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ABSTRACT Conventional direct lift control (DLC) design in carrier landing is not accepted by pilots
since it is not fully decoupled and has heavy control burden. Nevertheless, when using dynamic inversion,
developed in recent years as the baseline control framework, the control architecture can dynamically
decouple control state channels and simplify control logic. In this study, the incremental dynamic inversion
control (INDI) method is used to realize the DLC of the carrier-based aircraft precision landing control law
and compare the dynamic inversion control (NDI). Meanwhile, the robustness of the INDI control framework
is analyzed. A landing simulation system is completed to verify that using the NDI/INDI4-DLC framework
can fully exploit and reflect the advantage of DLC in carrier landing. The results show that the proposed
NDI/INDI4+DLC, i.e., the precision landing control architecture, can use the rapidity of DLC to correct
minor errors of landing and improve landing accuracy quickly. At the same time, decoupling of DLC based
on INDI can also reduce the complexity of the landing operation and improve the landing success rate.

INDEX TERMS Carrier aircraft landing, control engineering, nonlinear control systems, tracking loops,

trajectory optimization.

I. INTRODUCTION

Attempts to explore direct lift for improving the landing
quality of carrier-based aircraft can be traced back to sixty
years ago [1]. In 1965, an F-8C crusader airplane was flight-
tested by the Naval Air Test Center. Pilots used a direct lift
thumbwheel and trim control wheel installed on the stick to
realize direct lift control (DLC), which was implemented with
a horizontal-tail-to-aileron-loop interconnector. The results
of the F-8C demonstration program then formed the baseline
design for DLC of the F-14A Tomcat during its design and
development [2]. However, a limitation of the early DLC
design was that it required independent control input thumb-
wheel; although it could improve the landing quality to a
certain degree, pilots rarely used lift thumbwheel due to
other heavy maneuvering tasks in the last twenty seconds of
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the landing stage. For nearly thirty years, it was indicated
that the design method of DLC in the F14 was a kind of
a “‘chicken rib” [3]. The main reason is that this kind of
DLC required control surfaces used for statically trimming
pitch moment disturbances induced by DLC function; com-
monly, a pre-compensator generated required trim surface
deflections. Although the gains and feedback states were
elaborately chosen, the results of this method only achieved
partial direct lift effects while needed more DLC thumbwheel
inputs. Recently, Lockheed Martin proposed a new integrated
DLC method for X-35C carrier aircraft. The benefits of
integrating DLC into the baseline control strategy without
additional cockpit inceptors were confirmed [4]. Based on
the DLC design foundation of X-35C, the precision landing
control (PLC) project of F/A-18E/F and F-35C, disclosed
in 2016 by the U.S. Navy, was developed [3]. PLC was
intimately referred to as a ““‘magic carpet” by carrier-based
aircraft pilots.
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The development of DLC used in carrier landing projects
enlightens this paper to consider decoupling control logic
complexity as important as using DLC to improve the landing
accuracy. In order to achieve the goals mentioned above,
the dynamic inversion control architecture, which is different
from traditional classical control theory, is applied as the
baseline control framework for direct lift control. Especially,
nonlinear dynamic inversion (NDI) is a popular paradigm
of the flight control law in recent years. Moreover, the
dynamic inversion control method has been used in various
aircrafts, such as passenger aircraft [5], helicopters [6], rotor-
craft [7], VTOL transition aircraft [8], [9], numerous kinds
of UAVs [10]-[14], and even some flexible aircraft [15],
[16]. Additionally, there are many dynamic inversion control
schemes of automatic carrier landing systems (ACLSs) for
reference or as lessons [17]-[20]. However, dynamic inver-
sion control is only used mostly in the attitude loop. There are
few references on dynamic inversion with direct lift control
to improve flight trajectory tracking performance. The main
reason is that the trajectory dynamics equation of the air-
craft cannot be directly written as an affine nonlinear system
that is easy to design for dynamic inversion control like the
attitude dynamics equation. However, there are still attempts
to use direct lift control in dynamic inversion control to
obtain desired flight performance. Reference [21] presented
the benefits of adding direct lift control capabilities to a UAV
within an INDI control framework. The simulation results
indicated that direct lift improves the control performance
projected to wind disturbances. However, the control object
is a fixed-wing UAV with rotors that generate direct lift
at low speed. That is different from carrier-based aircraft
that use flaps to generate direct lift at high speed. In Ref-
erence [22], a novel integrated control design with dynamic
control allocation was proposed to tackle the challenges of
DLC-based control for small fixed-wing UAVs. This paper
inspired the author to study a more suitable DLC control
allocation algorithm based on NDI/INDI in the future. The
most similar idea with this paper is the one in Reference [23].
Lombaerts et al. described how DLC was incorporated into
a nonlinear auto-flight control algorithm and accurate flight
path tracking under atmospheric disturbances. Nevertheless,
the critical problem of DLC decoupling was not considered.
Consequently, DLC was only used as a compensation strategy
to reject wind disturbances. In other words, the direct lift
control mode for carrier landing was not fully achieved.

Therefore, this paper proposes a precision landing control
scheme with DLC based on NDI/INDI as the baseline control.
This is different from conventional DLC design methodol-
ogy, which is difficult to fully explore advantage of direct
lift and achieve direct lift control mode. Using NDI/INDI
as the baseline control law of carrier precision landing can
dynamically decouple attitude control from trajectory track-
ing, which meets the requirements of dynamic decoupling for
DLC.

Compared to other related studies [21]-[23], the main
contributions of this study can be summarized as follows:
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TABLE 1. The basic parameters of fix wing carrier aircraft.

Parameters Value Parameters Value
Length 17.60m Landing angle of attack 8.22°
. Control actuators

Wingspan 24.56m frequency bandwidth 60Hz
Height 5.58m Flight height 0~114m

Empty weight 18.3t Landing gear position down
Landing speed ~ 191km/h Wing area 60.9m"2

Flaperon range 0~20° Trailing flaps range 0~40°

(1) To achieve the dynamical decoupling effect of attitude
stabilization and trajectory tracking with DLC, a practical
DLC framework is proposed for carrier landing based on
the baseline control law of NDI/INDI. The new DLC imple-
mented in the NDI/INDI control scheme quietly meets the
requirements of carrier precision landing with the ability
of disturbance rejection, and the control-logic complexity is
significantly reduced in the control design stage.

(2) Different from most dynamic inversion control imple-
mented in the attitude loop only, this paper attempted to
design two separate and parallel dynamic inversion control
loops for the attitude and trajectory according to the air-
craft dynamic characteristics of long-period mode and short-
period mode. In this way, the DLC+NDI/INDI control frame-
work is adequate to reflect direct lift standouts for improving
landing performance in practice.

This paper is organized as follows: Section II describes
the physical and mathematical model of the landing con-
trol system. Section III presents a brief interpretation of the
DLC+NDVINDI framework. Section IV implements the pre-
cision control law in the DLC4+NDI/INDI architecture. The
numerical simulation results are illustrated and discussed in
Section V. Section VI draws main conclusions.

Il. LANDING SYSTEM DESCRIPTION

In this section, the landing control system consist of car-
rier aircraft parameters and model, aerodynamics forces and
moments, ship air wake and sensors and actuators will be
elaborated described.

A. CARRIER AIRCRAFT PARAMETERS

The control object is a fixed-wing carrier-based aircraft, and
the basic parameters of carrier-based aircraft are provided in
Table 1. Fig. 1 demonstrates fundamental outlook and shape,
especially the deployment and location of control surfaces.
The direct lift control consists of two trailing edge flaps and
two flaperons.

B. AIRCRAFT MODEL EQUATIONS

The aircraft dynamics equation is a 6-DOF rigid body dynam-
ics equation. The left side of the equation includes aerody-
namic force, engine thrust, and gravity. The specific dynam-
ics equation is as follows:

V = m Y Fa(x,u,d)+ Fr(x,u)]
—@xV+Tp[0 0 g
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FIGURE 1. The outlook of controlled carrier-based aircraft.

&@=Jd) " IMax,u,d)+Mrx,u)— o x Jdw] (1)

where V. = [uv w]T is speed in the body frame. @ =

[pgr ]T is three-axis angular rate in the body frame. Fa, M a
represent aerodynamic force and moment, and Ft, Mt
respectively represent engine thrust and moment produced
by the thrust to the center of gravity. x, u, d respectively rep-
resent aircraft control state, control input, and model uncer-
tainty parameter. Ty represents coordinate transformation
matrix of ground inertial coordinate to the aircraft body. g
is gravity constant. m is aircraft weight. J represents the
moment matrix of aircraft inertia:

Jxx 0 —sz
Jpy=| 0 Jy 0 )
_sz 0 Jzz

Generally, the Euler angle is used to represent the body
angular motion of aircraft. The body coordinate is coincident
with the ground coordinate after coordinate rotation in three
fixed orders. In this process, three Euler angles are generated,
and the relationship between three body frame angular rates
and the Euler angular rates are as follows:

<1:> 1 sin¢ tan 0 cos¢tanf p
0l=10 cos ¢ —sin¢ gl 3
U 0 sin¢g/ cos 6 cos ¢/ cosf 2

Since the landing mission is only a part of the overall
flight envelope of carrier-based aircraft, the attitude control
is switched back through the stick command range design
during takeoff. When the angular motion is represented by
Euler angle, the singular problem is not avoided. Thus, the
angular kinematics equation is usually expressed by quater-
nion method, and the specific kinematics equations are as
follows:

R =LV

.1

i=3E@o “
where R = [x y h]T represents the displacement to the

center of gravity line and L}, represents the coordinate trans-
formation matrix of the body frame to the ground frame. And

g=[9 91 2 @3 ]T ={qo qE]T. Among them:

_qT
E@= <—S (a,) + 6]013x3> ’
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0 q3 —q2
s(gy) = | —a3 0 q1 ©)
q2 —q1 0

In the control loop and aerodynamic calculation modules,
quaternion is used to transfer back to Euler angle as follows:

) arctan, [2 (qoq1 + q293) , (1 - CI% - q%)]
=0 |= arcsin [2 (gogq2 — q143)]
v arctany [2 (9093 + q192) , (1 - ‘I% - ‘15)]
(6)

C. AERODYNAMIC FORCE AND MOMENT

The aerodynamic force and moment are calculated by
the defined aerodynamic coefficients in stability coordinate
frame as follows:

o R s
FA g(xvuap) = Epvtass CY 9
1 [ bC
M0 u,p) = SpViS | ¢Cm @)
e

Specifically, the aerodynamic coefficients of the aircraft
are obtained by the wind tunnel test data. It is calculated
according to the specific components of force and moment
coefficients. Taking the pitching moment coefficient as an
example:

Cm = Cmipgse + dcmbase_Tc + Cmypg + dcng_Lon
+dCmpg Tc + dCmpg Lot + dCmpe + dCmp,
+dCmp; + dCmq + dCmg, + dCmiground_ion
+ dCmiground_lat (3

It is clear that the data components of aerodynamic
coefficient are mainly divided by the basic quantity
(Cmipase) and related with pull coefficient (dCmipage_Tc), slip-
stream effect (Cmyp ), lateral and longitudinal ground effect
(dCmpg_1ar, dCmyg 1 0n), landing gear effect related with pull
coefficient (dCmpg 1¢), aerodynamic rudder surface effect
(dCmp.), aerodynamic aileron surface effect (dCmp,), aero-
dynamic rudder surface effect (dCmp;), induced quantity
(dCmyg), attack angle effect (dCmq,), longitudinal and lateral
ground effect (dCmground_ton, dCMground_lat)- In this way, the
aerodynamic model is built from Look-Up tables data with
polynomial interpolation method.

In terms of the direct lift control surfaces, this fixed-wing
carrier aircraft uses trailing edge flaps. The natural position
of trailing edge flaps is trimmed at 30 (down) degrees. The
flaps can leave the central location with a maximum value of
+10 degrees. Fig. 2 indicates the difference of aerodynamic
lift changed by direct lift surface deflection or attack of angle.

The other source of force and moment is engine thrust Frt
and moment M 1. The simulation model uses the characteris-
tic data provided by the engine manufacturer to establish the
Look-Up table to build the simulation model of the engine.
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FIGURE 3. The steady coefficients of ship-wake disturbances.

Last but not least, the ship air wake is always the most
important disturbance issue in aircraft landing and may intro-
duce more than one arrest rope distance of horizon error
(12m). It is important for validating the effectiveness of
landing control law [24]. Thus, this paper applies the stan-
dard carrier landing disturbance model described in MIL-
F-8785C [25]. Although the disturbance simulation model
is hard to reflect the reality, the model always is used in
analysis and simulation to determine aircraft control response
and path control accuracy during carrier aircraft landing.
Total disturbance velocities are computed by adding seg-
ments caused by random free-air disturbances, up, vi, wi;
steady ship-wake disturbances, u, wo; period ship-motion-
induced turbulence, u3, w3; and random ship-wake distur-
bances uy4, v4, wa. Fig. 3 displays the most important coef-
ficient of steady ship-wake disturbance, commonly known as
“rooster wake’’. The orientation of x and z represent of x and
z axis of aircraft body coordinate.
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The trajectory dynamic equations can be described as fol-
low, including one order disturbance coefficient.

Vz(nx_gx)g+AVw

a = —pcosatanfB + g — rsina tan
g )
+——— (4 8) + Ay
V cos

B =psina — rcosa + % (ny + gy) + ABw

where ny,ny and n, respectively represents the overload
coefficients of three axes, which were calculated from the
aerodynamic force and engine force in the wind coordination.
And gy, gy and g, respectively represents the overload coef-
ficients introduced by gravity and transforms from inertial
coordination as follows:

8x 0
8 | =LwpLpe | O (10)
8z m

where Ly, Lye respectively represents the transformation
matrix of body frame to wind frame and inertial frame to body
frame.

In Eq. (9), the ship air wake disturbances are introduced
into the dynamic equations with ( AVy Ay ABy ) The
one-order dynamics are calculated by the ship air wake speed
at three axes of wind coordination.

AVy = vV u%vb + v%vb + W%vb

Ay = 20 (11)
u
Vwb
Aﬂw - %

where (uwb vwb Wwb ) Tespectively represents air wake dis-
turbance in body coordination. AVy, is speed disturbance
increment from air wake. Aw,y is the attack of angle distur-
bance increment from air wake and ApB,, is sideslip angle
disturbance increment from air wake.

D. SIGNALS PROCESSING

The sensor measurement module adopts a simple model of
zero-order holding and one-step delay to process feedback
and measurement information. In the process of incremental
dynamic inversion design, the dynamics of the control state
measured at the last moment are as follows:

v vl (12)

The angular rate dynamics and flight speed dynamic are
directly used in the simulation dynamic model. yy is obtained
through the following steps. Firstly, the glide angle is calcu-
lated in the following way:

[p 4

LW —w
y = —arcsin —— = arctan (—) (13)
[ Vil u? 4+ v?

Derivation Eq. (13):

. . w —W
Yy = —arcsin —— = arctan | ——

[Vl Vu? 42
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_ L fw i) —w (u? +1?) a4
B V2 Vu? +v? .

where Vi represents the velocity in the trajectory coordinate
frame.

In the case of zero roll angle (1 = 0), the trajectory coordi-
nate coincides with the ground coordinate. At this point, the
velocity of V. is obtained through V', by the coordinate trans-
formation matrix. At this point, only the velocity derivative in
inertial frame is solved by overload as follows:

n
Ve = n
n; + 1

<o xo

8 15)

Among Egq. (15), (n§ ny n§) are the inertial frame triaxial
overloads.

Finally, the INDI framework needs to measure the control
state dynamic information which can be obtained by current
sensor and measurement system.

(o L[Ve A mo m]) a6

The actuator model of control surfaces used in the landing
system is a first-order model with a rate limit:

Ur 60

—_—=—, Uu

u. s+ 60
where uc, u; respectively is control system input instruction
and actuator response.

All feedback signals are delayed with one step of simula-
tion time in the landing system.

max
C

<uc<u™, —120<i. <120 (17)

C )

Ill. DESIGN OF INDI LANDING CONTROL LAW BASED ON
DLC

The mathematical derivation of INDI control law and the
INDI4+-DLC precision landing control architecture will be
analyzed in this section. In the first subsection, the com-
parison between NDI and INDI aircraft control method will
be derived in mathematical forms. The second subsection
introduces the INDI4-DLC precision control design ideal and
structures.

A. COMPARISON OF MATHEMATICAL DERIVATION
BETWEEN NDI AND INDI

This subsection describes the design procedure of the INDI
control law and illustrates that INDI is more robust than
NDI in terms of same external disturbance and unmodeled
disturbance.

1) INDI CONTROL LAW
Assuming that general nonlinear system can be written as
affine nonlinear system:

x=fxX)+Gx®u
y=h(x) (18)
where f € R"", h € R"*?, G € R"™"™.
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The output dynamic equation of affine nonlinear systems
is written as follow [28]:

Y =a@+Bx)u (19)

Expanding the output dynamic at ¢t — At (subscript 0), the
p order derivative is:

y(”) =a@x)+BxX)u

= y(()”)-f- —8 loe () +2 (x) ul Ax+2B (xo)u+0 (sz)
ox 0
=y + B (x0) Au+ 38 @, A1) (20)

where Au, Ax respectively represents control and state incre-
ment within a time step Af.

dla (x)+3B(x)u]

5z, At)= [ p

Ax+0 (sz)}
0 x=T"1(z)

21

At this point the control increment is:

Au=2"wo) (v -y (22)

Because the characteristics of aircraft nonlinear dynamic
equations, the relation order p is 1. And y,, general represents
the desired dynamic of control state and obtained by the
means of measurement system.

The total control surface input is:

u=uy+ Au (23)

the control input vector ug is from last step. By substitut-
ing the above formula into Eq. 16, the following relation is
obtained:

yP = v+ 8z, A1) (24)

From Eq.24, if the dynamic equation of the output con-
trol state ignores the higher-order term, the controlled-state’s
dynamic equation simplified as a pure integral pseudo-linear
system by the inversion feedback method.

By using the homeomorphism mapping, the closed-loop
system used by the incremental dynamic inversion method is
obtained as follow [28]:

):7 =f0 (7796)
§ =A& +B.[v+6(z Ar)]
y=C:k (25)

The rigorous mathematical expressions of NDI and INDI
in the output state channel can be obtained by the homeo-
morphic mapping method that the nonlinear state dynamic
equations can be transformed into an independent expression
with external and internal state, respectively. From the closed-
loop system of Eq. (25), it is obvious that the dynamic equa-
tions of the internal states still contain the external states’
quantity. While for the controlled external states, it is inde-
pendent. Generally, NDI mainly relies on the accurate model
dynamic feedback to eliminate the actual coupling relation of
control states. In contrast, Eq. (25) indicate that INDI mainly
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feedbacks control state and the position of the control input
measured at the last moment to realize the closed-loop incre-
mental control, no need to feedback the dynamic information
of aircraft state.

2) ANALYSIS OF INDI ROBUSTNESS

This subsection briefly illustrate that the INDI control frame-
work is more robust than the NDI control framework. Firstly,
the full-state nonlinear system of aircraft is subjected to
external disturbances, as below show:

x=fx)+Gx)u+d

y=H@x—x, (26)
the Boolean selection matrix H mostly is unit diagonal
matrix. Defining x,. is x neighborhood state point. According
to Eq. (25), & = [p; q; r], & = hi(x) = x; — Xjx. At this point,
the relative order of each output channel is p; = 1, because
the relative order of each output channel is 1st, the three-axis
angular rate states of aircraft are selected as the external
control states, specifically, the dynamic state of external state
is:

y=E=fE +G & u+Hd 27)

The external state vector is then expanded as first-order
Taylor series at the previous moment:

E=fE+GEu+Hd

. alf e +G
P U@g;(@ﬂ

+HAd +0 <A§2>
=£0+G(§) Au+HAd +5 (£, At) (28)

AE +G (&) Au
0

At this point, when 3#;, VA7 < t1, the partial derivative
of the second order is ignored, the incremental nonlinear
dynamic inversion control law is:

Ap=G ' (&) (v — &) (29)

The dynamic equations of the external and internal states
of the closed-loop system are:

E=v+HA+6(&, A1)

P 0P
= = f ®)+Gx)u+d)=— (f x)+d)=f,(n,&,d)
X ox
(30

From Eq. (30), the effect of disturbance on the external
states is through increment Ad, while, directly to the internal
states with absolute value d. Generally speaking, assuming
the disturbance quantity is continuous when the increment
step At is very small, there is lim [|d|, = 0, and if
d # 0,3At, ||Ad]|, < |dll,, wgcan see that through
the increment control, the disturbance term of the system is
compensated by the measurement system at each update time
so that the original larger disturbance term becomes smaller
increment disturbances.
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Assuming that there is unmodeled error in the system itself,
the NDI control law input is as follow:

u==E&=f&
+AF ©+[6® +A6®)[6®© " (€T ®)]
=&, + (Af +AGG iy — AGG f(x))mismmh 31)

the vector Af (£) is the inversion feedback system error. The
inversion feedback system error highly depends on the system
model and leads to the instability of the closed system.

The input of the INDI control law is:

u=E=+[GE+r6®][G® " ()]

=&+ (AGGT'E, — GG 'Ey) (32)
mismatch

As discussed above, NDI is employed to eliminate the
nonlinear characteristics of aircraft by inversion feedback.
Thus, the limitation is that the obtained closed-loop con-
trol system requires the pre-knowledge of model dynam-
ics. Consequently, it highly depends on the model and has
poor robustness. However, INDI directly forms a closed-loop
system through incremental inversion feedback, the require-
ments mainly is reflected in the measurement and feedback
system. The higher requirements on the measurements of
controlled state dynamics contribute to the lower dependence
on the information of the aircraft model. Thus, the robustness
is higher.

B. INDI + DLC CONTROL LAW DESIGN
This subsection introduces the design of landing control
law with DLC based on the incremental dynamic inversion
framework for carrier aircraft. Firstly, according to the 6-DOF
dynamic equations of the aircraft, the incremental dynamic
inversion control law is designed in the trajectory loop and
attitude loop, respectively, and then, two-layer parallel inver-
sion feedback loops are formed, as demonstrated in Fig. 4.
The dynamic inversion controller mainly selects NDI and
INDI. It is clear that the NDI controller relies more on the
aerodynamic model, need to eliminate the dynamics of the
aircraft control states, and thus can input the desired dynam-
ics through the reference model of the command loop and
trajectory loop to achieve the purpose of controlling the state
transition characteristic (see Fig. 4). The INDI control loop
mainly relies on the dynamics of the last-moment control
state estimated by the measurement system and continu-
ously corrects the error to realize the incremental control
(see Fig. 4). Based on the design of the two-layer parallel
dynamic inversion loops, this paper designs two matching
control allocation modules to isolate the direct lift surface
and thrust actuator from the conventional control surfaces
(elevators, ailerons, rudders) in different control allocation
loops. At the same time, the design is compatible with the
introduction of more redundant control surfaces in the future.
Fig. 5 illustrates the INDI control framework. The control
increments are solved by the compensation reference loop
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FIGURE 4. The block diagram of the landing control law with the direct lift control based on the incremental dynamic inversion framework.
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FIGURE 5. The control block diagram of the incremental dynamic inversion control loop.

and commander loop, and then the incremental dynamic
inversion control inputs are computed by directly adding the
zero-hold actuator value at the last moment with the one-step
delay. The compensation loop, including the reference model,
is respectively designed for each controlled channel in the
flight path (trajectory) loop and attitude loop, as demonstrated
in Figs. 6 and 7.

In order to increase the anti-disturbance ability of inversion
feedback loop, the anti-disturbance loop is added in the atti-
tude loop. In order to stabilize landing velocity, the throttle
compensation module is added in the flight path control loop
to ensure a specific sinking rate in the phase of carrier aircraft
landing.

As for the onboard aerodynamic computation (OBAC)
model depicted in Fig. 4, we use a linear model as OBAC
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because most attitude states are stable at the landing phase.
Moreover, the main reason is that the control envelope is so
small at the landing mode. The linear model of OBAC is
coming from the aircraft system dynamics matrix and control
effectiveness matrix extracted by using small disturbance the-
ory. The aircraft system dynamic matrix (Aagiude, Arajectory )
and control effectiveness matrix (Bammde, Btrajectory) are
given as: (Agagitude), Shown at the bottom of the next page.

IV. IMPLEMENTATION OF INDI + DLC CONTROL LAW

In this section, the implementation of INDI4+-DLC control law
will be described as designed sequence. Firstly, “time scale
separation” principle of INDI4+DLC will be introduced, and
then, attitude stabilization control law and direct lift control
law will be designed separately. For the completement of
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FIGURE 6. The block diagram of incremental dynamic inversion attitude compensation reference loop.

INDI+DLC, the internal loop anti-disturbance control loop,
internal loop reference model and external instruction loop
will be also designed.

A. “TIME SCALE SEPARATION” PRINCIPLE OF INDI + DLC
The mathematical expression of the dynamic ignore terms
of dynamic inversion is obtained by the nonlinear homeo-
morphism mapping as previous section mentioned. The sta-
bility and robustness of the inversion feedback controller
are closely related to the neglect terms [26], [27]. However,
the inversion feedback control is still designed based on the
“time scale separation” principle. In this way, the dynamic
inversion control method is easy to understand for engineers,
and the dynamic equations can be simplified into two sets
of equations according to the long-and-short period char-
acteristic of aircraft equation itself, i.e., the force equation
and the moment equation. Then according to the integral
state relationship, the attitude and trajectory control states
are isolated in different frequency bandwidths according to
different update frequencies. It is considered that the values of
the trajectory state are steady when the values of the attitude
state are updating, and the values of the trajectory state can
be corrected quickly by the attitude states. Consequently,

the control states are divided into ‘““fast and slow” dynam-
ics according to different update frequency bandwidths, as
Fig. 8 shows.

B. ATTITUDE STABILIZATION LOOP

This section gives the implementation of the NDI/INDI con-
trol law in the attitude stabilizing loop demonstrated in Fig 6.
Firstly, the aircraft attitude equation is expanded according to
the output [29]:

. _ Oh(x,p) dx

— = Lrh(x, Lgh(x, 33
o~ htep)+Lehix,pu - (33)

The corresponding control law is:
u=Lch(x,p)"" (v — Lyh(x,p)) (34)

The attitude dynamic equation of Eq. (1) can be written
directly as affine nonlinear form:

o=—I(p)'o x JP)o+J ()" MAK, u,p)+Mr(x, u))

fu&.p)

Gu(x.p)u
(35)
After linearizing the above equations, the three-axis angu-
lar rate dynamic model can be rewritten as follow:

Xm =fyu&m. p) + Gy (Xm, pu (36)

[ 0.00 0.14 0.00 —1.76 0.00 1.74 —0.13 0.00 0.93 0.00 0.00 0.00 0.00 —0.93
Aattitude = | —0.27 0.11 0.00 0.00 —098 0.00 —0.06 —0.34 0.40 0.00 0.00 0.00 0.34 —0.40
| —0.13 —0.04 0.00 —0.22 0.00 —-0.13 0.04 0.00 -0.31 0.00 0.00 0.00 0.00 0.31
A _ [—0.05 —0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 —0.17 0.00
trajectory = | 034 1.95 0.00 0.00 0.00 0.00 0.00 —1.25 —0.01 0.00 0.00 0.00 1.25 0.01
[ —0.01 —4.44 0.11
Battitge = | —2.27 0.12 0.19
| 0.03 —-0.19 —1.59
[ —0.04 0.06
Btrajectory = 0.21 0.06
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where x,, € R" is the control state vector, u € R™ is
the control vector, y,, € R" is the control output vector
and f); € R™" is the system matrix, Gyy € RV is
the control effectiveness matrix. When the control vector
dimension exceeds the control output variables, m > n,
a control allocation algorithm always is needed to deal with
the problem of redundant control surfaces.
Thus, the control law of NDI is rewritten as:

uhPl(1) = Gy (¥4~ fiyi (xm (1)) (37)

The INDI control law is obtained by writing the aircraft
attitude equation into an incremental form. Firstly, the first-
order Taylor expansion of the aircraft equation is expended at
the last moment 7y = ¢ — At (represented by the superscript
“0”):

. . bl
im = &0 + o VuGm,p)

+ Gy, D] |0 0 (xm - x?n)

———
AXm
a
T3 [f 11 Cem, )Gt e, ][0 0 (u — uo)
Au
(38)
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In practical, the ‘“‘time-scale separation” is guaranteed.
At this point, the change of states is very small relative to
the control, and satisfied as follow:

Xm — xgl <u—u° 39)

Thus, the dynamic equation of angular rate loop is simpli-
fied as follow:

¥m =10 + Gy, p)Au (40)

According to the above expression, the output vector of
reference model x,, will be replaced by J'cies , and the control

law of INDI will be solved as follow:

wNP (1) = 40 4 Gy, p)! (ngs - x?n) (41)

And then, the Eq. (41) can be expressed in the following
form:

-0
. 10}
O (1) = 8, + Mes (x, p) J () (w?;s - Tgl) (42)
——
G (o, p)~! "
where M_s is the effectiveness matrix of conventional control
surfaces (aileron, rudder, elevator).

C. DIRECT LIFT CONTROL LOOP

This subsection gives the implementation of the NDI/INDI
control law in the trajectory tracking loop demonstrated in
Fig 7. General aerodynamic calculation contains the attack
angle o and S, therefore, the dynamic equations represented
by the state V of the aircraft system are transformed into
the form expressed with [V « ]T in the wind coordinate.
Moreover, the design goal of this paper is the precision tra-
jectory control of the carrier landing based on the direct lift,
so the dynamic relationship of the force equation is expressed
by the state of the flight path angle [ Vyix ]T. In other hand,
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the control states of the carrier aircraft glide-landing mission
are the track glide angle y and the landing speed V, which
can ensure the desired glide path and stable landing speed
of carrier aircraft. While, the trajectory azimuth angle x is
not discussed for the internal dynamics of the aircraft. At this
point, the trajectory (flight path) equations of Eq. (1) are
expressed in the trajectory coordinate as follow:

V = —gsiny
1
+— [(Cry, As + To) cos(a + ¢r) cos B — D (As, )]
. —gcosy
SV
1 .
- [Y (As, 8f) sinju + (Cry 8f + Lo) cos ]

1
+ mv [(CTASAS + TO) [sin(a + ¢7) cos w
— cos(a + (07‘) sin ,3 sin /,L]] (43)

where df is direct lift surface deflection, Cry is lift coefficient
produced by direct lift surface deflection, As is throttle open-
ing deflection, Cr,, is thrust coefficient by throttle opening.
Obviously, the equations of state cannot be written directly
as affine nonlinear system and expressed as general nonlinear
system [30]:

Xp =f (x, xg, ug) (44)

wherex; = [V y1T, us=[8f As]'.

In order to realize the basic form of inversion system, the
above nonlinear equations are linearized according to the
small perturbation principle in the position of landing attitude
x, and trim position of landing speed u,.. The NDI control
laws are designed by using the linearized equations, and the
state space equation is obtained:

x; = Apxs + Brus 45)

where A is system matrix, By is the control effectiveness
matrix. At this point, the NDI control law is:

uhPl(e) = B! (5 — Apxy) (46)

Additionally, the linear equation of state obtained under the
condition of landing is written as an incremental form:

it =% + A (v = x{) +B (5 — f) (47)
— —_—
Axm Au

The corresponding INDI control law is obtained as follow:
u™P(0) = uf + B! (- i) (48)

D. INTERNAL LOOP ANTI-DISTURBANCE DESIGN

As showed in Fig. 4, the reference model that reflects the
short-period characteristics of the aircraft is added to the
internal angular rate loop. When using (I)NDI, the nonlinear
equation of the aircraft is derived with nonlinear theory.
The external control state (£§) is decoupled from the internal
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FIGURE 9. The block diagram of disturbance rejection at internal angular
rate loop.

state (1), as shown in Eq. (25). But before mapping, even
if§ = [pyq r]T, the dynamic equations of internal and
external states contain coupling terms. Therefore, an anti-
disturbance module needs to be added at each angular rate
channel, as shown in Fig. 9.

Assuming that the dynamics of the real aircraft cannot
be completely eliminated with modeled aircraft information,
there is a disturbance d. It is corrected by PI compensation,
as shown below:

ki 1
[—(kp~|——>w~|—di|—=a) (49)
s s

The transfer function of the disturbances is obtained:

w 1 K}

d - s+ (kp + ki/s) - 52 + kps + ki

(50)

where k;, and k; are adjustable gain coefficients. It is important
to note that the cut-off frequency of the anti-interference
module should be consistent with the reference model to
ensure that the two modules are compatible. Therefore, the
corresponding coefficients should be adjusted to ensure that
they are consistent with the zero poles of the reference model
described in the subsection E:

Ki = 2L ws
Ky = o (51)

It is necessary to note that the reference model of some
channels is first-order, k; = 0. Thus, the corresponding
disturbance suppression module must be first-order.

E. INTERNAL LOOP REFERENCE MODEL

As demonstrated in Fig. 4, the reference models that reflect
the short-period characteristics of the aircraft are added to the
internal angular rate loops. In the pitch angle rate loop, a ref-
erence model that accords with the aircraft’s characteristics
is introduced. In this way, the decoupled system is more in
line with the pilot’s control experience. The inherent char-
acteristics of the aircraft are added into the closed-loop con-
trol loop after decoupling. And the short-period equivalent
model, which mainly embodies the motion characteristics
of the aircraft’s angular rate, is added into the control loop,
which suppresses the long-period characteristics and makes
the whole control channel cleaner. Finally, the control design
quite meets the requirements of precision carrier landing.
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FIGURE 10. The logical functions of two command design.

In the loop of pitch, a second-order equivalent model of the
shot period is generally adopted.
qd “)3 (ngs + 1)
g §* + 255 + 0?
when T, is zero, the zero point is removed from the transfer
function.

The roll channel is added with a first-order reference model
that reflects the short period of roll in the internal angular rate
loop. While the Dutch roll and Spiral mode characteristics are
ignored. The reference model of roll channel is designed in
stability coordinate frame so that the angle of attack of the
aircraft will not be transformed into a side slip angle when
the nose of the aircraft is rotated. The reference model is as
follow:

(52)

1)
Psd _ @ (53)
Ps.,c s+ wp
The directional control uses lateral overload caused by the
pedal action to realize the coordinated turn. Thus, the sideslip
angle B ~ 0. The first-order dynamic model is used to
generate the dynamics of the loop in the yaw angle rate.
Isd _ _@r (54)
Tsc S+ wr
The expected yaw angle rate commander g is designed
according to the yaw angle dynamic of the aircraft in stability
coordinate frame.

F. EXTERNAL LOOP AND INSTRUCTION LOOP
At last, the essential part of landing control system described
in Fig. 4 is the command loop. To demonstrate the ability
to quickly correct trajectory errors and decouple controlled
states with the direct lift, the function design of the com-
mand loop is of great significance to the exploitation of full
potential of this paper designed control framework [3]. In this
paper, two parts are designed in the command loop, i.e.,
the direct lift module (DLC) and landing attitude adjustment
module (POS_Trim), according to the process the character-
istic of the control system at landing stage. The POS_Trim
command loop is used for attitude stabilization when estab-
lishing landing attitude at entering landing windows or taking
off with landing failure. The DLC module enables the aircraft
to capture and correct the flight path error in the expected
landing attitude. This significantly simplifying landing oper-
ation tasks. The logical functions of the command loop in the
landing mission are indicated in Fig. 10.

The functions of two command control loops respectively
are that the POS_Trim control loop is to realize the attitude

VOLUME 10, 2022

FIGURE 11. Simulation test platform.

correction of the body and DLC control loop is to change
the external force vector of the body. Firstly, the attitude
correction module provides the correction commands of the
ship attitude, which is generally three Euler angles. And then,
the corresponding external loop realizes the conversion of the
Euler angle commands to the internal angular rate commands.

® =Ko (P — ®) (55)

where K¢ is cutoff frequency parameters of the Euler angle
for updating.

The obtained Euler angular rate commands are converted
to the triaxial angular rate commands by Eq. (3). Then the
three-axis angular rate commands in stability coordinate is
obtained by the coordinate transformation relation 7'g,.

As for trajectory tracking commands, it is to give full play
to the function of direct lift. The corresponding control states
are ()¢, |V|), the design of the outer loop should ensure that
the sliding slop angle error can be transmitted directly to the
surface deflection of direct lift while the ship speed is stable.
We use the first-order proportional relationship to transform
the dynamics of corresponding states as follow:

Ve =Ky(Ve — V)
Ve = Ky(yc —-¥) (56)

where Ky and K, are the cut-off frequency parameters of the
corresponding states.

V. SIMULATION AND ANALYSIS

The simulation will be divided into three part for analysis.
The first subsection is trajectory tracking control analysis
used for validation of the correction of INDI4+DCL con-
trol effects in precision carrier landing. The second subsec-
tion is landing simulation with two different disturbances
used for demonstrating the disturbance rejection ability of
INDI+DLC control framework. The last part is the simu-
lation of the robustness comparison between INDI and NDI
baseline control law for DLC.

A. TRAJECTORY TRACKING CONTROL
The flight simulations were initialized in trim conditions at an
altitude of 114m and speed of 195 m/s. As shown in Fig. 11,
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FIGURE 12. The graph of track manipulation and attitude manipulation response under increment dynamic inversion frame.

the simulation test platform mainly includes the joystick,
pedal, throttle hardware input platform, Simulink dynamic
model, and flight-gear simulator.

The INDI + DLC controller is applied to the full-state
nonlinear carrier aircraft simulation model. Two command
modules (DLC or POS_Trim) are switched through the pick
of throttle platform to realize the control stick commands,
which is corresponding to the trajectory tracking control
command (y_c) and attitude adjustment control command
(6_c), respectively.

The tracking histories of the controlled variables for two
different command modules switched in the 100s simula-
tion times are displayed and compared in Fig.12. In the
first 20s, we use the function of longitude stick to generate
DLC-trajectory command y_c, we can see that the trajectory
control variable y follows its command y_c without large
delay and overshoot while the aircraft attitude angle 6 keep
still at 8° and velocity oscillate at V' = 54m/s with small
amplitude of 0.5 m/s. Other response records of control sur-
face 8., oy, attack of angle o, the derivation of landing glide
angle y — dot and the derivation of pitch angle rate Q — dot,
all indicate the control performance of trajectory tracking
with the direct lift. During 20s to 70s, we change command
module from DLC to POS_Trim, in contrast, the pitch angle
is simultaneously selected to be controlled with longitudinal
stick input compared with stick input indicates gliding angle.
We can see that INDI control framework without using DLC
to tracking flight path, the attitude of the aircraft also can be
controlled with longitude stick inputs. During 70s to 100s,
we switch back to DLC control module with more quick
stick input. it can be seen that y just change following the
command y — c at the same time. Compared the response of
DLC and POS_Trim modules, we can conclude the following
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FIGURE 13. The response of height error in the condition of ship air wake.

points: (1) the direct lift control designed on the INDI frame-
work achieves the control targets of correcting the tracking
error with guaranteeing the attitude stability, by using the
direct lift force generated by the direct lift surface. (2) the
direct lift mode can quickly correct the altitude error intro-
duced by pitch moment disturbances, ultimately, realize the
aim of quickly tracking after the trajectory is disturbed.

B. LANDING SIMULATION ANALYSIS

1) SHIP AIR WAKE DISTURBANCES

This subsection illustrates the air-wake disturbances rejection
of the designed control framework. Firstly, the aircraft is
trimmed at the beginning of the aircraft gliding point (x =
—1863m, z = —114m), the trajectory angles are as follows:
y =0° a = 8°, y = —3.5°. The aircraft gliding simulation
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FIGURE 14. The response of states in the condition of ship air wake.

is carried out according to the expected gliding angle of the
flight path. After the first 5s, the air wake disturbance is
injected into the ship’s landing simulation.

From Fig. 13, we can see that the carrier aircraft captures
the desired glide path after the initial height adjustment.
Under the influence of the air wake, the error of landing
height is stable on the ideal glide path, the peak error of
landing height is less than 0.5 m, and the horizontal error is
less than 8.1 m, which indicates that the error is between an
arresting rope (12 m).

The attitude loop’s state response and the trajectory loop’s
primary state response during the aircraft glide simulation are
illustrated in Fig. 14. We can find the following results: (1) the
dip angle of the glide path is adjusted from 0° to —3.5° and
remains stable; (2) After the disturbance of ship air wake, the
dip angle rapidly responds to the disturbances of the vertical
velocity of the ship wake, which stabilizes the ship’s height in
the desired glide path. Because the elevator surface deflection
eliminates the pitch moment disturbances introduced by the
trajectory loop correction command, the pitch angle of the
attitude loop can be stable around 8.25° during the course
of trajectory adjustment. The results indicate that INDI has a
stronger disturbance suppression ability.
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2) INITIAL ERROR DISTURBANCES

In order to further analyze the improvement of landing char-
acteristics in the INDI4+DLC control framework, the initial
approach error is introduced into the simulation environ-
ment, that is, the height error (+10m, —5m) and the glide
path angle error (4-3°) are introduced into the landing start
point.

Fig. 15 depicts that the direct lift track control law designed
in NDI or INDI framework can quickly capture the desired
glide path under the initial error disturbances. In addition,
the response of height error in INDI control architecture is
slightly worse than that in NDI control architecture. However,
if the track loop of INDI control framework was replaced by
the NDI control loop used for comparison, the height error
response was significantly improved.

The controlled states’ response showed in Fig. 16. Com-
pared with INDI, the NDI control frame has a slightly worse
ability to suppress pitch disturbances in the attitude loop
when trajectory tracking is performed by direct lift force.
Whereas, INDI control frame’s attitude stabilization loop has
a worse ability to track pitch command. Therefore, using the
NDI control method in the trajectory loop and the INDI con-
trol method in the attitude loop can guarantee the DLC glide
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FIGURE 15. The response of height errors in the condition of initial error.
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FIGURE 16. The response of states in the condition of the initial error.

path correction and the good dynamic suppression ability to
the attitude disturbances.

C. ROBUST SIMULATION ANALYSIS
In order to further distinguish between INDI and NDI and
DLC implemented by INDI is more robust than that imple-
mented by NDI, the simulation was conducted at the follow-
ing condition: (1) the ship wake disturbances are introduced
after 5s; (2) The other control loops remain the same while
the inversion forms are changed.

Fig. 17 indicates that INDI is slightly robust to external
disturbances but not for the inaccuracy of the aircraft param-
eters. Because the dependence of the INDI control loop on
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the aircraft model is significantly reduced and only reflected
on the last moment of feedback information. Even so, INDI
has the same dependence on the aerodynamic model as NDI.
Therefore, to analyze the INDI control architecture is more
robust than NDI, the inertia parameters of the simulation
model should be deliberately changed. The INDI/ NDI loop
is respectively simulated 15 times, the center of gravity of the
aircraft is moved backward according to a specific increment
AX¢, = 0.3% at each time. The center of gravity is changed
compared with the actual value, and the static stability of the
aircraft is relaxed.

The results shown in Fig. 18, cold color (black to blue) is
NDI related response records, hot color (pink to red) is INDI
related response records. We can see that the NDI control
framework induces significant fluctuation at the 10th time
compared with the previous times. It can be attributed to the
inaccurate inversion feedback dynamics of the NDI attitude
loop, and the inversion feedback dynamics cannot eliminate
the dynamics of aircraft and then introduce errors, which
results in the oscillation and divergence of the attitude loop.
In contrast, the trajectory loop can still track the trajectory
command under the direct lift. We can conclude that the
influence of the longitudinal static stability error on the tra-
jectory loop is less significant than that of the attitude loop.
In 15 simulations, the INDI control framework, which can be
seen, has more capacity to suppress disturbances of the pitch
moment introduced by direct force tracking manipulation.
On the other hand, it diverges later when the false center
of gravity position is input compared to the NDI. The INDI
control framework has better robustness than NDI with false
input center of gravity position.

VI. CONCLUSION

This paper introduces DLC into the NDI/ INDI control archi-
tecture for precision carrier landing. The simulation results
indicate that the NDI/INID +DLC design method can effec-
tively restrain the disturbance effect of air wakes and initial
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FIGURE 18. The response of attitude and trajectory states with wrong parameters of gravity position center.

altitude error on the glide path angle of carrier aircraft. The
innovation of the NDI/INDI4DLC precision landing control
architecture can be mainly summarized as follows:

(1) The INDI/ NDI + DLC control architecture designed in
this paper has the characteristics of the full use of direct lift to
improve aircraft landing quality. By using the speediness of
direct lift, the ship glide path error is corrected, and the ship
maneuvering complexity is reduced by using the decoupling
ability of direct lift and dynamic inversion control methods.
This indicates that using dynamic inversion control method-
ology to implement DLC is a new solution of using direct
force to improve fly-by-wire aircraft performance.

(2) In this paper, considering that INDI can improve the
robustness of NDI, it is proved by simulation that INDI is
more robust than NDI. However, through simulation analysis
of the aircraft landing, the NDI control frame is adopted in the
track loop, and the INDI control frame is used in the attitude
loop. The direct lift control of ship landing is realized on
such combined architecture. The results indicate that it has
better track correction ability and a higher ability to suppress
disturbances of the attitude loop.
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