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ABSTRACT The technological developments in the field of image based sensing have led to a vast growth
in the use of drones in various domains. The drone is usually equipped with an image sensor (camera)
which collect images over the target area. These images are then post-processed to extract the important
information. Efficiency and accuracy of the image based sensing are largely dependent on the captured
image quality. Therefore, it is important to prevent the transmission of the drone vibrations to the camera.
Most of the current camera mounting systems use passive rubber mounts for isolation. However, these
mounts are effective only in vertical direction and essentially adds damping to the system which degrades
the performance of the isolation at high frequency. In this paper, a multi-degree of freedom isolation system,
based on a Stewart platform configuration, is proposed for drone camera stabilization. The important features
of the proposed isolation system are — (i) high frequency roll-off, (ii) no use of flexible joints, (iii) uses
non-contact voice coil actuator thus avoiding spurious resonances of the legs, (iv) adjustable stiffness, (v) 3D
printed lightweight parts and (vi) centralized control using a single sensor (inertial measurement unit).
A prototype of the proposed system has been manufactured and validated experimentally. The proposed
isolation system is found to reduce the response of the isolation system near resonance without compromising
performance at high frequency. The application of the isolation system can be easily extended to other fields

which require high quality image acquisition.

INDEX TERMS Vibration isolation, Stewart platform, hexapod, active control, image stabilization.

I. INTRODUCTION

The recent years have seen a vast growth in the use of
image based sensing technologies using drones. Drone based
sensing systems offer simple and low-cost solutions which
find applications in health monitoring [1], precision agricul-
ture [2], military surveillance [3] and remote sensing [4].
The drone is equipped with an image sensor (camera) which
collects high resolution images during its flight over a local-
ized region. The images captured by the drone are then
post-processed to extract some useful information. The effec-
tiveness of image based sensing is determined by the cap-
tured image quality. The vibrations on the camera can cause
blurring of the captured images. Therefore, there is a need
to prevent the transmission of drone vibrations to the camera.
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This can be achieved through stabilization system for camera,
which can developed using either passive or active elements.

Passive systems are purely mechanical. Earlier studies
claimed that a simple linear spring-mass dashpot system can
be used as passive isolation for camera [5]. Kienholz er al. [6]
proposed damping system for optical payloads. The damper
dissipated the energy through eddy current. All metal design,
insensitivity to temperature, linear behaviour, no fluids and
its robustness makes it a good choice for space applications.
A camera mount based on dry-friction isolator was developed
by Gjika and Dufour [7]. A passive vibration abatement
system was proposed by Fernandez et al. [8] which utilized
sprung-mass isolation technique. The system was claimed
to work for high-frequency vibrations (greater than 2 Hz)
in the horizontal plane. Qian et al. [9] proposed an irrota-
tional displacement isolator to prevent rocking of the payload.
The device used double parallelogram linkage mechanism
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to restrain the rotation and allow only axial motion of the
payload with respect to the aircraft. A new kind of passive
system based on bio mimetic, inspired by avian, was proposed
by [10]. This type of isolation system is best suited for drones
using a flapping mechanism.

A hybrid isolation system, incorporating a vibration
absorber, was proposed by Webster and Semke [11]. The
damping of the system was enhanced by using viscoelastic
materials. Meas et al. [12] presented ian solation system using
wire rope for the pan-tilt-zoom camera system. A three axis
accelerometer was connected to the body of the aircraft to
measure these disturbances. The disturbances were recorded
under different operating conditions of the aircraft like flying,
rolling, take off and landing. The wire-rope isolators were
found to be effective in the vertical direction. The vibration
reduction in the other two directions were not significant.

Active image stabilization systems use sensors to measure
the motion and then an actuating system to compensate for it.
Active system are found to be effective for a broader range
of frequencies as they are adaptive in nature [13]-[15]. They
are able to compensate for a wider range of disturbances.
This section presents some of the active stabilization systems
that have been developed for mechanical camera stabiliza-
tion. Marichal et al. [16] designed a low-cost platform, for
mounting a camera on an unmanned aerial vehicle (UAV).
The controller used was based on artificial neuro-fuzzy infer-
ence system (ANFIS). The semi-active strategy was proposed
using a spring-mass-damper system with time varying damp-
ing. The motion of the platform was controlled only on two-
axis. Stuckel et al. [17], Stuckel and Semke [18] developed
a mount using just the piezoelectric actuators. This system
was developed for high-frequency oscillations having small
amplitude.

Sumathy et al. [19] used a piezoelectric mount to actively
cancel the vibration generated from the quadcopter. The
performance of the three different types of algorithms
were compared — Least Mean Square (LMS), Filtered-
X-Least Mean Square (FXxLMS) and Normalized Least
Mean Square (NLMS). The NLMS algorithm performed
best among the studied algorithms. Oh et al. [20], [21]
and Park and Choi [22] developed camera mounts using
piezostack actuators. The vibration levels were found to be
reduced up to 78% near the critical frequencies. Lee ef al. [23]
proposed active vibration isolation using piezoelectric uni-
morph with mechanically pre-stressed substrate (PUMPS).
The active isolation system was developed for removing
the jitter and improving the quality of image acquisition by
optical payloads. Two different control schemes were used
— positive position feedback (PPF) and negative velocity
feedback (NVF).

Baer and Semke [24] developed a frictionless camera
mount using composite plates and magnets. The isolation
was able to counteract against the small attitude deflections.
Gasteratos [25] presented a new scheme for a pan/tilt camera
for using fuzzy-grey controller. Gyros were used for con-
trolling the pan and tilt of the camera. The performance of
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the proposed controller was compared with that of the PID.
Fuzzy-grey controller was found to perform better and was
able to provide better image stabilization.

This article focuses on the development of a multi-degree
of freedom vibration isolation system for stabilizing cameras
installed on drones. The proposed isolation system is based
on a Stewart platform configuration. Premount et al. [26]
proposed a Stewart platform configuration using voice coil
actuators and flexible joints. The unique feature of the design
was that the mass of the magnets was moved from the leg
to the bottom platform. Also, the membrane inside the voice
coil served as a flexible joint. Zheng et al. [27] proposed a
passive Stewart platform configuration using negative stiff-
ness magnetic springs. The platform was designed to have
high static and low dynamic stiffness. Wu et al. [28] proposed
another passive Stewart platform using X-shape structures
as legs. He et al. [29] proposed a 18-legged inertially sta-
bilized Stewart platform for protecting navigation systems
from external shocks. Wang et al. [30] developed a Stewart
platform using piezoelectric actuators for micro-vibration
isolation. Yang et al. [31] proposed an isolation system for
space precision system. They also developed the control strat-
egy to compensate for the parasitic stiffness induced due to
flexible joints.

The conventional configurations of Stewart platforms
suffer from two major drawbacks. The first is the spurious
resonances in the legs of the platform. The mass and stiff-
ness of the legs are significant and can result in spurious
resonances which degrades the performance of the isolation.
The second major drawback is the flexible joints which
amount to parasitic stiffness. The friction and the backlash
in the joints are another matter of concern while designing
the controls for the platform. In this article, we propose some
design modifications to overcome the drawbacks of the con-
ventional Stewart platform configuration. More specifically,
the platform is designed for drone camera stabilization. The
nature of the drone vibrations is high frequency and low-
amplitude. Therefore, it is desired to have an isolation system
with high frequency roll-off. The proposed configurations
uses non-contact voice coil actuators. Also, there are no
flexible joints in the proposed system. A very simple con-
trol architecture is used for active isolation using centralized
control. The parts of the platform are manufactured using
3D printing technology. The top and the bottom platform
are interconnected using three springs. Unlike most of the
Stewart platforms, the stiffness of the proposed system can
be adjusted to account for different payloads.

The organization of the manuscript is as follows. Section II
describes the design features of the proposed isolation sys-
tem. A dynamic model of the proposed isolation system is
presented in Section III. The design of the prototype isolation
system is described in Section IV. The control design strategy
for active isolation is presented in Section V. The details
of the experiments conducted on a prototype to assess the
performance of the isolator are presented in Section VI. This
is followed by concluding remarks in Section VII.
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Il. DESIGN DESCRIPTION

In the present study, an active isolation system based on
the cubic configuration of a Stewart platform is proposed.
The configuration of the isolation system has been modified
for specifically for drone camera stabilization. This section
describes the changes made to the conventional Stewart plat-
form configuration and also highlights the motivation behind
these changes.

®

(i)

(iii)

(iv)

v)

(vi)

Non-contact actuators: In most of the Stewart platform
configurations, the payload and bottom platform are
connected with the help of struts which results in spu-
rious resonances at high frequencies. Since the nature
of the drone vibration is low amplitude and high fre-
quency [32], spurious resonance can severely degrade
the performance of the isolation system. To overcome
the problem of spurious resonances in the legs, it is
proposed to use non-contact voice coil actuators in the
legs of the isolation such that there is no stiffness in
the legs. The top and bottom platform are supported on
three springs. Figure 1 shows the configuration of the
proposed isolation system.

No flexible joints: The conventional rotational joints
suffers from the problem of friction and backlash.
On the other hand, flexible joints add parasitic stiffness
which degrades the isolation performance. The modi-
fied design eliminates the need for rotational or flexible
joints. Instead, the radial clearance between the coil
and the permanent magnet is increased to allow for the
rotation of the top platform (see Figure 2).
Lightweight: The weight of the drone unit needs to
comply with the air traffic regulations. Adding too much
weight might interfere with the navigation controls.
It may also lead to increased power consumption by the
drone. For light weight design requirement, the actu-
ator housing assembly is 3D printed using poly lactic
acid (PLA) material, which offers high resilience and
durability.

Compactness: The isolation system needs to have a
compact footprint so that it can be combined with exist-
ing drone-camera systems. There is also a constraint
on the height of the isolation. This again is achieved
by using non-contact actuators without any flexible
joints.

Control architecture: The compact nature of the isola-
tion system does not leave much room for the placement
of the large number of sensors. Usually force sensors or
accelerometers are collocated with the actuators in the
legs of the isolation. It is proposed to use only one sensor
— inertial measurement unit (IMU).

Modular: The designed isolation system should be
modular. It should be compatible with different
drone-camera systems. This is facilitated by the design
of special fasteners which can be used to adjust the
spring stiffness between the top and bottom platform.
The isolation system works like a module and can be
adapted for different payloads (camera systems).
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FIGURE 1. Proposed isolation system— (a) integrated system,
(b) configuration, (c) top platform and (d) bottom platform.
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FIGURE 2. Radial clearance between the coil and the magnet allows the
rotation of the top platform.
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FIGURE 3. Geometry of the isolation system.

IIl. DYNAMIC MODEL OF THE ISOLATION SYSTEM

A Stewart platform has authority over six degrees of freedom.
The present configuration of the isolation system consists
of six non-contact voice coil actuators. The top and bot-
tom platforms are connected by three springs. This section
presents the formulation of a dynamic model for the proposed
isolator.

A. GEOMETRIC CONFIGURATION
The actuators are arranged in a cubic configuration. The
cubic configuration of a Stewart platform has equal control
authority in all the degrees of freedom [33]. The velocities of
the isolation legs are related to the velocities of the payload
plate by a Jacobian matrix (refer equations (13) and (23)).
Since the application is intended to suppress low amplitude
motion, the Jacobian remains constant. This makes it possible
to use the nominal configuration to evaluate the Jacobian
matrix.

For the cubic configuration (see Fig. 3), the inclination
angle of the leg with the vertical plane is constant and is equal

to
6 = tan ! (—) (1)
ﬁ

The height, z, and radius, r of the platform are related by the
following equation

2 1
I s =2 L =sin9=\/i 2)
L 3L 3

B. FRAMES OF REFERENCE
Three different frames of reference are selected for the
dynamic modelling of the proposed isolation system
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(i) Global frame of reference, {B} — which coincides with
the centre of mass of the bottom platform.
(i) Payload frame of reference, { P} — which is the fixed to
the centre of mass of the top plate.
(iii) Local frame of reference — which is attached to the
corresponding spring and the the actuator leg.

C. POSITION OF THE SENSOR AND ACTUATORS

The location of the sensor and the actuators is shown in
Figure 4. The actuator legs are shown in the encircled num-
bers. IMU is placed at the origin of the payload frame of
reference. The coordinates of the position of different points
in the global frame of reference are summarized in Table 1.

2(al)

FIGURE 4. Location of the sensor and actuators.

TABLE 1. Location of sensor and actuator in global frame of reference.

S.No.  Point X Y Z
1 bl r/2  —rV/3/2 0
2 al r 0 =z
3 b2 /2 ™/3/2 0
4 a2 —r/2 ™/3/2 z
5 b3 - 0 0
6 a3 —r/2  —rV/3/2 2
7 B 0 0 0
8 P 0 0 =z

D. MODELLING OF THE SPRINGS

For modelling of the springs, it is assumed that the bottom
platform is fixed and the payload platform is subjected to the
forces and moments acting at its centre of mass (see Figure 5).
Let the motion of the payload plate in the {B} frame of
reference be given by

X=[xyz6 6,6]
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FIGURE 5. Modelling of the springs in isolation system.

The displacement of the i spring in {B} frame of reference
is given by
T
Xi = [xi Yi Zi]

The stiffness of the springs in the horizontal direction can be
written as kj, and in vertical direction as k,. That is, the spring
stiffness in X- and Y-directions is k;, and in the Z-direction is
k, with respect to {B} frame of reference. The forces acting

on the centre of mass of the payload plate in {B} frame of
reference can be written as

Feqw=[F t]|=[Fx Fy F. tx 7y ]

where Fy, Fy, F; are the forces and 7, 7y, 7, are the moments.
The translation motion of the payload is related to the motion
of the points where springs are attached by the following
relations
X1 +x2 +Xx3 yi+y2+y3 21+22+23
x = Yy = 32 = 3)
3 3 3

where (x;, y;, z;) are the translations of point i (i = 1,2, 3)
in Figure 5. If the springs are identical, the motion of the
point where the springs are attached is equal to the motion
of the payload in the respective direction. Hence, the effective
stiffness due to springs in the X-, Y- and Z-directions is equal
to 3ky, 3kj, and 3k, respectively.

For rotation about X-axis, the spring 1 is fixed while the
springs 2 and 3 moves in the opposite directions. Since the
spring stiffness is same, the magnitude of the displacement of
springs 2 and 3 is also the same (i.e., zo = z3). From Figure 6,
it can be deduced that

22 2z3
Op = —=—= 4
! 3 /3
Using moment equilibrium along X-axis, we get
/3 /3
Ty = kex 0, = ka2T + kyz3 5)

2
Therefore, the effective stiffness along the 6,-direction is
given by
3k, r?
ko, = —— 6
0, 5 (6)
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FIGURE 7. Isolation stiffness calculation in 6y -direction.

Similarly, for the rotation about the Y-axis, spring 1 moves in
the upward direction while springs 2 and 3 moves downwards
(see Figure 7). The angle of rotation and the displacements of
the spring are related by the following equation

21 22 23
Oy == ="2="22 7

r r r

Using moment equilibrium along the Y-direction, we get

r r
Ty = k0y9y =kyzir + kaZE + ka3§ ®
The effective stiffness along the 6)-direction is equal to
3k, r2
ky = = ©)

The rotation about the Z-axis results in the displacement of
the springs in the X-Y plane. From Figure 8, we can write

Y1 x X

0, === (10)
r r r
The moment equilibrium in the Z-direction results in
T, = ko, 0, = kpy1r + kpxor + kpxar (11
The effective stiffness along the 6,-direction is equal to
ko, = 3kyr* (12)

E. KINEMATIC MODELLING OF THE LEGS

The procedure described in [33] is followed for the kinematic
modelling of the legs. Let R be the rotation matrix relating the
frame of reference {P} to {B}. The frame {B} is assumed to be
fixed. The definition of the various vectors shown in Figure 9
is given below

VOLUME 8, 2020



M. Verma et al.: Multi-Degree of Freedom Isolation System With High Frequency Roll-Off for Drone Camera Stabilization

IEEE Access

X

FIGURE 8. Isolation stiffness calculation in 6, -direction.

FIGURE 9. Vector representation of the isolation system for calculation of
the Jacobian matrix.

X,  Vector connecting origin of {B} to {P}

pi  Vector connecting origin of {P} to the actuator
in leg i on the payload plate

ri  Vector connecting origin of {B} to the actuator
in leg i on the bottom plate

gi  Vector connecting the attachment point of leg i
in the payload and bottom plates

1;  Unit vector along the direction of leg i

Let J be the Jacobian matrix which relates the leg’s veloc-
ities to the velocity of the centre of mass of the payload plate.
That is

g=JX (13)
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The absolute velocity of the point A; on the payload plate is
given by

Vi =V+ 0 X pi (14)
where v and @ are the absolute velocity and the angular
velocity of the centre of mass of the payload plate. The
projection of the velocity vector along the direction of leg is
given by

éi =1,,(0+ o x ZJ,) =1;-v— li‘l;i X ® (15)
The above equation can be expressed in the matrix form

-

Gi=1"v—1"prow (16)

where p is a skew symmetric matrix calculated from p to
express the cross product and is equal to

0 —p3 p2
p=|p3 0 —p
-p2 p1 0
Combining the velocities of all the legs,
. SRS )
i (17 -1 (1) a7
From Figure 9, it can be seen that
Gi = Xo — 1) + i (18)
Projecting vectors X,, 7; in the frame {P} we get
gi = R" o — 7)) + pi (19)

The unit vector along the leg of the actuator can be written as

T L
li= = = (RTGo — 7+ i) (20)
lgil L
And also,
1 N
1 pi = ZRT(xo — )P 1)

For small rotations of the payload plate, the rotation matrix
can be approximates as an identity matrix. The Jacobian
matrix for small rotations can be approximated as

1 1 _
T=| 7 (o= T+p]) =g 0o =)l | (22)

where I is identity matrix of appropriate size.
The Jacobian matrix obtained by substituting the vectors
of the actuator legs and joint positions is

[ 1/V6 1/V2 1/4/6 0  —Lv2/3 L/V3 ]
1/v/6 —1/21//6 0 —L2/3 —L/\/3
I —2/v6 0 1/J6 L/V6 L/J6 L/V3
Tl V6 1V2 1746 LIN6  L/N6 —L/3
1/v/6 —1/¥21/46 —L/v/6 L/N6 L/V3
| —2/v/6 0 1/v/6 —L/V6 L/vV6 —L/V3 ]
(23)
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TABLE 2. List of various components of the isolation system.

Component Description

Actuator Linear non-contact voice coil actuator,
Model: Moticont LVCM-010-013-01,
Stroke: 6.4 mm (Tolerance:£+0.01 mm)

Sensor 5 DOF Inertial Measurement Unit, 2

x gyro sensor and a 3-axis accelerom-
eter, Accelerometer sensitivity: 300mV/g
(Tolerance:+1%), Gyro raw sensitivity:
0.67mV/°/s (Tolerance:£5%)

Top and bottom platforms for housing actu-
ators are 3D printed with PLA using Maker-
Bot Replicator (Tolerance: XY positioning -
11 microns, Z positioning - 2.5 microns)

Housing assembly

Spacers For alignment of the isolation system, 3D
printed (Tolerance: same as the housing as-
sembly)

Springs Stainless steel compression springs (Toler-

ance: information not available from vendor)
In-house manufactured current amplifier op-
erated in current mode (Tolerance: could not
be ascertained)

Current amplifier

(a)

P
©)
/
\v/

(© (@) ©
FIGURE 10. Prototype of the proposed active isolation system—(a) top

platform, (b) bottom platform, (c) adjustable spring assembly, (d) spacer
for alignment and (e) camera-isolation integrated system.

Let f be the forces in the legs of the isolation system. Based
on principle of virtual work, the forces in the local frame
of reference are related to the forces in the global frame of
reference by the following equation

fTog=[F ]" ox = [1:] =J'f (24)

F. DYNAMIC EQUILIBRIUM
The kinetic energy of the payload platform can be written as

T 1T1+1T11 (25)
= —V miy —w lw
2 2
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FIGURE 11. Drone spectrum in Z-direction.
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FIGURE 12. Response of isolation system when subjected to the external
input corresponding to the drone spectrum-(a) leg extension and
(b) control force.

where I is the moment of inertia and v is the absolute velocity
of the payload platform in frame {B}. We neglect the stiff-
ness of the platform and assume that the centre of mass of
the payload coincides with the {P} frame of reference. The
translation velocity of the centre of mass of the payload plate
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FIGURE 13. Control strategy for active stabilization.
can be written as Control OFF Control ON
X % z
v= (652" (26) 7 bobolg Lolg «‘w
g 100J\ g 10‘)#3 8 1004\
[0 (0] (0]
e ke °
The rotational part of the kinetic energy can be written as £ g g
5] 2 I 2 [} 2
S 10 S 10 s 10
T 2 32 32
w ]Iw = HXGX + I[yey + ]IZOZ (27) 100 102 100 102 100 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)
. .. 0 0 0.
where I, I, I, are the moment of inertia in frame {P}. The x v 2
total kinetic energy of the payload (same as Equation 25) can z J 3z J 3z J
. . . . . \
be written in terms of global mass-inertia matrix, M, as S g0 = 400 = 400
e o) °
T — —XTMX (28) s 10 s 10 s 10
2 10° 102 10° 102 10° 102

The global mass matrix is obtained by equating the kinetic
energies in Equations (25) and (28).

M = mdiag(l, 1,1, R%, R2, R?) (29)

where m is the mass of the payload, Ry, Ry, R, are the radii
of gyration about the respective axis and diag(.) represent the
diagonal matrix. Based on the spring assembly, the stiffness
matrix of the platform is

K = diag(3kp, 3kn, 3ky, 3kyr2/2, 3kyr? /2, 3kpr?)  (30)
The dynamic equilibrium equation of the isolator is given by
MX + KX = Foy +J'f @31)

And if the base plate is subjected to the ground motion,
the dynamic equation is

MX +KX =KX, +J'f (32)

where X;, is the motion of the base plate in {P} frame of
reference.
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Frequency (Hz) Frequency (Hz) Frequency (Hz)

FIGURE 14. Transmissibility of the isolation system in different directions
with and without active control.

IV. MECHANICAL PROTOTYPE

A prototype of the isolation system is designed and manu-
factured for experimental validation. This section gives an
overview of the mechanical design. The different components
of the isolation system are listed in Table 2. The prototype
is designed to have a natural frequency at around 30 Hz
in the vertical direction. The stiffness of the isolation in
the horizontal direction is assumed to be half of that in the
vertical direction. The damping ratio is assumed to be low
(as there is no source of pure damping in the system) and
taken as 1%. The different components and the assemblies
are shown in Figure 10.

The first step in the design process is the choice of actu-
ators. The isolation platform is intended for drone camera
stabilization. Hence, it is important to characterize the vibra-
tions coming from the drone. A typical drone spectrum in
the Z-direction is shown in Figure 11 [32], [34]. The drone
vibrations act as the external disturbances to the isolation
system. Using centralized control (details follow in the next
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Top View Side View

Breadboard

(d)
FIGURE 15. Experimental investigations—(a) top view of isolation system, (b) side view of isolation system,
(c) experimental setup and (d) zoom-in view of the isolation system with IMU.
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‘White noise 2l Isolation system
2
S|E
ER= )
=18 —g. G(s)| Jranslation
‘E ;ﬁ accelerations
o
o= (JH Control action
in payload
coordinates -g' Angular
rate

FIGURE 16. Block diagram for the experimental evaluation of the isolation performance.

section) with the dynamic model formulated in the previous shown in Figure 12. The actuators for the isolation system
section, the response is evaluated in terms of control force are selected based on force and stroke demand obtained from
and leg extension. The response of the isolation system in the preliminary analysis.

176196 VOLUME 8, 2020



M. Verma et al.: Multi-Degree of Freedom Isolation System With High Frequency Roll-Off for Drone Camera Stabilization

IEEE Access

Control OFF
Control ON

Mag [abs]
Mag [abs]

Control OFF
Control ON

Control OFF
Control ON

Mag [abs]

102
Frequency [Hz]

(2)

10’

Frequency [Hz]

(b)

10 102
Frequency [Hz]

©

102

Control OFF
Control ON

Mag [abs]

Mag [abs]

Control OFF
Control ON

10°
Frequency [Hz]

(@

10°
Frequency [Hz]

©)]

FIGURE 17. Response of the active isolation system with and without control in-(a) X-, (b) Y-, (c) Z-, (d) 6x-and

(e) by -directions.

It can also be seen from the drone spectrum that the vibra-
tions are predominant between 150-200 Hz. Therefore, it is
important to ensure that the flexible modes of the platforms
are above 200 Hz. A finite element analysis of the top and
bottom platform is carried out to identify the first couple of
flexible modes. If the designed platform is found to have the
flexible modes in the vicinity of frequency range of drone
vibrations, the thickness of the platform should be increased
to make it more stiff. Before manufacturing, it has been made
sure that the flexible modes of the designed platform are
above 200 Hz.

The top platform is supported on three springs which main-
tain the alignment of the non-contact voice coil actuators.
This alignment can be disturbed when the payload is added
on the top platform due to static deflection. Special fasteners
are designed to compensate for this static deflection. The
fasteners can be rotated to adjust the effective length and
hence the stiffness of the spring. The nut is rotated until all the
actuators are aligned in the mid-stroke position. The isolation
system adds about 150g to the drone. The performance of the
drone is not much affected due to the lightweight nature of
the proposed isolation system.

Three spacers are designed to guide the spring adjustment.
Once the spacers are fitted between the platforms, the cubic
configuration is ensured and all the actuators are aligned
perfectly. After this, the springs can be adjusted to ensure that
the platforms remain in this configuration once the spacers
are removed.

V. CONTROL DESIGN
In the present study, centralized control is used for active
damping. The sensed output is the acceleration of the payload
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plate in three translation and three rotational directions. The
block diagram for the control strategy is shown in Figure 13.
The dynamics of the system in the state-space form which
takes control force (f) and the external disturbance from the
drone () as inputs, and inertial accelerations of the payload
platform in six directions as output (z = X) can be written
as

Z = Az+ Byf + ByWw

Z = Cuz + Dyf (33)
where
0 I 0 0
A= [—M—IK —M‘1Cj| > Bu= [M‘IJT] » Bw = [—1}
z= [i} , C=[-M'K,-M~'C], Dy =M1J".

In order to add damping to the system, the control force
should be proportional to the velocity. Since payload platform
acceleration is used as feedback, an integrator is used to
obtain velocity from the feedback signal. However, this active
damping does not degrade the high frequency response of the
isolator and is effective in damping the resonance alone. The
use of a pure integrator as a control can result in drift. In order
to avoid the actuator saturation due to drift, a weak integrator
is used instead. The controller for the isolation system is given
by

107
G(s) = ——— 34
©) s+ 10 34)
The control input to the actuators is given by
f=—-G,G(s)-X (35)
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where G,, = diag(g, g,g,¢’,¢’,¢’) is the controller gain
matrix. The transmissibility of the isolation system with
the controller gain matrix G,, = diag(4, 4, 4, 0.004, 0.004,
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FIGURE 18. Cross coupling between different directions.

0.004) is shown in Figure 14. It can be seen that the control
strategy is able to reduce the isolator response near resonance
without amplification at higher frequencies.
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VI. EXPERIMENTAL INVESTIGATIONS

The controller designed in the previous section is validated
experimentally. The details of the experimental setup and
results are described below.

A. SETUP

The experimental setup used for the performance evaluation
is shown in Figure 15. The bottom platform of the isola-
tion system is bolted on a rigid support. In the experiments,
the IMU unit is glued on the top platform of the prototype.
For the actual system, the IMU can be encapsulated inside
the isolator. The voice coil actuators are driven using the
current amplifier. MicroLabBox from dSpace is used for the
real-time implementation of the evaluated controller. A DC
voltage source is used to power the IMU. The IMU used
in the experiments measures five degrees of freedom — X-,
Y-, Z-direction accelerations and angular rate about X- and
Y-axis. Therefore, controller for the rotations about X- and
Y-axis is replaced by a simple gain (instead of a weak
integrator).

B. ISOLATION PERFORMANCE

The actuators of the isolation system are used for control as
well as for injecting the external disturbances in the system
(equivalent to forces and moments acting on the payload
plate). The block diagram for the experiments is shown
in Figure 16. The force and moment transmissibilities of the
isolation system are shown in Figure 17. It can be seen that
the control strategy is effective in response reduction of the
system near resonance. This reduction in the response has
not come at the expense of amplification at high frequency,
unlike observed in the case of passive isolation. The isolation
system was designed to have the resonance in Z-direction at
around 30 Hz. The frequency of the isolator in Z-direction
is found to be around 31 Hz. In the preliminary design,
the horizontal stiffness of the isolation was assumed to be
half of the vertical stiffness. Also, it was assumed that all
the three springs have similar properties. However, this is not
the case in the experiments. The frequency of the isolator
in the X- and Y-directions is found to be around 38 Hz and
22 Hz, respectively. We can also observe more than one peak
in the frequency response, suggesting the coupling between
different directions. The frequency of the isolation in the 6,-
and 6)-directions is found to be around 45 Hz and 50 Hz,
respectively. Since, the lengths of the springs were adjusted
in the lab, there was not enough precision. This difference in
the mechanical properties of the springs is presumed to be the
main reasons for the cross coupling between different direc-
tions. This cross coupling can be reduced by using springs
manufactured with higher precision. The other probable rea-
son for cross-coupling could be the parasitic stiffness due
to the cables used for instrumentation or imperfect Jacobian
due to misalignment. The isolation system also has a high
frequency roll-off up to 200 Hz which makes it appropriate
for drone camera stabilization. It should be noted that the
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active control is found to be effective even in the presence
of the cross coupling.

C. CROSS COUPLING

The cross coupling between the different directions is mea-
sured by conducting five different experiments. In each of
the experiments, the payload plate was subjected to force
or moment in predominantly one direction. The response
of the isolation system was recorded in all the directions.
The results of the experiments are shown in Figure 18. Each
row corresponds to one experiment in which the payload
is subjected to either a force or a moment in a particular
direction. Each column corresponds to the response of the
isolation system in a particular direction. The magnitude plot
alone is not sufficient to identify the cross coupling. There-
fore, the coherence plot is also shown below the magnitude
plot. The coherence plot shows the correlation between the
applied force/moment and the response. It is observed that
in the diagonal plots, the response is well correlated with
the external input. Also, the magnitude is higher than the
translations/rotations in the other directions. This indicates
that the isolator was predominantly excited in one direction.
From the coherence plots, it is observed that the there is cross
coupling between F — 6,, I, — 0, F; — 6, and 7, — Z
directions. As described earlier, it is presumed to be due to the
difference in stiffness of the three springs used in the isolation
system.

VIl. CONCLUDING REMARKS

A new multi-degree of freedom isolation system has been
proposed for drone camera stabilization. The isolation system
is based on a Stewart platform configuration. The legs of the
isolation system are composed of non-contact voice coil actu-
ators. This helps to avoid the spurious resonances in the legs.
The isolation system is also devoid of flexible joints. This
helps to avoid the problem of friction, backlash and parasitic
stiffness. The top and the bottom platforms are connected
using three springs. The control architecture uses an IMU
with centralized control strategy. The parts of the isolation
are manufactured using 3D printing technology. The isolation
system has been designed considering the stroke and force
demand for isolation from drone vibrations. The performance
of the isolation system has been verified experimentally. The
isolating system is found to be effective in response reduction
of the payload platform without amplification at the higher
frequencies. The cross coupling between different directions
has also been observed in the experiments. This is attributed
to the fact that the stiffness of the springs holding the top and
bottom platforms are not identical. This cross coupling can
be reduced by using industrial grade springs manufactured
with higher precision. Nevertheless, the control strategy is
found to perform well even in the presence of this cross
coupling. Although the isolation system is proposed for drone
camera stabilization, it can be extended to various other fields
(like autonomous vehicles, precision agriculture or remote
sensing) which require acquisition of high quality images.
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