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Abstract: This paper aims to present the stabilization a two-axis gimbal system. The coupling
effects and instances of mass unbalance have been considered in the proposed gimbal model;
and a direct self-tuning regulator (STR) is utilized to improve the system performance. For this
purpose, the parameters of controller polynomials have been calculated through the application
of a recursive least square approach. Alternatively, a specific control signal is generated for both
elevation and azimuth axes and applied to the gimbal system. The stabilization results of the
targeted two-axis gimbal system confirm the effectiveness of the proposed controller for both
elevation and azimuth axes. Moreover, an experimental study is implemented on the dynamics
modeling and control of a two-DOF gimbal system. The controller algorithm is implemented
through Arduino Uno because of its easy compatibility and portability.

Keywords: Stabilization, Two-DOF gimbal system, Self-tuning regulator (STR), Recursive least
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1. Introduction

Two axis gimbal systems are usually adopted to provide stability for the sensors when
different disturbance effects may produce undesirable consequences influencing the operation of
the systems. As such, the gimbal system scans for light axis sensors in the azimuth and elevation
frames attached to a line which is called the line of sight (LOS). Clearly, the most important
sources of disturbance in such systems are the angular situations, the friction between frames,
cable restraint, and mass unbalance [1]. The mass unbalance is a serious and inevitable problem
in the gimbal systems no matter how accurately they are designed. In point of fact, the mass
unbalance causes a torque disturbance in the gimbal system when the body is rotating or
accelerating. The frames are originally positioned on one another and form the center of rotation
and it is assumed that the gimbal should have no unbalanced mass [2-3]. To control the gimbal
system and maintain stability, the operational conditions of the system especially its angular
velocity should be monitored. In other words, it is necessary to consider system relevant
dynamics to analytically analyze the system before it is actually designed and produced.
Accordingly, a common system comprising an electromechanical gimbal with one degree of
freedom, two or more light electrical axes are required. The controlling of LOS stabilizer systems
is very complicated because of the extant cross coupling between different channels [4]. In
addition, these systems are usually required to be kept stabilized in order to guarantee the
accuracy of following and track of the targets when there are changes in the dynamics of the
system and operational conditions. It is clear that the system performance depends largely on the
accuracy of modeling, which is a prerequisite in such systems as lighting equipment including
IR, Laser, radar, TV, all widely applied in most important operations like image processing,
missile instruction, navigation systems as well as seeker systems [5].

This system can rotate on two elevation and azimuth axes with two gyros, one installed on
the other. In fact, these gyros are applied to get feedback from angular velocities to stabilize the
inner gimbal frame and prevent it from producing any disturbance in the gimbal body. Notably,
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it is possible to create a LOS in 3D spaces through adjusting the input and output frames of the
gimbal in relation to the outer frames and gimbal body. The amount of deviation thus produced
can be determined for any moving target using image processing systems with a camera installed
on the axis of the inner gimbal by [6]. The problem of gimbal system control is the cross coupling
between two control loops. The cross coupling can describe the characteristics of dynamic
gimbal system and its reflection when azimuth gimbal affects elevation gimbal even when its
body is nonrotating [7].

A robust control is suggested for stabilization and control of two-axis gimbal system [8]. A
robust Pl controller is applied to the system for enhancing high performance and appreciable
stabilization [9]. An adaptive fractional-order sliding mode controller is applied for stabilization
of two-DOF gimbal system [10]. The inverse system method with the inertial model control is
utilized because of the nonlinearity and coupling terms in this system [11]. To enhance the
tracking and stabilization of the ISP, an adaptive decoupling control based on neural network is
suggested [12]. To guarantee design stabilization, the fuzzy controller is proposed for the two-
axis gimbal system [13]. An adaptive feedback linearization is utilized for stabilization of these
systems [14].

On the basis of the above, the present article is organized as follow: Dynamic modeling of
two-DOF gimbal system is presented in section 2. In section 3, the direct self-tuning regulator is
designed for stabilization of two-DOF gimbal system. The experimental discussions are
presented in section 4. Simulation results of two-axis gimbal system are given in section 5 and
finally in section 6, some conclusions are provided.

2. Dynamic modelling of two-DOF gimbal system

Two degree of freedom gimbal model with a seeker system is composed of two systems
called inner and outer gimbals. In order to control and navigate seeker systems in elevation and
azimuth axes, two controlling loops, stabilizer and tracker, have been used. The stabilizer loop
stabilizes the axes of tracker sensor against inner and outer disturbance terms. These two
controlling loops are being demonstrated as:

G |-

Tracker Stabilizer —=Torque Comrol——tDn‘\‘e System—| Gimbal

I— Rate Gyro

Image Processing

Figure 1. Controlling loops block diagram.

The two-DOF gimbal system consists of two subsystems: inner gimbal (elevation axis) and
outer gimbal (azimuth axis). The complete scheme of the gimbal system is shown in Figure 2.

Inner Gimbal

0 Elevation axes
Outer Gimbal
Platform D

Azimuth axes

Figure 2. The complete scheme of gimbal system.

In the above figure, ¢ is the angle around outer gimbal and 0 is the angle around inner
gimbal. The deviation in any given direction from a movable target is determined through image
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processor. The objective is to remove the deviation angle by using T,, and T, controlling
torques.

A. Gimbal system equations

The mathematical model and the control system related to two axes gimbal system are
considered in this section. For this purpose, three reference frames are predicted. Hence, a special
angular velocity should be described for each of the systems in every frame.

p Pi Po
W, =19 | =0 | ® =0, 1)
r I: I

1 0]
where @, , @, , @, indicate the vectors of gimbal body velocity, inner frame velocity, and

outer frame velocity respectively. These two systems are established based on enlisting two
transformation matrixes indicated below:

cose sing O

L, =|-sine cose O ()
0 0o 1
cos6 0 -sin®
L.=| 0 1 0 ©)

10

sin 0 cos0O

where L, and L;, are transformation matrixes from body to outer frame and outer frame to
inner frame respectively. The inertial matrixes are portrayed in the inner and outer gimbals as:

‘]ix ny sz

‘]i = ny ‘Jiy Dyz (4)
sz Dyz ‘Jiz
Jm dw dn

Jo = de Jov dyz (5)
dn dﬂ Jm

where inertial momentum is shown by J and the inertial products for outer and inner gimbals

by d and D respectively. From the previously mentioned equations, those ones used for the
gimbal system motion in azimuth axis may be calculated by:

P, = PCOS®+qsing

®, =10, =—psine+qcose (6)
r=r+¢
p, = p,CosO—r,sind

®, =10, =0, +0 @)
I =p,sSin6+r, coso
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B. The gimbal system equations in the elevation axis
Gimbal system equation in the elevation axis is represented as:

Jiyqi =T, +Ty 4 8)
In this equation, T, and T,
can be computed by equation:

Tya=Tg+Te ©)
In equation (9), Ty and T, represent the values of disturbance torque which could be estimated
as:

Tg = —(DyZ sind + ny cos A)(P, +0,r,) + (Dyz cos 6 — ny sin 8) p,d,

function as controlling and undesirable torques respectively and

(10)
. . 2
+[(JiZ —J;,)c0s20 2D sin20]p q, — 0'5[(‘]iz -J;,)sin20+2D  cos20]p;

. X . 2
TC = (ny sin@ — Dyz cos H)ro —05[(J;, - J;,)sin20+2D,, cos 2(9]r0 (11)

The torque-velocity block diagram of the gimbal system belonging to the elevation axis is
presented in Figure 3.
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Figure 3. The torque-velocity block diagram in elevation axis.

C. The gimbal system equations in the azimuth axis
Based on Euler equation, the motion equation in azimuth axis can be computed as:

J r =T, +le +sz +Td3 (12)
In this equation, JO inertial matrix is notably a function of 0 calculated as:

J, =3, +J,sin*0+J, cos’0-D,, sin 20 (13)
In equation (12)'le’ sz and Td3 stand for undesirable disturbances; therefore, T, ,, is the

summation of T, , T, and T, representing the disturbance torques.

Ty =135, + 35 08?0+, sin? 0.+ D cos® o~ (I, —3; )P4, (14)
sz =-[d,, +(J;, - J;,)sinfcos&+ D, cos 20](p, —q,r,) —(dyz + DyZ cosé
(15)
. . . 2 2
—ny sind)(d, + p,r,) —(de + ny cos@— Dyz sin@)(pg —9;)
TOI3 = —é(DXy sing—D,, cos o) +6[(J,, —J.,)(p, C0s 20— T 5in 26) + .

+2D,, (p, Sin 20+, cos26) +(Dyz sin@+ ny cos0)(q; +9,) —Jiy Pl

The torque-velocity block diagram of the gimbal system related to the azimuth axis is presented
in Figure 4.
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Figure 4. The torque-velocity block diagram for the azimuth axis.

In this block diagram, I, is the output angular velocity in azimuth axis, while T, _, is the

outer disturbance and T, is the controlling torque.

3. Design of the direct STR controllers
The proposed block diagram for the stabilization of two-DOF gimbal system in the azimuth
axis is demonstrated in Figure 5. As can be seen, the design appropriately includes both azimuth

and elevation axes.
Ta’—az
0 S Two-axis e
e fen e |0
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Stabilizer

Gimbal

Parameters

,
Rate Gyro

Figure 5. The torque velocity block diagram in elevation axis.

Two different phases are considered for the stabilization of two-DOF gimbal system in this
structure. In phase 1, the polynomial parameter estimations in the azimuth and elevation axes are
identified through the application of the RLS approach. In phase 2, the control signals are
computed and applied to both inner and outer gimbals for the stabilization mode regarding the
obtained polynomial.

In the stabilization mode ; and I; stand for angular velocities, while 8 and ¢ are the

output angles in the tracking mode. The main function of stabilizer is to vanish the angular
velocity regardless of disturbance and keep the non-rotated sensors in the inertial space.
Subsequently, gyroscopes are accommodated within the inner gimbal to calculate the angular
velocity in both directions. Hence, the suggested RLS approach is applied in discerete-time; the
equations of controller design are written to discerete form. To stablish a stable condition, the
reference model and closed loop transfer function are considered equal.

A:I ZAanz-‘ramlq-i-amz (17)

As for the dynamic equations, the system model is regarded as a second order. Hence, the
following reference model is considered for the controller design in the stabilization mode [15]:

-1
B 0.4q (18)

m

A 1-08q°+02q°
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The parameters of reference model are chosen based on maximom overshot (M p) and raise

time (t,) as follow:

t, =0.1sec,M_ =0.05% (19)
For controller designing, the polynomial degrees in the stabilization mode are selected as:
deg(R,,) =deg(S,,) =1 (20)
In this equation, R_,(q) and S,,(q) polynomials are formulated as:

R, (@) =ra+n (21)

S () =80 +8, (22)

where, I, , I, , S, and S, are computed using the RLS algorithm, which is introduced as:

P (k) =P, (k=D +4, (k)¢5 k)
K. (k) = P, (k) ¢, (k) (23)
&, (K) = 0,(k) 4, ()¢, (k 1)
Wy (k) =, (k _1) + Kaz (k)
In this algorithm, P,, is the information matrix, K, is the weight vector and €, is the

error of the parameters. As a consequence, the regressor and parameter vectors for azimuth axis
in the stabilization mode are considered as:

0, =[r.n,s,s,] (25)
After calculating polynomial parameters, R,, and S, polynomials are specified. Subsequently,

T,, control signal for the elevation axis is calculated based on the equation:

Taz = _S;azrl (26)
Raz

4. Experimental discussion

Here, we evaluate the suggested controller on the experimental two-DOF gimbal system. The
experimental two-DOF gimbal system set-up built consists of a stepper-motor for the azimuth
axis and servo-motor for the elevation axis. The servo is operated in torque mode, so the motors
act as torque source and they accept an analog voltage as a reference of torque signal. It is
equipped with joint position sensors, a Digital Signal Processor (DSP) motion control board, a
host computer with CPU core i7 and software environment which generates a user-friendly
interface. In our experimental tests, we use the stabilization with a set of two frequencies
@ =0.15rad/sec and @ = 0.5rad/sec . This experimental two-DOF gimbal system is shown
in Figure 6 and this suggested controller is applied to this system which illustrated in Figure 7.
The control logic in this research has been implemented on a simple microcontroller board
Arduino Uno. Information for the feedback is recivded from the encoder installed on the

steppermotor. The calculated errors are used to fit this model to the experimental data.
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Figure 6. Experimental two-DOF gimbal system

DC POWER SUPPLY OSCILLOSCOPE SIGNAL GENERATOR

Figure 7. Apply proposed controller to the two-DOF gimbal system in the laboratory

With respect to the output values of the sensor, the model parameters is obtained using RLS
algorithm; thus the control response is calculated through direct STR approach and the control

torque is obtained and applied to the stepper-motor and servo-motor for both the azimuth and
elevation axes, respectively.

5. Simulation results

For the purpose of simulating the two-axis gimbal system, the inserted base disturbance to the
system is considered as:

p= 0.53in(0.5nt+g)

q =0.75sin(0.25nt +g) @7)

r = —0.25sin(0.5xt + %)
2

In the aforementioned base angular velocities related to system, the disturbances in both the
elevation and azimuth axes are calculated and shown in Figures 8 and 9, respectively.
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Figure 8. The disturbance of azimuth gimbal
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Figure 9. The disturbance of elevation gimbal.

The inertial momentum for the azimuth axis is represented in Figure 10 demonstrating that
the variation has entirely a positive value.
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Figure 10. The variation of inertial momentum

The angular velocity for the azimuth axis present in the stabilization mode and its related
control signal are represented in Figures 11 and 12, respectively:
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Figure 11. The gimbal stabilization in azimuth axis
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Figure 12. The control signal in stabilization of azimuth axis

The angular velocity of the elevation axis in the stabilization mode and its control signal are
shown in Figures 13 and 14 respectively.
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Figure 13. The gimbal stabilization in elevation axis
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Figure 14. The control signal in stabilization of elevation axis

Angular velocities in the stabilization loop for azimuth and elevation axes are accompanied
with their related control signal for the gimbal system. As observed in Figures 9 and 11, when
the system works only in stabilization mode, despite the existing disturbances imposed by the
system, the system output remains constant and indirect self-tuning regulator controller
satisfactorily eliminates the unwanted impulses.

The parameters estimating the controller polynomials for both elevation and azimuth axes are
shown in Figures 15 and 16, respectively. It is obvious that the parameters estimation are
convergence to constant value.
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Figure 15. The estimation of controller parameters in elevation axis
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Figure 16. The estimation of controller parameters in azimuth axis
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6. Conclusion

In this article, the two-axis gimbal system was analyzed. For stabilizing a two-axis gimbal
system, a direct self-tuning regulator is proposed. Hence, the polynomial parameters in this
controller are calculated through RLS approach. Then, the control signal is computed and applied
to a two-DOF gimbal system. In the stabilization mode, the proposed controller would remove
the disturbances imposed on the system in order to preserve the two-axis gimbal system stability.
The designed control signals for both elevation and azimuth axis are smooth and within the range
of driver power. To validity the feasibility of the proposed controller, it was tested
experimentally by performing an experimental two-axis gimbal system for capturing the
response of the control system against different positions.
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