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In this study, a cable-suspended transportation sys-
tem using a small-size helicopter was investigated.
For a secure flight, it is necessary to suppress the
swing of the suspended load. For this purpose, a ca-
ble angle feedback system was adopted because it is
easy to mount the corresponding measuring device
on a helicopter. Delayed feedback control was ap-
plied for efficient swing damping. The control pa-
rameters were obtained using a simple planar dou-
ble pendulum model that takes into consideration the
coupled dynamics of the helicopter and the load. To
build the model, the system parameters were identi-
fied through frequency response flight tests. In this
paper, an appropriate design strategy is reported for a
trade-off relationship between vibration damping and
piloted handling qualities; the robustness of the con-
trol method against disturbances and signal noise was
verified by comparing the delayed feedback control
method with the real-time angular velocity feedback
control method. The damping effect was verified by
performing flight tests with three cable lengths.

Keywords: small-size helicopter, delayed feedback con-
trol, swing damping, double pendulum

1. Introduction

This paper presents the development of a secure trans-
portation system using a small-size helicopter with a sus-
pended load. Such a flight transportation system is ex-
pected to have practical applications for conveyance in is-
lands or mountainous regions, but its load should be light
to ensure a secure flight [1,2], because swing damping
control is generally not considered in the design of the
system. Therefore, developing a method of suppressing
the swing of the suspended load would allow such sys-
tems to be used to transport heavier loads.

Most previous studies on heavy-lift helicopters were
published in the 1960s and 1970s. In an early work,
Dukes demonstrated stability analysis during hovering
and low-speed flights [3,4]. Poll and Cromack analyzed
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helicopter stability in high-speed flights [5], and Cicolani
et al. reported the influence of air flow dynamics acting
on the suspended load [6]. Regarding swing damping,
Ivler et al. investigated the optimum parameters of the ca-
ble angle/rate feedback for vibration damping. They indi-
cated that there is a trade-off relationship between vibra-
tion damping and piloted handling qualities [7, 8].

In recent years, several studies have been conducted
on transportation systems using small-size helicopters.
Bernard et al. proposed a cable tension control to carry
a heavy load using multiple small-size helicopters [9].
Bisgaard et al. [10] built a three-dimensional model of
a small-size helicopter and a suspended load system us-
ing the Udwadia-Kalaba method [11], which allows the
constraint force via cable to be expressed explicitly. In
addition, they proposed an adaptive control system that
can adapt to changes in the mass of the load by measur-
ing the cable tension. They also applied an input shaping
method and delayed feedback control for swing damp-
ing [12]. Applying input shaping to the suspended flight
system was reported in another study [13].

Delayed feedback control is applied for chaos control,
which leads to steady motion. However, Udwadia et al.
reported that a small delay has a damping effect on a sim-
ple vibration system using the delayed feedback control
for displacement or velocity [14, 15]. Additionally, Ul-
soy reported that the combination of real-time feedback
control and delayed feedback control allows improvement
in stability margins of a control system [16]. The point
is useful in the development of a swing damping system
for a transportation system using a small-size helicopter,
because the feedback gain for swing damping is small.
Therefore, it can be assumed that the approach employed
by Bisgaard et al. to swing damping is theoretically ap-
propriate [12]. However, the swing of the load had no
effect on the dynamics of the helicopter in their model.
Thus, the performance of the delayed feedback control
cannot be adequately evaluated if the load is relatively
heavy. Additionally, although they designed the control
parameters using the eigenvalue of the system, the trade-
off relationship between swing damping and position con-
trol was not considered.

The purpose of this study is to clarify the delayed feed-
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Fig. 1. T-Rex600CF helicopter.

back control design process for swing damping in a small-
size helicopter. To take the coupled dynamics and the
abovementioned trade-off relationship into consideration
in the proposed design process, a simple double pendulum
model was built. The parameters were identified through
a frequency response test. Although the control and de-
sign methods were described in a previous paper [17], the
design method was not sufficient, as the piloted handling
qualities were not discussed. In addition, the advantages
of the delayed feedback control method were not clear.

In this study, a delayed feedback controller was de-
signed based on the damping ratio to ensure adequate pi-
loted handling qualities. Because the delayed feedback
control system tends to be sensitive to disturbances, its ro-
bustness against disturbances and signal noise was inves-
tigated. Finally, the effectiveness of the present method
was verified by performing a flight test with three cable
lengths.

The framework of this paper is as follows. In Sec-
tion 2, the modeling of the helicopter’s single flight con-
trol system and the parameter identification process are
presented. Section 3 describes the swing damping con-
trol strategy, including the control method, the controller
design process, and an evaluation of the robustness of the
delayed feedback controller. The experimental results are
presented in Section 4.

2. Helicopter Modeling and Identification

2.1. Flight Control System

The Align T-Rex600CF helicopter shown in Fig. 1 was
used in this experiment. A microcomputer, a heading
reference system (Microstrain 3DM-GX3-25), a global
positioning system (GPS) unit (Garmin GPS18x-5Hz),
and a pressure sensor (VTI Technologies SCP1000) were
mounted on the helicopter. The cycle time of the con-
trol system was set to 50 ms, except for the GPS data,
for which it was set to 200 ms. The classical control the-
ory based on proportional and derivative feedback control,
which is the most popular control technique in flight con-
trol of small-size helicopters, was applied to the system.
The roll, pitch, yaw, and vertical dynamics of the con-
troller were independently designed. The position of the
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Fig. 2. Block diagram of the flight control system.

helicopter was controlled as an outer loop via the refer-
ence angle of the attitude control [18]. In the discussion
below on the swing damping control in a suspended load
system, the roll and pitch control system is considered. A
block diagram of the roll and pitch dynamics of the flight
control is shown in Fig. 2.

As the feedback parameters were experimentally de-
termined by trial and error, the system parameters were
unknown. The center of gravity and moment of inertia
were derived using free vibration tests, and the other sys-
tem parameters were identified through the frequency re-
sponse test. The models were built with reference to a
past study [19]. As the expressions for roll (lateral) and
pitch (longitudinal) dynamics are equivalent in the model,
roll dynamics was considered for simplicity. The transla-
tional, rotational, and flapping dynamics of the main rotor
for the roll dynamics are described by

ip=Mgo, . . . . . . . . . .. ... @0
Jo,=Gea . . . . . ... ... ...
Ta=—a—T, ¢, +ou(t—7,), . . . . .. (3

where x;, is the position of the helicopter (expressed in
body-fixed coordinates), ¢, is the roll angle of the heli-
copter, a is the flap angle of the main rotor, u, is the cyclic
pitch input, and g is the gravitational acceleration. The
constant parameters in Egs. (1), (2) and (3) are as follows:
M is the mass of the helicopter, J, is the moment of iner-
tia about the center of gravity, 7;, is the dead time of the
flap angle control, 7, is the time constant of the flap an-
gle dynamics, and G, and ¢ are physical constants. The
mass and the moment of inertia were measured by free
vibration tests, and the following values were obtained:
M =6.06 kg, J, = 0.11 kgm?, and J, = 0.61 kgm?.

The input u, includes the attitude (inner loop) and po-
sition (outer loop) control, as given below.

Ur = _kdrd)r - kpr(¢r - (fsr)
qsr = —Kyx— pr{xb _xh}

where kg, kpr, Kqyx, and K, are feedback parameters and
¢, and X, are the reference angle and reference position,
respectively. The values of the feedback control param-
eters were obtained as follows: k4 = kg, = 17.0, k), =
kpp =1031, K4 = K4, = 0.0105, and K, = K},, = 0.785.
From Egs. (1), (2) and (3), the transfer function from u,
to ¢, is given by

(inner loop) . (4)
(outer loop), . (5)

bleszs
s34+ as?tars

G,(s) (6)
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Fig. 3. Reference angle, input, and helicopter angle during
frequency response test (roll).

The unknown parameters (7, G,, o, and 7;,) were esti-
mated by fitting Eq. (6) to the frequency response func-
tion obtained from the frequency response test described
in Section 2.2.

2.2. Frequency Response Test

In the frequency response test, a frequency sweep input
of 1.0 to 25 rad/s was applied to the reference angle ¢,.
The frequency sweep input [20] is defined as follows:

¢ =Asiny

Trec
V= / wdt
0

O = Opin + K (Bmax — Omin)

K =0.0187 {exp (;” ) . 1} ,
rec

where T, is the period of the Fourier analysis. We set
WOmax = 25.0 rad/s, Opin = 1.0 rad/s, T,.c = 51.2 s, and
A = 5° during the test. Before starting the frequency
sweep, two periods of a sine wave (¢ = A sin ®p;yt) with a
constant frequency ®p,;, were given to obtain the response
data accurately. The flight tests were independently im-
plemented for roll and pitch dynamics.

The reference angle ¢,, input u,, and the attitude angle
of the helicopter ¢, during the test are shown in Fig. 3.
Frequency response functions (FRFs) were derived from
the time series data of the input u, and the output ¢,. Ad-
ditionally, the tests were validated by evaluating the co-
herence, which is defined as

G 2
Coh = 7’ Uq)’ ,
Guu - Goo

(7

®)
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Fig. 4. FRFs and coherence obtained from the frequency
response test.

where Gy is the cross spectrum between u and ¢, and
Gyy and Gog are the power spectra of u# and ¢, respec-
tively. When the coherence exceeds 0.6, the input and
output are considered to be correlated. Fig. 4 shows the
FRF and the coherence obtained from the tests performed
in this study. The experimental results are plotted as cir-
cles, and the fitted functions are represented by solid lines.
The fitted function as per Eq. (6) was calculated using the
Levenberg-Marquardt method. The coherence exceeds
0.6 for frequencies between 1 and 23 rad/s, which indi-
cates that the experimental data are valid. Consequently,
the transfer functions for the roll and pitch dynamics were
obtained as follows.

P, 1.36¢ 008085

Zr_ 9
U $34+5.4552+461.5s ©)
b 0914 —0.104s

et AR . . (10)
U, s>+2.78s+362s
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Table 1. Identified system parameters.
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Fig. 5. Coordinate definition for helicopter and suspended
load system.

N
=7

From these functions, the system parameters shown in Ta-
ble 1 were obtained. The parameters 17, Tj,, Gp, and B in
the table represent the pitch dynamics.

3. Swing Damping for Suspended Load System

3.1. Swing Damping Control

This section describes the load suspended by a cable
that is mounted on the helicopter. Since it is difficult to
mount the cable exactly at the center of gravity of the he-
licopter, the pivot of the cable was connected to the he-
licopter directly below the center of gravity. The verti-
cal clearance between the center of gravity and the pivot
is L =0.157 m. Fig. 5 shows a schematic of this sys-
tem. The coordinates are defined such that (x,y,z) are the
global coordinates, and (x,y5,25) are the rotational coor-
dinates that depend on the attitude of the helicopter.

Angles 0, and 8, are the rotational angles about the yj,-
and xj-axes, respectively. The origin of the cable angles
is fixed in the vertical direction.

For swing damping, delayed feedback control for ca-
ble angle was added to the system as an outer loop. The
cable angles were measured by a swinging device with
two potentiometers, as shown in Fig. 6. Although the an-
gular velocity feedback is more effective than the angle
feedback, cable angle feedback was adopted because of
the simplicity of the measurement system regarding the
mounting position of the device and the coordinate con-
version from global to rotational coordinates.

To add swing damping control, the control system de-
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Fig. 7. Block diagram of helicopter and suspended load system.

scribed in Egs. (3) and (4) was modified as follows:
Ur = _kdrqsr - kpr((pr - ér)

Or = —Kanip (1) — Kpu{ 2 (1) — T} + Gy 0, (f — Tay )
(12)

The third term on the right-hand side of the second equa-
tion contributes to the attenuation of the cable swing. A
block diagram of this swing control system is shown in
Fig. 7. The control parameters for swing damping are
composed of a feedback gain Gy, and a delay time 7 ;.
The design strategy for these parameters is discussed be-
low.

. (11)

3.2. Swing Damping Model

The delayed feedback control parameters should be
designed theoretically, because adjusting the parameters
during a flight test with a suspended load involves risks.
Bisgaard et al. determined the parameters to minimize the
real part of all the eigenvalues in the system [9]. Since
they ignored the interaction between the helicopter and
the suspended load, the effectiveness of their design was
restricted to situations in which the weight of the load is
relatively less. However, swing damping is less important
in such situations.

The control parameters were designed considering the
interaction between the helicopter and the load. To
achieve it, the dynamics was divided into roll and pitch
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Fig. 8. Double pendulum model for delayed feedback con-
troller design (roll).

dynamics, and a planar model was built. The model
shown in Fig. 8 makes it possible to consider the inter-
action between the helicopter and the load. The mass of
suspended load is m = 0.74 kg, and the distance between
the center of gravity of the helicopter and the pivot of the
cable is L = 0.157 m in the model. The model is a three-
degree-of-freedom system composed of horizontal trans-
lational dynamics, rotational dynamics, and the swinging
of a pendulum. The vertical translational dynamics of the
helicopter was neglected in the model, because it has lit-
tle effect on the swinging of the load. Taking the frapping
dynamics into consideration, the equations of motion in
the model are given by

(M +m)i — mLy, —ml6, = (M +m)g¢, . . (13)
—mLi+ (J, +mL*)§, +mLI6 +mgLo, = J,Gaa (14)
—mli+mLI§, +mI*6, +mgl6, =0 . (15)
T.a = —a—T,0, + ou,(t — 7). . (16)

The cable length / and the mass m of the load were set
to 3.0 m and 0.74 kg, respectively. Substituting Egs. (11)
and (12) into Eq. (16) and representing the resulting equa-
tion in the Laplace domain, the following is obtained:

gri1 qri2 gr3| |X 0
am g2 93| [P =10}, . (A7)
931 932 33| |© 0

where

gri1 = (M+m)s*

Grin = —mLs*> — (M+m)g

griz = —mls’

g1 = —(Tys+ 1)mLs?
T, GOtk (K5 + Ky )™

g2 = (Tus+ 1) { (J, + mL?) s> + mgL}
+J:Ga {Tus + at(kays + kpr)e” ™}

Journal of Robotics and Mechatronics Vol.28 No.3, 2016

Delayed Feedback Control Applied to a Small-Size Helicopter

Im Im

g Y

1 \ 1N
2 P;T
S e 2 W sl gl o=l O-—>
2 ‘ K] »| Re 2 \ K] »| Re
P4i Py P“L Py
@ 7, =0.1s (b) Ty =03

N
Py
o (e T
-2 -1 »! Re
n ;
©) 17, =05s (d) 74 =0.7s

Fig. 9. Root loci of the delayed feedback system (roll).

g3 = (Tys+ 1)mLIs* — J,Gaakp,Gdref(Tl’Hd’)s
qr31 = —mls?
¢r32 = mLIs*
qr33 = mi®s* + mgl.
The characteristic equation of Eq. (17) is given by
qri1  4r12 4r13

g1 g2 g3 =0.
qr31 432 4r33

. (18)

To solve Eq. (18), the exponential functions e~ " and
e~ (W +%r) arising from the time delay are transformed into
a polynomial by the third-order Padé approximation as
follows:

I %fs—i— IL()(TS)Z - 1—%0(%)3

1

= 1 1 . . (19)
1+ zTS-f— 1—0<TS)2 + 1—20(1'5‘)3

e
Thus, 13 characteristic roots of the system were obtained.

3.3. Delayed Feedback Controller Design

A delayed feedback controller for desirable dynamics
is discussed in this section. A key issue is how to at-
tenuate the cable swing while ensuring acceptable piloted
handling qualities. To discuss this issue, the relationship
between the delayed feedback parameters and the system
dynamics is clarified by drawing the root loci of the sys-
tem.

Figure 9 shows the root loci as G, is increased from
0 to 1.0 with fixed delay times 7, of 0.1, 0.3, 0.5, and
0.9 s. Each part of the figure shows the loci of four roots
(named Py, P», P3, and Py), which are significant, because
the real parts of the four roots are larger than those of
the other nine roots. The four roots represent the vibra-
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Fig. 10. Delayed feedback gains by setting the damping
ratio to 0.2 (I = 3.0 m).

tion damping effect and the helicopter’s maneuverability.
The squares in the figures are roots where G, = 0. P,
P, and P4 indicate the position control dynamics, and P,
indicates the first-order vibration mode of the double pen-
dulum system.

Regardless of the control parameters, real root P; re-
mains almost constant around —0.2. Conversely, P>, P3,
and P4 vary according to the parameters. When the delay
time is set to 0.5 or 0.7 s, P, moves left, and P; and P4
move right after their paths intersect with increasing G,
This indicates that adding the vibration damping effects
deteriorates the maneuverability of the position control.

Considering that there is no need for a high damping
effect in swing damping, the damping effect required for
a secure flight should be obtained with as small a feed-
back gain as possible. It was assumed that the required
damping ratio of the swing was approximately 0.2, based
on the natural frequency with G, = G4, = 0. The de-
layed feedback controller was designed to achieve the
damping ratio by setting G, and G, as small as pos-
sible. For reference, P, without swing damping control is
—0.0413 4 1.89i (roll) or —0.0474 + 1.94i (pitch) when
the cable length is 3.0 m. To set the damping ratio to
0.2, the real parts of P, were designed to —0.38 (roll) and
—0.39 (pitch), respectively.

Figure 10 shows the delayed feedback parameters re-
quired to yield a system damping ratio of 0.2. To mini-
mize Gy, the delay times were set to 0.62 and 0.48 s for
roll and pitch dynamics, respectively. The gains were set
as Gy = 0.187 and G, = 0.184. The root loci for fixed
delay times of 74 = 0.62 s and 174, = 0.48 s are shown
in Fig. 11. The characteristic roots at the design parame-
ters are plotted as circles. The results indicate that the real
part of P increases to —0.8 when the damping ratio of the
cable swing is set to 0.2.
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Fig. 12. Block diagram of the controller considering distur-
bances and signal noise.

3.4. Robustness Against Disturbance and Noise

Delayed feedback control tends to be sensitive to dis-
turbance and signal noise. The robustness of the delayed
feedback control was evaluated against disturbances and
signal noise using a double pendulum model. As the re-
sults for the roll and pitch dynamics were similar, only the
roll dynamics is discussed in this section.

A block diagram of the system including disturbances
and signal noise is shown in Fig. 12. It was assumed that
three external forces dy, dy, and dg act on helicopter, af-
fecting its translational dynamics, its rotational dynamics,
and the swing of its load, respectively. Furthermore, it
was assumed that a noise signal ng, is mixed with the
cable angle signal. The sensitivity of the attitude angle
¢ was evaluated against the three disturbances and the
noise. For comparison, real-time velocity feedback con-
trol was applied instead of the control defined in Egs. (11)
and (12). This velocity feedback control is given by

Ur = _kdr¢r - kpr((Pr - <i3r)
¢ = —Kaguk — Kpe(x — X) + G, 6,..

. (20)
.21

To set the damping ratio to 0.2, G, was set as —0.127.
The sensitivity of the attitude angle of the helicopter
to an external force, given by a sinusoidal wave, for the
two different control methods is shown in Fig. 13. From
the results, the delayed feedback control was found to
be more sensitive than the real-time feedback control in
the low frequency range (below the natural frequency
o, ~ 1.9 rad/s); however, the results showed the opposite
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Fig. 14. Noise sensitivity of the attitude angle generated by
the cable angle.

tendency in the high frequency range. Fig. 14 shows the
sensitivity of the control method to signal noise. These
results also indicate that the delayed feedback control is
superior to the real-time feedback control in the high fre-
quency range.

It can be considered that the sensitivities of the two
feedback control methods to the external force do not dif-
fer significantly, but the difference between their sensitiv-
ities to noise is relatively large. As a result, it was found
that the robustness of the delayed feedback control against
external forces is comparable to that of the real-time feed-
back control, and that the delayed feedback control is su-
perior to the real-time feedback control in terms of robust-
ness against signal noise.

4. Flight Test

To verify the effectiveness of the present control
method, a cable-suspended flight test was performed.
Swing damping control started after the load was pushed
to intentionally start its swinging. The cable lengths were

Journal of Robotics and Mechatronics Vol.28 No.3, 2016

fixed at 2.0, 3.0, and 4.6 m, and the delayed feedback
controller was designed in advance according to the cable
length. The control design parameters are listed in Ta-
ble 2. As the cycle time was 50 ms in the test, the delay
time was rounded to the nearest multiple of 50 ms. The
test flights were repeated five times in each condition.

Representative examples of the experimental results for
cable lengths of 2.0, 3.0, and 4.6 m are shown in Figs. 15,
16, and 17, respectively. In all the experiments, the swing
damping control began at t = 5.0 s. Under the damping
control, the swing of the load was attenuated during hov-
ering. The results indicate that our design strategy for
delayed feedback control has a good effect regardless of
the difference in cable length.

5. Conclusion

In this study, a suspension load transfer system using
a small-size helicopter was investigated. To attenuate the
swing of the load, delayed feedback control of cable angle
was adopted, owing to the simplicity of its measuring sys-
tem. Although the influence of the swing of the load on
the helicopter dynamics has generally been ignored in the
past studies, this influence was considered in the present
study by applying a double pendulum model. This made
it possible to design the delayed feedback controller for
a relatively heavy load. To accurately build the model,
the system parameters of the helicopter were identified
through a frequency response test without a load.

In the design strategy for the delayed feedback control,
the trade-off relationship between position control and
swing damping of the load was considered. A damping
ratio of 0.2 was assumed and the delayed feedback con-
troller was designed to achieve the damping effect with
minimum feedback gain. Regarding sensitivity to dis-
turbances and signal noise, the delayed angle feedback
control was shown to be superior to the real-time veloc-
ity feedback control when the double pendulum model is
adopted. Additionally, the effectiveness of our control and
design method was verified by conducting a flight test.

In this paper, a swing damping control method and a
design approach for a cable-suspended transportation sys-
tem using a small-size helicopter were presented. Al-
though it is easy to apply the control method to the sys-
tem, the design approach requires identification of the he-
licopter parameters through flight tests. This technique is
expected to be useful in practical applications.
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Fig. 15. Experimental results of the flight test with a suspended load (/ = 2.0 m).
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Fig. 16. Experimental results of the flight test with a suspended load (/ = 3.0 m).
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Fig. 17. Experimental results of the flight test with a suspended load (I = 4.6 m).
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