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To gather information rapidly in disaster sites, a lot of search/rescue
robots have been developed. It is difficult to correspond to the complicated
environment composed of fields requiring various locomotion strategies,
because most of these robots have only one type of locomotion device. To
increase the available search routes under such conditions with the aim
of gathering information more efficiently, we have previously proposed a
legged aerial vehicle. The vehicle has tandem rotors to fly in the air and
four legs to walk on the ground. The particular feature of this robot is
that it has fewer actuators than the sum of those required for controlling
a quadrupedal robot and a tandem-rotor helicopter individually. This
paper presents modeling of the robot and development of an attitude
control system that uses the leg motions. The behavior of the vehicle with
the proposed attitude control is simulated using Multibody Dynamics

(MBD) simulation software.

1 Introduction

Accidents and disasters such as building collapses,
fires, earthquakes, and floods are responsible for mas-
sive loss of life. According to an interview survey about
the Great Hanshin-Awaji Earthquake (also known as
the Kobe Earthquake) of 1995, the most important con-
tribution to rescue activities following such an event is
rapid information gathering. Therefore, search robots
are attracting attention as rapid means of gathering
such information. In late years, a lot of researchers
have been developed varied robots, and there has been
remarkable progress in unmanned aerial and ground
vehicles. For example, to save the electric power and to
extend the inspection time on aged bridges, a UAV with
a magnetic adsorption device was proposed and devel-
oped by Akahori et al [1]]. The quadrotor helicopter-
based UAV has an adsorption device using electro per-
manent magnets (EPM). And two cameras are set on
the camera arms to carry out the close visual inspec-
tion.

Oliver et al. reported about a quadrotor helicopter
with a tilt mechanism in [2]. The proposed quadro-
tor helicopter can fly horizontally while maintaining a
steady attitude to conduct aerial inspection with stable

condition. The development of unmanned multirotor
helicopters has led to expand applications, such as (i)
inspecting aerial power lines for maintenance, (ii) con-
structing platforms with which to rescue people, and
(iii) undertaking construction on inaccessible areas [3].
On the ground, walking robots are able to cross irregu-
lar ground that is impossible to wheeled and crawler
robots, leading to the development of experimental
dynamic walking robot[4], [5]. Also, unmanned ve-
hicles have been developed that can both terrestrial
locomote and fly in the air. This is because in search
scenarios it is often necessary to both fly quickly over
extended areas and search carefully on the ground.
Pratt and Leang developed the dynamic underactu-
ated flying—walking (DUCK) robot, which combines
a quadcopter helicopter with passive-dynamic legs to
create a various system that can fly and walk [6].

To coordinate walking and flying abilities, in [7]],
the authors designed and constructed the legged air
vehicle shown in Fig.|I| The frame, legs and the body
are constructed from pipes and plates of carbon-fiber-
reinforced polymer for high stiffness and low weight.
Two brushless motor and propellers are equipped as
the thruster. And four legs composed of servomotors
and parallel link mechanisms are used for walking and
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controlling the attitude.
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Figure 1: A prototype of the proposed legged aerial
vehicle.

Table 1: Specifications of the legged aerial vehicle.

Length [mm] 702-870

Width [mm]  400-560

Height [mm] 120-200
Weight [g] 830

The flight attitude of the robot is controlled by
changing of the center of gravity (CoG) caused by mo-
tion of the legs. The control using CoG can reduce the
number of actuators than the sum of those required for
controlling a quadrupedal robot and a tandem-rotor
helicopter individually. With respect to flight control
using change of CoG, there is a quadrotor helicopter
controlled by an inverted pendulum. Miwa developed
the quadrotor helicopter equipped an inverted pen-
dulum on top of the body, and achieved control the
attitude by using the tilt angle of the pendulum [8].
The present paper describes construction of mathe-
matical models of the legs, rotors, and development
of attitude control system based on them to simulate
the motion of the robot in the air. And the behavior of
the robot in the air is simulated using the constructed
model and a physical model constructed in ADAMS.
ADAMS is an analysis software to simulate the behav-
ior of moving parts and distribution of loads and forces
to the whole robot without solving the equations of
motion analytically.

2 Model of a Leg and Parameter
Identification

The inputs of the physical model constructed by
ADAMS are forces such as the driving torques and
thrusts of the legs and rotors, but the inputs of the
actuator are voltage signals that depend on reference
profiles of the leg angles and rotor speeds. There-
fore, this section presents a mathematical model of the
legs and identifies the relevant parameter values. The
model is built to clarify the relation between the servo-
motor input and the drive torque. Figure [2]shows the
servomotors for driving links around a roll axis and a
yaw axis, and a parallel link mechanism of links.
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Figure 2: Servomotors and a parallel link mechanism
of the leg
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Figure 3: Electro-mechanical model of the direct cur-
rent (DC) motor in one of the servomotors, including
the effect of the moment of inertia, friction, and grav-

ity.

We assumed that the leg could be modeled as a
servomotor model that includes the influences of the
moment of inertia, friction, and weight of the leg about
each axis. Figure[3|shows the model of a direct current
(DC) motor in servomotors. The driving torque of a
the leg 7.4(t) driving the leg is presented as the sum
of the torques 7,(t), T¢(w(t)), and 74(6(t)). Here, 7,,(t),
Tr(w(t)), and 74(6(t)) are torque of the servomotor, fric-
tion, and gravity, respectively. Thus

Tleg(t) :Tm(t)+Tf(w(t))+Tg(9(t))' (1)

where f, w(t) and O(t) are time, the angular velocity
and angle of the leg from a chosen reference.

The transfer function from the differential voltage
to the motor v,(t)(= v(t) —e(t)) to servomotor torque
T,,(t) the [9] is expressed as

Tm(5)= Kt
V,(s) Ls+R’

(2)

by using the coil inductance L, the motor resistance R
and the torque coefficient K;. And T,,(s) and V,(s) are
the Laplace transforms of 7,,(t) and v,(¢).

The friction torque 7¢(w(t)), which is a function of
the angular velocity w(t) of the leg, is given below|[10]):

75 (w(t))

_Tuct(t)
= T8N (Tyct (1))
Ta(w(t))

w(t)=0 A |Th(t) <74
w(t) =0 A |Tact(t)| 2> Ty
otherwise

(3)

To(w(t)) = —sgn(w(t)){a; exp(-sgn(w(t))w(t))
+sgn(w(t))ay +azw(t)},

(4)
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where 7, is the static friction torque, 7,.(t) is the sum
of 7,(t) and the gravity torque 74(t), and ay, a5, and
as (ay +ap = 1) are positive. Therefore, the Laplace
transforms of the leg angle ©(s) is presented as

Tieg(s)

6(5) = W}

(5)

Hrere, Tj,, and Jj.q are the Laplace transforms of 7., (f)
and the moment of inertia of links and servomotors.

The servomotor controller is taken to be a
proportional-derivative (PD) controller [9] as given
by

v(t) = Ksp(eref(t) -0(t) + st(wref(t) —w(t)), (6)

where K, and K4 are the proportional gain and differ-
ential gain, respectively. 0,.¢(t) is the reference input
of the leg angle.

In generally servomotors are controlled by PD con-
troller to earn rapid response. The controller does not
include an integral (I) controller. Therefore the mea-
surement angle has slight angle error to the reference
as shown in Figs. [4/land[5] The drive angle of a DC
motor in the servomotor is measured by an installed
potentiometer or a rotary encoder. Measured value
has some electric noise, however, the noise does not
cause terrible error because these signal passes a low
pass filter. The unknown parameters A, B and C are
estimated using the Levenberg—Marquardt method
which is one of the iterative technique that locates
the minimum of a function that is expressed as the
sum of squares of nonlinear functions. To identify the
parameters, the response of the leg about each axis
was measured by using following the three steps below:

1. Attach two light-emitting diodes (LEDs) to the
leg (see Figs.[4and[5).

2. Record the motion of the leg to a video (30 fps) and
the reference angle to a micro computer.

3. Apply image processing to each frame of the video
to calculate the coordinates of each LED.

4. From those coordinates, calculate the angle of the
leg for each frame.

LEDs

Leg Yaw rotation

Servomotor

Figure 4: Leg motion in angle measurement experi-
ment for the yaw rotation using LEDs.
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Roll rotation

Servomotor

Figure 5: Leg motion in angle measurement experi-
ment for the roll rotation using LEDs.

We determine the parameter values by minimizing
the squared difference between the measurements and
the simulation values using the models shown in Figs|[4]
and[5] Here, the simulation frequency was 1 kHz. Ta-
ble[2]lists the identified parameter values, and Figs. [6]
and |7| show the simulation results for each axis ac-
companied by the respective measurements. These
simulation results shows that the behavior of the leg
model is close to the measured behavior.

Table 2: Result of Parameter Identification

Symbol Identified value
@ 0.2016
a; 0.035
Ky, 0912
K,  0.005
ap 0.070
20
I\ PR
\ —Smflulauon data
3 —Reference
éb 101 Mesurment
E;
—éb 2 4
<
Z-10 /
~
-20
time [sec]

Figure 6: Simulation results of roll angle of the leg.
Blue line is simulation result using identified param-
eters. Mearment data is measured roll angle through
the experiment shown in Fig.

3 Model of Rotor

We explain the model of a rotor composed of a pro-
peller and a brushless motor assumed as a DC motor
in this section. The brushless motor is assumed as a DC
motor. Thus, as with Eq. , the transfer function from
the differential voltage to the motor torque is given as
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Figure 7: Simulation results of roll angle of the leg.
Blue line is simulation result using identified parame-
ters. Mearment data is measured yaw angle through
the experiment shown in Fig.

Tym(s) _ _ Kps
Vbe(s) LbS+Rb’

where each variable corresponds to the respective one
in Eq. (2).

The thrust T(t) generated by the propeller and the
counter-torque 7.(t) acting on the propeller due to the
air are known to be proportional to the square of the
rotor velocity in the steady state. Therefore, T(t) and
T.(t) are calculated using approximation curves based
on the data sheet of the propeller on the manufacturer
APC’s web site [11]]. Those thrust and torque are given
as

(7)

(8)
9)

where n(t) is the rotation velocity in units of revolu-
tions per minute (rpm); Eqgs. (8) and (9) are plotted in
Figs.[8|and [9) respectively. Moreover, the relationship
between the rotation velocity 1(t) in units of radians
per second (rad/s) and the torque 7,(f)(= Ty, () — Tc(t))

is

T(t) = 3.0261>(t),
7.(t) = 5.039n%(t),

W) 1
Tp(s)  Jps (10)

where ], is the inertia torque of the propeller, and W(s)
and Ty(s) are the Laplace transforms of ¥(t) and Tp(£).
The response of the rotor is simulated based on these
equations.

20

* APCpropeller
— Approximate curve

4000 5000 7000

Rotation [rpm]

0 I
1000 2000 3000 6000 8000

Figure 8: Thrust data from manufacturer’s site [L1]]
and approximation curve.
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Figure 9: Counter-torque data from manufacturer’s
site [11]] and approximation curve.

4 Attitude Control using the Leg
Motion

4.1 Modeling of CoG and Leg Angles

To develop a control system for CoG control, we clarify
relation between the CoG and the leg angles. The vari-
ables and link names are defined as shown in Figs.
and The masses of links B, U, L, and F are my, m,,,
my, and mg, respectively, and those of the leg and the
vehicle are n and M, respectively. The matrix 6 € R>*
of legs angles is defined as

[QFL;;
OFLr

OrLy
OrLr

OFRry

0
Orrr

(11)

eRRy]
Orrr

(?)
[ey]:[eH Orr  Orr eRR]- (12)
r

Oy L Opgy
L A
.
% |
RL RR
BRLy\ / Orry

Figure 10: Definition of leg angles around the yaw axis.

| I

Lfv H _

Figure 11: Definition of angles and link parameters on
the front-left (FL) leg.
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By the definitions, the robot CoG G(6) = {Gx, Gy}T
is expressed following Eq. in terms of the various
leg CoGs, namely G (0rL), Grr(€Fr), Gre(OrL), and

GRrr(Orr):

m

G(0)= M(GFL(GFL) + Grr(OFR)

+ GRrr(Orr) + Grr(ORR))-

(13)

Each leg CoG is determined from the respective leg
angle. The CoG of the front-left leg (FL) is given by

Grr(0rL) =
%(le +((my, +my+mg)L, +myLy
+(my Ly, +mLy, +mgLgy)cosOpr,)sinOpry) (14)
%(mLz +((my, +my+mg)L, +myLy
+(my, Ly, +mLy,+mgLg,)cosOpr,)cosOpry)

The vehicle CoG is calculated from Egs. and
and the various leg angles.

However, the reference leg angles cannot be de-
termined uniquely from the reference CoG because
of 6 € R¥* and G € R%. Assuming that leg motion
around the yaw axis and roll axis cause movement of
the CoG along X and Y axis each, the conditions for
the leg yaw angles are

OrLy = OrRy =0,
Grrx(OFLy, OFLr) =

Grrx(Opry, Orry)  (Gx > 0)

OrLy = Orry =0,

Grix(Orry, Orer) =

Grrx(Orry Orrr)  (Gx <0)

by using the estimated leg angle matrix 6. And those
for the leg roll angles are

(Gy = Gy(6,,0))

Orrr = Or1r =0, ) (16)
(Gy < Gy(6,,0)).

Orrr = Orrr =0,

Also, when Gy > Gy(éy, 0) is satisfied, the additional
conditions are

www.astesj.com

Grry (OFRy, OFrr) = Grry (ORRy: ORRY)
({Grry (OFry, 0) > Grry (OrRy, 0))
MGy = 14(Gpry(OpLy, 0)
+Grry(Oriy, 0) + 2Grry(Orry, 0))})

GRRr = 0,
Grry (Ory, Orry) = 2 Gy = Grry (61, 0)
~Grey(Oriy, 0) — Grry (Orry,0)
({Grry (OpRy, 0) > Grry (ORRy, 0))
MGy < 2(Gpry(OF1y,0)
+Grry (ORrry, 0) + 2Grry (ORry, 0))})
(17)
Grry (OFRy, OFrr) = Grry (ORRy: ORRY)
({Grry (OFRy, 0) < Grry (OrRy, 0)}
MGy > 5(Gpry(OFLy,0)
+Grry (ORrry, 0) + 2GRy (OFgy, 0))})

Opr, =0,
Grry (ORRy ORRy) = 2 Gy — GFpy (OFLy,0)
~Grry(6rey,0) — Grry (OpRy, 0)
({GFry (ORy, 0) < Grry (ORy, 0)}
MGy < 2(Grry(OF1y,0)
+GRrry(Briy, 0) + 2Grry (Orry, 0))))-

When another condition is to be satisfied, the addi-
tional conditions are given with suffixes representing
the right and left sides of the robot. Thus, the refer-
ence leg angles are determined based on the relation
between a leg CoG and this angle in the conditions.

4.2 Calculation of Reference Position of
CoG

The reference CoG for attitude control is calculated
from the error in the attitude angle trajectory. In the
first step, the pitch-roll-yaw torque around the CoG
acting the entire aircraft 7c,6(t) = {7, (t), 7,(£), 7, ()} is
calculated from a PD controller shown below:

Tcog(t) = Kp°(¢ref(t)_¢(t))+KdO((f)ref(t)_qs(t)) (18)

by using the pitch-roll-yaw (¢, (1), ¢, (t), ¢y (1)), ¢(t) €
R3, and their reference qS(t),ef € R3. Where Kp,
K; € R® are the proportional gain and differential
gain, # is differential of the *, and o is Hadamard prod-
uct. In the second step, the thrusts and the center of
thrust (CoT), which is the position of the torque around
the CoG balancing caused by the thrust, is estimated
from the input values using the rotor model. The es-
timated thrusts and CoT are represented by T(t) =
(T, (1), To(t)}T and CoT(t) = {CoTx(t),CoTy(t)}T, re-
spectively. The final step determines the reference
CoG Gef(t) = {Xief Y,ef}T from the torque, the thrust,
and the CoT given by the first and second steps by the
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following equation:

1

— T_ 5
- Tl(t)+T2(t){Tp(t),Tr(t)} COT(t) (19)

Gref(t)

Meanwhile, reference rotor speed is determined by
7,(t) and the reference of the sum of the thrusts is
determined using Egs. and (9).

5 Attitude Control Simulation

The motion of the robot was simulated based on the
physical model constructed by ADAMS and the control
system constructed by a numerical analysis software
MATLAB. Simulation parameters are the same values
to those of the prototype. The sampling frequency of
simulations was 1 kHz. And Table[4shows reference
angles in the simulations.

Figures [12| and [13] show the pitch angle for sim-
ulation pattern 1 and the roll angle for simulation
pattern 2. Fig. [14]shows the result of the yaw angle for
simulation pattern 3. Results in Figs. and
corresponded with the respective reference lines, and
showed that the developed control system was effective
through the simulations.

Figures [15] - [19] show detail of the pitch, the roll
and the yaw angle in several reference angles includ-
ing large reference. When the pitch reference is 20 deg
shown in Fig. |15} the pitch angle follows the reference
rapidly. although the roll angle changs like a sine wave
in this simulation,the control paformance is enough
effective because the range is very narrow between -0.5
and 0.5deg. In case of the roll reference is 20 deg, the
pitch angle did almost not change as shown in Fig.
The reason that the change of the pitch angle in Fig.
is smaller than the change of the roll in Fig. is
difference of the moment of inertia and variable range
of the CoG

The moment of inertia of the robot around the pitch
axis is larger than one around the roll axis. And the
range of change of CoG to control the pitch angle is
also wider than one of the roll control. Therefore the
stability of pitch angle is better than the performance
of the roll angle.

The effect appeared in the yaw angle too. How-
ever the change of except for target angle is very small,
and these results showed validness of the developed
controller. Especially the roll control worked in large
reference 25 deg (Fig. which was enough for flight
control. The yaw control also generated slight change
in other axes when reference are low (Fig.|18) and high

(Fig.[19).

Table 3: Proportional-derivative (PD) controller gains

K, Kj
Pitch 1.0 05
Roll 20 13
Yaw 0.1 0.55
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Table 4: Reference of attitude angles in control simula-

tions
Pitch [deg] Roll [deg] Yaw [deg]
Pattern 1 5.0 0.0 0.0
Pattern 2 0.0 5.0 0.0
Pattern 3 0.0 0.0 20.0
Pattern 4 20.0 0.0 0.0
Pattern 5 0.0 20.0 0.0
Pattern 6 0.0 25.0 0.0
Pattern 7 0.0 0.0 10.0
Pattern 8 0.0 0.0 30.0
6
5 —— —
/
— 4- / ,
E; /
53 / 1
=0 / —Picth angle
E 9 //// ficf?rcngi(Pitch)
£, //
ol—
1 05 ; 15 ) z.‘s 3

time [s]

Figure 12: Step response of pitch-angle controller (pat-
tern 1. reference pitch:5.0. roll:0.0. vaw:0.0).

6

.
T —
5 - T \»\\% s T S
-
4- /
7 /
% 3 /
- /S
h
g, ]
Gl
2 /
1= —Roll angle 1
/ —Reference(Roll)
0 |9 |
B | | | | | | | |
0 0.5 1 1.5 2 25 3 35 4 4.5 5

time [s]

Figure 13: Step response of roll-angle controller (pat-
tern 2, reference pitch:0.0, roll:5.0, yaw:0.0).

20 ———
—15 -
) // —Yaw angle
i e Reference(Yaw)
o 10 // Picth angle
—éﬁ // —Roll angle
< S —
5 S
e
//
1) L S— S R R B
5 I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20
time [s]

Figure 14: Step response of yaw-angle controller (pat-
tern 3, reference pitch:0.0, roll:0.0, yaw:20.0)
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Figure 15: Response of three axes (pattern 4, reference pitch:20.0, roll:0.0, yaw:0.0)

yaw angle [deg]

Figure 16: Response of three axes (pattern 5, reference pitch:0.0, roll:20.0, yaw:0.0)

yaw angle [deg]

Figure 17: Response of three axes (pattern 6, reference pitch:0.0, roll:25.0, yaw:0.0)
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Figure 18: Response of three axes (pattern 7, reference pitch:0.0, roll:0.0, yaw:10.0)
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Figure 19: Response of three axes (pattern 8, reference pitch:0.0, roll:0.0, yaw:30.0)

6 Conclusions

The paper has described modeling of the leg and the
rotor including the propeller, and a control method
using the change of the CoG caused by the leg mo-
tion. Flight attitude was simulated for some reference
angles by the developed control system. These simu-
lation results shows that (i) response of the leg model
corresponded to the experimental data and (ii) the atti-
tude angles of the robot could follow their references
using the attitude control system. Moreover the differ-
ence of moment of inertia and range of CoG in each
axis appeared in the results, it was shown that the
constructed model could reflect the characteristic of

the robot. However, the results also showed that the
transient response is not yet fast enough. Particularly

convergence of the yaw angle for the yaw reference
was slow, even though the yaw angle could follow the
reference at last. Future work will involve implement-
ing the control system on the developed legged aerial
robot to evaluate the control performance.
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