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Abstract

This paper focuses on investigating a parallel camera stabilizing manipulator with three angular degrees of freedom con-
trolled by three linear actuators. An experimental setup is designed and manufactured to actively isolate the host vehicle's
disturbing motions. The kinematic analysis of the manipulator combined with a controller is used to disturbance rejection
coming from the base platform. Two inertia measurement units (IMU) are used for real-time feedback from the base and
up-per platforms' orientation. A Kalman filter is implemented for handling the noises and drifts of the IMUs data. Inverse
kinematics of the manipulator is used for calculating the actuating commands and velocity control of the linear motors. The
experimental results of the proposed camera stabilizing system are shown. The results indicate its good capability in following
the reference input of the controller. Considering the closed kinematic chain of the system and its stiff parallel architecture,

this system can be a good choice for the stabilizing system of ground and aerial vehicles.

Keywords Parallel manipulator - Camera stabilizing - Robotic - Control - Kalman Filter

1 Introduction

There are different manipulator architecture concepts in
robotic applications. Generally, it is possible to classify these
concepts into two main groups. These groups are serial and
parallel robot arms. Serial robot arms are the most com-
mon industrial robots. In this concept, there are a couple
of links/joints between the robot body and the end-effector,
and always the next link is connected in series to the end
of the previous link by a joint. These types of robots are
called anthropomorphic (in human form) robot arms. The
most important advantage of serial robot arms is that they
have a large working area. That's why they are widely used
in industrial applications. A parallel robot arm is a mechani-
cal system formed by two linked platforms, a fixed platform,
and a moving platform. The movable platform is connected
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to the fixed platform by at least two independent computer-
controlled links working in parallel. Compared to serial
robot arms, parallel manipulators are more precise and more
rigid. Also, the possibility of mounting motors close to the
stationary platform is an important feature of robots with
parallel kinematic architectures. It can also be used in appli-
cations that require higher speed combined with precision
and higher payload [1-4]. The examples of using parallel
manipulators in high precision modeling and machining are
mentioned in [5-7]. The kinematic and dynamic analysis
of several parallel manipulators has been done in [3, 8-24].
Rashidnejhad et al. [25] have presented a strategy for opti-
mizing 3RUU robot manipulator trajectory planning. First,
position analyses were performed on the 3RUU robot to
obtain the optimal trajectory. Next, an objective function
with two terms was minimized: the first term relevant to
the total execution time and the second term relevant to the
integral of the squared jerk (defined as the derivative of the
acceleration concerning time) along the trajectory. This
ensures that the obtained trajectory is smooth. This tech-
nique allowed for the calculation of the kinematic constraints
on the robot's motion, defined as upper limits on the absolute
values of velocity, acceleration, and jerk, without requiring
the execution time to be predetermined. The algorithm has
been validated through simulation and compared favorably
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to other significant trajectory planning algorithms. Position,
velocity, and workspace analysis of a specially designed par-
allel manipulator with six degrees of freedom is explained
where every single chain of the manipulator is a so-called
“piercing” rod [26]. The motion analysis of a spherical par-
allel manipulator including coaxial input axes is explained in
[27]. A novel kinematic calibration using an error model is
developed for a parallel manipulator in [28]. The application
of artificial intelligence (AI) techniques has become popular
in the modeling, control, and optimization of robots. The
genetic algorithm (GA), a well-known evolutionary tech-
nique, has been utilized by Azizi [29] to determine the ideal
settings for the gimbal joints. Considering that adopting the
GA is a time-consuming procedure, an artificial neural net-
work (ANN) architecture has been developed to represent
the GA's behavior. The outcome demonstrates that the sug-
gested ANN model can be utilized in place of the sophis-
ticated and time-consuming GA to determine the optimal
parameters of the gimbal joint. The Al methods are used
for kinematic analysis, path generation, and control of the
various parallel manipulators [30-32]. A fuzzy-logic con-
trol method has been developed for a dynamically uncertain
robotic manipulator [33] to improve its trajectory tracking
accuracy. To reach the goal, an adaptive fuzzy full-state
feedback control scheme is developed using a high-gain
observer for estimating unknown states. The comparison
between the developed method and the traditional PID and
PD controller proved the advantages of their technique both
in the simulation and experiments. An adaptive impedance
controller for improving the human—robot interaction and
the compliant tracking accuracy has been developed in [34,
35]. A vision sensor was used to identify the human hand
position and motion in combination with a force sensor that
was used to measure the interaction force between the robot
and the human hand. The dynamic uncertainties of the robot
were handled using a developed Neural Network framework.
A hierarchical human-in-the-loop technique was used in [36]
aiming to assist the cable-driven lower limb exosuits for sup-
porting the human ankle joint. A Quadratic Programming
problem with certain constraints was used to optimize the
impedance parameters for various terrains. Also, an adaptive
controller was developed to handle the nonlinearities and
compliance factors.

In this study, a stabilizing robot with three degrees of
freedom (3-DOF) is investigated. The proposed study is an
experimental work to prove the potential of the 3-DOF paral-
lel platform for being used as a camera stabilizing platform.
In this application, it is necessary to control three rotational
degrees of freedom in roll, pitch, and yaw directions. That’s
why compared to the conventional Stewart platform with
6-DOF (3 translational and 3 rotational), the proposed par-
allel manipulator is more suitable and easier to control and
manufacture. Eliminating the three translational degrees of
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freedom decreases the number of linear actuators to three
(compared to the six actuators in the conventional Stewart
platform) and consequently simplifies the design and makes
it stiffer for stabilizing applications. Inverse kinematic analy-
sis of the parallel manipulators is not complicated and mul-
tiple solutions do not exist. Once the top plate position and
orientation are fixed, one should expect a unique solution for
the struts. It is also possible to implement the inverse kin-
ematics analysis analytically. On the other hand, the forward
kinematics of the parallel manipulators is not that easy, and
generally numerical methods are used for the forward kine-
matics analysis. This complicates the analysis in a great deal.
Numerical solutions take more time than analytical methods,
and, when one uses numerical methods, the convergences of
multiple solutions cannot be guaranteed.

In this study, a novel method is proposed for position
control of the manipulator based on the inverse kinematic
solutions of the manipulator and real-time feedback from
the current orientation of the top and base plates. In this
method, the strut lengths are calculated for the current and
desired orientations of the top plate. Then the error between
the current and desired strut lengths is controlled in real-
time, based on the orientation feedback from an IMU that
is mounted on the top plate. This strategy helps to avoid
multiple solutions when solving the forward kinematics of
the manipulator with numerical methods. Also, thanks to
the analytical inverse kinematics solution, it is useful for
real-time applications that need a fast response.

Modeling of the structural and feedback sensor noises
and application of the noise handling techniques play a
critical role in the robot manipulator accuracy improvement
[37-39]. Azizi et al. [39] have investigated the effect of the
noise on mechanical structures and designed PID and Slid-
ing mode controllers to eliminate the unwanted applied noise
to the system. The results show that the controller designs
are effective. Especially when multiple sensor feedbacks
should be used for the real-time control of a mechanism, the
synchronization of all data and processing them simultane-
ously is very challenging. Synchronized, secure, and stabi-
lized communication is very critical if wireless solutions like
RF are used for data transmission [40—44]. In this study, a
Kalman filter is used to eliminate the noise of the two IMU
sensors and increase the accuracy of the position control of
the parallel manipulator.

In this paper, first, the complete analytic inverse kine-
matic solution of a 3-DOF parallel platform is proposed.
Then a hierarchical stabilizing control strategy is proposed
based on the kinematic solution and IMUs feedback. The
filtering IMU data and its effect on the control strategy of the
platform are also explained. The performance of the whole
system is evaluated in the results and discussion section.
Finally, the whole idea, its unique sides, and future works are
mentioned in the conclusion section of the paper.
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2 Materials and Methods

The parallel stabilizing platform is composed of a lower
plate and an upper plate and 3 linear actuators that con-
nect them. These linear actuators are connected to the
upper plate by spherical joints and they are connected to
the lower platform by universal joints (Fig. 1). In addi-
tion, a link that is fixed to the lower platform is connected
to the upper platform by a spherical joint. The mentioned
link is used for two reasons. The first reason is that it
increases the load capacity of the manipulator. Here we
need a fast reaction in the rotational degrees of freedom.
If we add vertical loads on the three linear actuators, due
to not enough locking force/torque of the actuators it is
probable to lose the desired orientation of the upper plate.
Also, the fast response and real-time control will be dif-
ficult because of the vertical loads on the actuators that
cause the higher current load. The application of a link
that is fixed to the lower plate and connected to the upper
plate by a spherical joint helps to decrease the vertical
load on the moving actuators and improves their response
rate of them which is necessary for stabilizing systems.
The second reason is that this link guarantees that the
upper plate will not have any translational motion and

Fig. 1 Experiment setup of the 3-DOF parallel stabilizing platform

only rotational motions will be supplied. Such a transla-
tional motion may happen due to the backlash or losing
the locking force/torque of the actuators. Thanks to this
combination, a parallel mechanism with three degrees of
freedom (Roll-Pitch-Yaw) is obtained.

2.1 Kinematic analysis of the parallel stabilizing
system

As is shown in Fig. 1, the stabilizing platform is com-
posed of a base plate, a top plate, and three parallel linear
actuators that connect the base and top plate. Also, a
shaft that is fixed to the base plate and connected to the
top plate via a spherical joint is used to prevent trans-
lational motions in the top plate. To calculate the three
strut lengths related to the current base and top plate ori-
entations, and to calculate the three strut lengths related
to the desired base and top orientations, it is necessary to
implement the inverse kinematic analysis. In the inverse
kinematic analysis, the actuator (strut) lengths are
obtained with the help of the known angular orientation
of the base and top plates in roll, pitch and yaw direc-
tions. Notice that the coordinate system which is used is
given in Fig. 2. For implementing inverse kinematic anal-
ysis, a body-fixed reference frame called F® is defined
at the mass center of the base plate. In this reference
frame, the principal unit axes are defined such that ﬁ];
points upward and ﬁ]f points between B, and B;. As was
mentioned before, the parallel actuators are connected

=T

i i
Ts 1\ 7‘ - T

B;

Fig.2 Base and top plate body-fixed reference frames
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to the base plate by universal joints. The coordinates of
these joints on the base reference frame are described
as follows.

_B blx _B b2x _B b3x
By =[byy [ By, =|by | By =[bs (H
blz b2Z b3z

Another body-fixed frame called FT is defined at the
mass center of the top plate. In this reference frame the
unit prmmpal unit axes are defined such that U u3 points
upward and U u1 points between T, and T;. The parallel
actuators are connected to the top plate by spherical
joints. The coordinates of these joints on the top refer-
ence frame FT are defined as

d d

—T 2 | o —d _T 2

T1 = \/TEd T2 =10 T3 = —\/ng )
0 0 0

The reference frame FT can be expressed concerning the
inertial reference frame FC by the homogeneous transforma-
tion matrix H.

A ~ —B
o CE o0
fi= c & ®
0001]]000 1
The CB represents a 3 X 3 rotation matrix of the base
body-fixed frame F® with respect to the inertial reference

frame FO, with the 1-2-3 Euler angles sequence, and it is
expressed in the exponential notation form [45].

1 0 0 cosPg O sinPg || cosyp —sinyz O

CF = eMmePre™is = | 0 cosay —sinay 0 1 0 | sinyy cosyy O
0 sinay cosay | —siny O cospp | O 0 1
“

The C represents a 3 X 3 matrix that expresses the rotation
between the base and top plates in the 1-2-3 Euler angles

sequence.

1 0 0 cosff 0 sinf
C =el1%e™2Pe™? =| 0 cosa —sina 0O 1 0 siny cosy 0
—sinf 0 cosf 0 0 1
» 5)
The d,, is a column position vector of the top plate with
respect to the base plate expressed in the base body-fixed
frame F&.

cosy —siny 0

0 sina cosa

0
dy =(0 (6)
h
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Here the aim is to find the current strut lengths and the
desired strut lengths using the inverse kinematic analysis.
For this purpose, the real-time orientation feedback of the
base and top body-fixed reference frames (C and C ) are
read from two IMUs placed one on the base and the other
on the top plates. The relationship between CB and CT
is as follows

CBC=C" o

To find the current strut lengths, it is necessary to know the
rotation rnatrlx between the base and top body-fixed reference
frames (C) Multlplymg the inverse of the rotation matrix of the
base body-ﬁxed frame CB to both sides of the equation gives us
the C matrix.

CP'CPC=CP'CT ®)

CB'CB =TsoC = CB'CT )

Now it is possible to calculate the current strut lengths
using the C as follows:

The coordinates of the i’th spherical joint on the top plate
in the base body-fixed frame can be shown as

(—13 R aT
=AY

The left side of Eq. 10 can be expressed as:

a’ B 4+L
{]-[7+7]

where the E? is the vector that connects the base universal
joint to the corresponding spherical joint on the top plate and
is expressed at the based body-fixed frame. Equation (11)
can be written as:

B 4L ¢ |lT
i i = 0 i
IR

Consequently, the fiB will be:

—] P — B  —
L, =CT, +d, -B, (13)

With the known 1-2-3 Euler angles sequence between the
base and top plates C, the strut lengths can be derived using the
second norm of the vector L, .

L =1/L. L. (14)
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Considering the elements of the rotation transforma-
tion matrix as

R Ci1 €12 C13
C=|cy e 3 (15)
€31 €32 €33

The vector thaiésonnects the universal joint 1 to the
spherical joint 1 (L, ) will be

d
B Ci1 €12 €13 2 0 by
L, =[ca ¢ Cp3 \/TSd +10 by (16)
€31 €32 €33 0 h by,
Therefore,

d 3
Cii3 +012\/7—d_b1x
1 021%1 +C22\/T§d_bly A7)

|
w
I

From Eq. (17), the length of strut 1 can be derived
as follows:

2
d 3
<c“§+c]2%d—blx> +
d V3 : d V3 :
<c215 +c227*d—b1y> + (c315 +c327‘d+h—blz>

(18)

The vector thaLBconnects the universal joint 2 to the
spherical joint 2 (L, ) will be

L =

_B [ ¢y cpeps |[ 0 by
s =l cnen | O |+]0[—|by (19)
| C31 C32 C33 0 h b,,
Therefore,
B —Cy1d = by
| _C31d + h - b2Z

From Eq. (20), the length of strut 2 can be derived as
follows:

L, = \/(—c“d—bz,()z +(=e1d —byy)* + (=eyyd +h=by,)>  (21)

Finally, the vector that connects the universal joint 3 to
the spherical joint 3 (L,) will be as

d

B Ci1 €12 €13 2 0 bs,

Ly = ¢ ¢ Cp3 —%d +10 |- by (22)
€31 €32 €33 0 h bs,

Therefore,

[ d 3
€113 _CIZ%d_bh
- d 3
Ly =] 3 _022\/7_d_b3y (23)

d V3
C31; ~Cp5-d+h—by,

and the length of strut 3 can be derived as follows:

2
d 3
<°115 _CIZ%d_bh) +

2 2
3 3
\ <c21§ —czzéd—bw) + («:3152l —c32%d+h—b3z)
(24)

Using the two IMU feedbacks and explained inverse
kinematic analysis, the current lengths of the struts are
calculated.

L; =

Licurrenl — L2 (25)
L3

At this step, we need to calculate the desired strut length to
be used in the control algorithm. The desired orientation of the
top plate body-fixed frame CT-4esired with respect to the inertial
reference frame FC can be defined manually or by the control
algorithm. Considering %> Pgandyy as the 1-2-3 desired Euler
angles sequence, the CT-desired can be calculated as follows:

aT,desired — eﬁl oy eﬁzﬁd eﬁsYd (26)

Here the aim is to find the desired orientation of the top
plate body-fixed frame CT-desired with respect to the base plate
body-fixed reference frame FB. After finding the Céesired ori-
entation matrix, following the inverse kinematic solution of
the robot manipulator, it is possible to find the desired strut
lengths that supply the desired top plate orientation. The
relationship between CB, CTdesired 5 q CTdesired ig a5 follows:

aBédesired — C\T,desired (27)

Multiplying the inverse of the rotation matrix of the base
body-fixed frame C® to both sides of the equation gives
us the Cdesied magrix. Here there is not a singularity issue.
Because the CB s an orthonormal orientations matrix. Based
on the properties of the orthonormal matrices, the determi-
nant is always equal to 1. Also, the inverse of the orientation
matrix is equal to the transpose of the matrix. Consequently,
it is possible to calculate the inverse of the orientation matrix
without concerning about singularity.

aB’laBadesired — aB’laT,desired (28)

aB’l aB — ’I\ 0 adesired — GB’IGT,desired (29)
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Considering the elements of the (idesired rotation transfor-
mation matrix as

Adesivad Il C(IiZ C(ljS

esired __

C =11 € 3 (30)
Ao

31 “32 33

The desired strut lengths can be derived using the same
inverse kinematic procedure explained above. So following
Egs. (31) -(34):

2
adyd Vi blx> +

Ldesired _ ” 2 122
1 - \f 2 d 3 2
(Cz 13 t¢ 9% 7 d= bIY> + <°gli +Cg27d+h_blz>
(31)
desired 2 2 2
Lo = \/(—C(llld—bzx) + (=g, d=byy )" + (=c§,d+h —by,)
(32)

2
dd_ a3
< 3 ~Chnd- b3X>
v 2 2
(d‘ﬂ cd Vg b3y) +<cdt‘ o Vg b37>

desired _

L, =
212 n 2 312 3 2

(33)

Consequently, using the base plate IMU feedback and the
above formulas the desired strut lengths can be written as:

Ldeﬂred

Ldesned (3 4)
Lgesned

desired __
L, =

It is very important to assign the IMUs axis in the same
directions that are used in the inverse kinematic analysis. The
control strategy using the calculated current and desired strut
lengths (L™ and L¢**"?) are mentioned in the next section.

2.2 Stabilizing control strategy

To stabilize the top plate of the parallel manipulator, it is
necessary to control the orientation of the plate such that to
keep it in the desired orientation. Based on the manipulator
components' characteristics and the feedback types, sev-
eral control strategies can be followed. If the linear actua-
tors are equipped with the encoders and if there is real-
time feedback from the length of the struts, it is possible
to control the top plate using the inverse kinematics of the
robot and single IMU feedback mounted at the base plate
of the robot. The IMU will give the orientation of the base
body-fixed frame FP with respect to the inertial reference
frame FC. Thanks to the close kinematic chain and inverse
kinematics of the manipulator, the strut lengths that supply
the desired orientation of the top body-fixed frame FT will

@ Springer

be calculated. The control command will take the struts to
the desired lengths using feedback from the encoders of the
actuators. But here in our manipulator, the applied linear
actuators have not equipped with encoders. That’s why there
is not any feedback from strut lengths. To compensate for
this shortage, a second IMU is mounted on the top plate of
the manipulator. Therefore, the real-time orientation feed-
backs of the top and base body-fixed frames with respect to
the inertial reference frame are fed to the control algorithm.
The flowchart of the control algorithm is shown in Fig. 3.
At each control loop cycle, the base and top plate orienta-
tions are read from the related IMUs. Then the data are filtered
using the Kalman filter. Then using the inverse kinematics of
the manipulator, the current strut lengths will be calculated.
Based on the operator’s manual command the desired ori-
entation of the top plate will be defined so that to keep this
orientation during the operation and compensate for all distur-
bances. Considering the commanded orientation, the desired
strut length will be calculated using inverse kinematic analysis
of the manipulator. The error signal for each actuator will be
the difference between the desired and current strut length.

Ldesired L
1 1
E= Ldesired Lcurrenl _ Ldesired L
=N — - (21 red - 2 (35)
esire:
L L,

/!

IMU Data

Get Base & Top
Pitch & Yaw Angles

Get Refe1 ence Roll, /

Filtering the Data

|

Calculate Current
Strut lengths using
Inverse kinematics

Calculate Desired
Strut lengths using
Inverse kinematics

Backward
Command with PID
Controller

Forward Command
with PID Controller

Fig.3 Control algorithm flowchart
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A position control strategy is used for supplying the
desired strut lengths that lead to the desired top plate orien-
tation. For such a purpose a PID controller is designed using
the calculated error signal where the controller output signal
uis as follows:

u, t
u = |u, [where u(t) = K,E®) + K| / E(t)dt + Kd((li—?
u, 0
(36)

The controller output is changed to the PWM signals and
drives the linear actuators controlling their velocity. In this
study, the aim is to prove the capability of the proposed
method to be used in a 3-DOF parallel stabilizing platform.
That’s why a simple PID controller has been designed and
manually tuned. The block diagram of the control algorithm
is shown in Fig. 4.

As shown in the Fig. 4 the reference values for the
Roll, Pitch, and Yaw Angles of the Top plate are fed to
the control algorithm. For example, if it is desired to
keep the top plate always in the vertical configuration
during its operation, the reference inputs should be set
to zero. In the control algorithm, the error is defined as
the difference between current and desired strut lengths.
The current strut lengths are obtained by using IMU data
and inverse kinematic analysis. The desired strut lengths
are calculated considering the reference inputs and the
inverse kinematic analysis. The calculated three error
values are fed into the PID controller. The output signal
of the PID controller is a 3 X 1 array where each ele-
ment of the array is a PWM signal for driving one strut
and taking it to the desired length. The control cycle is
implemented using an Arduino Due Atmel SAM3XS8E
ARM Cortex-M3 microcontroller. Two MPU6050 IMUs
are used, one for the top plate and another one for the
base plate. The data of the top plate IMU are transmit-
ted to the microcontroller using nRF24L.01 RF send
and receive modules. One of the important challenges

Fig.4 Control algorithm block

in the proposed method is the synchronization of the
data acquisition from both IMUs. Synchronizing both
the transmitting and receiving rate of the RF modules
in the top and base plates may affect the real-time data
transmission. So the same baud rate should be used for
reading the IMU data from the serial ports. Also, the data
should be buffered and synchronized to get accurate and
realistic real-time feedback from the base and top body-
fixed frame orientations.

To handle the probable noises on the IMU data and
prevent the error drifting in the system, it is necessary
to filter the data of both IMUs. Thus to meet the purpose
a Kalman filter is used. Generally, two types of distur-
bances should be considered designing a stabilizing plat-
form. The first one is to handle high-frequency structural
vibration disturbances such as motor vibration. For such
a purpose, the application of passive or active dampers or
advanced control algorithms can be effective. Also, a stiff
structural design can be helpful. The closed kinematic
chain and stiff design of the parallel mechanism used in
this study is an advantage against such disturbances. The
second type of disturbance is due to the ground or aerial
vehicle maneuver. In ground vehicles, such a maneuver
is due to the road profile, especially in the Pitch and Roll
axes. In aerial vehicles, it is due to flight maneuvers. In
this study, the stabilizing platform aims to handle the sec-
ond type of disturbance. The aim of using IMU feedback
is to handle these types of disturbances in Roll, Pitch, and
Yaw directions. Generally, the frequency of these distur-
bances is considered 1 Hz in test platforms [46]. Imple-
mentation of the Kalman filter improves the accuracy of
the IMU feedback and the performance of the controller
by eliminating the probable noises. In this study, the data
sampling Baud rate is set to 115,200 per second. Consid-
ering the 32-bit ARM Cortex M3 architecture running
at 84 MHz clock speed, the delay caused by the filtering
algorithm has not had a significant effect on the stabiliz-
ing performance of the platform.

diagram Reference
Roll, Pitch, Yaw Inverse Reference
Angles Kinematics strut lengths Roll-Pitch-Yaw
Feedback-Top IMU
5
PID g
Controller <
Inverse Current strut
Kinematics lengths Roll-Pitch-Yaw
Feedback-Base IMU
Kalman
Filter
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Regarding the frequency of the control loop, espe-
cially for aerial vehicles where fast motions can be
observed, it is preferred to have a 1 kHz control loop
frequency for supplying smooth motions. Considering
the mentioned characteristics and performance of the
IMUs and processor, the expected control loop frequency
has been supplied. The smooth motion of the top plate
following the desired motion path in the experiments
reflects the successful performance of the controller and
its frequency loop.

2.3 Filtering of the IMU data

Kalman filter is a filter that predicts the current data value
of a modeled system according to the previous data val-
ues. It can be considered as a prediction method than a
filter. Thanks to the algorithm used by this filter and the
defined error model in the system, which can be used in
real-time, very successful results can be obtained. The
more data, the stronger the forecast will be. This feature
distinguishes it from other filters. The basic formula of
the Kalman filter is:

where 0, is the calculated value using the Kalman filter algo-
rithm, K, is the Kalman gain, ®, is the measured value from
the sensor and 6, _, is the previously calculated value by the
Kalman algorithm.

Also, the measured values and predicted values can be
modeled considering the effects of the noise on them.

0, = A0,_, +Bu, + W, _, (38)

@, = HO, + v, (39)

Here W, _, is the noise of the previous process and v,
is the noise of the measured process. uy is a control signal
and is not used here. So coefficient B loses its importance.
The values A and H can be calculated for different sys-
tems. However, in many cases especially for one-dimen-
sional arrays, they can be considered as 1 for simplic-
ity. The error covariance P, is a value used to calculate
the Kalman gain. It is updated regardless of the values
obtained. It is calculated with the R and Q values deter-
mined during the modeling of the system. Based on try
and error, the values Q=0.51 and R=0.88 are used in this
implementation. There are three stages in the application
of the Kalman filter. These are Prediction, Correction, and
Update. These two stages are calculated in the same time
step “k" [47] and [48].

@ Springer
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For the Prediction stage, one has
Po=P_;+Q (40)
0, = 6,_, 41)

For the Correction stage, we have

TP +R (42)

P, =P, - K,P, (43)
O = 0, + Ky (@ — 6y) (44)

For the Update stage, one possesses
P_i =P 45)
01 =6y (46)

The explained stages of implementing the Kalman
filter are shown in a flowchart in Fig. 5. The recursive
algorithm handles the noises and corrects the IMU feed-
back. Then the corrected results are used in the inverse
kinematics analysis and resulting control scheme.

”
/

Get Base & Top
IMU Data ¢y

l

Implement the
Prediction Stage
Py, Oy

l

e e e e ]
s s e e o o e o e e .

Implenient fhe Implement the
s Update Stage
Correction Stage -
K. P..© P k-1 — P k
k' 'k Yk 0 -0
\ k-1 k /
N /
i T -

Inverse Kinematics
Analysis & Control

Fig.5 Kalman filtering flowchart
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3 Results and Discussion

The implementation results of the proposed method are
mentioned in this chapter. The effect of the Kalman filter
on filtering the IMU data is shown in Fig. 6 and 7. In Fig. 6
the noisy IMU Roll feedback (red) is shown together with
the filtered Roll data (blue) using the Kalman algorithm. In
Fig. 7 the noisy IMU Pitch feedback (red) is shown together
with the filtered Pitch data (blue) using the Kalman algo-
rithm. The filtered data are more realistic and smooth.
Despite the advantages of the closed kinematic chain of
the parallel platform that results in rigidity and higher pay-
load manipulation capability, the noise and drifting in IMU
data related to each axis can affect the control accuracy
of the other two axes either. That’s why the Kalman filter
implementation is necessary to prevent such uncertainty
and probable vibration during the stabilizing operation. To
investigate the kinematic solution and control algorithm
performance, reference paths are defined for the top plate
Roll and Pitch orientations and the real-time orientations
of the top plate have been recorded. Before starting the
experiment, the platform was in the horizontal configura-
tion and the Roll and Pitch angles were equal to zero. The
reference inputs for the starting points of the experiment
were set at 5 degrees for the both Roll and Pitch directions.
A harmonic path is defined by the operator as reference
path and the performance of the proposed algorithm in
following the define path is evaluated. Implementing the
proposed velocity control on the Roll and Pitch axes is
shown in Fig. 8 and 9. In these figures, the desired path is
planned by the operator for the Roll and Pitch orientations
of the manipulator top plate that is shown in blue in Fig. 8

25 T T T T
—— Filtered Data
20 —— IMU Data

Roll Angle (Degrees)

25 L L . .

0 1 2 3 4
Time (Second)

Fig.6 Kalman filter implementation on the roll axis

25 T T T

—— Filtered Data
201 —— IMU Data

Pitch Angle (Degrees)

_25 1 1 1
0 1 2 3 4
Time (Second)

Fig. 7 Kalman filter implementation on the pitch axis

and 9 respectively. The aim here is to investigate the abil-
ity of the manipulator in following the desired orientation
path plan using the calculated kinematics, and speed con-
trol scenario of the actuators. The top plate motion paths
in Roll and Pitch orientations are shown in red in Fig. 8
and 9 respectively. The manipulator adjusted its orientation
with the reference path in less than 1 s and the stabilizing
platform and the control algorithm kept the top plate on
the reference orientation successfully. In the experiment
results, there are small errors when changing the direction

Reference Input
= © * Obtained Results |

Roll Angle (Degrees)

0 2 4 6 8 10
Time (Second)

Fig. 8 Roll axis controlling
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Fig.9 Pitch axis controlling

of the reference paths. This is because of the response of
the actuators. It is possible to handle this small error by
using higher-quality actuators with faster responses to the
control commands.

The main disadvantage of parallel manipulators is their
limited working space. To handle this issue, magnetic
spherical joints are used in the connection points of the top
plate and the struts and fixed shaft. Such joints increase the
motion range of the top plate (+40°) which is well enough
for commercial multi-copters and UAVs. Also, it is recom-
mended to use a specially designed slip ring mounted on top
of the fixed shaft to transmit the data and power between
the top and base plates. The Yaw axis is used for locking on
an object or for changing the camera monitoring direction.
Even the parallel manipulator supplies the motion in the Yaw
direction but generally, it is needed to control the platform
in 360°. That’s why another actuator (generally a brushless
DC motor) can be added below the base plate to supply a
full 360° notion for the platform and payload. In this case,
the yaw axis of the platform and the new actuator will be
collinear and this phenomenon causes redundancy in the
Yaw axis. Consequently, the Yaw axis loses its importance
in the parallel platform. But if necessary, it can be used also
for accurate motions in this direction.

In order to make a performance comparison, we had
no access to any commercial parallel camera stabilizing
platform. However, it is possible to compare the perfor-
mance of the developed parallel stabilizing platform with
the common three or two-axis gimbal systems which use
an open kinematic chain design. But here the challenging
point is the criteria for choosing a proper gimbal model
for comparison. The weight of the platform, dimension,
maximum power consumption, maximum torque gener-
ated by the actuators, etc. can be considered as criteria

@ Springer
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Fig. 10 TG200D three-axis gimbal

for choosing a gimbal for comparison purposes. A com-
plete and detailed comparison can be done if both plat-
forms have similar characteristics such as weight, actua-
tors performance, same IMUs, same filtering algorithms,
same controller structure, etc. This is the scope of another
research paper and can be done as future work. However,
for getting an idea of the performance of the parallel cam-
era stabilizing platform, a TG200D three-axis gimbal
developed by the TULPAR company (Fig. 10) is used for
implementing a simple performance comparison test. The
main reason for such selection is that the authors have
access to all characteristics of the gimbal. Also, the dimen-
sion of the gimbal is approximately near to the developed
parallel platform.

For implementing the test, a disturbance force is applied
to the Pitch axis tangent to the camera dome using a force
gauge probe. The disturbance force magnitude is increased
until observing vibration in the pitch axis. The same pro-
cess is applied to the developed parallel platform. The
comparison of the disturbance force magnitudes gives an
idea about the performance of the parallel configuration
in handling the disturbances.

For the chosen commercial gimbal, the vibration began
while applying 7.3 N disturbance force to the Pitch axis.
But in the developed parallel platform due to its rigid
closed kinematic chain design, no vibration was observed
even when 40 N disturbance force was applied which was
the maximum capacity of the used force gauge probe. This
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test shows the superior performance of the parallel stabi-
lizing platform.

4 Conclusion

The stability and performance of the camera stabilizing
systems (gimbals) are always challenging. In unmanned
aerial vehicles where the weight of the equipment is vital,
and especially in the fixed wing UAVs, due to the high
disturbance caused by an air drag force, a stiffer and more
stable system is desired. In comparison with conventional
gimbals with open kinematic chain configuration, par-
allel manipulators are more stiff and more stable due to
their parallel configuration and closed kinematic chain
design. But there are several challenges in the applica-
tion of the parallel platforms as camera stabilizing units.
These challenges are lack of analytic forward kinematic
solution, insufficient actuator duty cycle, limited motion
range, difficulties in data transmission from the top plate
to base plate, etc. Considering the mentioned challenges, a
system is proposed to handle them through both structural
and control algorithm points of view. A 3-DOF parallel
stabilizing platform is investigated in this study. It can
be considered as a reduced version that developed from
the 6-DOF Stewart Platform by eliminating the trans-
lational motions and allowing only the three rotational
motions in Roll, Pitch, and Yaw directions. The proposed
method aims to eliminate the complexity of the numeri-
cal methods for calculating the forward kinematics of the
parallel manipulator. The analytic kinematic analysis of
the manipulator is done, then a control strategy is devel-
oped for the velocity control of the linear actuators. A
velocity control strategy is proposed based on calculating
the error between current and desired strut lengths. The
current strut lengths are obtained by using IMU data and
inverse kinematic analysis. The desired strut lengths are
calculated from reference inputs and the inverse kinematic
analysis. However, there are important points that should
be considered during the implementation of the proposed
method. It is better to use the parallel EEB) and ﬁET) unit
axes in the base and top plate body-fixed frames when the
plates are in a parallel configuration. It helps to prevent
using an extra orientation matrix between the base and top
body-fixed frames. In the structural part, the application of
magnetic spherical joints between the top plate and linear
actuators increased the working range of the top plate. In
order to handle the insufficient duty cycle of the actuators,
a fixed shaft is used that connects the midpoint of the top
plate to the base plate. This shaft tolerates the load of the
top plate and the three linear actuators only control the
orientation of the top plate. So the loads on the actuators
decrease and they can supply fast motions with enough

duty cycle. The proposed hierarchical control algorithm
is based on the inverse kinematic of the manipulator and
provides a completely analytic solution for control strategy
and by application of it, it is not necessary to use numeric
or semi-analytic forward kinematic solutions that are not
always reliable and fast enough. Transferring data using
RF signal from the top plate to the base frame is another
useful technique for solving the hollow shaft actuator and
slip ring application challenges. In this study, a system
is designed and experimentally tested that has a great
potential to increase the application of the 3-DOF paral-
lel mechanisms for optical payload stabilizing and control
especially in aerial vehicles. Due to the strongly coupled
nonlinear feature of the platform kinematics, a stronger
controller can increase the stabilizing performance of the
platform. In future work, it is planned to develop Adaptive
PID, Fuzzy PID, and Neuro PID controllers and compare
their stabilizing performances against disturbances with
different amplitudes and frequencies.
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