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ABSTRACT

This paper presents identification, control synthesis and simulation re-
sults for an YF-22 aircraft model designed, built, and instrumented at
West Virginia University. The ultimate goal of the project is the experi-
mental demonstration of formation flight for a set of 3 of the above mod-
els. In the planned flight configuration, a pilot on the ground maintains
controls of the leader aircraft while a wingman aircraft is required to
maintain a pre-defined position and orientation with respect to the leader.
The identification of both a linear model and a nonlinear model of the
aircraft from flight data is discussed first. Then, the design of the control
scheme is presented and discussed with an emphasis on the amount of in-
formation, relative to the leader aircraft, needed by the wingman to main-
tain formation. Using the developed nonlinear model, the control laws
for a maneuvered flight of the formation are then simulated with
Simulink® and displayed with the Virtual Reality Toolbox®. Simulation
studies have been performed to evaluate the effects of specific parame-
ters and the system robustness to atmospheric turbulence. The conclu-
sions from this analysis have allowed the formulation of specific guide-
lines for the design of the electronic payload for formation flight.

NOMENCLATURE

BLS batch least squares

DI dynamic inversion

SQP sequential quadratic programming

UAV unmanned aerial vehicle
UCLA  University of California Los Angeles
WVU  West Virginia University

A, forward acceleration in body axis (g)

A, lateral acceleration in body axis (g)

A, normal acceleration in body axis (g)

b wingspan (m)

c mean Aerodynamic cord (m)

Cp aerodynamic drag force coefficient

C, aerodynamic lift force coefficient

Cy aerodynamic lateral force coefficient

C, aerodynamic pitching moment coefficient
C aerodynamic rolling moment coefficient
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aerodynamic yawing moment coefficient

state evolution function of a dynamic system

forward clearance error between leader and wingman’s
aircraft

predefined forward clearance between leader and
wingman’s aircraft

aerodynamic forces acting on the aircraft (N)

output function of a dynamic system

gravitational acceleration (2)

vector of geometric parameters and inertia coefficients
actuator dynamics transfer function

throttle to thrust transfer function

throttle to velocity transfer function

thrust to velocity transfer function

lateral clearance error between leader and wingman’s
aircraft

predefined vertical clearance between leader and
wingman’s aircraft

altitude

inertia coefficient (kgm?)

control gain

lateral clearance error between leader and wingman’s
aircraft

predefined lateral clearance between leader and wingman’s

aircraft

mass (Kg)

aerodynamic moments acting on the aircraft (N*m)
roll rate (deg/s)

pitch rate (deg/s)

dynamic pressure (psi)

yaw rate (deg/s)

wing platform area (m2)

thrust (N)

input vector of a dynamic system

speed

state vector of a dynamic system

Longitudinal axes of a reference frame/position of an
object along the x axes.
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y output vector of a dynamic system

y lateral axes of a reference frame/position of an object
along the y axes.

z vertical axes of a reference frame/position of an object

along the z axes.

o attack angle (deg)

B sideslip angle (deg)

) vector containing 8, 4, Og, O

o elevators deflection (deg)

N ailerons deflection (deg)

Sr rudders deflection (deg)

&r throttle input (WV)

A difference

[0) roll angle (deg)

0 pitch angle (deg)

Q vertical component of the trajectory-induced angular
velocity

trimmed condition

0
d desired value

L leader

w wingman

N projection along the longitudinal axis

projection along the horizontal plane
projection along the lateral axis
projection along the vertical axis

1.0 INTRODUCTION

Autonomous formation flight is an important research area in the
aerospace community. The aerodynamic benefits of formation flight,
and in particular close formation flight, have been well documented(!-3).
The control of the leader-wingman formation has been investigated
extensively®9), leading to the introduction of different types of com-
pensation-type controllers®-6),

In Ref. 7 a formation flight control scheme was proposed based on
the concept of Formation Geometry Center, also known as the For-
mation Virtual Leader. Reference 8 describes the application of an
‘extremum seeking’ algorithm to the formation control problem.
More complex control laws based upon Linear Quadratic Regulator
and Dynamic Inversion (DI) approaches have also been proposed®-
1D, Particularly, in Ref. 10, the DI-based approach has been aug-
mented with neural networks to cancel the dynamic inversion error,
following the methodology outlined in Ref. 12.

A variety of research efforts are currently on-going within the ac-
tivities of the AFF (Autonomous Formation Flight) program at
NASA Dryden3-159. The Boeing Company, UCLA, and NASA
Ames are also involved in the AFF program. References 13-15 —
from the AFF program — describe in detail the current efforts in
modeling the aerodynamic interference between the different aircraft
within the formation. Of particular interest from a control point of
view are the efforts described in Refs 16,17 where baseline constant-
gain compensation-type control laws to maintain formation geome-
try are compared through simulation studies with adaptive control
techniques to achieve robustness to un-modeled portions of the aero-
dynamic interference. Finally Ref. 18 presents initial flight results of
the testing of a formation flight autopilot designed with a compensa-
tion-type approach.

This paper presents design results of the formation control laws to
be implemented on a set of three YF-22 aircraft models that are de-
signed, built, and instrumented at West Virginia University (WVU).
One of the three WVU YF-22 models is shown in Figure 1. The
model features an 8ft fuselage length with a 6-5ft wingspan for an
approximate take-off weight of 48lb, including a 12lbs electronic
payload consisting on a PC-104 flight computer, a complete set of
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Figure 1. WVU YF-22 aircraft model.

sensors, a GPS receiver and a set of RF modems used for data trans-
mission. The aircraft models are currently undergoing individual
flight-tests with flight-testing of the formation control laws to be
performed in 2003-2004. Due to the limitations on the flight range,
the WVU YF-22 models will be expected to perform fairly tight ma-
neuvers at high Euler angles and moderately high angular rates.
Therefore, a specific issue is the design of a control scheme allowing
for formation control under these flight conditions. Another objec-
tive is to design a formation control scheme with a limited amount of
information exchange (between leader and wingman) needed to
maintain the predefined formation geometry.

The paper is organised as follows. The second section describes
the identification of a linear and nonlinear single aircraft model from
collected flight data. The third section outlines the geometric charac-
teristics of the formation. The fourth section outlines the design of
the formation control laws. The final sections will present the simu-
lation and visualisation environment, together with the main results.

2.0 SYSTEM IDENTIFICATION AND
MODELING OF THE WVU YF-22

The availability of an accurate mathematical model of the aircraft
system for designing the formation control laws was a fundamental
issue.

2.1 Linear ldentification: theoretical background and
available tools

The problem of identifying a linear model of a system from its mea-
sured input and output data is well known(192021), In the particular
case in which all the states — and their time derivatives for the con-
tinuous time system identification — are available for measurement,
the system identification problem reduces itself to a multiple linear
regression problem(21:22). In these cases, the problem consists essen-
tially in solving an over-determined linear system in the least
squares sense (leading to the well known ‘Batch Least Squares’
(BLS) method), which is simply solved by pseudo-inverting a large
matrix. This methodology can be also easily adapted to the case
when some elements of the solution are fixed a-priori.

2.2 Flight data measurement and recording

Flight data for several maneuvers were collected for parameter iden-
tification purposes using the following on-board instrumentation.:
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@ Absolute and differential pressure sensors: (SenSym ASCX15AN
and SenSym ASCXO1DN) to measure H and V (altitude and
speed).

@ Inertial measurement unit (Crossbow DMU-VGX) to measure 4,
A, A, p q 1 @,06, (accelerations, roll pitch and yaw rates, roll
and pitch angles).

® Custom designed nose probe to measure o and J (attack and
sideslip angles).

@ Potentiometers on the control surfaces to measure &, 0, Oy (ele-
vators, ailerons and rudders deflections).

During the flight, the PC-104 based on-board computer collects in

real time (at a rate of 100Hz) all of the above signals using the inte-

grated data acquisition card (Diamond MM 32), and stores them on a

flash-card for post-flight downloading. A set of flight data was used

for the actual parameter estimation process, while a second set of
data was used for validation purposes.

2.3 Linear identification process and resulting linear
model

The model identification was performed with a 3-step process. First,
the flight data time histories were inputted to a Simulink scheme
providing smoothing and rearrangement of the signals. Next, a batch
Matlab file performed a number of identification algorithms either
based on the Matlab System Identification Toolbox or on general
BLS methods. Each method gave as a result a linear (affine) system.

The last step of the model identification process was the valida-
tion of the linear models. Essentially, the linear models were pre-
sented with the time histories of the control surface deflections from
the validation flight data, and their outputs were compared with the
corresponding signals from the actual flight data. The model pro-
duced by the BLS method provided the best fit with the flight data.
Following the identification study, the estimated (short period) linear
lateral-directional model is given by:

B] [ 042909 00938 -1.0300 |[B] [ 02724 -0.7713
b|=[67.3341 -7.9485 5.6402 || p |+|-101.8446 334738 [/‘} e
F| 205333 06553 -1.9955 ||| | -6.2609 -24.3627 |“ *

The estimated (short period) longitudinal model is given by:

o -4.1172 0.7781 || o 0.5435
e + 3, .2
q -33.8836 -3.5729 || ¢ | [-39.0847

More details on the different identification approaches leading to the

determination of the mathematical model of the WVU YF-22 models
are available in Ref. 23.

2.4 Nonlinear identification process and resulting
nonlinear model

The identification of the mathematical model of a nonlinear system
is a more challenging issue(1924. Most of the nonlinear identification
efforts rely on both good physical insight(!® and some form of opti-
misation algorithm like Steepest descent or Newton-Raphson®4.
The general nonlinear model of an aircraft system can be expressed
as®):

x=f(x,8,G,F (x,8),M (x,9));

= g(0,8.G.F,(x,8).M (x,5)); -G

where x is the state vector (linear and angular positions and velocity),
y is the output vector (linear and angular accelerations), § is the input
vector (surface deflections), G is a vector of geometric parameters
and inertia coefficients, F, and M, are aerodynamic forces and mo-
ments acting on the aircraft; finally, f and g are the known analytic
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functions that express the dynamics and kinematics of a rigid body.
The aerodynamic forces and moments are expressed using the aero-
dynamic coefficients C, Cy, C,, C;, C,,, C,:

Cp(x,0) bG (x,9)
F,=gS| C,(x,8) |,M, =gS|eC, (x,9) - @
C, (x,8) bC, (x,9)

where S is the wing platform area, ¢ the dynamic pressure, b the
wingspan, and ¢ the mean aerodynamic chord. The aerodynamic
coefficients are often approximated by affine functions in x and J;
for example, for the lift coefficient:

CL(X’S)=CL0+CLéa+Cqu+CLii(,89 NS

where, ¢;, and the other three coefficients are usually called the
‘derivatives’ of C;.

When the above approximations are considered satisfactory, the
nonlinear aircraft model is completely determined by its aerodynam-
ic derivatives as well as by its inertial and geometric coefficients
(which can typically be evaluated experimentally). In this effort, the
inertial and geometric characteristics of the WVU YF-22 model
were determined with an experimental set-up; thus, the remaining
critical issue was the determination of the aerodynamic derivatives.

Formulas to calculate the entries of the matrices of the linear model
in Equations (1) and (2) from the values of the aerodynamic deriva-
tives and geometric-inertial parameters are well known®%. By in-
verting such formulas, an initial value for all the main aircraft aero-
dynamic derivatives was then calculated from the matrices in
Equations (1) and (2) together with the measured geometric and in-
ertial parameters.

Next, a parameter optimisation routine based on routines available
with the Matlab Optimization Toolbox® was set up. Specifically, a
Matlab routine was written such that it could take as an input the
aerodynamic derivatives to be estimated, perform a simulation with
the nonlinear model resulting from those derivatives, compare the
outputs with the real data, and return the difference (to be min-
imised) to the caller function. The “finincon” function — which fea-
tures the constrained optimisation of a multivariable function using a
Sequential Quadratic Programming (SQP) technique?’ — was then
used to find the set of aerodynamic derivatives providing the best fit
with the flight data, starting from the initial set of aerodynamics
derivatives calculated from the linear models. The importance of
starting the minimization from a set of already accurate derivatives
should be emphasised; in fact, this last optimisation can be consid-
ered a refinement of the parameters.

A final validation of the nonlinear model was then conducted using
the validation flight data set, similarly to what was done for the linear
model. As shown in Fig. 2, the agreement between simulated and real
data is substantial. The resulting aircraft nonlinear model is given by:

Geometric and inertial data (60% fuel load):

¢ =07649m, b=19622m, S=1-3682m2,

I, = 1-6073kg m2, I, = 7-5085kg m2,

I, =7-1865kg m?2 I..=-0-3075kg m?

mass = 20-6384kg, T(engine thrust force) = 54-6175N

Longitudinal aerodynamic derivatives:

Cppy = 0-0085, Cp, = 0-50794, Cpy =0,
Cpp = —0-03,

Cyp=—0-0491, C,.= 3258, C, =0,
Cpsz=0-189,

C,0 = 00226, C,u =047, G,y = —3-449,
C,5x = —0-364,
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Figure 2. Linear and nonlinear model prediction versus real flight data.

Lateral-directional aerodynamic derivatives:

Cyy = 0015, Cy, = 02725, Cy, = 12151, Cy, = —1-1618,
Cyos = 0-18363, Cyzp=-0-4591,
Co = ~0:001, C;, = -0:037, C, =
Cisq =—0-055929, Cjsp=0-0141,
Co = 0, Cy = 00361, C, = —0151, C, = —0-19583,

C,51 = —00358, C,55=—0-0554,

~0-2134, C, = 0-11474,

The above parameters uniquely define the nonlinear aircraft model
in Equation (3), and could easily be used within standard rigid body
6DOF aircraft dynamics simulation tools such as FDC or Airlib26.

As a final note, it should be emphasised that the wake effects from
the leader on the wingman have not been modeled and are assumed
to be negligible in a preliminary analysis due to the limited size and
airspeed of the models. The net effects of modeling the aerodynamic
interference between the different aircraft in the formation can be
modeled as ‘A’ terms to the above aerodynamic coefficients. A more
refined model could include the wake effects as described in Refs
13-15. An additional approach based on ‘Multiple Shoe Vortex The-
ory’ for modelling the wake effects is outlined in Ref. 28.

3.0 Geometry of the formation control
problem

The main purpose of this research effort is to design, simulate, and
test a formation controller that allows the wingman aircraft to fol-
low the leader — remotely flown by a pilot with a radio control — at
pre-defined vertical, forward, and lateral distances during the flight
phases when formation flight is engaged. From a geometric point of
view the formation flight control problem can be naturally decom-
posed into two independent problems: a level plane tracking prob-
lem and a vertical plane tracking problem, to be described in the
following sections.

3.1 Level plane formation definition

Figure 3 shows the level plane formation geometry. All trajectory
measurements, i.c., leader/wingman position and velocity, are
defined with respect to a pre-defined Earth-Fixed Reference x—o—y
plane and are measured by the on-board GPSs. The pre-defined for-
mation geometric parameters are the forward clearance f. and lateral
clearance /.. The forward distance error f and lateral distance error /
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Figure 3. Level plane formation geometry.

can be calculated from the trajectory measurements and formation
geometric parameters using the relationships:

Vo o =% )=V (i -9 )

I= ... (6
V. { (6)

f _ VL\' (yL Wy )+VLx (xL —Xy )*f( o (7)
Vny

where V.., =V +V., is the projection of the leader’s velocity onto

the x—y plane. Accordingly, the relative forward and lateral speed of
the wingman are defined as the time derivatives of the forward and
lateral distance respectively and are needed for formation control
purposes which can be calculated as:

- VoV =V .

l: Lx W;V Ly "Wx +(_f+_f()Q[_ .. (8)
Lxy

. V. Ve ¥V Vs, .

f =V — O, O

Lxy

There are two methods to obtain the trajectory-induced angular ve-
locity in the x—y plane (around the vertical axis) €2,. The first method
is based on the use of the velocity vector (V,, V,) , as measured by
the on-board GPS, and its time derivative:

_ VLyVLx - VLVV Lx

Q= h ... (10)
Lx Ly

L

A problem with this approach is that the numerical derivative of the
velocity vector is sensitive to measurement noise. A second ap-
proach is based on using additional measurements from the leader
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aircraft along with the following kinematic relation (assuming

B,=0):

Q, =V, =(¢,8in¢, +7,Cos¢, )/Cos6, .. (1D

This second approach not only requires the vertical gyro (to measure
bank angle ¢, and pitch angle 8,) but also the angular rate gyros (to
measure pitch rate g; and yaw rate 7;) to be installed on the leader
aircraft.

The level plane formation control problem has been further divid-
ed into a lateral distance control problem and a forward distance
control problem, to be addressed in Sections 4.1-4.4.

3.2 Vertical plane formation definition

At nominal conditions, the leader and wingman aircraft are separated
by a vertical clearance /.. The vertical distance error A, can then be
calculated by:

h=z,—z,-h, ... (12)
while its time derivative is given by:

h:VLz_

Ve ... (13)

The ‘vertical control problem’ is reduced to the issue of maintaining
the vertical clearance 4.

Based on the above subdivision of the formation geometry, the
design of the control laws are separated into three channels to con-
trol respectively the lateral, forward, and vertical distance. The re-
sulting design is outlined in Sections 4.5 and 4.6.

4.0 DESIGN OF THE FORMATION
CONTROL LAWS

During the formation flight testing, all aircrafts will be individually
flown for take-off and landing; the formation will be engaged when
all aircraft have reached a certain meeting point within the flight
range. A specific constraint for this project is that the aircraft need to
remain within a visual range. This, in turn, implies that frequent tight
maneuvers will have to be performed. In conventional formation
control schemes®, only the relative position and the velocity vector
of the wingman with respect to the leader are required by the ‘forma-
tion-autopilot’ of the wingman to maintain the desired formation.
The use of this amount of information has shown to be sufficient for
formation control with mild maneuvers by the leader. However,
under substantial maneuvering conditions, additional aircraft vari-
ables from the leader, such as Euler angles, were found to be neces-
sary for the wingman to maintain the formation geometry.

The formation control problem can be classified as a ‘target-track-
ing’ problem as opposed to a more conventional ‘trajectory-follow-
ing’ problem. In the latter case the trajectory is typically pre-defined
and stored within the on-board computer while in the former the tra-
jectory to be followed by the controlled aircraft (i.e. the wingman) is
‘dynamically produced’ by target (i.e. the leader aircraft). Ideally, to
achieve the best trajectory tracking performance, the formation flight
control laws, — that is, the wingman flight control laws — should
be based on a ‘full information’ tracking strategy. This concept can
be expressed as:
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Wingman's control inputs = Leader’s control inputs +

State error feedback -..(14)

where the control inputs include deflections for the throttle, elevator,
aileron and rudder, while state error feedback consists of ‘internal’
state variable errors (such as errors in angular rate and Euler angles)
and ‘trajectory’ state variable errors (such as forward distance, later-
al distance, and vertical distance) between the leader and wingman.

The rationale behind this approach is the fact that if the wingman
was flying at the same position as the leader, a perfect asymptotic
tracking (in position and attitude) could be achieved through a state
error feedback, since the leader and wingman aircraft would share
the same dynamics (assuming same type of aircraft) and the same
control inputs. In other words, the leader acts as a reference system
for the wingman, so the state feedback control measures the differ-
ences between the leader (reference) state and the wingman state,
and provides corrections to the wingman control inputs in order to
correct these differences. In reality, the desired wingman position is
shifted with respect to the leader’s position; therefore, extra compen-
sation might be needed to account for the difference in the trajectory
variables between the leader and the (ideal) wingman.

It should be noted that in this ‘full information’ approach all the
leader’s states and control inputs are needed to calculate the wing-
man control inputs; therefore, a high communication bandwidth
between the leader and wingman is required. An additional goal was
to formulate a criteria for limiting the amount of data to be ex-
changed from leader and wingman aircraft while maintaining the
geometry of the formation. This issue has direct implications on the
required performance — and, therefore, the cost — of commercially
available RF modems. Therefore only a few of the leader outputs
and states are actually used to calculate the wingman’s control in-
puts, in lieu of the ‘full information” approach outlined in Equation

(14).

4.1 Lateral distance control

The objective of the lateral distance control is to minimize the lateral
distance error /. The basic physical principle of the lateral distance
control can be expressed by the following logic:
aileron > roll rate >  bank angle > lateral speed >
lateral distance

In addition, the function of the rudder command is to augment the
lateral-directional stability, by increasing the Dutch Roll damping.
Since bank angle rate changes are substantially higher than rate
changes in the lateral position, the lateral dynamics exhibit a typical
two-time-scale feature. Therefore, the design of the control system
can be decomposed into two successive phases, that is, the design of
an inner loop controlling the bank angle and augmenting the lateral-
directional stability, and the design of an outer loop which tries to
maintain a desired lateral clearance with respect to the leader.

The resulting linear control law is given below and shown in Fig.
4, where the subscripts L and W indicate respectively the wingman
and leader aircraft.

Inner loop control law:

S :SAL+KppW +K¢(¢W_¢d) .. (15)

Opy =0, + K13, ... (16)
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Figure 4. Lateral control law.

Outer loop control law:

0, =0, +KI+K] (7

4.2 Lateral-directional model and determination of the
controller parameters

The basic lateral-directional linear model of the aircraft is shown in
Equation (1). The actuators dynamics are modeled using the follow-
ing st order transfer function:

1

G (s)=——
) =170.055

.. .(18)

As discussed in the previous section, the determination of the para-
meters of the controller is divided into two phases, that is, inner loop
and outer loop design. Given the variables involved in Equations
(15), (16) and (17), the inner loop controller can be designed based
on the aircraft lateral-directional linear model, but the outer loop de-
sign requires a suitable kinematic reference model. Such a model can
be obtained by considering the aircraft performing a steady state co-
ordinated turn where the lift force balance and centrifugal force bal-
ance equations apply. This leads to the following expression:

Q, =-5 Tang, ... (19

Wxy

Additionally, by assuming a straight and level flight condition of the
leader and identical speed for the wingman and the leader, it results
that AQ=C, while Equation (8) takes on the following simple
form:

1=V, Sin(AQ) ... (20)

where AQ =€, —Q, The linearisation of the above two equations
(around the standard level-straight flight condition) of the wingman
provides the following model of the trajectory dynamics:

. _ &
AQ=-5¢

Vi .. @D
=V, AQ

https://doi.org/10.1017/50001924000151577 Published online by Cambridge University Press

V| ¥y L

Leader Aircraft
Dynamics

Figure 5 Forward control law.

Thus, the full linear model for lateral distance controller design is
the combination of Equations (1), (18), and (21). Classic root-locus
based compensation design tools can then be applied to the model
for evaluating the controller gains6. The basic design specification
is to assign the damping ratio of the dominant poles a value around
0-7. The resulting values for the parameters of the different control
laws are given by:

K, =016, K,=0-04, K,=035
K,=029, K;=143

...(2)

4.3 Forward distance control

The objective of the forward distance control is to minimise the for-
ward distance error f. This task can only be accomplished through
the use of the throttle control channel. In fact, by increasing/decreas-
ing the throttle, the thrust of the engine and therefore the speed of
the aircraft is increased/decreased. This, in turn, allows control of the
forward distance between the leader and wingman. The basic physi-
cal principle of the forward distance control can be expressed by the
following logic:

throttle = thrust =2 forward speed = forward distance
The forward distance control law, shown in Fig. 5, is given by:

Oy :5TL+Kf'f+K/‘f ... (23)

4.4 Forward model and determination of the controller
parameters

The cascade of two first order linear models can approximate the for-
ward dynamics. The 1st model represents the engine response in terms
of throttle to thrust; this model has been obtained through an experi-
mental analysis of the performance of the jet engines installed on the
WVU YF-22 aircraft; a 2nd model represents the airspeed response in
terms of thrust to airspeed, which is approximately derived from the
knowledge of nominal thrust, airspeed, mass, and the assumption that
the change of aerodynamic drag is in proportional to the change of air-
speed.

The following equation represents the resulting complete transfer
function of throttle to airspeed:
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It should be noted that this model also represents the transfer func-
tion from throttle (of wingman) to forward velocity of Equation (9)
under the assumed level-straight constant speed flight condition. The
parameters of the forward distance controller outlined in Equation
(23) were then determined through a root locus-based compensator
design. The resulting parameters are:

K, =04, K, =17 ... (25)

4.5 Vertical distance control

The objective of the vertical distance control is to minimise the verti-
cal distance error /. This task is accomplished through the use of the
elevator control channel. The basic physical principle of the vertical
distance control can be expressed by the following logic:

elevator = pitch rate > pitch angle = vertical speed =2 vertical
distance

The vertical distance control law is similar to the conventional alti-
tude-hold autopilot with the only difference being that the altitude
reference may vary according to the leader’s altitude. As with the
lateral distance case, the problem exhibits a two time scale structure;
thus, the control scheme can be designed using an inner loop con-
troller — which is basically a pitch angle controller — and an outer
loop controller providing altitude control.

A linear control law that accomplishes the above scheme is given
by the following formulas.

Inner loop control law:

Sy =98y +quW +Ky(8, -6,) ... (26)
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Figure 7. VRT visualisation (behind wingman).

Outer loop control law:
0,=0, +K.5z+K.5z .27

The block diagram of the resulting scheme is shown in Fig. 6.

4.6 Vertical model and determination of the controller
parameters

The design is based on the linear short period model in Equation (2)
in addition to a kinematic model. The linearised kinematic model is
given by:

é =
=1 .. .(28)
h=V,0

With a root locus-based design?® the parameters of the vertical con-
troller are found to be:

K,=0-12, K;=0-50, K, =5, K, =3 ... (29

5.0 SIMULATION & RESULTS

A Simulink scheme featuring the models of the WVU YF-22 air-
crafts and the formation controller was developed and implemented.
Given the multi-object nature of the problem, the design of a visual-
ization environment fully integrated with the simulation was consid-
ered to be critical. The Virtual Reality Toolbox (VRT) was selected
as the visualisation environment since it allows for objects and
events of a virtual world (coded in VRML 2.0 or higher29) to be dri-
ven by signals from Matlab/Simulink. A VRML world including two
YF-22 graphical models and a simple landscape which was then im-
plemented and connected with the simulation using the VRT
Simulink Blocks. The resulting scenery from a view behind the
wingman is shown in Fig. 7.

A preliminary analysis was conducted to assess if deflections of
the control surfaces from the leader in Equations (15), (16), (23) and
(26) were actually necessary to have desirable tracking performance.
This analysis showed that the elimination of these signals from the
leader aircraft did not significantly decrease the performance of the
control scheme. Consequently, these signals were no longer used (in
Equations (23) and (26) two constant trim values were used instead)
therefore saving communication bandwidth for flight testing.

Next, two simulation studies were conducted. The purpose of the
first study was to assess the need for the bank angle from the leader
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Figure 8. Simulation study #1: trajectories with/without the bank angle
from leader aircraft.
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Figure 9. Simulation study #1: lateral distance with/without the bank
angle from leader aircraft.

in the wingman control laws in Equation (17). The main results for
this study are shown in Figs 8 and 9 where the leader's lateral ma-
neuvering bank angle is about 30°. It can be seen from the simula-
tion that the ‘deformation’ of the formation in terms of the lateral
distance of the wingman from the leader is unacceptably large (as
much as 450ft), when the leader’s bank angle is not available for for-
mation control purposes. Based on the above considerations, it was
decided that the electronic instrumentation of the wingman models
will be required to include a three-axis angular rate gyro measuring
roll rate py, , pitch rate g, and yaw rate r, a vertical gyro measuring
pitch angle 0,, and bank angle 0, and a GPS receiver measuring the
position of the wingman aircraft (with reference to a pre-defined
earth-fixed reference) xy, yy and zy, and velocity vector Vi, Vy,
and V.. In addition, it was concluded that the pitch angle 6, and
bank angle ¢, of the leader aircraft, along with the positions (with
reference to a pre-defined earth-fixed reference) x;, y;, and z;, and
velocity vector V;,, V;, and V. are required by the wingman’s con-
trol system.

The second simulation study was conducted to asses the perfor-
mance of the formation controller under the following assumptions
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Figure 10. Simulation study #2: trajectories in vertical plane.
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Figure 11. Simulation study #2: trajectories in level plane.

and boundary conditions:

@ Leader bank and pitch angles are available to the wingman con-

trol system;

@ ‘S’ shape flight trajectory in level plane with a maximum leader
bank angle of approx. 50° (as recorded in typical flight tests of
the WVU YF-22 models);

‘Level — climb — level’ trajectory in vertical plane;

Formation geometry: f, = 100ft; /. = 100ft, 4, = Oft (level forma-
tion);

Initial position error: f= 300ft, / = 300ft, & = Oft;

Nominal level of atmospheric turbulence.

The simulations were conducted with and without the modeling of
wind gusts acting in specific flight segments. Figures 10-12 and Figs
13,14 illustrate the results from this study with and without the wind
gust respectively. Table 1 summarizes the performance in terms of
maximum tracking errors for different values of the leader maximum
bank angle at different configurations (with the wingman flying in-
side/outside the leader). As expected, a detailed analysis of the re-
sults shows that the control scheme provides better performance in
terms of maximum forward, lateral and vertical errors with lower
leader's bank angles. The large difference between the lateral dis-
tance error when the wingman is flying outside/inside the trajectory
of the leader is due to the fact that when the wingman is flying inside
the leader trajectory the formation control scheme requires a larger
bank angle; on the other side, the effectiveness of the lateral distance
control is very sensitive to the nonlinear effects due to large increas-
es in the wingman’s bank angles.
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Figure 13. Simulation study #2: trajectories in level plane with lateral
wind gusts.

6.0 CONCLUSIONS

This paper presents an approach for the design of linear control laws
to maintain specified geometry for a formation of research aircraft
models. The design is based on compensation-type controllers for
minimising tracking errors along the forward, lateral, and vertical
axes. The analysis shows that the availability of the Euler angles
from the leader aircraft is critical for the wingman to maintain the as-
signed formation geometry throughout the maneuvered flight. An
additional goal was to evaluate the criteria to limit the necessary data
communication between the leader and the wingman. The design has
been verified through a set of simulation studies interfacing the air-
craft models and the control schemes in Simulink with a VRT envi-
ronment. The results of the simulation show a desirable performance
of the formation control schemes.
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