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We propose two nonlinear approaches for the autonomous transition control of two vertical/short takeoff and
landing aircraft. The first aircraft, referred to as the V-1 aircraft, is a fixed-wing fighter equipped with a vectored
thrust and lift fan. The second aircraft is a tilt rotor. We provide nonlinear models for the transition from hover to
forward flight. Both control problems are nonlinear, nonaffine, and have redundant inputs. Furthermore, some
control inputs must reach specified end values when the transition has been completed. However, there is a key
difference between the two aircraft. The V-1 aircraft can be controlled to rapidly increase velocity and pitch angle
simultaneously, whereas the tilt rotor aircraft cannot, because linear and angular acceleration require conflicting
control inputs from hover. For the V-1 aircraft, a method is applied whose key point is that a new controlled variable
is appended to decrease the redundancy of the control inputs. For the tilt rotor aircraft, a second method is applied
that transfers the problem into a two-time-scale problem. Nonlinear optimization is adopted to make the specified
input approach the specified end value. We also consider problems associated with cases in which insufficient control
power limits the ability of the aircraft to achieve commanded controlled variable rates. Simulations show that both
approaches achieve the transition control successfully.

Nomenclature I3 = distance from the root of the nacelle to hub (tilt rotor
ay,. = component of the desired linear acceleration in the M _ i}{rcrﬁft) b
earth-fixed reference frame x axis M B ach humber dbv th .
Age = component of the desired linear acceleration in the T B mc;lm?nt generated by the engine
earth-fixed reference frame z axis mn = velmclemass
oS = drag coefficient my = aerodynamic pitching moment
C, = maximal magnitude of the uncertainty on the drag n = nacelle angle (tilt rotor aircraft)
coefficient nf = nacelle angle at step k (tilt rotor aircraft)
c, = lift coefficient n k'il = nacelle angle of the number i iteration at step k + 1
c L = maximal magnitude of the uncertainty on the lift ) (tilt rotor aircraft) . . .
coefficient Nnax = maximal nacelle angular velocity (tilt rotor aircraft)
C, = pitching moment coefficient 4 f g1tthr:ig gniglar veloilty lerati db
C, = maximal magnitude of the uncertainty on the pitching Gac = desired pitching angular acceleration caused by
moment coefficient aerodynamic effectors
z = mean aerodynamic chord q. = desired pitching angular acceleration
D, = aerodynamic drag dre = desired pitching angular acceleration caused by thrust
Fr, = component of thrust along the body x axis Guc = desired pitching angular acceleration caused by all
Fr, = component of thrust along the body z axis ) cgntrpl effectors .
g “ = acceleration of gravity 90 = pitching angular acceleration produced only by the
H = height flight state
I = moment of inertia about the pitch axis Ry = distance from the center of gravity to the lift-fan nozzle
yy - :
i,J = iteration index variables used in the optimization (Y'l aircraft) . .
algorithm R, = distance from the center of gravity to the three bearing
I aerodynamic lift swivel duct nozzle (V-1 aircraft)
A - _ .
[, = distance from the root of the nacelle to the center of S = areaof th‘? wig .
gravity (tilt rotor aircraft) s = flag used in the optimization algorithm
Iy = distance from the root of the nacelle to tail (tilt rotor T = rotor thrust (tilt rotor a{rcraft), step time
aircraft) Timax = maximal thrust of the lift-fan nozzle (V-1 aircraft)
T, = unconstrained map of constrained 7'
T,max = maximal thrust of the three bearing swivel duct nozzle
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8, = canard deflection (V-1 aircraft)

Sep = random function for uncertainty

Ser = random function for uncertainty

Scm = random function for uncertainty

3, = elevator deflection

P = pitch angle of the lift-fan nozzle (V-1 aircraft)

S¢r = ratio of the lift-fan thrust to the maximal lift-fan thrust
(V-1 aircraft)

= rudder deflection

Sy = thrust of the left roll nozzles (V-1 aircraft)

(=g}
<
|

Sry = thrust of the left and right roll nozzles (V-1 aircraft)
vq = pitch angle of the three bearing swivel duct nozzle

(V-1 aircraft)

B or = yaw angle of the three bearing swivel duct nozzle (V-1
aircraft)

Syt = ratio of the three bearing swivel duct nozzle thrust to
the maximal three bearing swivel duct nozzle thrust
(V-1 aircraft)

€1, & = positive constants used in the optimization algorithm

0 = pitch angle

0. = reference value of the pitch angle

0, = unconstrained map of constrained 6

0, = longitudinal cyclic pitch (tilt rotor aircraft)

055 = collective pitch (tilt rotor aircraft)

3 = angle from the horizontal line to the rotor thrust (tilt
rotor aircraft), damping ratio

P = air density

¢ = roll angle

v = yaw angle

w, = natural frequency

1. Introduction

HERE have been many types of vertical/short takeoff and

landing (V/STOL) aircraft tested over the past 50 years [1].
Notable V/STOL aircraft include the Harrier, powered by a vectored-
thrust engine; the Yak-38 Forger, equipped with two in-line lift
engines and one turbojet with vectoring nozzles; the Bell XV-15 tilt
rotor aircraft; the Bell-Boeing V-22 Osprey tilt rotor aircraft; and the
X-35B (winner of the Joint Strike Fighter (JSF) program), equipped
with a vectored-thrust engine and lift fan. Each of these aircraft
belong to one of two categories. The first category is based on general
jet aircraft equipment with components offering lift at low velocity;
the other category is developed from the concept of the helicopter by
tilting the rotor to form the propeller to achieve higher velocity.

Autonomous transition control of the VSTOL aircraft is an
important challenge because the problem is different from general
flight control problems. The two categories of VSTOL aircraft have
many similar characteristics. This paper discusses the methodologies
for the autonomous transition control, from hover to cruise, of two
types of VSTOL aircraft. The first aircraft will be referred to as the V-
1 aircraft, which has an engine configuration similar to the X-35B.
The second aircraft is a tilt rotor aircraft. The two aircraft have the
following common properties during transition flight mode: 1) both
transition controls are nonlinear, nonaffine control problems; 2) both
engine thrust and aerodynamic forces affect attitude and position
movements directly; 3) the flight path angle must be controlled
during transition; and 4) both transition control problems are multi-
input problems and have special inputs, such as the engine nozzle
pitch angle and the nacelle angle, that must reach specified end values
after the transition process.

In this paper we propose two methods based on dynamic inversion
to control the two aircraft, and we provide a comparison and analysis
of them.

Traditional flight control methods such as gain scheduling are
important in actual control system design [2]. However, the dynamic
inversion method has gained more and more attention in aircraft
flight control [3-5]. As the control problems in this paper are multi-
input/multi-output and the number of inputs is more than the number
of outputs, direct inversion cannot be applied. Therefore, a control

allocation algorithm was applied to compute the values of the control
inputs.

A simple daisy chain control allocation approach is adopted in
Enns et al. [4]. It designates primary effectors for each of the three
aircraft axes and treats other controls as auxiliary effectors to be used
only when the primaries saturate. The control allocation problems are
formulated as linear programs (LP) in Doman and Ngo [6]. To begin
the process, a control strategy is achieved by an LP approach subject
to the input position and rate constraints, and then a second LP is used
to minimize a performance index that drives the control effectors into
a preferred position. A nonlinear programming based control
allocation scheme is developed in Poonamallee et al. [7]. First, the
approach fits the aerodynamic data curve between the effector
deflections and the moment coefficients with a polynomial
approximation. Then it searches the effector deflections with a
gradient-based nonlinear programming optimization. In Bolender
and Doman [8], a piecewise linear programming approach is
presented for the control allocation problem in which the controlled
variable rates or moments are nonlinear functions of the effector
deflections. This is because aerodynamic databases are discretely
valued and almost always stored in multidimensional lookup tables,
where it is assumed that the data are connected by piecewise linear
functions. A model predictive, dynamic control allocation algorithm
is developed in Luo et al. [9]. Unlike most existing algorithms
neglecting the actuator dynamics or dealing with the actuator
dynamics separately, the algorithm proposed in the paper directly
takes the actuators dynamics into account. Petersen and Bodson [10]
propose an interior-point algorithm to solve a mixed 12-norm
optimization that is converted to a quadratic programming
formulation. All of these papers discuss the attitude control of
fixed-wing aircraft or space vehicles. V/STOL aircraft have stronger
nonlinearities with nonlinear functions such as trigonometric
functions, and the systems are nonaffine because the product of the
functions of two inputs are in the mathematical model. In addition,
both attitude and position should be controlled during transition
flight. For the V-1 aircraft, a method is applied whose key point is that
anew controlled variable is appended to decrease the redundancy of
the control inputs. Aerodynamic surfaces are allocated with a daisy
chain allocation approach described in Enns et al. [4] to control
attitude. For the tilt rotor aircraft, we find that the first method is not
appropriate because the V-1 aircraft can be controlled to rapidly
increase velocity and pitch angle simultaneously, whereas the tilt
rotor aircraft cannot, because the inputs required to produce linear
and angular acceleration are conflicting when the aircraft starts
transition flight from hover to forward flight. We therefore transfer
the problem into a two-time-scale problem. Velocity is controlled by
the outer loop, whereas attitude is controlled by the inner loop.
Attitude is used as a control input to the outer loop. Nonlinear
optimization is adopted in the outer loop to make the nacelle angle
approach the desired end value. Because the system is nonaffine in
the nacelle angle, we cannot use a single linear system to simplify the
entire nonlinear system at all nacelle angles. Therefore, we cannot
use the linear programming method described in Doman and Ngo [6]
to achieve the task of driving the nacelle angle toward the desired
value. In the inner loop, control allocation is scheduled as a function
of dynamic pressure.

Two types of ideas about control input position and rate saturation
were discussed in previous papers. In [6-8,10,11], the allocation
algorithms designate control inputs based on their control
capabilities by taking effector saturation into account directly. If
the allocation algorithms could not achieve the desired dynamics,
even if all control inputs reach saturation, the desired dynamics or the
reference model was adjusted to adapt to the capabilities of the
control effectors. The reference model was continually modified to
fully use the available control capabilities [12]. Pseudocontrol
hedging is adopted in Kannan and Johnson [13] to modify the
reference model to prevent the difference between the commands to
the control inputs and actual control inputs from driving an adaptive
process into instability. Both [12,13] discuss the problems with
control affine nonlinear models. In this paper, we use both ideas to
deal with effector saturation. In the outer loop of the tilt rotor aircraft,
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nonlinear programming with constraints is applied to enforce
saturation limits. We detect axis saturation and use precalculated data
to confine the output of the feedback control law to guarantee that the
control variable rates can be achieved.

Neural network augmented model inversion control is applied to
the tilt rotor aircraft longitudinal and lateral attitude control in
[14,15], respectively. In this approach, a linear model of the
helicopter mode is invested to attain control effector inputs, and then
aneural network is used to compensate for inversion error. However,
the control of the transition flight and multi-input characteristics of
the tilt rotor aircraft are not discussed.

In [16,17], a tilt rotor flight control system is designed using the
linear and nonlinear model predictive control methods, respectively.
Multi-input characteristics are again not discussed.

In this paper, the problems are discussed and organized in the
following way. Section II gives the longitudinal model of the V-1
aircraft and a mathematical model of the tilt rotor aircraft from Yang
et al. [18] is repeated here. Section III presents the two methods of
controlling the two aircraft. Section IV provides the results of the
digital simulations. Conclusions are presented in Sec. V.

II. Mathematical Model
A. Model of the V-1 Aircraft

First, we present the model of the V-1 aircraft, which is equipped
with an engine layout similar to the X-35B.

The X-35B JSF fighter has a JSF119-611 engine that has a three
bearing swivel duct (3BSD) providing the aft post with axial thrust
and vectored-thrust capability in pitch and yaw. The lift fan provides
augmented thrust on the forward post. A set of roll ducts is used for
lateral control. As shown in Fig. 1, the 3BSD nozzle can turn from 0
to 95 deg on the pitch axis, as well as from —12 to 12 deg on the yaw
axis; the lift-fan nozzle can turn from 34 to 95 deg on the pitch axis
[19].

The control inputs of the aircraft include 8,7, 8,4 8> 847, 8¢, 875
871+ 845 8,, 8., and §,. All the actuator dynamics are second order with
position and rate saturation constraints. The actuator characteristics
are described in Table 1 in which & is the damping ratio and ,, is the
natural frequency.

Only a longitudinal model of the V-1 aircraft is presented in the
paper. Figure 2 shows the longitudinal forces and moments acting on
the V-1 aircraft.

The model can be stated as

b=q
q= ﬁ |:_Tv maxSr Ry Sin ‘Suq + TfmaX(SfTRf sin 8f
1
+ EpVZSEC,,,(H, M,a.q.8,, 50)]
ng = % |:(Tfmax5fT Ccos 8}' + TvmaxsvT €os qu) cos 9

~(TfmaxS 7 SN 85 + Tyymax 8y 8N S, cOS ) Sin O

1
—EszSCD(H,M,ot,&,SC)Cosy (1)
—1pV2SCL(H. M, 2, §,,8,) sin y]
Vzg =1 |:—(Tfmax8ﬂ €08 8¢ + Ty max8yr €OS 8,,) sin 0

~(TfmaxS 7 SN 85 + Ty pyax 8y 8IN 8, cOS 8,,,) cOS O

1
+ E,OVZSCD(H, M,a,8,,6.)siny

—3pV?SCL(H. M, . 8,,8,) cos V] +8

The aerodynamic data is obtained from a table and varies with
Mach number, height, and angle of attack.

3
Yaw +/-12 deg

Roll Nozzles Pitch
-~

“  +34deg

+95deg
Lift-Fan
Nozzle

Fig. 1 X-35B engine layout.

It can be concluded from Eq. (1) that thrust affects both position
and attitude movements in contrast to general jet aircraft, in which the
main function of thrust is to regulate velocity.

The controlled variable for the V-1 is designated to be the flight
path angle y. It can be expressed as

-V,
v @8) (2)
X8

The system (1) and (2) is a nonlinear, nonaffine, nonanalytic, and
multi-input system. It has two special control inputs. They are the
pitch angle of the 3BSD nozzle and the lift-fan thrust. They should
arrive at specified end values to achieve transition from hover to
forward flight.

y = arctan(

B. Model of the Tilt Rotor Aircraft

Figure 3 shows the longitudinal forces and moments acting on the
tilt rotor aircraft. The longitudinal nonlinear model of the tilt rotor
can be expressed as

»

0

G =7{—Fryplssinn + Fr (I, — l;cosn) + m,}

Ve = L[Fr,co86 + Fr.,sin0 — D,y cosy — L, siny]

Vzg =L[—Fp,sinf + Fycos0+ Dysiny — Lycosy] + g

3

{ FTxb = TCOS(I’! - ﬂ) (4)

Fr., = —Tsin(n — )

LA = LA(H7 Vﬁ(x’q78e7vi) =%,0(V+ vi)ZSCL(H!M7a7 q,5e, vi)
Dy=D,(H,V,a,q,8,,v) =3p(V+v,)SCp(H,M,t, q.5,,v,)
my = mA(HV V7a7 q7897 vi) :%p(v_'_ U,—)ZSEC,”(H,M,(X, q7557 vi)

(&)

Table 1 Effector characteristics of the V-1 aircraft

Effector & w, Position limit Rate limit
S, 0.8 34 [—30,25] deg +30 deg/s
e 0.8 34 [—40, 10] deg 430 deg/s
8,4 0.8 40 [=20,20] deg +40 deg /s
S, 0.8 50 [=30,30] deg 440 deg /s
8urs 851 1 10 [0, 1] +0.4

8ug 1 10 [0, 95] deg +40 deg /s
Sy 1 10 [=12,12] deg 440 deg /s
8 1 10 [34, 95] deg +40 deg/s
874 Oy 1 10 [0, 10,000] N 44000 N/s
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Fig. 3 Longitudinal forces and moments acting on the tilt rotor
aircraft.

InEq. (3), v; is the induced velocity caused by rotors. According to
Yang et al. [18], we can calculate 8, T, and v; using blade element
theory and momentum theory. They can be expressed as

[B T vl=R(V.

xg» Vzg* 0’ n, 9757 (gls) (6)
where 65 is the blade collective pitch and 6, is the longitudinal
cyclic pitch.

In Yang et al. [18], a gimbaled rotor model is explained by blade
element theory and momentum theory.

The aerodynamic data is obtained from a table and varies with
Mach number, height, and angle of attack.

The actuator characteristics are described in Table 2.

Similar to the V-1 aircraft already discussed, the tilt rotor model is
also nonlinear, nonaffine, nonanalytic, and multi-input. Here the
rotor thrust also affects both position and attitude movements, and
the controlled variable is also the flight path angle. The specified
control input is the engine nacelle angle n, which should reach a
specified end value to achieve the transition from hover to forward
flight.

III. Control Strategies
The two systems have many common characteristics. In this

section, two control strategies will be developed and applied to the
two models described in Sec. II.

A. Control Method for the V-1 Aircraft
The basic idea of the first method is that a new controlled variable
is appended to decrease the redundancy of the control inputs. The

new controlled variables are Vigr Vigs and 6, which are chosen to

Table 2 Effector characteristics of the tilt rotor aircraft

Effector & o, Position limit Rate limit
8, 08 34 [—30,30] deg +30 deg/s
075 0.8 40 [5, 35] deg +40 deg/s
015 0.8 40 [—25,25] deg +40 deg /s
n 0.8 40 [0, 90] deg +4.5 deg /s

replace the original controlled variable y. The reference values for
these variables are calculated by a trim algorithm.

Equation (1) shows that both thrust and aerodynamic forces cause
linear acceleration of the aircraft. The 3BSD nozzle thrust and the
lift-fan thrust balance the gravity of the aircraft at hover or low-speed
conditions. If the pitch angle of the 3BSD nozzle and the thrust of the
lift fan are zero, the weight of the aircraft can only be balanced by
aerodynamic lift, which requires the aircraft to be in forward flight.
Therefore, we first transfer the original controlled variable, y, into
new controlled variables, V,, and V_,. But it is not certain that the
specified control inputs, the pitch angle of the 3BSD nozzle and the
lift-fan thrust, will reach zero when the V., and V, requirements are
achieved. This is because system (1) and (2) has redundant inputs and
there are an infinite number of solutions (within control power limits)
to track V., and V_,. These solutions depend on different values of
the state variable 6. To reduce the redundancy of the control inputs
and make the specified inputs reach the specified end values, we take
0 as a new controlled variable. Another reason for modifying
controlled variables to V., V., and 6 is that increasing aerodynamic
lift requires increasing the angle of attack and these three variables
define the angle of attack, that is, & =  — arctan(—V,, /V,,).

The reference values of the new controlled variables can be
calculated by a trim algorithm. In Eq. (1), there are 11 variables
including 8,,, 8,7, 87, 87, 8., 8¢, V> @, Vg, V, and 6. We can set 8,
and 87 to zero and & to 90 deg because they are the inputs with
specified end values. y is taken to be the command given by the pilot.
V., can be written as a function of V', and y and 6 can be written as a
function of @ and y. The remaining variables are 6,7, §,, §., o, and
V... In addition, we can assume we only use 8, (or d,) to control
attitude when the transition flight finishes; therefore, the free
variables reduce to d,7, 8., @, and V,,. But Eq. (1) just has three
effective equations; we must give the value of one variable before
trim calculation. We select « as the variable and constrain it to the
effective range. The trim algorithm is then applied to compute 8,7, 8.,
and V,,. Upon specification of the value of y, we can compute the
value of V,, and 6. The values of V,,, V., and 0 are taken as the new
reference values to be tracked by the control system. Because the
attitude movement of aircraft can be achieved more quickly than the
position movement, by specifying a larger angle of attack and
consequently obtaining smaller V,, and V,, commands by trim
algorithm, the transition process will be faster.

Next, a dynamic inversion based method is developed to control
the three controlled variables. A conceptual block diagram of the
dynamic inversion controller is shown in Fig. 4, in which 4,
represents all of the control inputs.

Figure 5 [6,20,21] shows the linear controller in Fig. 4. This linear
controller structure is used to control both V., and V_,; thus, only the
V,, control loop is shown. On the right-hand side of the figure, the
dynamic inversion and control allocation module and the aircraft can
be approximated as a bank of decoupled integrators. The constraint

V;gc xge ng
Ve Li =5 B Control allocation S V,
wmnear ynamie according to ) -
— oller —P inversi . Aircraft
) controller 77| inversion > dynamic pressure )

A

A

Fig. 4 Block diagram of the dynamic inversion controller.

Dynamic
inversion : v, .
control I
|
allocation H
:
|

Fig. 5 Linear controller of the dynamic inversion.
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element limits the desired acceleration to a physically realizable
range, which helps ensure that the control allocator can generate
control input solutions that do not violate rate or position limits.
During transition from hover to level flight, the constraint element
represents a simple saturation element that can guarantee that the
control input solution will not violate rate or position limits. The
saturation value can be derived from precalculation or test. But
during the transition from level flight to hover, the constraint element
is more complex and must be calculated according to the flight state.

The anticipated closed loop system dynamics is a first order
system:

KB/2
—nh Q)
s+ KB/2

In addition, the pitch angle dynamics is second order so that the
combination of the inversion module, control allocation module, and
the aircraft pitch attitude dynamics can be approximately treated as a
dual integrator system. A proportional integral derivative (PID)
linear controller can be applied here to meet the control objective.

After the linear controller generates the desired linear acceleration
@gc» O4c, and angular acceleration .., control inputs to achieve these
accelerations are computed by the inversion and control allocation
module.

For simplification, the effect of the aerodynamic control surfaces
on linear acceleration is neglected in the control design; however,
they are included in the simulation model. There are three reasons to
neglect the effect of the aerodynamic control surfaces on linear
acceleration. First, at low dynamic pressure, the effect of the
aerodynamic control surfaces is trivial. Second, at high dynamic
pressure, the effects of the aerodynamic control surfaces on linear
acceleration are small enough to be canceled by incorporating
integrators into the control law. Snell et al. [3] presents an analysis of
the canard effect on slow states and concludes that the effect is
negligible. And third, the elevator that is aft the center of gravity of
the aircraft will contribute to nonminimum phase behavior. For
nonminimum phase systems, a direct inversion leads to internally
unstable control laws. By direct inversion, upward acceleration
requires the elevator downward deflection, but downward deflection
of the elevator will cause downward acceleration in the long run by
decreasing the angle of attack. For this reason, we do not compute the
values of surface deflection by inversion. The effect of the
aerodynamic force due to control surfaces is considered as a
disturbance, just like uncertainty on the aerodynamic coefficients.
Papageorgiou and Glover [21] compared the robust stability and
robust performance of two dynamic inversion linear control laws for
the F/A18, when uncertainty on the aerodynamic coefficients is taken
into account. One is a proportional controller; the other is a
proportional-plus-integral controller that is used in this paper
(Fig. 5). With the proportional integral controller, a larger region of
attraction is guaranteed and the performance is better for uncertainty,
suggesting that the presence of the integrator is beneficial. In Sec. IV,
we present uncertainty on the aerodynamic coefficients in the
simulation model to test the robustness of the controller.

Fr,, and Fr;, are components of the sum of the lift fan and 3BSD
nozzle thrust in the body x and z axis. They can be expressed as

{ Tfmax(sz Cos Bf + Tl)max8vT Cos qu = FTxb (8)

_(TfmaXSfT sin 6/' + Tu max(SuT sin qu cos Eur) = FTzh

Substituting a,,. and a_, into Eq. (1), we attain

ma,g. + 1 pV*SCp(H, M, a,0,0) cos y
+1pV2SCL(H, M, ,0,0) siny = Fr, cos 0 + Fr,,sin 0
ma. g —3pV2SCp(H, M, ,0,0) siny
+1pV2SCL(H,M,,0,0) cos y — mg
= —Frysin0 + Frcos 6

&)

Substituting the flight state values into Eq. (9), we can obtain the
desired Fr,;, and Fr,.

With the expression of ¢ in Eq. (1), we can obtain the control
inputs required to produce the desired angular acceleration, ¢... The
angular acceleration that will be produced by control inputs can be
expressed as

_Mp  pviSe
D=7 T o

yy yy

q‘uCZQC_ [Cm(H’M’a’qv(Sw(Sr)

M
- CmO(H’ M, Ot) - Cmq(H7 M)Q] = TT
yy
V2Sc ' '
+ %[Cznég (H.M, 06)86 + Cm(g(» (Ii,M7 0{)80] = §re + Guc

yy

10)

where ¢, is the angular acceleration produced only by the flight state
and M is the moment generated by the engine.

Because angular acceleration depends on both thrust-based and
aerodynamic effectors, it is necessary to schedule these effectors as a
function of dynamic pressure. At low dynamic pressure, the force
and moment contributions from the aerodynamic control surfaces
can be neglected while the thrust-based effectors are dominant; thus,
we rely upon thrust-based effectors to deliver the required angular
acceleration, that is, gy, £ Gues Gac £0. At high dynamic pressure,
the situation is reversed and we rely upon the aerodynamic surfaces
to deliver the commanded angular acceleration, that is, ¢, £ 0,
Gac £ Gue- During the transition from hover to forward flight, the
thrust-based and aerodynamic control effectors must be blended to
achieve the desired pitch acceleration. The overall allocation scheme
is described as

Goc =03 G1c = Guc 0<V<30m/s
Gae = Guc(V —30)/30; G7¢ = Gue — Gacs 30m/s <V <60 m/s
Gac = Gues 4re =0, V >60m/s

(11D

In this paper, a daisy chain allocation method [4] is adopted to
designate the elevator and canard with consideration of the position
and rate saturation. It designates the canard to achieve pitch
acceleration first. The elevator is treated as an auxiliary effector to be
used only when the canard saturates.

The moment generated by engine is given by

= TymaxSyr Ry 8in 8,y €08 8, + Ty pnax 857 Ry 8iN S = G 1y, = My
12)

With Egs. (8) and (12), keeping §; = 90 deg, we can obtain §,r,

8yq> and 847,

Vg

B. Control Method for the Tilt Rotor Aircraft

The tilt rotor aircraft model given in Eq. (3) has two kinds of
separate longitudinal control inputs. The first type is provided by the
rotors, including blade collective pitch, longitudinal cyclic pitch, and
nacelle angle. The second type is the aerodynamic control surface,
including the elevator. The nacelle angle should be zero when the
transition finishes. For the same reasons as the V-1 aircraft, the
influence of the aerodynamic surfaces to the linear acceleration is
neglected. However, to demonstrate the validity of the result with
more realistic conditions, the nonminimum phase effects of the
elevator on the flight path angle are taken into account in the
simulation model. Uncertainty on aerodynamic coefficients is also
included in the model.

The method applied to the V-1 does not work for the tilt rotor
aircraft. Similar to the V-1 aircraft, the velocity and angle of attack
should be increased to produce aerodynamic lift. However, the linear
acceleration and angular acceleration are conflicting when a tilt rotor
aircraft initiates the transition to forward flight from hover. Tilt rotor
aircraft can accelerate with a constant pitch attitude from hover by
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rotating the nacelles forward and tilting the disk plane backward
relative to the nacelles to maintain the longitudinal moment at zero.
However, this results in small linear accelerations. If the aircraft is
commanded to pitch up, the disk plane must tilt backward much more
to produce the required pitching moment, and the linear acceleration
is much smaller. Increasing linear acceleration will decrease angular
acceleration and vice versa. Consequently, if linear and angular
acceleration are demanded simultaneously, they must both be very
small. Therefore, tilt rotor aircraft are different from thrust vectored
aircraft like the V-1, which can simultaneously accelerate and pitch
up rapidly. To solve this problem, we propose another approach to
control the transition flight of the tilt rotor aircraft.

First, we transfer the problem into a two-time-scale problem based
on singular perturbation theory.

The outer loop is the velocity loop and the inner loop is the attitude
loop. The controlled variables of the outer loop are V,, and V_,. The
pitch angle is considered as a control input to the outer loop, and it is
controlled by the inner loop. The dynamic inversion method is used
to control both outer and inner loops. Figure 6 shows the block
diagram of the inner- and outer-loop controllers. After the linear
controller of the outer loop obtains the desired linear accelerations,
the inversion and control allocation module calculates the control
inputs of the outer loop with a constrained optimization method (e.g.,
linear programming, nonlinear programming) to make the input n
reach its specified value more rapidly. The position and rate
saturation of all of the controls can be taken into account using this
method.

Because of the complexity of the rotor system, the required 7 and
B to achieve the desired linear and angular acceleration are calculated
first. Then, according to the model of the rotor, we obtain the
corresponding collective and cyclic pitch.

The linear controller of the outer loop is the same as described in
Fig. 5. Taking a,,. and ., into Eq. (3), we can obtain the equations

zgc
of motion for the longitudinal translational degrees of freedom:

0=2L[F;,cos0+ Fysinf—Dycosy—Lysiny]—a,, =Aa

xge

0=L1[-F;,sin0+ Fy,cos0+ D, siny— L, cosy]

“m

+g— Azoc = Aazgc
(13)

This equation is used to obtain control inputs [0 B T n 6,] to
achieve a,,. and a_,.. Because Eq. (13) has only two equations but
five variables, it is necessary to reduce the dimensions or add new
constrained conditions to solve the problem.

Because the contribution to linear acceleration is slight, the
elevator deflection 6, is set to zero.

Based on Eq. (4), when § is at its maximal value, 11 deg, we can
compute the influence of B on forces acting on the aircraft at a
different nacelle angle. Figure 7 shows a comparison of forces acting
on the body—axis system with § =0 and § = 11 deg. We can see
that when the aircraft is in helicopter mode, 8 will augment the force
along the body x axis for about 0.27, but the force along the body z
axis has little change. Therefore, one may conclude that 8 contributes
little to linear acceleration, especially to vertical movement. The
primary function of S is to produce a pitching moment. Because the
usable range of 8 is maximized in helicopter mode, its influence on

(210’
T FTIE
0.5 /
F, b (p+0deg)
E. 0
o F oy, (P=11deg
-0.5
F_. (f=0deg)
-1 = \k\
0 20 40 60 80
n, deg

Fig. 7 Comparison of forces acting on the body-axis system with § = 0
and =11 deg (T =100, 000 N).

the linear acceleration is neglected in forward flight and 8 can be set
to zero. The remaining free variables are [ T n].

Because there is an end value constraint on the nacelle angle n, the
task becomes solving for three variables with three equations and the
solution is unique. Doman and Ngo [6] provide an LP method to
drive the control surfaces toward a preferred position. The model of
the tilt rotor aircraft has strong nonlinearities with trigonometric
functions. The system is also nonaffine in nacelle angle. Therefore,
we cannot use a single linear system to simplify the whole nonlinear
system at all nacelle angles. This is the reason that the linear
programming control allocation method cannot be applied to achieve
the task of driving the nacelle angle toward the desired value.

Here, a two-layer search method is proposed to achieve
optimization. Figure § shows the block diagram of this method.

The lower layer, n, is fixed to judge whether a,,. and a_,. can be
achieved at a given value of n and to calculate the corresponding
[0 T). Because Eq. (13) is nonlinear, nonaffine, and nonanalytic, a
numerical method must be applied to solve the equation. In this
paper, the Broyden—Fletcher—Goldfarb—Shanno (BFGS) method, a
popular quasi-Newton algorithm [22], is adopted to solve the
equation. The BFGS method not only has the advantage of the
Newton method, which converges rapidly, but it also has a new H
matrix updating method to replace the Hessian matrix used in the
Newton method, which does not guarantee the Hessian matrix to be a
positive definite.

There are several points to consider when using the BFGS method
to solve Eq. (13):

1) Equation (13) or the actual aircraft is high-order differentiable,
although it is nonanalytic.

2) Neural networks trained by experimentation can replace Eq. (3)
in practice. The inputs of the backpropagation (BP) neural networks
are the values of states and control inputs. The outputs of the neural
networks are linear and angular acceleration, which can be calculated
by forces and moments and measured by sensors. The neural
networks can be trained using the results of many predesigned
experiments.

3) The Jacobian matrix used in the algorithm can be obtained by
the analytic derivative of the neural network or by calculating the
output variation rate of the model with small perturbations.

4) With the following method, we can transfer Eq. (13) from
constrained optimization to unconstrained optimization. We choose
a continuous high-order differentiable function ¢(x), whose domain

T n
Outer-loop Inner-loop
Viee | 5 (®xec| Outer-loop . I 1
inear linear nner-loop B
—> ¥ i i . . Aircraft
v. | controller Ja.| MVersion ? controller _’qc inversion [
: ’ .o, Ves
1 v,

Fig. 6 Block diagram of the inner and outer loop of the tilt rotor aircraft controller.
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Fig. 8 Two-layer search method for optimization.

of definition is (—oo,00) and range of function is [—1, 1], for
example ¢(x) = sin(x). According to the range of 8 and T, we can
express them with ¢(x). For example, if the range of € is (—a, a), then
0 can be expressed as 8 = a¢(6,), and if the range of T is (a, b), then
T can be expressed as T = [b + a + (b — a)¢(T,)]/2. The BFGS

method can be adopted to solve for 6, and T,. Accordingly, we
compute 6 and T from 6, and 7.

5) To solve Eq. (13), we choose the objective function as
J = (Ddyg) + (Aday)’

6) Set a maximum allowed iteration number j,,. If the iteration
number exceeds this number and the value of the objective function
is larger than a given positive constant €,, then Eq. (13) is viewed as
no solution at current 7.

On the higher layer, a one-dimensional search method is applied to
obtain an optimized n command of the current step in the range
[y — Ppax T> Ny + A T'1, where ny, is the nacelle angle at step , T is
the step time, and r,,, is the maximal nacelle angular velocity. In
Fig. 8, the value of s determines the search direction. s = O represents
that Eq. (13) has a solution, and then the algorithm searches for a
smaller n to satisfy Eq. (13). s = 1 represents that Eq. (13) has no
solution, and then the algorithm searches for a larger n to satisfy
Eq. (13). ni’i] represents the value of the number i iteration for the
step k + 1. The result of the n command should be the nearest
position to n; — g T (or ny + ny,, T during the transition from
fixed-wing mode to helicopter mode) with the constraint stated in
Eq. (13) satisfied. When the difference of two iterations is less than a
given positive constant &;, the one-dimensional search method
finishes.

When the required & command is calculated by the outer loop, it
can be realized by the inner-loop controller. The inner-loop
controller also uses dynamic inversion. The PID controller is adopted
as the linear controller to produce the desired angular acceleration g...
4. 18 the desired angular acceleration to be produced by the control
inputs. According to dynamic pressure, we can allocate ¢, to
different control inputs with Eq. (14):

q'Tc = 0; éac = Z]uw

qTC = quc(n - 20)/4()’ q’ac = q.uc - q.ch

C}TC = C}uc; q.ac = 07

With ¢,. specified we can obtain

5 = Zlyyq'ac (15)
¢ pV2SEC, (H, M, )

Substituting g7 into the second equation of Eq. (3), the following
equation is obtained:

1
I,

yy

Gre = [=Frwlysinn + Fr,,(I; — I3 cos n)] (16)

Taking T obtained by the outer-loop controller into Eq. (16), we
can obtain f to achieve gy,.

Using the rotor model described in Eq. (6) and selecting V., V.,
0, n, 655, 0, randomly among their range, we can obtain the stable
state induced velocity v;, thrust 7, and drag H;, in the hub axis. A BP
neural network is trained to fit the inverse model of Eq. (6) from
[Vigs Vg, 0.1, Ty, Hy] to [65,0,5]. With the neural network, the
required 7), and H, can be solved from the required 7 and fB;
subsequently, [655, 0,,] can be obtained from T, and H,. Neural
network online training can decrease the error between experimental
data and flight data as well as the error caused by neural network
training.

During the transition flight of the tilt rotor aircraft, there is another
problem that should be noted, that is, the control capability of the
outer loop. Under some conditions, it is possible that the desired
linear acceleration generated by the linear controller cannot be
achieved. For example, when the aircraft is commanded to transform
from fixed-wing level flight mode to hover mode, it must decelerate.
The linear controller used to generate the reference acceleration is a
first- or second-order controller just like Fig. 5, but the linear
controller will provide a large deceleration command at the
beginning of the transition. Such large deceleration commands
cannot be achieved when the aircraft is in fixed-wing level flight
mode. We refer to this phenomenon as axis saturation. The minimal
and maximal horizontal acceleration available when maintaining
vertical velocity and acceleration as zero are mainly determined by
four variables, including Vies 1, 0, and T. Using the nonlinear
optimization algorithm, we obtain the minimal and maximal
horizontal acceleration available with the constraint of 6 and T at
different V,, and n. The range of 6is (=29, 11 deg). The range of T
is (1000; 150,000 N). The result is shown in Fig. 9. The upper surface
in Fig. 9a describes the maximal horizontal acceleration available.
The lower surface describes the minimal horizontal acceleration
available. The plane right-hand side of the figure describes the
conditions at which vertical acceleration cannot be maintained at
zero. Figure 9c shows the maximal and minimal horizontal
acceleration available when the nacelle angle is zero. When velocity
is lower than 70 m/s, the aircraft cannot maintain zero vertical
acceleration. When the velocity is larger than 70 m/s, the horizontal
deceleration available is small. Figure 9b shows the maximal and
minimal horizontal acceleration available when the nacelle angle is
90 deg. It shows that the horizontal deceleration available is larger
than when nacelle angle is zero. The linear controller should provide
horizontal acceleration commands that lie in the feasible space
between the two surfaces in Fig. 9a. We must therefore use the
precalculated data in the constraint module shown in Fig. 5 to
guarantee that the acceleration can be physically achieved.

Furthermore, we must consider the impact of the use of control
power from the lateral-directional control law in a practical
application. We can also apply the principles described in the paper
when designing a multi-axis controller, however, modifications must
be made. For the V-1 aircraft, the controlled variables would include

0 <n <20 deg, (V>65m/s)
20 < n <60 deg (14)
60 <n <90 deg, (V<20 m/s)
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Fig. 9 Available horizontal acceleration at different V., and n.

¥, ¢, and ¥, which would be translated into V,,, V,,, 0, ¢, and ¥
commands to eliminate redundancy. A more integrated control
allocation method would be required to obtain multi-axis control
inputs to allocate control power and to avoid saturation. For the tilt
rotor aircraft, one could obtain 6, T, and n with the outer-loop
controller by optimization algorithm, and then control 6, ¢, and ¥
with the inner-loop controller. A more integrated control allocation
method would be required to obtain collective pitch, cyclic pitch, and
aerodynamic effector deflection commands. When velocity is
controlled, a principle for avoiding saturation is that |a,,.| may be
decreased to guarantee that other controlled variable rates can be
achieved. The reference dynamics of the controlled variables could
also be adjusted online. A full discussion of the incorporation of
lateral-directional control with the proposed longitudinal methods is
beyond the scope of this paper.

IV. Simulation

This section gives the digital simulation results of the two control
methods for the two aircraft. To assess the robustness of the
controllers, uncertainty on aerodynamic coefficients is added to the
simulation models used in this section. The uncertainty is represented
in this form

CL = CL(H! M7 o, 8e7 8¢) + éL‘SCL
Cp,=Cp(H.M,,8,8.) + Cpdep (17)
Cm = Cm(H’ M’ a’ q’ 88’ 8(‘) + CA'IHSCIW

which is similar to that used in Papageorgiou and Glover [21].
C;,Cp,and C,, are the maximal magnitude of the uncertainty. It is

given by
CL=|CL(H, M, a,8,1.0) — C.(H. M, ,0,0)]
Cp = |Cp(H. M. 00,80, 0) = Cp(H. M. 2.0, 0)|
CA‘m = 0'05|Cm(H7 M, ., q, (Semaxv 0) - Cm(H7 M? «, q, Ov 0)|
(18)
where §, . is the maximal deflection of the elevator. In this way it is
easier to quantify any uncertainty on the model by considering it as

uncertainty on the pitching moment and force coefficients caused by
change in the input variable. For the uncertainty magnitude on force

coefficients C;, Cp, we use the maximal change of coefficients

caused by the elevator to assess robustness while ignoring the surface
effect on force during the control design. For the uncertainty

magnitude on moment coefficient C,,, we cannot use the maximal
change of coefficient caused by the elevator because the elevator is
designed to produce pitch moment. Therefore, a positive number
¢ < 0.51s used to characterize the amount of uncertainty. A different
value of ¢ produces a different region of attraction. We use ¢ = 0.05
in the paper.

8¢r» 8¢p» and b, are random variables that provide uniformly
distributed random numbers in the interval (—1, 1). These variables
are varied randomly at each simulation time step.

A. Simulation Results of the V-1 Aircraft

Figure 10 shows the simulation results of the V-1 aircraft
maintaining level flight during the transition. The figure shows that
the aircraft achieves the transition flight successfully. In this process,
the aircraft accelerates from hover to level flight with a 65 m/s
velocity and the angle of attack increases from zero to the value
required to produce sufficient lift to balance the weight of the aircraft.
During the transition flight, the aircraft maintains near-constant
altitude. When the transition finishes, the thrust of the lift fan
decreases to zero and the pitch angle of the 3BSD nozzle turns to 0
from 90 deg. Then, another controller for level flight is applied. At
low velocity the engine controls the attitude movement, whereas at
high velocity the canard is used as the primary pitch effector. For
medium velocity, the engine and canard control the attitude
synergistically. The simulation result shows that the controller is
robust enough to deal with the aforementioned uncertainty and the
effect caused by the nonminimum phase behavior.

Figure 11 shows the simulation results of the V-1 aircraft climbing
from hover with a flight path angle of 2.9 deg during transition. The
figure indicates that the controller achieves the transition flight
successfully and is robust to the uncertainty.

B. Simulation Results of the Tilt Rotor Aircraft

Figure 12 shows the simulation results of the tilt rotor aircraft
maintaining a constant altitude flight during transition. The maximal
tilting angular velocity of the nacelle angle n is 4.5 deg/s. The
aircraft is commanded to achieve the transition flight as fast as
possible. The results show that the aircraft maintains level flight and
finishes the transition flight within 20 s (transition starts at 10 s). The
nacelles tilt to level at the consistent and maximal available angular
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Fig. 10 Simulation results for the V-1 aircraft transitioning from hover with level flight.

velocity. The figure also indicates that when the aircraft accelerates
from hover, its pitch angle decreases first. The last subplot of Fig. 12
shows the iteration number of the nonlinear optimization method and
the numerical performance of the algorithm. The simulation results
show that the controller is robust to the uncertainty.

When the aircraft is commanded to accelerate slowly, the nacelles
cannot tilt to level at the consistent and maximal available angular
velocity. Figure 13 shows the simulation results of this condition. It
takes about 30 s for the aircraft to achieve the transition flight. This is
because the rotor thrust cannot support the weight of the aircraft with
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Fig. 11 Simulation results for the V-1 aircraft transitioning and climbing from hover.

a low aircraft velocity and small nacelle angle. At this condition, the
controller can control the nacelle tilt at a different angular velocity
based on the instantaneous aircraft velocity to achieve the transition
flight safely. Figure 13 shows the merit of the control algorithm at this
condition. The simulation results show that the controller is robust to
the uncertainty.

Figure 14 shows the results of the simulation of the tilt rotor
aircraft climbing from hover with a flight path angle of 5.7 deg during
transition. The figure indicates that the controller achieves the
transition flight successfully. Also, the angle of attack is constrained
in the proper range to avoid stall. The simulation results show that the
controller is robust to the uncertainty.
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Fig. 12 Simulation results for tilt rotor transitioning from hover with level flight.

Figure 15 shows the results of the simulation of the tilt rotor
aircraft maintaining level flight during transition from fixed-wing
mode to helicopter mode. The initial velocity is 80 m/s and the
horizontal velocity command is zero. The horizontal velocity cannot

track the first-order reference dynamics because the desired
deceleration cannot be achieved at a small nacelle angle. As a result,
the horizontal acceleration is restricted within the minimal and
maximal values shown in Fig. 9a. After the aircraft transforms into
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Fig. 13 Simulation results for tilt rotor transitioning from hover with low-acceleration level flight.

helicopter mode, a larger deceleration can be achieved. The aircraft
does not decelerate by pitching up at the start because the range of the
angle of attack is restricted below 11.5 deg; the pitch angle is also
restricted below 11.5 deg. When the aircraft starts the transition, the
pitch angle is close to 11.5 deg, and so the aircraft cannot pitch up

excessively to decelerate. The simulation results show that the
controller is robust to the uncertainty.

The last plot of these figures shows the iteration number of the
nonlinear optimization method. The iteration number is the number
of times that Eq. (13) is computed in the optimization process. In
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Fig. 14 Simulation results for tilt rotor transitioning and climbing from hover.
Figs. 12, 14, and 15, the iteration number has an average value of .
about 50. In Fig. 13, when the nacelle angle cannot tilt with the ) V. Conclusions ) )
maximal angular velocity, the iteration number is larger and the Two d1fferent‘ gpproaches were required to aChler’/ the
performance degrades. Therefore, allowing the nacelle angle to tilt autonomous transition control of two types of V/STOL aircraft.
with the maximal angular velocity will be beneficial to the The two types of V/STOL aircraft considered were a fixed-wing

performance of the algorithm. vectored-thrust aircraft and a tilt rotor aircraft. The dynamic
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Fig. 15 Simulation results for tilt rotor transitioning from fixed-wing mode to helicopter mode hover.

models of the aircraft were nonlinear, nonaffine in the control
inputs, nonanalytic, and multi-input, with some control inputs
having end value constraints that were consistent with the goal of
transitioning from hover to forward flight. It was not possible to
use the same method to control both types of aircraft, because at

low dynamic pressure the control effector arrangement on the tilt
rotor aircraft makes it impossible to rapidly increase the pitch
angle while simultaneously increasing velocity. Longitudinal
dynamic simulation results show that the application of each
method to the aircraft type for which it has been designed can
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successfully achieve the autonomous transition from hover to
forward flight.
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