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1 Introduction

A neural-network (NN) augmented model inversion flight controller architecture was
developed at Georgia Tech [1]. The architecture demonstrated consistent handling
qualities in the approach to landing phase of a civil tiltrotor aircraft, in off-line sim-
ulations of the XV-15 tiltrotor [2]. The off-line simulations focused on the approach
phase of flight, in general starting with zero NN weights, at 3000°, 150 Kts, in airplane
mode, converting to helicopter and approaching hover at 1000’ [3].

A subsequent piloted simulation evaluation of this NN-augmented mode! inversion
architecture at NASA Ames revealed

¢ negligible NN activity at hover, and
e numerical ringing at high velocities.

The observations pertained to the linearly parametrized NN used in 1, 2).

This report contains the investigation of these observations in off-line simulation.
It is focused on performance in the longitudinal channel, and uses a degraded element
in the control sensitivity matrix, (the B-matrix), to induce inversion error. The results
found in piloted simulation were reproduced, and simple remedies are investigated.

2 Nomenclature

M; control sensitivity of longitudinal channel, element(2,2) of B-matrix
M; approximation of M; (This value is used in the inversion model.)

o learning rate '

up, wp  velocity components along body axis

8. commanded pitch attitude angle

0 pitch attitude angle

thtN normalized pitch angle

wN normalized velocity component along body z-axis

vT total velocity

VN normalized total velocity

Vicate scaling-factor of velocity input to neural network
Brmast rotor mast angle in degrees

betaN  normalized mast angle

Usdz neural network output in the pitch channel
Uad2N ’squashed’ neural network output

Ci neural network input layer categories
op longitudinal actuator deflectio

dooL collective deflection '

A inversion error



3 Experimental Setup

The linear-in-the-parameters NN is shown in Fig 1. In terms of the nomenclature
used in Ref [4] the NN inputs were selected as follows:

wh. = u 1)
thtN = @ (2)
thtdN = @ (3)
VN = (Vr—30)/Vieale (4)
VN2 = VNxVN (5)
betadN = Bp.eldeg]/90 (6)
Uad2N = 2x(1—e Vaa2)/(1 4 ¢~ ad) (7)

The Kronecker products [2] which we used to form the network basis functions, are
constructed using the following input categories:

C, = {01VNVN2} (8)
C: = {1betadN wN thtN thtdN Uad2N } 9)
Cs = {1thtN} (10)

kronecker 7
prodnet "

L

Figure 1: The linear-in-the-parameters neural network.

Two operating points and two valeus for V,.q. are considered in this investigation.
These operating points are at ’opposite’ ends of the approach envelope, as shown in
Table 1. The flight conditions are:



e Hover in helicopter mode at 1,000’, with a simple pilot model to maintain
altitude through control of the collective/throttle, while commanding a square
wave in pitch. The magnitude of the pitch command was chosen to obtain
responses about the hover condition. Qther configuration parameters were set
at: Flaps=3, RPM=>589, G.W.=13,000, c.g. 295", Gear up.

e Level forward flight at 10,000” in full airplane mode, 150 Kts, Flaps=1, RPM=516.9,

with pitch attitude commands.

The NN performance was evaluated in 30 sec runs. The command consists of a square
wave input, shaped to provide a response that remains approximately centered about
the operating point at the hover condition. To emphasize the effects of inversion error,
the linear model obtained at 30 Kts operating point is degraded by using ﬁé‘ t=-1.0,
in stead of M; ' = —4.38.

4 Discussion of Results
The performance with and without the NN is compared. In all cases, the NN is

initiated with zero weights. The results are displayed in Figs 2 through 6. An overview
of the figures related to each case is given in Table 1.

Table 1: Overview of results shown in figures

Hover, at 1,000 ‘ Fwd Fiight,
M;'=-10 150 Kts, at 10,000’
=0, 100 v =0, 100 y=0.1, 1.0, 8.0, 16.0
Vn = (Vr — 30)/100 Fig 2 Fig 3
Vv = (Vr - 30)/30 Fig 4 Fig 5 Fig 6

Fig 2 shows the response to a square wave commanded pitch attitude input at
hover for V,.q. = 100, which is the valeu used in the piloted simulations. The A trace
indicates that some inversion error is present. The linear NN does not provide sig-
nificant compensation for the error within the 30 second run investigated here. Note
that v,4 is essentially zero. The 6, wu,, and w, responses are shown for both v = 0
(no adaptation) and v = 100. The responses are nearly identical.

The same NN design applied to the forward flight case is shown in Fig 3. This
result indicates improved performance of v = 100 in comparison with the vy =20
result. It also shows that v,y nearly cancels A. The combination of Figs 2 and 3
suggests that the performance of the NN is affected by the operating conditions.

To provide improved response for both operating conditions, we changed the value
of Vieate. Fig 4 indicates the result for V,.q, = 30, and v = 0, 100. The results are
quite satisfactory at this operating point.



Fig 5 shows the V4. = 30 response in forward flight. This result indicates a
'ringing’ effect associated with a rapid growth of weights. A remedy may be provided
by simple scaling of the learning rate. A simple design procedure, applied successfully
in similar efforts, involved finding the minimum value for  that provides reasonable
NN compensation, and taking twice that value as the nominal design for v. Fig 6
shows an example of the effect of different 7's for the forward flight case. Very
good response is obtained with v = 0.1. Increasing the value for y provides some
improvement, but not significantly so. The value for v may be increased by two
orders of magnitude before leading to the 'ringing’ effect. This result implies that the
adaptation gain should be scheduled with flight condition, and that a large range of
values for -y is available for proper design.

5 Recommendation

'The observations made during piloted simulation at NASA Ames, i.e.
¢ negligible NN activity at hover, and
* numerical ringing at high velocities.

may both be avoided by lowering the value for V, 4., and introducing a simple schedul-
ing of the learning rate. A straightforward design procedure consists of finding the
- minimum learning rate that provides desired response, and taking twice that value
as the actual learning rate for that design point.

Although the circumstances of the above observations are inherent to most forms
of adaptive control based on tracking error signals, it is likely that these effects will
be reduced by using a so-called multi-layer perceptron Neural Network (3]
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Figure 2: Hover, M; = —1.0, VN = (Vy — 30)/100, v = 0, 100.
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Appendix:

Software Implementation of the Linear Neural
Network Augmented Model Inversion Controller

for the XV-15

nomenclature

A matrix of state derivatives

B matrix of control derivatives

K gain

P positive definite solution to Lyapunov equation
Vv weight matrix. from input to hidden layer

W weight matrix, to output layer

X alrcraft states

X normalized aircraft states, linear neural network input
Z weight matrix, combining V' and W

a translational acceleration

Co cos¢

e vector of tracking error

f approximate model of aircraft dynamics

g gravitational constant

ny, Tig resp. number of inputs, and outputs of network
p.q T resp. roll, pitch, and yaw rate about body axes
S Sing

U v, W resp. velocity along body x-, y-, and z-axis

3 vector of basis functions

3 side slip angle deg

g tilt-rotor mast angle deg

0 control surface deflection

v learning rate

A e-modification gain

v pseudo control

w vector of angular rates

Wy second order system natural frequency

o sigmoidal squashing function

T time constant

6 pitch angle

¢ filtered error signal or damping coefficient

11



A Full Authority Implementation

The neural network (NN) augmented model inversion architecture is implemented

assuming a full-authority SCAS. Fig 7 compares this implementation to the original
SCAS structure.

)

pilot Opus

pilot Model inversion aﬁﬂ

j —1 scas. [—
L ,Original] | 5

SCAS Full Authority Implementation

Figure 7: Original XV-15 and Full authority implementation.

B Closed Loop Architecture

Fig 8 contains a diagram of the architecture used for implementation of ACAH control
in the pitch channel. In Fig 8,

B¢
u ecou E
LK, 85 6lon X
S & > Aircraft
X

scaling

r

Figure 8: Adaptive NN augmented model inversion architecture, in the longitudinal
channel, configured for ACAH.

v = pseudo-control, a desired (pitch) acceleration. (11)
/™' = an approximate inversion. (12)
dion = actuator-input in terms of “inches of stick deflection”. (13)

Fig 9 contains a diagram of the architecture used for implementation of RCAH control
in the roll channel. The yaw-channel is similar.

12
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Figure 9: Adaptive NN augmented model inversion architecture, in the roll-channel,
configured for RCAH.

B.1 Stick Input: Roll, Pitch, and Yaw Command

A simple gain was used for K 4, approximately similar to the original gains at the
30 Kts helicopter configuration.

Kucp = 9[deg/sec/in] = 0.16 [rad/sec/in) (14)
Kaco = =3[deg/in] = —0.05[rad/in] (15)
Kacr = -10[deg/sec/in] = —0.17[rad/sec/in) (16)

If the model inversion is to be engaged in mid-flight; To avoid the transients and
provide the attitude hold on activation, I used the following construction.

briggingg = 6 — KacoUpg (17)
Ocom = KaceUpg + briggings (18)

Here (17) is used at initialization only, (18) is continuous. Furthermore, the command
filters are initialized equal to the measured aircraft state at the moment of activation.

B.2 Command Filter

The command filter is used to implement the desired handling qualities. For Rate
Command Attitude Hold (RCAH) in the roll and yaw channels this was designed as
in Fig (10). Attitude Command Attitude Hold is implemented as shown in Fig (11).
The filter input for each channel is resp. Pcom, Bcom, and reops. The purpose
of the command filter is to provide for smooth signals for the three channels, resp.

pc and pc
9(;, BC and 9(; (19)
re and f¢

13



Figure 11: Command filter for ACAH in pitch channel.

The continuous time filter models for Rate Command Attitude Hold (RCAH) in
channel p, and r are
1 1
Ay = ~ B, = - (20)

o-[4] -[3]

T

With the roll-yaw coupling small, the time constant of the roll response is approxi-
mately the inverse of the bandwidth, so design

1
K2 — ~wpw (22)
Tp

with
T, = 0.5 (23)

This provides the command filter for channel p, Fig 10, with a 5% settling time of
approximately 1.5 seconds. The setup for the channel r is similar with a time constant

7r = 0.25 sec (24)

Attitude Command Attitude Hold (ACAH) can be implemented as indicated in
Fig 11. For the ACAH in the pitch channel

0 1 0 0
Ag=| 0 0 1 Bi=| o0 (25)
(wi B3} (20wnRs —w?) (Rs — 2Cuwy,) —wiR,
0
Cs = Identity matrix Dy = | 0 (26)
0

14



The dominant complex poles of the command filter, provide minimal overshoot
=028 (27)
and a 5% settling time of 1.5 seconds

wn = 2.5rad/sec (28)

The third pole is frequecy separated from the dominant poles,
R; = —6.0 (29)

The command filters were implemen'ted in digital form through a zero-order hold
approximation. The zero order hold is approximated by

Ay = I,,+A><£\t+%xA2xAt2 and (30)

By = (I,,At-i—%AAt?)B (31)

where I, is the identity matrix of appropriate dimension. The C and D matrices
remain unaffected by the zero-order hold approximation. The filter output is then
updated each integration step as

= Aqz+ Bypconm (32)
Yy = Cz'i‘DpCOM (33)

The output of the roll command filter

pe = y(1) (34)
pc = y(2) (35)

The output of the yaw command filter is similar

re = y(1) (36)
fc = y(2) (37)

The output for the pitch command filter is

b = y(1) (38)
¢ = y(2) (39)
bc = y(3) (40

The signal w¢ is constructed from the command filter output as

bc
we = [ 6’c } (41)

re

15



B.3 Linear controller; PI and PD Tracking Error Dynamics

The tracking error dynamics are in part designed by
Ypm
Vpp = | vpps (42)
VpD3

which is used to specify a desired settling on the tracking error. (Not to be confused
with the desired handling qualities, which reside in the command filter.)

B.3.1 Roll channel (RCAH)
t
vppr= Kpp+ KI/ pdr (43)
to

where

P=pc—p (44;

Here, pc is command filter output, and p is the measured aircraft roll-rate. K; and
Kp were chosen so that the error dynamics settle in 0.5 seconds.

¢ = 10 (45)
wn = 6.0 (46)
Kp = 2Cuw, (47)
K ] = w;?; (48)
A similar representation is made for the yaw channel.
Remark 2.1 The potential for integrator wind-up is an aspect to be addressed
in the implementation for the simulator.
B.3.2 Pitch channel (ACAH)
Vpp2 =_KP§ + Kpf (49)
here }
0= 90 - 9 (50)

where f¢ is the command filter output. Kp and Kp were chosen so that the error
dynamics settle in 0.5 seconds

¢ =10 (51)
wy, = 6.0 (52)
Kp = 2Quq (53)
Kp = u? (54)

16



B.3.3 Yaw channel (RCAH)

t
Vpp3=KpF+K[f TdT (55)

to
where

’F=TC—T (56)

Here, r¢ is command filter output or the output of automatic turn coordination, and
7 is the measured aircraft yaw-rate.

B.4 Pseudo Control

The objective of this section is to construct the pseudo control, which forms the
input to the actual inversion. The pseudo control is in the form of angular accelera-
tion [rad/sec?]. The pseudo control, v, for the three channels is

14!
V= Vg (57)
V3
It is build up as
V=Vpp+Wc—Wap (58)

where w¢ was described in B.2, v,y is the output of the NN,

: Vad)
Vog = Vodo (59)
Vad3

see section C, and vpp is the output of a linear controller operating on an error signal,
section B.3.

B.5 Model Inversion

The object of this part is to calculate the actuator deflections with respect to the
nominal actuator positions. The resulting actuator postions will form the output of
the full-authority SCAS system.

The model inversion control is based on dynamics linearized about a nominal
operating point, with the rotor dynamics residualized Eqgn (63). w contains the rates
about the body fixed axes [5]

: p
w=|g (60)

r

17



The architecture augments the controls of moments about the body axes, the controls
of interest are
§!at

The collective / throttle control position is treated as one of the relatively slow trans-
lational states, so

u

v

xi=| (62)

Ocol

A linear model of the XV-15, operating at a nominal operating point (I used 30 Kts
at Helicopter Configuration, level flight at 1000’ SA) is obtained as (for illustration
only, for implementation see Eqn (110).)

@ = A;x; + Agw + BS (63)

where A;, A; and B represent respectively the aerodynamic stability and control
derivatives at the nominal operating point. The B matrix will be inverted in the
calculation of the actuator deflections, Eqn (110).

The values that I used are

0.0 —0.0074 0.0 0.0
Aj=[00030 00 —0.0024 —0.0069 (64)
0.0 00090 0.0 0.0
—0.6183 0.0  0.1673
A= 00 —07501 0.0 (65)
04488 0.0  —0.2144
56748 0.0  1.4519
B'=| 00 -4384 00 (66)
1.6381 0.0  9.4878

Note that Eqn (66) gives B~! and not B.
Use inversion of (63). This involves replacing the left-hand side of the equation
with desired angular accelerations,
Pp
wp={ ¢p (67)

Tp

18



where the elements of the desired acceleration, wp, for the combination of RCAH in
channels p, and r, and ACAH in channel 8, are

Pp =
) Vg 2 2

P

Tp = U

- where s, is shorthand for sin(¢), etc.
The actuator positions & relative to the nominal can be found as

6 = B Y{awp - Aix; — Agw) (69)

B.6 Actuator Input
The output of the full-authority SCAS system can now be formed as

bscas = 63 — Opeutrar + 8 (70)

Remark 2.2 With respect to trimming the simulator. In expression (110)
the contribution of the NN enters through

wp = 'd’D pseudo T WD ad (71)

Therefore we can define 8,4 as

Jad = f))_l{d’D ad} (72)
where
PD = Vaip
. v
gp = %de F Vaarte + Pty + pr+2qrsgts + @ sgtety + sty (73)
"
D = Vady

Furthermore, at a particular trim operating point (for e.g. a simulator initial
COIlditiOIl), indicated by an asterix ,*:’

Wp psendos = 0 (74)
w = 0  however, (75)
X = X]— Xp, (76)

19



The contribution of & in the SCAS output expression (109) is determined by

6 = B Y wp-Ax ~ Aw) (77)
= B_l{(;)pad—fil Xl} (78)
= 8~ B A} (x] — x1y) (79)

The issue of initializing the actuator positions now becomes one of determining
8qq necessary for zero accelerations. This in turn means determination of the
appropriate NN weights at any operating point.

Remark 2.3 In the original code the SCAS output was

XLTSAS
XLNSAS (80)
XPDSAS

Because of the full authority implementation, the coding in CONMIX.FOR has
become

XLTT = ASAS = XLTSAS (81)

and similar for the other channels.

C Linear-in-the-Parameters Neural Network Struc-
ture
‘The definition of the NN consists of two parts.
1. the structure, and
2. the udate law.

For a linear-in-the-parameters network the structure is described by

B
Vap = W’ﬁ(i, v)=[w wp w; .. )8:2 (82)

B

where W is an n, x ny Weight matrix initialized at all 0’s, and 8 is made up of
selected elements of the state vector, which is described next.

20



D Creation of the Input Vector 3

The NNs require the following scaled input signals

V. = V/100 V equivalent total airspeed in Kts
w = w/100 w velocity along body z-axis in ft/s
By = By /90 Ba tiltrotor mast-angle in deg
Gy = ay/32 a, acceleration along body y-axis in ft/s? (83)
o= i
p.q.T body angular rates rad/s
®.0 Euler angles rad

Note, V = f.{ u? + v? + w? where py is air density at sea-level. Here, the pseudo
control signals v are squashed by a sigmoidal function, in stead of just scaled.

1 — e"uﬂ
Vg = 4
v 14 eve (84)

Similarly for 7, and .

The input to each NN is organized into three seperate vectors, made up from the
signals above,

D.1 The Roll-Channel

The input vectors for the Roll-Channel are constructed from a 0.1 bias and the above
signals as follows

C] = [01 I_/, V2]

CZ = 01 BM-. &y-. ¢1 b: Dp] (85)

D.2 The Pitch—Channel
C] = {01 V, 172]

Cy 0.1, B, B, 6, q, by, :7,,] (86)

D.3 The Yaw—Channel
C]_ = 0]., V, V2]

C2 01, BM& ayr r, Ij’1’] (87)
Cs = [01, ]

21



Remark 4.1 To allow for easier implementation, it is possible to make the
C vectors all of the same length, and setting the extra elements equal to 0, i.e.

(88)

Cyin roll-channel = |0.1, By, dy, @, p, 7y, 0
C,in yaw-channel = {0.1, 8y, Gy, 7, 7, 0,0

D.4 Vector of basisfunctions

The vector of basis functions 8 is composed of combinations of the elements of Ch,
(3, and C3 by means of the kronecker product

B = kron (kron(C, Cy). C3) (89)

where,
kron(z.y) = [#191 T1y2 - Tt |7 (90)

Therefore, this can be accomplished in two steps.

1. Create a fourth vector, where the subsub-index ’i’ refers to the it* element of
that vector,

04 = kl'OIl(Cl, Cg) = [011021 Chsz 012021 . C}sczl - ] (91)

2. Then, using Cy, create the vector of basis functions B as

ﬁ = kl’OIl(C4, C3) = [C4,C3, 041032 RPN 04203] RN 043031 . ] (92)

The length of the vector 3 now determines the necessary length of the weight vector
W. This is described next.

D.5 The weight vector, longitudinal channel

The weight vector is the adaptive part of the neural network. The weight vector is of
the same size as 8. It is initialized with all zeros.

Wit=0y=[000...0]7 {93)
Each integration step this vector is updated as
”’rnew = Woig + AW (94)

where

AW = —v{(,8 + A |(,| Wy At (95)
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with v > 0, e.g. v = 100 and X = 1, At is the integration step, and where Ca is
a scalar filtered error term, that differs slightly for the different channels. In the
pitch-channel, C ¢ 15 constructued as

C, = Pof+ Pub (96)

with
Py = % (97)
2= 21 I:-pl;{'}; (98)

Where Kp and Kp are based on the linear controller, Kp = w2 = 36.0 and Kp =
2% *wy = 12.0. (Note: ¢ here refers to the damping ratio, not to be confused with
the 'filtered error’ C g in (96).)

D.6 The neural net output

Finally, the neural network output signal at each integration step is constructed as

b

VAD=WTB=[UJ1’!U2'IU3 ] ﬁ2 = w1ﬁ1+w2ﬁ2+... (99)

ﬁnl

D.7 The weight vector update for the lateral channels

Fig. (9) displays the linear controller as it is designed for Rate Command Attitude Hold
(RCAH). The attitude retention is accomplished with an mtegrator. In the design of
the weight update this means that the terms K p and Kp in the longitudinal channel
are now replaced by

. a - " 2
Kpin pitch Kyin roll/yaw wi (100)

Kpin pitch = Kpinroll/yaw = 2(w,

where again w, =6 and ( = 1, i.e. K; = 36.0 and Kp = 12.0. (Note: ¢ here refers
to the damping ratio, not to be confused with the 'filtered error’ C p in (102).)

The weight vector is of the same size as 3 for each channel. It is initialized with
all zeros, and updated as '

AW = -3{C,B,+ 4 |C,| W}at (101)
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with v, > 0, e.g. 7 = 100 and A, = 1, At is the integration step, and where C » is
the scalar filtered error term. In the roll-channel, C p 18 constructed as

Tt
(=P [ pdt+ Pup (102)

t0

with
Pp=— (103)
1+ K;

= 104
= S (104

The yaw-channel RCAH is implemented similar to the roll-channel.

D.8 The command generation for the yaw-channel: turn co-
ordination

The automatic turn-coordination is based on Etkin [5}, who defines a coordinated turn
as:

1. a turn wherein the rate of change in heading is constant, and

2. the resultant of gravity and centrifugal force at the center of mass lies in the
plane of symmetry.

A first order implementation is displayed in Fig 12, which is based on the rigid
body equations of motion, expressed along the body-Y-axis. For the implementation
of TC, only the command filter dynamics are considered, i.e. we assume perfect
tracking of yaw rate command. The desired yaw rate can then be expressed as

1
Teom = " {Kp(aveom — ay) +wp+g Sy Co} (105)

where '
Kp is the gain of the linear controller in the roll-channel

ay is the acceleration along the body-y-axis
u, w are the velocities along the body-x, and z-axis, resp. (106)
g is the gravity constant
s¢ is short for sin(¢), et-c.

The dynamics due to ¢ are neglected as its value js usually not available from mea-
surement. For the guidance outerloop we take the yaw rate to respond as directed by

the command filter. .

w841

Teom (107)
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Grouping the © dynamics with the difference between measured and actual effects of
roll-rate and gravity, as

Tl
= - .8 S4 C 108
Ay =i {5 wp+gsec) (108
wep+ g-sm(e)-cox(0) wep+ g-sn(@)-cos(8) n
mecasured achual

*“:

Ureon =0 = % — Tcox | com.”] = l”
——0—> K, | L= filter u [—>0—0n

Figure 12: Turn coordination through suppression of lateral acceleration.

E Initializing the Architecture

Let ™’ indicate a desired steady state operating point. Using a regular trim finding
algorithm, obtain the desired state z, matching attitude #* and matching control
surface positions including 67),,. Furthermore, at initalization the weights of the NN
are all zeros W = 0, and therefore v,4 = 0.

The output of the full-authority SCAS system is formed as

dscas = 030 — Gneutral + 6 (109)

Here, the output of the model-inversion '8’ are actuator positions relative to a nominal
and are calculated as

6lat
4= ‘: (510,1 J = B_I{QIJD e /-11)(1 = /-1260} (110)
Oped

The situation for trim in the longitudinal channel is indicated in Fig.(14).
Consider now the longitudinal channel

05045 = 030 — Gneutrat + G (111)

Given the state z} and matching 6*, and d¢tey Obtain from Eqn.(110)

= —B A (x} - x)) (112)
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Figure 13: NN augmented model inversion architecture, at ACAH trim in the longi-
tudinal channel.

With this result in the longitudinal channel form &} as
65 = leev — 030 — Jl‘on (113)

The signals 6* and 4 are now used to respectively,

1. offset the commanded attitude 8, and,
2. initialize the command filter, and
3. offset the initial elevator position.

Item’s 1 and 2 are similar to the pilot engaging the ACAH at trim. Item 3 is essentially
equivalent to a rigging offset.

Fig.(14) indicates how the command filter is initalized and the offsets are added.
In the above fashion, the simulated aircraft at start up is in steady state flight with
the initial NN parameters set to zero, the pseudo control zero, and the command
filter initialized at the trim attitude. Consequently, no transient dynamics should be
present at startup. '

Remark 5.1 With respect to adding the elevator rigging offset in trimming
the simulator; essentially we are using a rigging offset to compensate for the
initial inversion error. In reality this is an unknown, and therefore the above
is applicable only to accomodate simulation. In actual flight several options of
initialization are possible, however, assuming a reasonably accurate inversion
model, the aircraft can be flown with initialization of the NN at zero. The
transients of the NN learning will be filtered through the design dynamics of
the linear controller. The actuator excursions and therefore the magnitude of

the transient forces will in the most part be dependent on the learning rate of
the NN.
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F Stick Trim Position

Let ™’ indicate a desired steady state operating point. Using the original trim finding
algorithm, obtain the desired state z}, matching attitude #* and matching control
surface positions including d;,,, and the matching stick position Uz.

Remark 6.1 The matching pair 8}, and Uz may be based on any type of
FCS, including the original (mechanical) linkage. This is possible, since to the
full authority augmentation this is considered a rigging offset. The full authority
augmentation interprets all inputs as deflections from these trim values.

In Fig (14) the absolute stick position is represented by Ur. Therefore, let Up
represent the pilot deflection relative to the trim position. At trim, i.e. t = 0s we
have

Ur(0) = Ur (114)
Up(0) = Up =0 (115)

The situation for trim in the longitudinal channel is indicated in Fig.(14).

L
bz =0 0¥ Bl O,

e 6‘
Ur U; =0 ’ B:m =0 ‘*i’ 0 VB - f"‘._l elev SCAS
— 8 . -
3 .wgg =0 .} +T R
B 8.=8" 8 =0 * 8,
° Vip'= B35 utral
uT i X] Aircraft 8:I:v 6
routine —I -T
— ) (630 +0 )

lon

Figure 14: NN augmented model inversion architecture, at ACAH trim in the longi-
tudinal channel.
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