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MULTI-DEGREE-OF-FREEDOM TEST
STAND FOR UNMANNED AIR VEHICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of the
filing of U.S. Provisional Patent Application Ser. No. 61/170,
445, entitled “Multi-Degree of Freedom Test Stand for
Unmanned Air Vehicles”, filed on Apr. 17, 2009, and the
specification thereof is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The U.S. Government has sponsored in-part research for
this invention, which gives the government certain rights to
the invention as provided for by the terms of Contract No.
FA9200-06-D-0020 awarded by the U.S. Air Force.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present invention relates to a test stand for unmanned
air vehicles (UAVs) and/or micro air vehicles (MAVs) and
more particularly to a multi-degree-of-freedom (DOF) grav-
ity balanced UAV and/or MAV test stand.

2. Description of Related Art

Itis a tremendous challenge to test autonomous flight capa-
bility of an UAV or MAV such as an autonomous helicopter.
This is because the flying vehicle can crash or fly out of
control when the flight control system does not perform prop-
erly. Such a situation can easily happen during an early test
phase of the vehicle. To deal with this problem, a ground-
fixed test stand is usually used to constrain the tested vehicle,
so that it will not crash even if something goes wrong during
a test.

However, a ground-fixed test stand has the drawback of
adding extra load to the test vehicle, which is inconsistent
with a real flight case. For small-scale UAVs, such as MAVSs,
this extraload may be too large to cope with. Therefore, active
or powered test stands are sometimes used. Undoubtedly,
active test stands are complicated in both design and opera-
tion. They are also subject to reliability problems. To continu-
ously take advantage of the reliability and easy operation of
passive test stands and also remove the burden of extra load-
ing due to the weight of the moving part of the test stand,
embodiments of the present invention comprise an innovative
gravity-force balanced test stand.

Gravity balancing of a mechanical system or mechanism
refers to the condition where no joint forces are required to
keep the system or mechanism in equilibrium for all the
configurations in its workspace. Basically, two approaches,
namely, using counterweight or using springs, are available to
achieve passive gravity balancing. However, using counter-
weight adds additional weight to the system resulting in larger
moments and products of inertia of the system. Alternatively,
gravity balancing with springs requires that the total potential
energy (including both the gravitational energy and the elastic
energy) of the mechanism remains constant. This approach
keeps the mechanism balanced with a much smaller total
mass. Some gravity balanced mechanisms using springs have
been designed to serve as rehabilitation devices that compen-
sate the gravity of patients’ arms or legs.

Embodiments of the present invention comprise a multi-
DOF passive UAV test stand that preferably employs springs
to achieve gravity balancing at each configuration within the
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workspace. All of the weight of the entire moving part of the
test stand is self balanced, such that no static load is exerted on
the tested vehicle, allowing the UAV to be tested under a
condition that is very similar to the free flight case.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the present invention comprise an appa-
ratus and method comprising a gravity balanced stand for
testing an unmanned air vehicle (UAV). One embodiment of
the gravity balanced stand preferably comprises an arm com-
prising at least two members, the members providing at least
three degrees of freedom to the UAV, a joint disposed on the
arm, the joint providing at least three degrees of freedom to
the UAV, and at least one spring attached to the arm, wherein
the spring achieves gravity balancing.

An embodiment of the present invention preferably com-
prises a stick disposed on an outer end of said arm, wherein
said joint is disposed on said stick of said arm. This embodi-
ment also optionally comprises a platform disposed between
the stick and the joint and a damper disposed on a bottom
portion of the stick for reducing impact on the UAV during
landing. The spring preferably comprises a linear spring.

In one embodiment of the present invention, the test stand
includes an adjustment mechanism for adjusting an attach-
ment location of the spring. The adjustment mechanism pref-
erably comprises a sliding apparatus. One of the embodi-
ments of the present invention comprises a test stand having
at least two springs attached to the arm.

In another embodiment of the present invention, the mem-
bers comprise parallelograms, the stick comprises a substan-
tially vertical stick, and the joint comprises a ball joint. The
members preferably provide three translational degrees of
freedom to the tested vehicle. The joint preferably provides
three rotational degrees of freedom to the vehicle under test.
The spring preferably comprises a balancing spring.

In yet another embodiment of the present invention, the
members can comprise four member portions, wherein each
portion forms a side of the member. Two of member portions
can comprise substantially vertical member portions. A
spring can be disposed between said substantially vertical
member portions. One of the substantially vertical member
portions is preferably located between and forms an end of
both members. One of the substantially vertical member por-
tions preferably comprises a connector for connecting to the
joint. Ball bearings are preferably used for connecting the
member portions together.

Another embodiment of the present invention comprises a
method for testing an unmanned aerial vehicle (UAV). This
method preferably comprises providing a stand comprising
an arm having at least two members, the arm providing at
least three degrees of freedom to the UAV, disposing ajoint on
the arm of the stand, the joint providing at least three degrees
of freedom to the UVA, attaching the UAV to the joint, and
testing the UAV. The method preferably includes gravity bal-
ancing the stand via at least one spring and reducing impact
on the UAV during landing by providing a dampener. This
method also preferably comprise flying the UAV and landing
the UAV.

Objects, advantages and novel features, and further scope
of applicability of the present invention will be set forth in
part in the detailed description to follow, taken in conjunction
with the accompanying drawings, and in part will become
apparent to those skilled in the art upon examination of the
following, or may be learned by practice of the invention. The
objects and advantages of the invention may be realized and
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attained by means of the instrumentalities and combinations
particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and form a part of the specification, illustrate one or more
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating one or
more preferred embodiments of the invention and are not to
be construed as limiting the invention. In the drawings:

FIG. 1 is a schematic drawing of an embodiment of the
present invention comprising a test stand;

FIG. 2 is a drawing which illustrates an embodiment of a
test stand of the present invention;

FIG. 3A is a schematic drawing of an embodiment of the
present invention comprising a test stand wherein a damper is
touching the ground, thereby preventing a tested vehicle from
landing or “crashing”;

FIG. 3B is a drawing which illustrates an embodiment of
the present invention comprising a test stand with the vehicle
in its normal orientation;

FIGS. 3C and 3D are drawings which illustrate an embodi-
ment of the present invention comprising a test stand having
a platform in a raised position and a test stand having a
platform in a lowered position;

FIGS. 4A and 4B are drawings illustrating configurations
of a platform with a joint is a raised and lowered position;

FIG. 5 is a drawing illustrating an embodiment of the
present invention comprising a gravity balanced test stand;
this figure is for the description of gravity balancing only and
thus some parts of the stand such as the ball joint are not
presented in the figure

FIG. 6 is a drawing illustrating a dynamic simulation
model of a test stand; due to mathematical complexity, only
some of the major components of the test stand for gravity-
balancing are shown in the simulation model

FIGS. 7 and 8 are graphs of lifting force versus time
requirements for gravity balanced systems and systems with
no gravity balancing;

FIG. 9 is a graph of the vertical displacement of a UAV
subject to disturbances under three different conditions;

FIGS. 10 and 11 are graphs of the force in the ball joint
between a UAV and a test stand;

FIG. 12 is a drawing illustrating an embodiment of the
present invention comprising a test stand;

FIGS. 13A and 13B are drawings illustrating a test stand
when a UAV is landing or crashing and when a UAV is flying;

FIG. 14 is a drawing which illustrates an embodiment of
the present invention which was constructed and tested;

FIGS. 15A-15B, 16A-16B and 17A-17B illustrate graphs
of test data from hardware tests performed on springs for a
test stand; and

FIG. 18 is a drawing illustrating an embodiment of the
present invention comprising attachment mechanisms for
springs of a test stand.

DETAILED DESCRIPTION OF THE INVENTION

Unmanned air vehicle (UAV) or test vehicle is defined
throughout the specification and claims as an aircraft that flies
without a human crew on board the aircraft, including but not
limited to, remotely piloted vehicles, unmanned aircraft sys-
tems, micro air vehicles, and reusable, un-crewed vehicles
capable of controlled, sustained, and level flight.
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Springs is defined throughout the specification and claims
as any elastic device or other system or structure capable of
substantially regaining all or a portion of its original shape
after being compressed or extended, including but not limited
to, a coil of wire.

Substantially vertical is defined throughout the specifica-
tion and claims as vertical or substantially vertical.

One embodiment of the present invention preferably com-
prises a test stand for testing unmanned air vehicles, and
preferably micro air vehicles, which typically measure no
more than about 6 to 10 inches in the longest dimension. The
test stand of this embodiment comprises an arm having at
least two members, the members preferably forming paral-
lelograms. The arm of the test stand preferably provides three
degrees of freedom to the test vehicle. This embodiment also
preferably comprises a joint, which provides an additional
three degrees of freedom to the test vehicle. The three degrees
of freedom provided by the joint are preferably pitch, roll and
yaw. The passive test stand of this embodiment employs
springs to achieve gravity balancing for each configuration
within a workspace. The test stand allows a test vehicle to
hover or fly in all 6 degrees of freedom in a large workspace.
All of the weight of the entire moving part of the test stand is
self balanced, such that no static load is exerted on the tested
vehicle, allowing the vehicle to be tested under a condition
that is very similar to a free flight test with no stand.

As illustrated in FIG. 1, test stand 100 is an embodiment of
the present invention. Test stand 100 preferably comprises
arm 101, platform 106, and stick 110 with optional damper
112. In this embodiment, test vehicle 114 is preferably dis-
posed on joint 116. Joint 116 is preferably disposed on stick
110 and platform 106 is preferably attached to stick 110. Arm
101 preferably comprises first and second members 102 and
104. Members 102 and 104 are preferably comprised of mem-
ber portions 122, 124, 126, 128, 130, 132, and 134. Member
portions 122, 124, 126, 128, 130, 132, and 134 preferably
form two parallelograms and are preferably moveably con-
nected via ball bearings. However, other fasteners can also be
used for connecting member portions 122, 124, 126, 128,
130, 132, and 134. For example, pins, bolts, nails, glue, tape,
buttons, snaps, hinged pins, slidable pins, screws, threaded
pins, bracket screws, pegs, rotatable fasteners, ball and socket
fasteners, combinations thereof and the like can be used to
moveably connect member portions 122, 124,126, 128, 130,
132, and 134.

Arm 101 of FIG. 1 is preferably movable. Arm 101 may be
movably hinged to a fixed surface on one end and fixedly
attached to stick 110 on a second end, opposite of the first end.
Arm 101 preferably provides three DOF to test vehicle 114
and can preferably move up and down, out and in, and back
and forth. Test stand 100 provides a total of six DOF to test
vehicle 114, three DOF of which are provided by movable
arm 101 and the other three are provided by joint 116 (pitch,
roll, and yaw).

Springs 118 and 120 of FIG. 1 preferably balance the
weight of the moving parts of test stand 100 in an embodiment
of the present invention. Spring 118 (with stiffness k) is
preferably disposed between member portions 122 and 124 of
member 102; while spring 120 (with stiffness k,) is prefer-
ably disposed between member portions 124 and 126 of
member 104.

Member portions 122, 124, and 126 are preferably substan-
tially vertical. Member portion 124 is preferably located
between members 102 and 104 and forms an end of both
members 102 and 104. Members 102 and 104 are preferably
movably hinged in relation to one another.
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In one embodiment of the present invention, test vehicle
114 is secured to joint 116 using an adapter (not shown) that
is attached to the bottom of vehicle 114. The adapter is pref-
erably a bracket screw comprising threads on both ends.
However, any apparatus known in the art can be used to secure
test vehicle 114 onto joint 116.

In another embodiment of the present invention, joint 116
raises and lowers as the test vehicle takes off, flies and lands
or crashes. In this embodiment of the present invention, plat-
form 106 and stick 110 are preferably attached via an adapter
and form a single unit. Stick 110 is preferably hollow and is
preferably slotted to allow member portion 126 to slide up
and down stick 110. Member portion 126 is preferably move-
ably connected to joint 116 via a connector (not shown) inside
hollow stick 110. Thus, as joint 116 moves up and down, so
does member portion 126 and visa versa. When stick 110 or
optional damper 112 touches a surface, platform 106 prefer-
ably raises toward test vehicle 114. When platform 106 is in a
raised position, test vehicle 114 assumes an upright position
eliminating the three degrees of freedom provided by joint
116. When test vehicle 114 begins to lift up on takeoff, joint
116 raises, thereby raising member portion 126. As a result,
platform 106 and stick 110 slide down away from test vehicle
114. While in test flight, test vehicle 114 is provided with
three degrees of freedom by joint 116.

As illustrated in FIGS. 2, 3A, and 3B, an embodiment of
the present invention comprises test stand 200 in flight and
after landing. FIG. 2 illustrates test stand 200 when vehicle
202 is in flight, and joint 210 is in a raised up position. If test
vehicle 202 has a tendency to crash for some reason, damper
204 touches the ground first and absorbs most of the impact
energy, as illustrated in FIG. 3A. Because of the contact force
of damper 204 touching the ground, platform 208 is raised
thus bringing platform 208 in close contact with joint 210,
and eliminating all the three rotational DOF provided by the
balljoint, as illustrated in FIG. 3C. As aresult, test vehicle 202
remains upright on platform 208, as shown in FIG. 3B. As
illustrated in F1G. 3D, platform 208 lowers as test vehicle 202
resumes flight testing.

Referring to FIG. 4A, member portion 402 and joint 404
are in lowered positions, thereby eliminating the degrees of
freedom provided by joint 404. Referring to FIG. 4B, member
portion 402 and joint 404 are raised, thereby providing three
degrees of freedom for a test vehicle.

One embodiment of the present invention preferably
employs springs to achieve static gravity balancing within a
workspace. The gravity balancing is preferably achieved in
any arbitrary configuration. When gravity balancing with
springs, the total potential energy, including both the gravi-
tational and elastic potential energy, preferably remains con-
stant for any working configuration, namely,

BV—O Vo) = tant W
20 = = V(8) = constan

where V is the potential energy of the system and 0 is the set
of generalized coordinates describing the arm configuration.

A schematic illustration of a static gravity balancing appa-
ratus is shown in FIG. 5. As indicated in FIG. 5, test stand 500
preferably comprises two members, 502 and 504 and mount-
ing platform 506. The angular displacements of members 502
and 504 are denoted by 6, and 6,, which are measured from
the vertical Z axis to the center lines of the corresponding
links.

6

The potential energy of test stand 500 due to gravity can be
expressed as:

Vp1gm1 =200 +ry cOs O)m g+hom g+l +1 cos 0+ 5)

m128

(1a)

Vp1gm2=2(h 1+l cos 0,+r5 cos 0,)mog+homag+(h +

c0s 0,47, cos O,+73)M3g (1b)

Where m |, 1,, r,=mass, length and mass center position,
respectively, of each portion in first member 502, m,, 1,,
O r,=mass, length and mass center position, respectively, of
each portion in second member 504, m, ,=mass of portion
508 between members 502 and 504, and m,=total mass of
mounting platform 506, stick 510, and safety damper 516.
The potential energy of test stand 500 due to springs 512
and 514 is preferably calculated as:

Vy = %kl (@2 + B =24, 1 cos0)) @)
20 1 2b
Vg = zkz(dg + & = 2dslzc0807) @b)
where d,, d,=the attachment position of springs 512 and
25 514, k|, k,=the stiftness coefficients of springs 512 and 514,

and o=the mass ratio between test stand 500 and test vehicle
506.
The total potential energy of test stand 500 is the sum of the
gravitational and elastic potential energies, which is:
30

7 3)
V = Vgt + Viigna + Vi +Via = Co + ) Creost;
=)
35
where
Co = (2hy + hp)(my +ma)g + (4a)
40
i
(hy + riz)ming + (hy +r3)msg + EZ ki(@} + 1)
in1
45 C1=2rym g+l (2mag+m pg+mag—k,d,) (4b)
Cy=2rymagtl(mag-kidy) (4c)

From Eq. (3), the total potential energy is constant if the
second term vanishes. Therefore, the condition for the gravity

balancing of this test stand is found to be
C0,i=1,2 (5)

which requires a set of spring stiffness as follows

55
2myry + 1 2my + myp +m3) 6)
ky =
Ld
2myry + Lhmg
ky= ———
hdy
60

In other words, such a set of springs keeps the total poten-
tial energy of the test stand constant in any working configu-
ration. Hence, the test stand is gravity balanced. It should be
emphasized that springs 512 and 514 in FIG. 5 do not have to
be installed exactly as shown in the FIG. 5 or in other similar
figures. Springs 512 and 514 can be installed in other places
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on test stand 500 through the use of cables and pulleys. The
stretches of the two springs are preferably the same lengths as
those of springs 512 and 514 shown in FIG. 5. One such an
example is shown in FIG. 14.

A set of springs defined by Eq. (6) can balance a particular
device, because the determined springs’ stiffness values
depend on the parameters of the stand. However, when these
parameters are changed for some reason, for example,
because of the manufacturing inaccuracy (within the toler-
ances), it is inconvenient to change the springs in practice. A
solution to this problem is to use the same set of springs but to
preferably leave the springs” attachment location adjustable,
namely, to change the value of d, and d, instead. This can be
accomplished using an adjustment mechanism, as shown in
FIGS. 14 and 18.

Referring to FIG. 18, in one embodiment of the present
invention, adjustment mechanisms 1800 and 1810 comprise
sliding apparatuses 1802 and 1804 wherein springs 1806 and
1808 slide up or down in sliding apparatus 1802 and 1804.
Moving springs 1806 and 1808 up sliding apparatuses 1802
and 1804 increases the values of d, and d, increasing the
spring stiffness. Moving springs 1806 and 1808 down sliding
apparatuses 1802 and 1804 produces the opposite effect.
Adjustment mechanisms 1800 and 1810 are not required to be
sliding mechanisms, but can alternatively comprise a plural-
ity of pegs, buttons, snaps, nails, screws, bolts, a combination
thereof or the like, located along the springs’ attachment
location for adjusting springs 1806 and 1808. The adjustment
is based on the calculations given in Eq. (7).

2myry + 1 (2my + myp +m3) €]
dl =
Lid
d2 _ Zmzrz + 12m3

Ld,

INDUSTRIAL APPLICABILITY

The invention is further illustrated by the following non-
limiting examples.

Example 1

By applying the equations discussed above, one embodi-
ment of a gravity balanced test stand was built. The following
parameters of this embodiment were specified with respect to
the working space requirements, i.e.

m=m>=2.5 kg; my3=2 kg; m»,=1.5 kg
1,=0,=0.5 m; r;=r,=0.25 m;
d,=d>=0.2 m; g=9.81 m/s? (8)
Substituting these parameters into Eq. (6) leads to

k,=539.55 N/m; k,=171.68 N/m ©)

With these spring stiffness values and the system param-
eters from the design, the gravity force of the system is bal-
anced.

To compare the stand with and without gravity balancing,
a dynamic simulation model of a test stand was created and is
illustrated in FIG. 6. In this example, the parameters of stand
600 in this model are the same as those given above. The mass
of UAV 602, which is a small helicopter in this example, is
approximately m,=3 kg.
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In this example, a concentrated lifting force was applied to
UAV 602 at its center of mass (CM), such that UAV 602
hovered at initial positions. As a result, the entire system,
including test stand 600 and UAV 602, was in equilibrium.
UAV 602 was assumed to have several different initial posi-
tions. The components of this required force for a flying UAV
were measured and are illustrated in FIG. 7 and FIG. 8.

As shown in FIG. 7 and FIG. 8, the required lifting force for
a gravity balanced system is preferably equal to the weight of
a UAV and the axial force is preferably zero, regardless of the
UAV position. However, for a system without gravity balanc-
ing, both the lifting force and the axial force highly depend on
the total mass of the whole system and the initial position. The
results indicate that a system with no gravity balancing places
more effect on the UAV, which is undesirable during testing.

Example 2

In a second example, a sinusoidal disturbance was added to
the lifting force along the Z direction (the vertical direction).
The resulting external force is expressed as

F;=F+0.05myg sin(107) (10a)

F,=Fy (10b)

where F, and F ;. are the required lifting and axial forces. As a
reference, the behavior of a UAV without the stand was also
simulated. FIG. 9 is a graph which illustrates the vertical
displacement of a UAV subject to disturbance under these
three conditions.

As illustrated in FIG. 9, due to the sinusoidal disturbance,
the UAV no longer hovers at the initial position. Instead, a
stand without gravity balancing constrains the motion of a
UAV and leads to an oscillation around the initial position.
The gravity balanced stand allows the UAV to drift up con-
tinuously, which is closer to the real behavior of a free flying
UAV. Because of the dynamic loading (i.e. the inertia force)
applied to the UAV by the stand, the UAV with a gravity
balanced stand drifts less than the free flying one. However,
when a, the mass ratio between the stand and the UAV,
decreases from about 4.5 to about 2.5, the UAV tends to drift
more freely. Thus, fabricating a test stand with lighter mate-
rials results in a more realistic test condition.

Example 3

The force in a joint between a UAV and a stand was also
measured to illustrate the effect on the UAV that is added by
the stand, as illustrated in FIGS. 10 and 11.

Both the vertical (Z) and the horizontal (X) joint force of
the gravity balanced system remains close to zero, except for
a slight vibration due to the added periodical disturbance.
However, the forces of the non-gravity balanced system are
not close to zero and vary with the initial position. The results
seen in FIGS. 10 and 11 show that a test stand with gravity
balancing places much less burden on a tested vehicle, which
allows the vehicle to be tested under a condition much closer
to reality.

The gravity balancing technology as described in the
embodiments of the present invention results in a test stand
that compensates its own weight for all working configura-
tions. Thus, the gravity force of the stand does not add any
load to the vehicle being tested with the stand. Gravity bal-
ancing is preferably accomplished by selecting stiffness val-
ues or attachment locations of springs disposed on a test
stand. Since the weight of the stand, after being balanced,
does not put any burden on the tested UAV, the UAV can fly in
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a condition much closer to a free flying condition. This is
especially desirable for micro UAVs or MAVs because an
MAV has very little lifting power or payload capacity other
than flying itself. In embodiments of the present invention,
protection of the tested vehicle from suddenly making contact
with the stand or ground was accomplished using a gravity
balanced test stand. Self collision of the vehicle was also
avoided.

Another embodiment of the present invention is illustrated
in FIG. 12. In this embodiment, test stand 1200 is preferably
apassive parallel mechanism comprising arm 1202, platform
1204, and stick 1206. Arm 1202 preferably comprises two
articulated member linkages 1226 and 1228, one end of
which is hinged to base 1216 and the other end is connected
to stick 1206. Joint 1210 is preferably moveably connected to
member portion 1222 via a connector (not shown) inside stick
1206, which is preferably hollow.

In one embodiment of the present invention, test vehicle
1208 is positioned on joint 1210. Joint 1210 is preferably a
ball joint. Damper 1212 is preferably attached to the lower
end of stick 1206. The test stand of this embodiment allows
for a total of six degrees of freedom (DOFs), three for the
translational motion provided by arm 1202 and the other three
for rotation provided by joint 1210. There are preferably two
springs that compensate for the weight of moving arm 1202.
First spring 1214 is preferably installed between member
portions 1217 and 1218 of member linkage 1226 (the inner
section of arm 1202); while second spring 1220 is preferably
between member portions 1218 and 1222 of member linkage
1228 (the outer section of arm 1202). In this embodiment,
both springs 1214 and 1220 are attached to member portion
1218. Member portion 1218 is located between portions 1216
and 1222 and forms an end of both member linkage 1226 and
member linkage 1228. Both springs 1214 and 1220 are pref-
erably linear springs.

Because arm 1202 preferably comprises member linkages
1226 and 1228, it keeps stick 1206 at one end of stand 1200 in
a substantially vertical position. Platform 1204 is pushed
against the landing gear of UAV 1208 in a non-flight case to
keep test UAV 1208 in an upright orientation when stick 1206
is contacting a surface, as illustrated in FIG. 13A. When test
UAV 1208 is in flight, ball joint 1210 raises up to allow larger
angular maneuvering of UAV 1208 and stick 1206 is lifted off
a surface, as illustrated in FIG. 13B. If UAV 1208 has a
tendency to crash for some reason, damper 1212 at the bottom
of'stick 1206 preferably touches the ground first and absorbs
most of the impact energy. At the same time, mounting plat-
form 1204 preferably raises against the landing gear of UAV
1208. As a result, UAV 1208 is forced to return to and main-
tain its normal (upright) orientation, as illustrated in FIG.
13A.

Example 4

Based on the equations above, a second example test stand
was built. The overall dimension of this test stand was
designed for a typical size of a MAV to hover and maneuver
in a reasonable flight space. After the arm of the stand was
built, the following parameters were directly measured from
the test stand arm:

m;=0.1525 kg, m,=0.215 kg
m3=0.29 kg; m,=0.1575 kg
1,=0.4572 m (18 in), 1,=0.6096 m (24 in)

A4=0.1954 m
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=12, r=02
d,=0.2794 m (11 in), d,=0.127 m (5 in)

2=9.81 m/s? 11

Substituting these parameters into (6) leads to

k1 =46.43 N/m (0.265 Ib/in)

k,=121.70 N/m (0.695 Ib/in) (12)

With these stiffness values and the system parameters from
the design, the gravity force of the moving arm was com-
pletely balanced.

The example test stand is illustrated in FIG. 14. Note that
the springs can be located at any location on test stand through
the use of cables and pulleys. In FIG. 14, two springs are
located at one end of the test stand. In order to select the
appropriate springs and mounting locations, the mass and
center of mass of each of the hardware pieces were known.
Although the masses ofthe components were estimated using
computer aided design (CAD) models from the design, true
values could be different than the estimated values due to
errors in material properties, manufacturing, assembly, etc.
Thus, the computed stiffness values were adjusted to match
the assembled hardware. This was done by a series of hard-
ware tests right after the arm of the prototype was built. The
hardware test was also performed to confirm the assumption
in the design that the springs were linear springs. In the
hardware test, the arm was moved to different configurations
and held in equilibrium by the cables (without the springs).
The displacements and tensions of the cables at each configu-
ration were measured. Some of the test data were plotted in
FIGS.15A-15B and 16A-16B. The test data indicated that the
springs were linear springs and their stiffness values were
easily extracted by curve fitting with the plotted test data (i.e.,
the slopes of the fitted lines).

Although the required stiffness values of the springs were
calculated in theory first and refined by the hardware test later,
such springs could not be easily found from the commercial
off the shelf (COTS) products in the market unless custom-
built springs were ordered. Ordering customer-built springs is
expensive. Instead, the springs were adjusted at the attach-
ment locations, as described in equations (7), to solve the
problem. This was done by making the two attachment loca-
tions of each spring adjustable for fine tuning of the mecha-
nism.

The hardware test also revealed that, when the inner arm
(the inner section of the arm) moves down beyond a certain
range, the linearity between the displacement and tension of
the cable no longer hold true, as illustrated in FIGS. 17A and
17B. This is because the cable mechanism is close to its
singular configuration (when 6,=180° and thus, the linear
force/displacement relation becomes unstable. This explana-
tion can be easily verified by kinematics analysis of the
mechanism at the configuration of 8,=180°, where an infi-
nitely large tension is required to pull the cable in order for the
arm to go out of the configuration. As a result, when the arm
is close to the singular configuration, the Jacobian matrix of
the test stand becomes very ill-conditioned (unstable situa-
tion). Mechanical stops are preferably installed near some of
the joints to keep the arm from going close to the singular
configuration.

Before the springs were installed, they were tested and the
springs were adjusted accordingly. A stiffness value of the
springs at small deflections caused an initial force at near zero
displacement. This property was both helpful and inconve-
nient. It was helpful in the case of the inner spring since the
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spring did not need as much pre-stretch to balance in the
working range because this section is at an obtuse angle. It is
different for the inner arm however, since its range of motion
is in an acute angle where the zero initial spring length is
necessary. The acute angle leaves the spring unstretched
before this section of the arm can reach a vertical position and
further reduces the workspace of the test stand.

The example test stand was easily moved from one con-
figuration to another by a tiny force. The platform was pushed
or pulled by a force of only 0.6 N in the radial direction (the
horizontal direction of folding or unfolding the arm). For a
vertically up or down movement, only about 0.4 N of force
was required and for a swing motion about the fixed vertical
axis, less than about 0.1 N of force was sufficient. These
required forces are just average values. In fact, these forces
varied from configuration to configuration. They were much
smaller than the weight of the moving arm, which was about
1.2 kg (nearly 11.8 N). These small required forces were
mainly because of the joint friction torques.

A number of micro UAVs were tested with the example test
stand. All of them flew well within the workspace of the test
stand. Some of the tested UAVs could barely fly by

The preceding examples can be repeated with similar suc-
cess by substituting the generically or specifically described
components and/or operating conditions of this invention for
those used in the preceding examples.

Although the invention has been described in detail with
particular reference to these preferred embodiments, other
embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to those
skilled in the art and it is intended to cover in the appended
claims all such modifications and equivalents. The entire
disclosures of all references, applications, patents, and pub-
lications cited above are hereby incorporated by reference.

What is claimed is:

1. A gravity balanced stand for testing an unmanned air
vehicle (UAV) comprising:

an arm comprising at least two members, said members

providing at least three degrees of freedom to the UAV;

a joint disposed on said arm, said joint providing at least

three degrees of freedom to the UAV; and

at least one spring attached to said arm, wherein said spring

achieves gravity balancing.

2. The stand of claim 1 further comprising a stick disposed
on an outer end of said arm, wherein said joint is disposed on
said stick of said arm.

3. The stand of claim 2 further comprising a platform
disposed between said stick and said joint.

4. The stand of claim 2 further comprising a damper dis-
posed on a bottom portion of said stick for reducing impact on
the UAV during landing.
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5. The stand of claim 2 wherein said stick comprises a
substantially vertical stick.

6. The stand of claim 1 wherein said spring comprises a
linear spring.

7. The stand of claim 1 further comprising an adjustment
mechanism for adjusting an attachment location of said
spring.

8. The stand of claim 7 wherein said adjustment mecha-
nism comprises a sliding apparatus.

9. The stand of claim 1 wherein said members comprise
parallelograms.

10. The stand of claim 1 wherein said joint comprises a ball
joint.

11. The stand of claim 1 wherein said members provide
three translational degrees of freedom to the tested vehicle.

12. The stand of claim 1 wherein said joint provides three
rotational degrees of freedom to the vehicle under test.

13. The stand of claim 1 wherein said spring comprises a
balancing spring.

14. The stand of claim 1 wherein each of said members
comprises four member portions, each portion forming a side
of said member.

15. The stand of claim 14 wherein two of said member
portions comprise substantially vertical member portions.

16. The stand of claim 15 wherein said spring is disposed
between said substantially vertical member portions.

17. The stand of claim 15 wherein one of said substantially
vertical member portions is located between and forms an end
of both said members.

18. The stand of claim 17 wherein one of said substantially
vertical member portions further comprises a connector for
connecting to said joint.

19. The stand of claim 14 further comprising ball bearings
for connecting said member portions.

20. The stand of claim 1 further comprising a second spring
attached to said arm.

21. A method for testing an unmanned aerial vehicle (UAV)
comprising:

providing a stand comprising an arm having at least two

members, the arm providing at least three degrees of
freedom to the UAV;

disposing a joint on the arm of the stand, the joint providing

at least three degrees of freedom to the UAV;

attaching the UAV to the joint;

gravity balancing the stand via at least one spring; and

testing the UAV.

22. The method of claim 21 further comprising reducing
impact on the UAV during landing by providing a dampener.

23. The method of claim 21 further comprising flying the
UAV.

24. The method of claim 21 landing the UAV.
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