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Abstract

The modern trend of developing highly automated aircraft is characterized by a transition from traditional
methods and technical solutions to innovative approaches of creating control systems, inceptors, and
displays. This paper deals with the development of helicopter control systems based on inverse dynamics
and its integration with a novel type of side stick shaping the pilot output signal such that it is proportional to
the control force (Force Sensing Control — FSC). The synergetic effect arising from this integration is also
evaluated. The evaluation of the effectiveness of inverse dynamics was carried out through mathematical
modeling of the pilot-aircraft system and ground-based simulations.

1. INTRODUCTION

The widespread implementation of automation
means, characteristic of modern aviation, has been
accompanied by research of new approaches to
algorithm design.

The inverse dynamics technique is one of several
techniques developed in the recent years that allow
changing the dynamics of an aircraft considerably,
making the control problem easier to solve.

It can be used as a nonlinear control technique
based on feedback linearization or in the
feedforward control loop. It has been used over the
years for a variety of applications both in fixed-wing
airplanes [1] and in rotorcraft [2].

The main issue when using inverse dynamics is the
lack of robustness, as it requires exact
mathematical models of the controlled element or of
the processes affecting the controlled element, such
as winds and disturbances. In [3] and [4], the author
established the boundaries of controlled element
uncertainties that would be acceptable when using
inverse dynamics. The method developed in [3]
allows using inverse dynamics only when these
boundaries are observed. This makes the technique
applicable only to a limited number of control
problems.

As a nonlinear control technique, inverse dynamics
is used to make an appropriate coordinate
transformation of a nonlinear controlled element [5],
so that any linear control technique can be applied
to the resulting linear controlled element. This is

illustrated in [2] and [6], where nonlinear dynamics
inversion is used in the inner loop and a PID-type
controller is used in the outer loop to achieve
robustness against modeling uncertainties and
disturbances. The same approach is used in [7], but
robustness is provided by an H-infinity-based
controller in the outer control loop.

As a linear control technique, inverse dynamics has
mostly been used in the feedforward control loop to
support feedback controllers. In this form, its
integration with reference model techniques has
been studied in [8]. Here, the desired dynamics of
the whole system, that is, the controlled element
plus the control system, are computed via the use of
reference models. The computed desired dynamics
are then given to the inverse dynamics in order to
calculate the actuators positions needed to achieve
the required performance.

This method, however, still requires an exact model
of the controlled aircraft. Therefore, a PID-type
compensator must be added in order to provide
robustness against modeling uncertainties and
disturbances as in [2].

Inverse dynamics as a linear control method has
also been used in [9] to decouple the dynamics of
the controlled element and achieve good tracking
performance, and robustness is provided by a
reference model and its inverse. This method,
however, uses several loops in the control
algorithm, making it difficult and expensive to
implement.

In [10], a detailed account of the inverse dynamics
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approach is given, where a Pl controller is used to
achieve the stability of the controlled element. The
effectiveness of the proposed method is evaluated
in the paper via pitch control task research using a
flight simulator. The present paper briefly explains
the approach proposed in [10], as well as studies its
prospects in a hovering task with appropriate
formulation of inverse dynamics._

This paper presents a method, in which a PI
controller is used to provide robustness of the
controlled element, and inverse dynamics are
calculated in such a way that the inverse of the PI
controller dynamics is taken into account. This
approach allows it to effectively suppress the
dynamics of the controlled element and the

additional controller, therefore improving the
tracking performances and decoupling the
dynamics.

Different inceptors and types of pilot output signals
were investigated with the goal of defining the best
way of their integration with inverse dynamics.

2. MOTIVATION

The control systems algorithms are designed
following the inverse dynamics method in a
linearized helicopter mathematical model as shown
in Figure 1.

(51‘ (.,1 )
pilot 7 (9)

mput

Figure 1. Using inverse dynamics

Inverse dynamics are used in the feedforward loop
to improve tracking performance, and require a
stable system [11]. The stability is therefore
provided by a set of feedback gains.

The use of inverse dynamics is motivated by the
reasoning given in [10].

In Figure 1, G (s) is the inverse dynamics and Y
is the vector of angular rates and climb rate

[q. p.row]

The proposed algorithms bring the frequency

Vi feer)

Y fer . .
response o.(je) closer to the gain response in a
wide frequency range and decouple the control
channels.

When the controlled element
-1..'[ JII.".'_J}

Y e .
0.(je) , the frequency response is then close to
the integral element.

dynamics are

In Figure 1, the element F(s), as shown in [10],

increases the order of the denominator, therefore
making the system feasible, and the element

Ts+1
K, ., (s5)=K
b ) s

The frequency response of this process can be
seen in Figure 2.

provides system robustness.
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Figure 2. Inverse dynamics vs. feedback

3. CALCULATING INVERSE DYNAMICS

The inverse dynamics are calculated analytically,
following the technique given in [11].

The system G contains nonlinear elements as
shown in the previous section. Therefore it needs to
be linearized and represented in the state space
form before calculating the inverse dynamics. This
is done using the Jacobian linearization method
given in [12].

The obtained matrices A and B of the state space
representation of the system G can be extracted
by applying (8).

(8)  &.(0)=Ad (1) + B (1)

Using the matrices A and B obtained above, the
state space representation can be constructed as
shown by (9) and (10).

(9) sX(s) = AX(s) + BU(s)
(10} Y(s)=CX(s)
where X is the state vector, U is the input vector and

C is the matrix relating the state vector X to the
output vector Y of the system G.

The transfer function representation can then be
derived by re-writing (9) in terms of X(s) as shown in
(11) and substituting it in (10) to obtain the equation
(12):
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(11)  X(s)=(sl-A)"
(12)  Yis)=0C{(sl-A)'

-BUis)
-BUis)

The relationship between the state space
representation and the transfer functions can then
be written as:

=

(s

Equation 13 will result in a matrix of transfer
functions, where each transfer function can be
inverted individually such that for a transfer function

R

V(s
ufs) the inverse dynamics is given by
| u(s
v(s)

4. RESEARCH PLAN

The study considered two precision control tasks:
pitch angle tracking and helicopter hover.

4.1. Plan of pitch angle tracking task research

This case includes a number of piloting tasks:
acceleration and deceleration, slalom, and others.
Here, pilot actions can be represented as a single-
loop compensatory system shown in Figure 3.

v
N
X,

A4

Figure 3. Pilot-aircraft system

The effectiveness of inverse dynamics in this task
was studied using ground-based simulation and
mathematical modeling of the pilot-aircraft system.

4.1.1. Mathematical modeling of the pilot-aircraft
system

Mathematical modeling was carried out using a
modified structural model of the pilot developed in

[13] and shown in Figure 4.
F
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¥ \—. W/:
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T
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Figure 4. Modified pilot structural model

Here,

. T jew+1

£ N :K. '-'.—I._;,-
T jeo+l is the model of visual

information perception and compensation;

W K, (jo)
kin — 2 . , ] _} N )
T (je)y + 2T ( jeo)+ 1 is the model of
proprioceptive information perception and

compensation;

1 1
[T_. Jl'.r.-J +1) fT.:'f JI'.r.-J} < 4 20, JI'.r.-J +1)

W, y =

is the
neuromuscular system model;

. K.
W, = . L .
(Jeu) +20 e Jro+ ok,

"is the inceptor

model;

is the pilot noise (remnant), characterized by the

o +T
5,: ) :K,: T
spectral density L+ T e , where
7 7 ) )
‘ and ‘ are the variances of error and its
L - =0.01
derivative, " ;

Voo . .

is the controlled element dynamics which is the
mathematical model of the vehicle and the flight
control system dynamics. The parameter vector of

1=(T, K. T K :
the structural model (I K, T.K,) is
calculated by running the minimization criterion
[ =min o , Where the variance of error “is
determined by the equation given in [14].

The structural model shown in Figure 3 allows
studying the pilot aircraft system for two types of
pilot output signals. One of them is the
displacement, performing the so-called
“Displacement Sensing Control (DSC)”, and the
other is the force applied by the pilot, performing the
so-called “Force Sensing Control (FSC)” [15].

4.1.2. Ground-based simulations

The effectiveness of inverse dynamics was also
studied using a ground-based simulator equipped
with a collimated visual system and the Moog
control loading system (see Figure 5).
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Figure 5. Ground-based simulator

An image of the compensatory display was shown
on the screen of the central collimator. The vertical
motion of the indicator on this display allowed
performing a compensatory pitch tracking task.

The Moog system equipped with force and
displacement sensors allowed evaluating the
effectiveness of the DSC and FSC types of pilot
output.

The experiments involved two operators and one
licensed pilot. They all had sufficient experience in
ground-based simulations.

The compensatory pitch tracking task was carried
out with a  polyharmonic  input  signal

ity =¥ A cosept
! , which appeared as a random

signal to the operators. Its amplitude A and

2T

f =K
orthogonal frequencies T ,where T is the
duration of trials, were selected from the

requirements of correspondence between the power
distributions of the polyharmonic signal and a
random signal characterized by the spectral density

K-

5 =——
(e +0.57)

L =dom”

The Fourier coefficient technique [16] was used for
the calculation of the main pilot-vehicle system
characteristics:

i)

, open-loop Wor (]

b(j

W (ir
- Pilot -"[J”] and

) describing functions.
5, lw)

i
closed-loop
- Pilot remnant spectral density

. [ .
- Variance of error and its components
" L .
, Which is the variance of error

correlated with the input signal, and <. ,
which is the variance of error correlated
with the remnant.
The experiments were carried out with the center
and side sticks.

At least 3 trials were executed for each variable
(controlled element dynamics, type of inceptor, and
pilot output), and the identified results were
averaged. The duration of each trial was equal to
144 s.

The following controlled element dynamics
were used in the experiments:
W =W, ,

" dynamics of a controlled element
whose control system consists of feedback only.

W =W .

“v: dynamics of a controlled element
whose control system includes feedback and
inverse dynamics.

5. INVESTIGATION RESULTS

The results of the ground-based simulation, carried
out for two types of flight control systems based on

W =W,
the use of traditional feedbacks only ( ")
W =W

and inverse dynamics principle ( ), are
shown in Figure 6.
[dB] : g Co Wy

200 _ : Bt oo =W,

PN sme s e 68 ] e - W,

: : nv
20F-- .......... TR
A ; :
[d'!!l]0 : S -
O g s it S e 2
[T SR S i : iy : 10 !

SABO F v b e i

-270 i i
10°  o[rad/sec] 10'

Figure 6. Results of experiments

It can be seen that when inverse dynamics is used,

. . . .
the variance of error ' is 2.3 times less with a
lower pilot lead phase compensation in the medium
frequency range.

Qualitatively, close results were obtained in the
mathematical modeling as well [10].

Both the pilot describing function and the frequency
response of the closed loop system were
calculated. This allowed calculating the parameters
of the so-called “new MAI criterion for flying qualities
prediction” [17].

The parameters of this criterion are the following:

- The bandwidth of the closed-loop system

(m' ") corresponding to the frequency at
which the phase response of the closed
loop system is equal to -90 deg.

- The pilot compensation parameter (““"' )
calculated in the entire frequency range as
the maximum difference between the pilot
phase response of the investigated
dynamics and that of the dynamics which
do not require any pilot phase
compensation (phase response
corresponding to a time delay element).

The values of these parameters, calculated through
mathematical modeling of the pilot-aircraft system in
a hovering task and forward flight at a speed of
V=230 km/h for two controlled element dynamics (

W =W, W =W R
) "), are given in Figure 7.
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Figure 7. New MAI criterion

The results shown in Figure 7 demonstrate that the

Iy
use of the inverse dynamics in hover
mode and at a speed of 230 km/h allows improving
flying qualities, making them correspond to the 1
level.

In the case when the control system is based on
feedbacks only, the flying qualities belong to the 2™
level.

The evaluation of the flying qualities using the
Bandwidth / Time Delay criterion from ADS-33E-
RPF for the same dynamics did not evidence that
the all of the investigated dynamics belong to
different levels.

A set of experiments were carried out to evaluate
the effects of inverse dynamics with different types
of inceptors (center and side sticks) on the pilot-
aircraft system characteristics. The research
demonstrated that for both the center and side
sticks, the pilot lead compensation is lower for the
DSC type of pilot output. As an example, Figure 8
demonstrates the pilot frequency response obtained
for the side stick with both the DSC and FSC types
of pilot output.

[4B] ; R
-20 g 4
4 :
[dea] L
[1] = o ....................
-90 i : il
-180} \ 1
2270 s : B B : i
100 m[rad./sec] 101
z-2-DSC  + -+ -FSC
Figure 8. Pilot describing functions for DSC and FSC pilot
outputs

In addition, the use of a side stick demonstrated a

decrease in the variance of error”- in the case
where the DSC type of pilot output and traditional

W =h
type of flight control system ( ") were used.

. ir
The variance of error decreases by a factor of
1.1 to 1.3 (see Figures 9). The same consistencies
were obtained in [13] for different aircraft dynamics
configurations.

The experiments conducted for inverse dynamics
with the same type of inceptor and pilot output
demonstrated a decrease in the variance of error

e by an additional factor of 1.8. When the FSC
type of pilot output was used, the variance of error
decreased even more, by a factor of 1.55. These

results are shown in Figure 9.

-1 - feedback, central stick, DSC
""""" 2 - feedback, side stick, DSC
- 3 - inverse dynamics, side stick, DSC
4 - inverse dynamics, side stick, FSC

L e

Figure 9. Variance of error

5.2 Plan of hovering task research

When performing a hovering task, the pilot aims to
maintain the linear position of the rotorcraft X(t)
relative to a set point on the ground. This task is
characterized by the fact that in a rather large
frequency range, the rotorcraft transfer function

X(p)

——, Where a(p) is the cyclic pitch deflection, has
@(p)

the second pole order in the origin. It then follows,
that performing this task requires that the pilot
create additional control loops. A number of works
[18, 19] consider the pitch angle to be such a loop.
Alternatively, it is assumed in [20] that the pilot
forms the inner loop after the sighting angle towards
a certain object, located at a distance of

L=JH +X

AH
£ =F+arctg —
AX

The linearization of this expression has the form of

Ne=Ag+—Th g
X +H;

The initial positions of the helicopter X,, Ho, are
shown in Figure 10.

H, T Ground
- reference

X,

0

Figure 10. Forming of sighting angle

Figure 11 shows a two-loop pilot-aircraft system in
the hovering stage with alternative variants of inner
loop forming by the pilot.
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Figure 11. Pilot-aircraft system structure in hovering task

The present paper provides a comparison of two
inner loop forming variants, as well as two variants
of inverse dynamics in the inner loop: one of which
provides closeness to the aircraft angular rate gain
w; (the so-called RCAH control system case). This

e
variant is hereinafter denoted as IL € . The other

case provides the closeness of the frequency
2 JI'.f.ul]

Kl je) .
response ! to the gain (the so-called ACAH
control system case). It is hereinafter denoted as

ID?  The pilot's choice of the optimal inner loop
forming method (using the coordinate v or ¢) is
largely determined by the frequency response
relating the output coordinate X(t) to the internal
one. Frequency responses for both variants are
given in Figure 12.

Bode Diagram
— T

Magnitude (dE)
o
o

T .

-80

Phase (deqg)

Azsk.d

a0 e S s
107 10° 107 10" 10 10°
Frequency (rad/s)

X X

Figure 12. Bode plots of ¢ and

Their comparison shows that in the low and medium
frequency area (w=0.05 — 0.5 1/sec), that is, at
frequencies characteristic of rotorcraft pitching

motion, the slope of amplitude response
X1 jeo)
200y |—
& Ii|.|,| .
is close to 1, and the slope of
X0 el
20l
2 ¢
amplitude response reaches -40

dB/dec. This allows us to assume that the forming
of sighting angles by the pilot in the inner loop will
provide high accuracy. The present study used a
simplest visualization system in the form of a fixed
line, denoting zero tracked coordinates, and two
moving markers (see Figure 13).

AX
— ¥

Figure 13. Visualization system

The experimental studies were carried out for two
variants, wherein the distance to the center of the
screen was proportional to the pitch angle w(t) or
the sighting angle ¢. The distance between the right
marker and the center of the screen was
proportional to the error AX for both variants. Also
displayed to the operator was the range d, which
remained unchanged throughout the experiment
and within which the pilot tried to keep the linear
error. In addition to the variances of error and
control stick deflection, the study also measured the
equivalent pilot frequency response as the relation
AL e

jren

of open-loop and closed-loop frequency
responses. The study considered 3 variants of
controller design:

— controller combining angle, angular velocity,
vertical velocity, and altitude feedbacks;

— controller based on the inverse dynamics
principle, providing RCAH response;

— controller based on the inverse dynamics
principle, providing ACAH response.

The latter two cases also included feedback loops.
5.1. Hovering task study

The main pilot-aircraft system characteristics,
obtained in experiments with different automation
variants and loop-forming method, are given in
Table 1.

Table 1. Primary pilot-aircraft system characteristics
obtained through experimental research

Inner loop tJ Inner loop &

Parameter
FB| IDw | ID2| FB| D | ID2
(r, Cm 1.88 | 5.02 0.33 | 0.78 | 0.65 0.22
+,rod fsec | 0.96 | 0.84 1.80 | 1.26 | 1.40 1.92
iy Fad Jsec | 1.03 | 0.94 3.82 | 1.76 | 1.49 4.70
r.dB 6.8 | 1007 | 464 | 319 | 3585 3.29
er” deg” sect 70.8 | 48.9 190.0 | 69.2 | 77.0 193.6
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According to Table 1, the introduction of an
additional loop by the pilot after the angle ¢ leads to
a significant improvement in the primary
characteristics of the pilot-aircraft system compared
to the case introducing the inner loop after the angle

J for all considered automation variants. As such,
for FB, the variance of error ‘" decreases by a

factor of 2.4, the crossover frequency ' increases
by a factor of 1.3, the resonance peak r decreases

by 3.6 dB, the bandwidth "

of 1.6, and the variance of stick deflection
remains virtually unchanged.

increases by a factor

i

For ID"", decreases by a factor of 7.7,
increases by a factor of 1.7, r decreases by a factor

2
of 2.6, increases by a factor of 1.6, and O«
decreases by a factor of 1.5.

i

For 1D3J,
increases by a factor of 1.1,

decreases by a factor of 1.5,

increases by a

[

factor of 1.2, r decreases by 1.35 dB, and
remains virtually unchanged.

It should be noted that in the case of forming the
inner loop after the angle 3, when switching from

the automation variant FB to ID *'*, piloting accuracy
in the first case decreases by 2.7 times. This is due

!

to the fact that in the case of RCAH ID " controller,
the pole order in the origin of the frequency

X
response ; in the frequency range between 0.01

K
rad/s and 1 rad/sec approaches —, which makes
p

the piloting task more difficult in case of forming the
inner loop after the pitch angle. Furthermore, in
case of forming the inner loop after the angle ¢, a
similar switch from FB to ID®, causes piloting
accuracy to decreases by 1.2 times.

For the ID9 automation variant, introducing the inner
loop after the angle ¢ provides the highest piloting
accuracy of all the considered variants (see Table
1) (compared to the case of introducing the inner
loop after 3, the variance of error is 1.5 times lower),
but leads to a significant variance of @,: 190

deg?/sec? when forming the inner loop after the
angle & and 193.6 deg?/sec? when forming the inner
loop after the angle €. In the rest of the considered
variants, this value does not reach 80 deg?/sec?,

and in the case of IDw, when controlling the pitch

angle, it does not reach 50 deg®sec?. The highest
variances of pitch angles are observed in FB and ID

w, when controlling the angle & (40.7 deg¥/sec? and
50.2 deg?/sec? respectively). In other cases, ai are
roughly comparable (% 33.75 deg?).

We can therefore conclude that in a hovering task it

is reasonable to use a control system based on the
inverse pitch dynamics principle. In this context, the

highest accuracy is achieved in case of forming the
inner loop after the sighting angle. The influence of
the resulting significant values of angular velocities
on the piloting process requires further study using
a flight simulator.

6. CONCLUSION

A control techniqgue was developed by combining
the inverse dynamics with the fight control system
based on the use of feedbacks only.

The implementation of inverse dynamics and
robustness requirements called for the installation of
proper filters and PI controllers in the flight control
system.

Experimental research has demonstrated the high
effectiveness of inverse dynamics. Its integration
with the side stick and the type of force sensing
control at the pilot output allowed to reduce the
variance of error in a pitch tracking task by 3 — 3.9
times compared to the traditional helicopter control
system with feedback, the center stick, and DSC
type of pilot output.

When performing a hovering task, it is expedient to
study the inverse dynamics approach that provides
ACAH response in conjunction with forming the
inner loop after the pitch angle. This ensures the

highest accuracy. The variance of error ai reaches

0,22 cm?, which is 8,6 times lower compared with
attitude hold in control systems limited to feedbacks
when forming the inner loop after the pitch angle.
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