controller with
less tracking error.

The similar conclusion is obtained according to
Fig. 4, which shows that the overshoot of the ACAC
controller is 7.5 m and the overshoot of PID controller is
9.8 m. The altitude MSE of the ACAC controller is 1.63
m’ and that of PID controller is 3.17 m>. And the ACAC
controller also reveals less response time and settling
time. Therefore, it is concluded from Figs. 3 and 4 that
the ACAC method is superior to PID under the same
condition. Both Figs. 3 and 4 confirm that the ACAC
method contributes to the improvement of the transient
performance. The performance of the PPF with ACAC
controllers obtained less response time and lower
overshoot.

Figures 5 and 6 denote the control sequence of
deflection and thrust of the PPF system, respectively. The

100
.l - PID output
ol —— ACAC output

Deflection/%

-100 L L L L L
0 50 100 150 200 250 300
ts
Fig. 5§ Deflection output of horizontal controllers with wind

disturbance

300 -

=== PID output
—— ACAC output

0 50 100 150 200 250 300
ts
Fig. 6 Thrust output of vertical altitude controllers with wind

disturbance
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deflection interacts with the thrust because of the
coupling between the horizontal and vertical movement.
In fact, characteristic model treats the coupling fact as a
kind of inherent characteristic. Thus, the horizontal and
vertical ACAC controllers can be designed and applied
separately, regardless of the coupling factor.

It also can be concluded from Figs. 5 and 6 that
deflection and thrust present periodic oscillation under
the effect of the wind disturbance.

5.2 Following rectangular trajectory
The desired horizontal trajectory in this section
consists of a straight line and a rectangle in the

horizontal plane with a fixed altitude and is shown in Fig.

7 in red line. Determined by the PPF’s inherent
characteristics, it is impossible for the PPF to track
trajectories with sharp corners without tracking error.
Hence the overshoot is inevitable when PPF is tracking a
right angle corner, as shown in Fig. 7.

1.8
1.6
1.4+
1.2+
1.0r
0.8}
0.6 |
04r S Desired trajectory

0.2 S PID controlled trajectory
0 —— ACAC controlled trajectory

-02 . — . . . . P
0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
x/km

Fig. 7 Actual and desired horizontal trajectory with wind

y/km

disturbance

It’s even more difficult to control the PPF when
wind disturbance is added to the system while the PPF is
tracking a rectangle. The relative velocity between the
PPF and the air decreases when the PPF is along wind
direction and vice versa. It is a challenge to keep the
PPG flying along the desired path with the changing of
lift and drag forces caused by the changing of relative
velocity. Simulation results are presented in Figs. 7 and 8
when 2 m/s wind along the positive direction of y-axis of
2, is added. The same conclusion that the ACAC is
superior to PID as concluded in former section can be
concluded in the comparison presented in Figs. 7 and 8.

As shown in Fig. 7, the main performance
difference between the PID controller and the ACAC
controller lies in the turning overshoot. When the PPF is
tracking a right angle along the wind direction, tracking
performance of the PID controller reveals larger
overshoot while the ACAC controller is able to eliminate
tracking error in a short time with less overshoot. It is
observed that the overshoot of the ACAC controller with

a value of 51 m is better than that of PID controller with
a value of 95 m. And by calculating the MSE, the
horizontal distance MSE of the ACAC controller is
192.99 m* and the MSE of the PID controller is 278.54
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43 PID output
£ - ACAC output
Q
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< 460t
450 Pigormclimaimamaies
g€ .
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t/s
Fig. 8 Actual and desired altitude with wind disturbance

Unlike orbiting a circle, the deflection and thrust
will not stay steady when the PPF is tracking the desired
trajectory with corners. As shown in Fig. 9, deflection
changes greatly to ensure that the PPF flies to the right
direction to eliminate tracking error when the target point
is changed. The changing of the flight direction affects
the dynamic balance of the PPF system. Then, the thrust
is recalculated to adapt the changing of the altitude. It
can be observed from Fig. 8 that the altitude vibrates in a
small range under the control sequence of the thrust
shown in Fig. 10. The altitude MSE of the ACAC
controller is 1.84 m” and that of the PID controller is
3.53 m’.
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Fig. 9 Deflection output of horizontal controllers with wind
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According to the comparisons and analysis, the
general conclusion is that the ACAC method contributes
to optimizing transient performance and reducing settling
time. And it obtains better performance in application
compared to PID. The disturbance rejection ability of the
ACAC controllers outperforms the PID controllers at the
same time.



J. Cent. South Univ. (2017) 24: 1073—1081

1081

300

oot PID output
—— ACAC output

50F i

100 150 200 250 300 350 400
t/s
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6 Conclusions

CM based ACAC is an engineering-oriented control
method which makes it a unique control theory. CM is a
kind of simple and easy-to-use dynamic model which
consists of a few parameters and contains all important
features of the system dynamics. CM is simple in its
form, but it is different from the simplified and reduced
order dynamic models. The explicit model of the plant is
not a necessity in the application of the ACAC
controllers because of the CM. Therefore, the practical
difficulties in the application of the adaptive control laws
can be overcome to a further extent.

The main conclusion obtained in this work is that
the CM based ACAC is superior to other control methods
such as PID. The work reported here employs the ACAC
for autonomous control of the parafoil and payload
system. To support the flight control law, horizontal and
vertical CMs are designed and the coefficients of the
CMs are estimated using gradient correction parameter
estimation method during flight. Two kinds of desired
trajectories, circle and rectangle, are used in the
simulations and the results are presented. Two exemplar
tests are performed to show that the CM based ACAC is
an effective way to control the PPF system autonomously,
despite the wind disturbance. It is concluded that the
ACAC contributes to a decrease in settling time and
overshoot, improves the transient performance and
shows greater disturbance rejection ability.
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