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Performance of a Hopping Rotochute

Eric Beyer” and Mark Costello*
School of Aerospace Engineering
Georgia Institute of Technology

Atlanta, Georgia 30332

Nomenclature

Q)

8/18n1 81, Acceleration of base, rotor, and system mass center with respect to the inertial frame

Cp.C_,Cy, : Aerodynamic drag, lift, and moment coefficients
C: Coefficient of damping

C : Aerodynamic reference chord

Cy @ Viscous damping coefficient

F. : Contact force applied to base in base body reference frame

FCST : Constraint force in base body reference frame

B H . .
L Aerodynamic force of base and rotor in base body reference frame

)

Vf . |f\,\',4 : Weight of base and rotor in base body reference frame

9 : Acceleration of gravity

B . R .
H g/1 . Angular momentum of base with respect to inertial frame about base mass center

H . . R
H /1 - Angular momentum of rotor with respect to inertial frame about rotor mass center

| : Effective inertia matrix in base body reference frame

B B B B B B . . . .
Lior w1220 Ly s Lz o |7 Base inertia matrix terms about base mass center in base body reference frame.

Graduate Research Assistant, Member AIAA.
Sikorsky Associate Professor, Associate Fellow AIAA.



I H I H I H I H I H I H . . . .
xx ' Wy 12z Ty s Iz v Iz Rotor inertia matrix terms about rotor mass center in base body reference frame.
k: Spring constant

LT ) MT ) NT : Total applied moment components about connection point in base body reference frame

Mg, My, , My : Mass of base, rotor, and system

<

¢ - Contact moment applied to base about connection point in base body reference frame

M cst - Constraint moment in base body reference frame

<

B pnaH . . ..
s Mg : Total external moment applied to base and rotor about connection point in base body reference frame

M m - Motor moment in base body reference frame
P.4.T - Components of angular velocity vector of base in base body reference frame

Iy : Angular velocity of rotor along yaw axis in base body reference frame

I'o_,F : Position vector from some point D to some point F

S: Aerodynamic reference area

S : Spring deflection distance vector

Tay : Transformation matrix from the rotor to the base body reference frame

T : Transformation matrix from the rotor blade to the rotor body reference frame

U,V, W Components of velocity vector of system mass center in base body reference frame
UasVa,Wa: Relative aerodynamic velocity components

W » Wie : Filtered and unfiltered inflow velocity

X+ Y1, Z; . Components of position vector of system mass center in an inertial reference frame
X:: Y5, Zy: Total applied force components in base body reference frame

P Air density

9.0,¥ : Euler roll, pitch, and yaw angles of base

#r+ 7= Or : Rotor blade azimuthal, coning, and pitch angle



7 : Euler yaw angle of the hub
H : Coefficient of friction

7 : Inflow time constant

@,y , @y, - Angular velocity of base and rotor with respect to the inertial frame

@, : Angular velocity of rotor with respect to the base body reference frame

. Introduction

Future military operations will rely much more heavily on robotic systems to perform a variety of missions.
Ultimately, the success of these robots lies in the basic robot configuration being properly tailored to the intended
application. For complicated battlefield missions, vehicle/sensor suite/control laws specialized and matched to the
intended missions is critical to the performance of the overall system. One such difficult mission is exploring the
interior spaces of caves and damaged buildings. Current micro ground and air vehicle configurations both have
significant limitations to perform this mission well. A new hybrid micro vehicle configuration, called a hopping
rotochute, is investigated here. The hopping rotochute configuration, shown in Fig. 1, is optimized to operate within
small interior spaces. The vehicle is propelled upward by a motor-driven rotor that is powered in short bursts so the
vehicle hops into the air under power and then descends to the ground when unpowered. The mass properties and
exterior shape of the main body (base) of the vehicle are designed to be self-righting so no matter what orientation
the vehicle lands, it always rotates into its nominal position once on the ground. To control the direction of
movement of the vehicle, an internal mass is rotated around the perimeter of the body to tilt the main body in the
desired direction before a given launch. This paper investigates the potential of this new hybrid micro vehicle,

including a dynamic model and system simulation results.

1. Dynamic Model

A schematic of the hopping rotochute with associated reference frames and points is given in Fig. 2. The
mathematical model of this system includes three translational and four rotational rigid body degrees of freedom.

The translational degrees of freedom are the three position components of the system mass center. The rotational



degrees of freedom are the Euler yaw, pitch, and roll angles of the body as well as the rotor yaw angle. The

translational and rotational kinematic equations of motion of the hopping rotochute are given in Egs. (1) and (2)*2.
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The standard shorthand is used for trigonometric functions where €0S(&) = ¢, sin(a) =S, ang tan(a) =t

The translational kinetic equations of motion are derived by splitting the two body system at the bearing connection

point and summing the forces about the respective mass centers as shown in Eqg. (3) and (4).
myd,, =Fo +F> +F. +F
B9B/1 w A c csT (3)
= =H |, FH _F
myay, =Ry +Fy —Fegr (4)
By adding Eqgs. (3) and (4) together, the constraint force (FCST) is eliminated, while Mgdy, +Myay) s the
definition of the system mass center. The resulting translational dynamic equations of motion of the system are
given in Eq. (5).
= =B =H =B =H =
ma, =FK +FK/ +Fy+F + R (5)
Expressing Eq. (5) in the base body frame results in the translational kinetic equations of motion of the hopping

rotochute shown in Eq. (6)
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where Xt : Y , and Z; arethe components of the total force expressed in the base body reference frame.

The rotational kinetic equations of motion are derived in a similar manner by splitting the system into two bodies at

the connection point and summing the external moments about this connection point as shown in Egs. (7) and (8).
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The moments on the right hand side of Egs. (7) and (8) contain contributions from many sources as shown in Egs.
(9) and (10),
ME=r_oxFy+M;+M, +M,+M )
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In order to avoid the calculation of the constraint moment (Mcsr) , Egs. (9) and (10) are dotted with Ks since the
bodies are not constrained along this direction. This results in two rotational kinetic equations of motion. The other

two rotational dynamic differential equations are obtained by adding Egs. (9) and (10) and dotting the resulting

equation with Is and J&. These four equations can be assembled to represent the entire set of rotational dynamics

as shown in Eq. (11).
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The terms in the effective inertia matrix are given by Egs. (12) through (27) where the components of the position

vectors expressed in the base body frame are represented by SL , BL  and WL along I , ‘]B, Ke respectively.
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The right hand side of Eq. (11) is given by Egs. (28) through (31).
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The resulting rotational dynamic equations of motion of the hopping rotochute expressed in the base body frame are

given in Eq. (32).

p B,
q -1 Bz
=1
e (= e, (32
r, B,
Forces and Moments
The weight of the base and rotor expressed in the base body frame are given in Egs. (33) and (34) respectively
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=B B
Ry =1 Yw =Mg0 S4Co (33)
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The aerodynamic force from the base is calculated assuming that only drag acts on this body as shown in Eq. (35).

X8 Un,
SV _% pJUZ, +V2 +WE S,Co, 1V, (35)
z8 Wa,
The aerodynamic moment due to the base body about the connection point is calculated using
Li 0 “Whe e, Bl cp, XE
MR=MD = Wie e 0 Sk 1Y )
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The total aerodynamic force due to the rotor is calculated by summing the forces from each individual (i) rotor

blade as shown in Eq. (37).

X |l [Xa
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where NR represents the number of rotor blades. The aerodynamic force due to i rotor blade is calculated by

summing the forces from each j" blade element!®] of the rotor blade and is given by

Ej

NE
Yei (= Z YEj (38)
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3 0
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\'}
a, =tan| 2
) ", @)

]

where NE is the number of blade elements on each rotor blade. The transformation matrix from the rotor body
frame to the base body frame is given in Eq. (42) and the transformation matrix from the j™ blade element to the

rotor body frame given in Eq. (43).

c, -s, 0
[Tew]=[s, ¢, 0 (42)
0 0 1
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As described, each rotor blade is oriented on the rotor with three successive rotations. Starting with the rotor blade

body reference frame aligned with the rotor body reference frame, the rotor blade is rotated about the Ky axis by

the azimuthal angle (¢R ) then about the resulting intermediate J axis by the coning angle (7R), and finally by

the pitch angle (QR) about the resulting I axis. Note that in addition to the rotor blade pitch angle, each rotor



blade can also be twisted. By defining a twist per rotor blade length (QTWIST ) , the pitch of the blade element is

given as

O = Op + Oryyisr (SLE—>CPJ ) (44)

The total aerodynamic moment of the rotor about the connection point is calculated in a similar manner by summing

the moments from each individual rotor blade as shown in Eq. (45).

L | e[| L
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The inflow velocity through the spinning rotor is assumed to be uniform with dynamics described by Eq. (48)
TWe +We = Wye (48)

where 7 is the time constant associated with the dynamics of the inflow!. The unfiltered induced is calculated

using both theoretical and empirical curves which account for the different flow states of the induced velocity™.

The contact forces and moments that act on the base during impact with the ground are calculated based on a soft
contact model originally developed by Goyal, Pinson, and Sinden®”. The model uses vertices located around the

perimeter of the base body to calculate the contact forces between the base and the ground (assumed to be flat). The

contact force associated with each contact point has two components: a normal component (Fn) along the ground

normal and a frictional component (FI) in the tangential plane of contact. Each vertice has a normal and tangential

spring attached to it along with a normal and tangential damper. The spring constants along the normal and



tangential directions are defined as kj, and ky; respectively while the damper constants are defined as ¢, and ¢y, The
ground also has similar springs and dampers in these two directions with constants ky,, Ko, Con, and . Assuming all

dampers are non-zero, the force in the normal and tangential directions associated with a given vertice v is,

an = _b”v Ftv = —btv +C Ath (49)
where
c = CyiCat (50)
Clt + CZt
— 1 _ _ _
bnv = (Canlnslnv _ClnanSZnV + ClnCZnAunV ) (51)
Cln + CZn
— 1 ( _ _ _
= Cat kltslt —Cy thSZt +Cy Cp AU, 52
G +Cy ) 2

The difference in the absolute velocity of vertice v and the ground along the normal direction and tangential
direction is given as Al—jlnv and Aunv respectively. The states §lnv and §2nv track the lengths of the normal springs

kln and k2n,while §1tv and §2tv track the lengths of the tangential springs klt and k2t of each contact point. The

tangential force of vertice v is calculated based on the relation given in Eq. (53)

b, .
TS H 53
(1+ AC ) N (53)
If the relation btv SHu n, | holds true, then a state of stick exits and the variables are calculated as
4, =0 Aw, =0 R, =D, (54)
If, on the other hand btv > H bnv , the variables are calculated using the following equations
Btv —U an B /15tv _ _Btv
=T AWIV =T Ftv =T (55)
¢ ulb, (1+4c7) (1+4c7)

Hence, the contact force and moment applied to the base body in the base body frame about the connection point is

given as

10
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where NV are the number of vertices. The state of the springs associated with each vertice in the contact model is

tracked with the following differential equations,

S, = Cmi;"cznmm . ﬁ(kﬁm +KyiSan, ) (58)
;tv = ﬁ(AU}V - Awtv )_ CltTlCZt(klt §1tV +Ky §2tv ) (59)
§2nv = ﬁAUW _ﬁ(klnglnv + k2n§2nv ) (60)
Aztv = C1t_:1::2t (Autv _AﬁtV - C, _::_- Cy (kltgltv + k2l§2tv ) (61)

The motor moment acts only along the K direction and is given by Eq. (62)

0

M, =<0 (62)
N M

During the power on phase, the value of Ny is set to a value representative of a torque produced by a small electric

motor. When the power is cycled off, the motor moment can be set to zero in order to represent a frictionless

bearing or Eq. (63) can be used to model viscous damping®.

Ny =Cy (rH) (63)
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I11. Simulation Results

To investigate the dynamics and performance of a hopping rotochute micro vehicle, the equations of motion
described in the preceding section are numerically integrated forward in time using a fourth-order Runge-Kutta
algorithm. The hopping rotochute used in this study has a height of 12.7 cm, a base diameter of 10.16 cm, and a
rotor radius of 10.16 cm as described in Table 1. The base has a weight of 0.4966 N and has a mass center which is
offset from the axis of rotation of the connection point. The rotor weighs 0.052 N (see Table 2) and consists of 3
similar rotor blades arranged symmetrically about the connection point with a chord of 1.9 cm, a coning angle of 0
deg, and a pitch twist of 5 deg. To approximate the shape of the base for the contact analysis, 144 vertices were
used in 15 deg increments around the perimeter of the base at 6 different base heights. The spring and damper
coefficients of the base and the ground were assumed to be the same with a spring constant of 50,000 N/m and a
damper constant of 400 N-s/m, while the coefficient of friction between the base and the ground is 1.6. The initial
conditions used in this study are outlined in Table 3 and represent the hopping rotochute resting on the ground

without any motion.

An example time simulation using the mass properties and initial condition stated above was ran and the resulting
time histories are given in Fig. 3 through 8. As shown, the hopping rotochute performs two hops. The hops are
initiated when the base of the hopping rotochute reaches equilibrium. Once the base is stationary, the rotor is spun
up using a motor moment of 0.3 N-m for a duration of 0.5 sec. After the powered climb has terminated, the rotor is
free to spin about the bearing connection point. As shown in Fig. 3 and 5, the hopping rotochute is powered at times
of 0.17 and 4.5 sec, reaching altitudes of 5.2 and 4.9 m respectively. Figure 4 shows that the system travels
approximately 2.6 m during the first hop and 3.7 m during the second. The difference in the altitude and cross range
for the two hops is attributed to the system being oriented differently when the hop is initiated. Figure 6 presents the
time history of the pitch angle of the system versus time. As shown, during the power off descent the hopping
rotochute tends to cone. The landing after the first hop results in little pitch change, whereas the second landing
involves major pitch changes. This is attributed to the increased coning motion of the hopping rotochute during the
second descent. Note that the low center of gravity allows the system to upright itself after each impact. As shown
in Figure 7, the hopping rotochute reaches a maximum absolute vertical velocity of 7.4 m/s during powered flight

and impacts the ground with a vertical velocity of 5.2 m/s. Figure 8 demonstrates that the base body yaw rate

12



remains rather small except during impact when the value increases momentarily. As shown in Fig. 9, the motor
moment spins the rotor up to angular speeds of -1480 rad/s and the aerodynamic moments tend to slow the rotor

once the motor moment is cycled off.

The figures presented demonstrate the hopping rotochutes ability to navigate in small spaces while always up
righting itself upon impact. The next step, which will be included in the final report, will address the performance of
these hybrid micro vehicles. Trade studies will be performed which will provide insight on the maximum range and

endurance of these systems with and without ceiling limits for given battery capacities.

IVV. Prototype Hardware

An example hopping rotochute has been constructed and flight tested. The prototype is shown in Figure 9. The
prototype was flight tested in the Georgia Tech Indoor Flight Facility to demonstrate its flight capability shown in
Figure 10. The flight tests demonstrated the basic hopping capability of the rotorchute and its ability to be actively

controlled. Figures 11 and 12 show an example hopping sequence.
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Table 1 — Base Mass Properties

Parameter Value Units

mg 50.5 gm

Sk e 0.743 cm

BLG—)B 0.0 cm

WL e 9.902 cm
| 828.85 gm-cm?
lyy 872.55 gm-cm?
7, 306.10 gm-cm?
Ly 0.0 gm-cm?
Iy, -38.84 gm-cm?
lyz 0.0 gm-cm?
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Table 2 — Rotor Mass Properties

Parameter Value Units
my 5.3 gm
SLG—>H 0.0 cm
BLG—)H 0.0 cm
WLG—)H 0.0 cm
| 92.15 gm-cm?
lyy 92.15 gm-cm?
s 184.30 gm-cm?
Ly 0.0 gm-cm?
I 0.0 gm-cm?
lyz 0.0 gm-cm?
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Table 3 - Initial Conditions

Parameter Value Units

Xo 00 cm
Yo 0.0 cm
Zy -40  cm
% 0.0 deg
& 0.0 deg
Yo 0.0 deg
Yo 0.0 deg
Uy 0.0 cm/s
Vo 00 cmis
Wo 0.0 cm/s
Po 0.0 rad/s
o 0.0 rad/s
To 0.0 rad/s
Tho ~ 0.0 radfs
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Figure 1 — Picture of a Hopping Rotochute and Highlights.
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Figure 2 — Schematic of the Hopping Rotochute with Associated Reference Frames.
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Figure 3 — Altitude versus Cross Range versus Range
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Figure 4 — Cross Range versus Range
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Figure 5 — Altitude versus Time
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Figure 6 — Pitch Angle versus Time

23



Vertical Velocity, w (m/s)

Time (sec)

Figure 7 — Vertical Velocity versus Time
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Figure 9 — Prototype Hopping Rotochute
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Figure 10 — Georgia Tech Indoor Flight Facility
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Figure 11 — Example Measurement Prototype Trajectory
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Figure 12 — Example Prototype Orientation
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