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Abstract

Obtaining transfer function of electrical, mechanical, etc. systems can provide this possibility for the researchers to investigate the behav-
iours of desired systems based on different inputs in various working circumstances without need to laboratory equipment which it re-
sults in lower consumption of time and expense. The aim of current research is obtaining the existing gyroscopic stabilizer transfer func-
tion. The way we used in this article is the newest laboratory way for obtaining transfer function of gyroscopic stabilizers. This aim is
achieved by using laboratory equipment such as a two degrees of freedom gyro stabilized platform that an imaging system is installed on
it as the load, target simulator table with one degree of freedom, and electronic conversion board of RS488 to RS232 serial communica-
tion standard, etc. An input which excites all modes (search and track) of two degrees of freedom gyro stabilized platform is introduced
to under test system and the system behaviour toward the introduced input is saved and finally the transfer function of existing two de-
grees of freedom gyro stabilized platform is obtained using system identification toolbox in MATLAB. At the end of this article, the step
response of transfer function obtained through the desired experiment in the laboratory compared with the step response obtained through

simulations that a %10 difference between them is observed.
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1. Introduction

There are different trade and industrial systems in use today where
two degrees of freedom platforms are utilized for imaging. Such
systems must be so stabilized during identifying and tracking as
well as imaging the target that image resolution is not lost as a
result of constant vibration and shaking. Two degrees of freedom
gyro stabilized platforms are usually mounted on the nose of a
guided device and can search the space within their field of view
(FOV) to find the target and imaging it while maintaining their
stability. Like all other control systems, the desired output, i.e., the
platform angle is compared with the reference input, i.e., the imag-
ing system line of sight (LOS) angle, and, subsequently, a com-
pensator is issued the proper torque command based on the error
signal from the error signal. The criteria for the final performance
of the gyroscopic stabilizer which carries the imaging system are
quality and resolution of the image generated by the optical sensor
in spite of target and carrier motion. Instability reduction is gener-
ally considered as a suitable criterion for determining the proper
performance of the stabilizer. [1] is about designing controller for
an electromechanical actuator with time delay. In this article the
captured data, related to several test sets at different conditions for
system identification, were used for model estimation and valida-
tion purposes. In [2], authors address three main topics; experi-
mental identification, uncertainty modeling, and robust control
design for a real EMA harmonic drive system. In this article, the
linear model of the harmonic drive system is identified based on
the test data. The captured data, related to several test sets at dif-
ferent conditions, were used for model estimation and validation
purposes. In [3], a comparative study of adaptive vibration control

approaches is presented for the system identification for micro-
electro-mechanical systems (MEMS) z-axis gyroscope. In [4] and
[5], the structure and operation of inertial stabilized platforms
were studied. In these articles, the equations of motion related to
these platforms were also fully discussed. Researchers in [6] spe-
cifically studied the direct and indirect stabilization of imaging
system in two axis platforms and the performance of these two
methods were also discussed and compared to each other.

The transfer function of a system, the ratio of output to input of
the system, can be obtained through different theoretical methods
as well as practical experiments.

As mentioned above, this research is based on a two degrees of
freedom gyro stabilized platform. Therefore, knowledge of the
transfer function of this system would help us evaluate the per-
formance and behaviour of this platform under different ambient
and working conditions.

One common approach for obtaining the transfer function of a
system is injecting a signal to the system input and storing the
corresponding output, thus obtaining the transfer function (the
ratio of output to input). In the present study, we obtain the trans-
fer function of a two degrees of freedom gyro stabilized platform
through conducting practical tests. We assume that the platform is
only a “black box” about the technical and functional components
of which we have no information. Through giving a specific input
to the system, we obtain the corresponding output and then use the
system identification toolbox in MATLAB to determine the trans-
fer function of the platform and determine some of its functional
characteristics.

Next sections of this article are as follow: In section 2, we will get
familiar with structure and working procedure of two degrees of
freedom gyro stabilized platform. Section 3 was assigned to the
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explanation of proposed method in this article. Section 4 discusses
the comparison of step responses obtained in laboratory and
MATLAB/SIMULINK. Section 5 is the conclusion part of the
article.

2. Structure and functioning of gyroscopic
stabilized two degrees of freedom platform

Figure 1 shows a view of a two degrees of freedom gyro stabilized
platform.

Fig. 1: A Sample Two Degrees of Freedom Gyro Stabilized Platform.
A very common application of two degrees of freedom gyro stabi-
lized systems is the line of sight stabilization of a camera or imag-

ing system. A line of sight stabilization system is a system which
maintains the stability of the line of sight of an electro-optical
sensor under external disturbance (movement of the supporting
base, etc.). Under such conditions, when a vehicle rotates about its
axes, its line of sight must remain constant relative to the inertial
reference frame so that image resolution can be preserved in spite
of successive vibration and shaking of the base [7].

The studied system is a two degrees of freedom gyro stabilized
platform which an infrared imaging system is placed on it and can
rotate at an arbitrary angular velocity in both clock wise and coun-
ter clock wise directions, and can be stopped at any specified arbi-
trary angle. This platform is expected to rotate the camera at con-
stant angular velocity on either side of its movable axes. To this
end, it is necessary to deploy a precise speed sensor inside a speed
control loop with an appropriate PID controller.

The block diagram in Figure 2 shows the elements of the two de-
grees of freedom gyro stabilized platform along both its axes. As
shown in this block diagram, the torque motor and the potentiome-
ter are positioned on either side of the gimbal and lie along either
axis. Motion of the frames is generated via two high torque direct
current (DC) motors. Two potentiometers are used to read the
imaging system position relative to the fixed platform. These are
connected via gears to the pitch and yaw axes. The potentiometer
resistance changes based on the positions of the gears and the
movement of each axis. Each axis position can be determined by
reading the output voltage of the potentiometer. A rate gyroscope
inside the gimbal senses the angular velocities about axes parallel
with its own in the horizontal and vertical directions.
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Fig. 2: Block Diagram Showing the Components and Internal Relations of the Two Degrees of Freedom Gyro Stabilized Platform.

This type of platforms generally includes a body and a gimbal
consisting of two nested frames providing separate movements for
the camera along horizontal and vertical directions. These move-
ments can be independently controlled. Thus, displacement along
one axis has no effect on the other axis. The outer and the inner
frames provide motion along horizontal and vertical axes respec-
tively. Two control loops are exists in two degrees of freedom
gyro stabilized platform include stabilization and tracking loop.
Figure 3 shows the general method of controlling the system along
yaw and pitch axis and the operation of two controlling loops.
Angular velocity of imaging system in each axis is measured by a
gyroscope according to the body of platform and the position of
imaging system is measured by a potentiometers. The output of
these sensors (gyroscope and potentiometer) is feedback into the
input and then processor convert them into command signals for
the motor actuating the respective axis. Command signals are
applied to this motor through amplifiers particularly designed for
this purpose. Direct Drive motor which is placed in yaw and pitch
axis move the imaging system base on the received command
from processor.

The high precision used for the related movements and the control
system require that force transmission and measurement system

also act precisely [8]. Thus, a directly coupled power transfer sys-
tem can be implemented.
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Fig. 3: Block Diagram for Controlling the Platform Through Computer or
Any other Peripheral Device Equipped with the Proper Digital Interface.

Figure 4 shows the angles defined for describing the relative angu-
lar positions of the imaging target, the two degrees of freedom
gyro stabilized platform, and the planar motion of the carrier axis
of the two degrees of freedom gyro stabilized platform.
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Fig. 4: Target Tracking Two Dimensional Geometry.

The angles shown in Figure 4 are:

0: Angle between the inertial axis and carrier body axis

A: Angle between the inertial and axis imaging system line of sight
1: angle between the carrier body axis and imaging system line of
sight

€ Angle between the imaging system line of sight and imaging
system axis

5: Angle between the inertial axis and imaging system axis

&: Angle between the carrier body and imaging system axis

LOS: Imaging system line of sight

Thus, two control loops acting in opposite directions are created
for searching and tracking the target. The purpose of the tracking
loop is to move the two degrees of freedom gyro stabilized plat-
form and the purpose of the stabilizing loop is to fix the line of
sight relative to the inertial frame [9]. Since the frequency do-
mains for tracking and noise reduction are different, these two
loops shall not interfere with each other’s operation. Figure 5

shows the control loops for the two degrees of freedom gyro stabi-
lized platform.

As shown in Figure 5, the potentiometer used in the platform
measures the angle between the imaging system axis used in the
stabilized platform and the platform body (8) and feeds it as input
to the system. Mechanical noise (@) due to carrier movement is
also included in the imaging system angle. The angle measured by
the potentiometer (Gy,) is compared at the input of tracking loop
with a reference input (Scp). The difference between these angles
(e) is entered into the compensator in the tracking loop. This com-
pensator sends to the stabilizing loop an angular velocity com-
mand (ewcpy) for compensating the detected difference. Once this
angular velocity command has been entered into the stabilizing
loop, the torque motors guide the imaging system at the maximum
allowable angular velocity (8) towards the desired angular posi-
tion [10].
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Fig. 5: Block Diagram for Control Loops of the Two Degrees of Freedom Gyro Stabilized Platform [10].

The gyroscopic stabilizer used in this study has two working
modes, namely, search mode and track mode. The track mode is
used to obtain the platform transfer function. In the track mode,
the imaging system is locked on the target obtained through image
processing algorithms during the search mode. In the track mode,
the existing gyroscopic stabilizer is constantly trying to maintain
the target near the field of view centre in the imaging system.

3. Proposed method

For obtaining the transfer function of two degrees of freedom gyro
stabilized platform some essential equipment such as two degrees
of freedom gyro stabilized platform, One degree of freedom target
simulator, laptop, required cables, fixtures, and a serial board is
needed. A picture of the one degree of freedom target simulator is
shown in Figure 6.
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Fig. 6: A View of the One Degree of Freedom Target Simulator Table.

As mentioned in the section 2, an infrared imaging system is
mounted on the two degrees of freedom platform. Thus, these
types of platforms (with infrared imaging system) are also used for
searching and tracking targets which emit infrared waves [11]. In
fact, the one degree of freedom target simulator acts as a moving
infrared target [12]. Therefore, the two degrees of freedom gyro
stabilized platform can implement image processing algorithms to
search for and track this infrared target. The target simulator is
capable of moving at the desired frequency and angular velocity
about the centre of it. To simulate the infrared target, a resistor
which is connected to a power supply is applied.

The purpose of this test is to obtain the transfer function of the two
degrees of freedom gyro stabilized platform through injecting the
desired signal to the input of this system and storing the corre-
sponding output. To realize this, first the two degrees of freedom
gyro stabilized platform must be positioned in front of the target
simulator in a way that the field of view (FOV) of the two degrees
of freedom gyro stabilized platform can completely cover the
motion interval of target simulator.

The gyroscopic stabilizer has a serial output port for online trans-
mission of some of the important functional parameters of plat-
form and signals in accordance with the RS488 serial communica-
tion standard as the platform moves. In fact, the data sent through
this serial port to the output contain several columns each of
which describes the status of one important functional parameter
of the two degrees of freedom gyro stabilized platform (such as
signals showing the platform movement for searching in yaw axis
or pitch axis).

MATLAB was used to store the output data from the RS422 serial
port of platform. The output data from the serial port were con-
verted into the RS232 standard data and transferred to the serial
port of the computer. Figure 7 shows data storing scheme.

Target Simulator

Gyroscopic Stabilizer
—> should Place in front
of the Target Simulator

Serial Communication

Gyroscopic Stabilizer
Computer for Storing Data
Fig. 7: Data Storing Scheme.

An m-file was created to store the data transferred to the serial
port of the computer. Upon running the m-file, all the data related
to functional parameters of the existing platform were stored. A

screen view of the stored data in the Workspace window of
MATLAB software is shown in Figure 8.
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Fig. 8: Data Received from the Serial Port and Consequently Stored In the
Workspace Window.

Another m-file was deployed to classify the stored data into sepa-
rate signals under the desired topics for the purpose of individually
analysing each signal. Upon executing this m-file, each of the
existing signals were separately classified under the desired name
in the Workspace window.

One input which can be used for identifying the system for the
purpose of obtaining its transfer function is the command issued
by the image processing algorithm to the two degrees of freedom
gyro stabilized platform for searching about the yaw axis. There-
fore, the output corresponding to this input would be a signal re-
ceived from the gyroscope mounted in the direction of yaw rota-
tion in response to the issued command. Thus, by storing both
these signals, we can obtain the transfer function of the existing
two degrees of freedom gyro stabilized platform using the system
identification toolbox in MATLAB.

To start the test, we first adjust the two degrees of freedom gyro
stabilized platform in front of the one degree of freedom target
simulator in a way that the field of view of the two degrees of
freedom gyro stabilized platform cover the target simulator's mo-
tion interval. Then, we rotate the target simulator at a specific
frequency and angular range about its centre. Subsequently, the
stabilizer is set at the track mode so that it can lock on the target
and keep the target near the centre of the imaging system field of
view. As such, the two degrees of freedom gyro stabilized plat-
form can follow the target as the target rotates about the yaw axis.
By running the first m-file in MATLAB, we can save the output
signal of the existing platform’s serial port (which actually in-
cludes the command signal sent from the image processing algo-
rithm to the existing platform as well as the existing platform reac-
tion to the transmitted input signal).

Figure 9 shows the command sent from the image processing al-
gorithm to the studied two degrees of freedom gyro stabilized
platform for searching about the yaw axis as well as the stored
output signal obtained from the gyroscope mounted on the yaw
axis in response to the command sent by the image processing
algorithm to the existing gyroscopic stabilizer.
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Algorithm to the Two Degrees of Freedom Gyro Stabilized Platform.

To obtain the transfer function of the two degrees of freedom gyro
stabilized platform by using the input and output signals stored
during the test, it is enough to specify the input and output of the
system identification toolbox in MATLAB and obtain the transfer
function corresponding to the given input and output signals. Fig-
ure 10 shows the different steps of obtaining the transfer function
for the two degrees of freedom gyro stabilized platform used in
the test.
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Fig. 10: (A) The MATLAB System Identification Toolbox Window; (B)
the Defined Input and Output Used for System Identification Process; (C)
the Transfer Function Corresponding to the Defined Input and Output; (D)
Determining the Number of System Zeroes and Poles to Obtain the Trans-
fer Function; (E) Input and Output Analysis for Obtaining the Transfer
Function Corresponding to the Defined Input and Output.
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The transfer function obtained for the two degrees of freedom 14
gyro stabilized platform used in this test was obtained as (1): al |
_ 300252-380.95+5.896e%* 1 4
Tf = Sieseasiazo77s2s13535 45740960 @ .
S o8f; b
As it is clear from (1), the existing two degrees of freedom is un- :—;;
stable. It is necessary to pay attention that the purpose of this arti- < 06 ]
cle is to obtain the transfer function of existing system not to sta- 04 i
ble it.
Figure 11 shows the step response of the above transfer function. 0z 1
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Fig. 11: Step Response of the Transfer Function Obtained for the Two
Degrees of Freedom Gyro Stabilized Platform.

4. Comparison between step response ob-
tained from proposed method and step re-
sponse obtained from simulation

Figure 12 shows the block diagram of the control system (for the
yaw axis) used for obtaining step response of the system.
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Fig. 12: Control System Block Diagram at the Yaw Axis.

The step response of the studied two degrees of freedom gyro
stabilized platforms in the SIMULINK was obtained as follows:
first, a step signal in the form of angular velocity was applied to
the simulated yaw axis structure (Figure 12). The corresponding
output to this input is shown in Figure 13.
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Fig. 13: Step Response of the Simulated Control System at the Yaw Axis
Obtained for the Two Degrees of Freedom Gyro Stabilized Platform.

The corresponding response of the studied platform to the step
signal obtained experimentally was compared to that obtained
from the simulation in SIMULINK, yielding a difference within
the 10% range. The most important reason can be expressed for
this difference in results is the lack of equality in simulations con-
ditions in SIMULINK with real conditions in laboratory.

To design a controller and check the stability of complicated sys-
tems, we must first model the system in the simplest possible way
and design a controller for this simplified model, and then adapt
this controller for the main system. Here, we make certain simpli-
fying assumptions for reducing the existing complications in the
design and stability check of the controller. To check stability, we
use the stability check methods implemented for linear systems.
To this end, we linearize the system if necessary. Stability analysis
requires that the coefficients matrix A for state variables be ob-
tained from the following relation:

x=Ax+Bu+D )
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The angular velocity and angular acceleration terms are among the
known terms in the above relation. Since we would not need these
terms in our stability analysis, we set them all to zero. Therefore,
the first assumption would be expressed as follows:
1) p=q=r=0andp=q¢q=7=0
2) The working points of the system are assumed to be near the
equilibrium point 6=¢=0 where ¢ is the angle between the
body and the outer frame, and 0 is the angle between the
outer frame and the stabilized platform.
If we apply the above assumptions to the kinematic equations
governing the system, we will obtain:

-9 -9
w,=|0 [,w,=1]-6 3
0 0
¢ ¢
W, =10 [,w,=|-6
0 0

In the above equation, ¢ is the angular velocity of the body rela-
tive to the outer frame, 0 is the angular velocity of the outer frame
with respect to the stabilized platform, w, is the absolute angular
velocity of the outer frame, and wy, is the absolute angular velocity
of the stabilized platform.

Upon substituting these kinematic relations in the dynamic equa-
tions for hinges, we obtain the simplified dynamic relations as:

.. M,
- = I/Py (4)
by

- cos(ﬁ).M1+sin(0).M2+M,*,/0x

~j = - 5)

In the above relations, M, ,,,, is the effect of the outer frame on the
platform along the y axis, I,,,, is the moment of inertia of the stabi-
lized platform along the y axis, My, is the sum of the viscous

moment M1 and the control motor moment M2, and C1 is a pa-
rameter obtained from the following relations:

M1 = Ly K1+ @y g (I — L) ©
M2 =1,

K2+ wpy. wpy. (Ipy — Ipx) @

K1 and K2 are obtained from the following relations:

Ky = —woy.6.5in(0) + @yy. 5in(6) + wys. 6. cos(6) (8)
Ky = —woy. 0.c05(0) + @yy.c05(0) — wpy. 0. sin(6) 9)
C1 = Ioyx + (Ipx. cos*(8) + I,.5in%(6)) (10)
Using (3), (8) and (9) can be rewritten as follows:

K, = ¢.0.sin(0) (11)
K, = ¢.6.cos(9) (12)
Upon substituting (11) and (12) in (6) and (7), we obtain:

M1 = I, ¢.6.sin(6) (13)
M2 =1,,.¢.0.cos(0) + ¢.6.(Ipy — Lyy) (14)

Therefore, (4) and (5) can also be rewritten in the following form
with due regard of (13) and (14):

Dg .0+ Mcy
I

-6 = (15)

py

—¢ = (—cos(0) .Ipx.(p.é.sin(e) + sin(9). (Ipz.gb.é.cos(e) +
@.0.(Lpy = Ipx)) + Dy . + Mcx)/Cy (16)

Equations (15) and (16) can be rewritten in the following forms:

§ = Dol Mey an
Ipy

¢ = —(005(6) .¢.0.sin(8). (Ipz - Ipx) —sin(9).¢. 8. (Ipy —

IpX) —Dy.¢ — Mcx)/Cy (18)

From (10), C1 can be obtained as:

C1 = Iy + (Ipy. €052(0) + Ly,. sin?(6)) (19)

Mcy and Mcx are control moments and can be calculated using
the integration proportional controller in the following forms:

Mcy = (20)

—kp1- Qpx — Kp1. wpy

MCy = _kPZ-Bpx — kp;. Wpy (21)
For the case of a nonmoving (fixed) base, (20) and (21) can be
rewritten in the following forms:

Mcy = kp1.@ + kpy. ¢ (22)

MC_’V = kp2.9+kD2.é (23)
Upon substituting (22) and (23) in (18) and (19) respectively, and
then linearizing the resulting equations around the working point
(where initial angular velocities and initial angles are zero), the
linear equations of the system are obtained in the standard state

matrix form as:
0 0 g
0 1 19 (24)
“kpe Dokp| [
Ipy y

[ _kpl
@ IOX+Ipx
]

]

To study and analyse a gyro stabilized platform, we select as ex-
amples the parameters given in Table 1 for Dynamic analysis. The
value of parameters in Table 1 are exactly match with the value of
real existing two degrees of freedom gyro stabilized platform.

—D(p Kp1

on+1px

Table 1: Physical Characteristics of the Stabilized Platform
Parameter Symbol Value
Moment of inertia of the outer frame about x axis lox 0.045
Moment of inertia of the platform about x axis Ipx 0.05
Moment of inertia of the outer frame about y axis loy 0.045
Viscous friction coefficient Dy 0.04
Viscous friction coefficient D, 0.04
The characteristic equation of the system is obtained as:
|s.]— Al (25)

With due consideration of the initial problem and upon solving
(25), the characteristic equation can be obtained as follows:

0.0105 X (5.5% + (100.kp, + 4)s + 100K,,). (19.5% +
(200.kpy + 8)s +200.k,;) =0 (26)
To verify system stability, we used the routh-hurwitz method.
According to the routh-hurwitz stability condition, for a system
with a second order characteristic equation, all the coefficients
must have a common sign. In other words, the following inequali-
ties must hold:
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(100.kp, +4) >0
100K, > 0
(200.kp; +8) >0
200.kp; > 0

The following conditions must be met for the particular system
under study here to be stable. In other words, if a controller is
designed for studying system here, conditions in (27) should be
satisfy.

Kp2 > 0,kpq > 0,kpy > —0.04,kp, > —0.04 (27)

5. Conclusion

In this article, first an introduction was presented about two de-
grees of freedom gyro stabilized platforms and their applications
in industry, trade, etc. Then, the structure and functioning of two
degrees of freedom gyro stabilized platforms as well as compo-
nents of a two degrees of freedom gyro stabilized platform was
discussed. An experimental method was proposed for obtaining
the transfer function of a two degrees of freedom gyro stabilized
platform by applying a single signal at the input to this platform,
storing the corresponding output using a system identification
toolbox in MATLAB, and finally, obtaining the transfer function
of the studied platform. Also, the step response of the studied
platform obtained in the laboratory was compared to that obtained
from MATLAB/SIMULINK simulation. The good agreement
(within 10%) observed between these results confirmed the au-
thenticity of the proposed method.

An important aspect in the two degrees of freedom gyro stabilized
platforms which must be considered in their design is that these
platforms are utilized under different ambient conditions which
directly affect the behaviour of the prototype two degrees of free-
dom gyro stabilized platform. For this reason, further research can
be conducted in the following respects: effect of temperature and
humidity on the behaviour of the two degrees of freedom gyro
stabilized platform and the general performance thereof, and effect
of the changes in component behaviour due to environmen-
tal/working conditions on the step response and transfer function
of these platforms. This research will be conducted in the future.
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