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friction force, and external disturbances generated by wind
disturbances or moving items’ motion and vibration [10]. In
1.1. Motivation addition, the state space equation of the ISP system is very
complex and has nonlinear dynamics. These statements show
that achieving optimal performance control for the ISP
system is challenging and has received much attention in
recent decades [11].

1. INTRODUCTION

Recently, receiving photos with high accuracy and
quality from a moving target have received a lot of attention.
Noise and disturbances from cameras and sensors mounted
on moving vehicles such as airplanes, helicopters, boats, etc.
have adverse effects and interfere with access to high- 1.2. Literature review
precision photos [1-3]. For this reason, the Inertial Stabilized
Platform (ISP) is used to improve the accuracy of the
recipient's photo or target tracking. The ISP plant is one of the
most important parts of the inertial technology application
system with broad applications in submarines, electronic
telescopes, boats, satellites, helicopters, and spacecraft [4 —
7] .The ISP system including gimbals is used to isolate the
movement of several cameras and sensors from changes in
the angular position of the moving object [8]. Therefore,
using this system, the accuracy of imaging and tracking the
target is improved [9]. Moreover, various noises and
disturbances exist, including internal disturbances such as
mass imbalance torque, sensors measurement error and

To improve the ISP plant performance, several control
techniques have been suggested in the literature. In [12], a
Proportional-Integral-Derivative ~ (PID)  controller s
combined with a fuzzy technique to control the ISP system,
although this method is not robust against disturbances and
the controller performance is degraded against strong
perturbations. Moreover, the performance of conventional
PID controllers can be improved by combining them with the
Neural Network approach [13, 14]. The backstepping
technique is also suggested in some literature [15] but, it does
not have satisfactory performance in the presence of
disturbances and system uncertainties. To improve the control
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performance against disturbances and uncertainties in the
system, the controller must be robust. Therefore, several
researchers have contributed to this field [16-18]. In [19-22],
the H,, feedback controller is designed to be robust to various
uncertainties and disturbances and has good performance.
The nonlinear model predictive control is another efficient
and robust controller that recently has been used for ISP
systems [1, 23]. A sliding mode controller is also one of the
most popular controller design techniques for the ISP system
[24]. To improve the control performance, a combination of
sliding mode techniques and a backstepping controller is
widely used [25, 26]. Despite the advantages of this method,
the sliding mode controller has a heavy switching gain, which
causes chattering in the input signal control. The high
switching in the control effort may damage the actuating
motors to control the ISP system. In [8, 25], to decrease the
chattering effect, the neural network approach has been used
to estimate the disturbances imposed on the system. However,
neural network training is usually time-consuming and can
lead to weak transient performance in some complex systems.
In addition, in all examined control techniques for ISP
systems, it is assumed that all system variables are available
and measurable. Whereas, in most practical systems,
measuring all states of the system by direct observation is
very costly and is usually accompanied by errors. An
observer-based control design is one of the efficient
approaches for accurately estimating the state of the ISP axis
because it is simple and very applicable [27, 28]. Only a
model of the desired system is required to design the observer.
When an accurate numerical model of the plant is provided,
the velocity observer can estimate an accurate steady state of
the system. However, in dealing with an unknown real system
model, various uncertainties and disturbances are always
modeled, therefore accurate estimation of states is not so easy
and also cannot be guaranteed [28, 29]. In the works of
literature, various methods for estimating system states and
then designing an observer-based controller are introduced.
Such as extended state observer [30, 31], backstepping
observer [32, 33], disturbance observer [34], and unknown
input observer [35]. Also, in [36] the observer-based integral
sliding mode control (SMC) for a class of stochastic linear
flight systems subject to bounded disturbances is suggested.
In [37], an adaptive observer design problem to estimate the
parameters and state variables of Lipschitz systems has been
investigated. The observer designed in [37] is suitable for
systems that are non-linear in state variables and linear in
unknown parameters. Also, the problem of designing a
nonlinear adaptive observer for Lipschitz systems has been
expanded in [38]. The gain for this nonlinear observer is
systematically obtained using the linear matrix inequality
technique.

1.3. Contributions

In this paper, an efficient simple-implementation
observer-based controller method is proposed for a 3-DOF
ISP system. To control the ISP system, in addition to angular
positions, angular velocities with appropriate accuracy are
required. However, high-precision gyroscopes are generally
costly, and in addition, gyroscope rate drift often causes
errors over time [39]. To reduce the above-mentioned
problem of velocity gyros, the velocity observer is used to
estimate the vector of velocity based on the Lyapunov
theorem. For this purpose, first, using the kinetics and
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kinematics of the ISP, the dynamic equations of each gimbal
activated by the DC motor are obtained. Then the state
variables of the ISP system are divided into two categories of
angular position and angular velocity, and the state space
equations are rewritten in a form that is suitable for designing
a velocity observer. Next, with the help of Lyapunov-based
nonlinear control techniques, a nonlinear observer is designed
to improve the velocity estimation for the roll, pitch, and yaw
gimbal of the ISP plant. By using the Lyapunov theorem, the
overall ISP system stabilization and moving target tracking
are guaranteed. Finally, the auxiliary control signal is
considered in such a way that the dynamics of the designed
observer become a simple linear form and is easily controlled
by the state feedback controller. The suggested method is
applied to the 3-DOF ISP case study, and the simulation
results have shown the improvement of the designed
controller.

Briefly, the presented paper has the following
contributions and advantages over the current literature:

Initially, a new formulation of the state-space equation is
proposed for the 3-DOF ISP system so that this model is
suitable for designing an observer-based control. For the
designed controller to be robust against model
uncertainties and external disturbances, the term of
unknown bounded nonlinear disturbance in the ISP
model is also considered in the driven model.

In almost all control strategies presented in the various
literature for ISP systems, it is assumed that all system
state variables with appropriate accuracy are available.
However, one of the biggest challenges in the practical
design of controllers for ISP systems, in addition to the
issue of cost limitation and accuracy of measuring
devices that always have errors, is the volume and weight
added to the overall system. Therefore, in this paper, to
improve the performance of the designed controller as
well as reduce the implementation costs, it is assumed
that the position vector 6 is available and measurable but
the angular velocity vector w is not available which must
be estimated. Therefore, it is no longer necessary to use
expensive gyroscopes to directly measure the angular
velocity, and an observer is used instead.

By using the state observer, one of the most important
parts of the design is to prove the convergence of the
estimated value to the actual value. In this paper, with the
help of Lyapunov's theorem and by considering a new
positive definite function, it is guaranteed that the state
estimation error converges to zero asymptotically.

The suggested controller strategy is very simple and its
implementation requires a low computational burden.

1.4. Paper Structure

The structure of the sections of this paper is as follows:
in Section 2, the dynamic model of the 3-DOF ISP system is
obtained and a suitable state space model for designing the
velocity observer is derived. Section 3 presents the observer-
based control method for the 3-DOF ISP plant and the
exponential stability analysis. The simulation results are
illustrated to show the effectiveness of the proposed method
in Section 4. Finally, this paper is concluded in Section 5.
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2. DyNAMIC OF 3-DOF ISP

Fig. 1 presents the configuration of the 3-DOF ISP plant
which consists of the torque motor, outer loop (roll gimbal),
middle loop (pitch gimbal), and inner loop (yaw gimbal). The
imaging sensors and payloads are placed on the inner loop
(yaw gimbal), and the position and orientation system (POS)
is placed on the pitch gimbal to provide attitude-measured
information for the rotation angles of the gimbal and ensure
accurate pointing of the imaging sensors. In this section, first,
the corresponding coordinate systems are defined and then a
method for converting vectors from one coordinate system to
another is introduced. The coordinate system of the 3-DOF
ISP plant is shown in Fig. 1. By using Euler angles, the
position of a fixed point can be defined as vector 6, =

[6, 6. 6,]", which (6,) is the position of the pitch angle,
(6,) is a position of the roll angle, and (8,) is the position
yaw angle. Moreover, roll-pitch-yaw velocities relating to the
base coordinate are defined as vector 6, = [6, €, 6,]".

In Flg 2 (Xr,yr, Zr) ) (xa;yalza): (xp:ypizp) and
(xp, ¥, zp) are the roll coordinate, yaw coordinate, pitch
coordinate, and base coordinate respectively.

Roll gi
Roll gi

{”E
o ¢ Fight
Roll gimbal gear '_',,fm'*‘) dm\lm:x{ I

(©

Fig. 2: coordinates of 3-DOF ISP plant: (a) roll gimbal, (b)
yaw gimbal, (c) pitch gimbal.

2.1. Kinematics Model of the 3-DOF ISP Plant

According to Fig. 2, ¢, CF, and C¢ are transformation
matrices from the base coordinate of the gimbal to the roll
coordinate, the roll coordinate of the gimbal to the pitch
coordinate, and the pitch of the gimbal coordinate to the yaw
coordinate respectively defined as follows:

[cos(6,) 0 —sin(6,) (1)
) = 0 1 0

|sin(8,) 0 cos(6,)

1 0 0
c? =|0 cos(6,) sin(6,) @)

[0 —sin(6,) cos(6))]

[ cos(8,) sin(6,) 0] ©)
Cy = |—sin(6,) cos(6,) O

L0 0 1

According to the defined transformation matrices (1)-(3),
the kinematics of the 3-DOF ISP plant in different
coordinates are given as follows [8]:

- r A

Wirx [ 0 (4)
- r — (T b 0
Wi = |Wiry | = Cywi, + (6,
T
| Wiy | L0
P _
w: .
P _ P | =cPor 4|4
wip - ipy| — “r Wiy 0
p
_wipz_ '0'
a4 -
Wigx 0 (6)
a _ a — p
Wiy = |Wiay | = Clwy, +] 0
a
| Wiqz ] 16,
- r r T T P _
where Wi = [wirx Wiry (‘)irz] ) (Uip =
p P p 1T a _ [,a a a T
[wipx Wipy (Uipz] , Wig = [Wiax Wigy Wigz]" , and

T .
wh, = [wh, ®}, wb,,] are the angular velocity vector

in directions (x, y, z) of the roll-pitch-yaw and base, relative
to the inertial coordinate, respectively.

2.2. The Dynamic Model of the 3-DOF ISP Plant

According to Newton-Euler theory, the dynamic model
of the 3-DOF ISP plant can be written as follows [8]:

He+w,XH, =M, k=anp,r (7

In equation (7), wy = [wky Wiy wkZ]T is defined as the

vector of angular velocity and Hy, = [Hy, Hy, HkZ]T is the
vector of the angular momentum of inertia for the roll-pitch-
yaw gimbal. In the following, the inertial angular momentum
concerning the coordinates of inertia and the dynamic model
of the roll, pitch, and yaw gimbal is defined.

2.2.1. The angular momentum of inertia and dynamic
model of the pitch gimbal

The inertial angular momentum of the pitch gimbal is
given as follows:
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H, = Jywf, + CoHqy
Upx + Jax) @
Upy +Jay) @iy
Upz + Jaz) Wiy, + Jazba

By substituting H,, and wi’; to equation (7), the dynamic
model of the pitch gimbal is defined by

(Upx +Jax)hy )
+ (]pz +]az _]py
_jay)wiz;ywiz;z +jazéawiz;y
= Mpx

®)

©)

2.2.2. The angular momentum of inertia and dynamic
model of the roll gimbal

The inertial angular momentum of the roll gimbal is
given as follows:

H, = Jrwj + CZ;Hp (10)

By substituting H, and w}, to equation (7), the dynamic
model of the roll gimbal is defined by
Ury@hey + Upy + Jay)@h,, €05 0, = Jaz6q sin 6,
= 5in 6y (Jaz + Jpz) 0}, )
+ Urx _]rz)w;'rrxwlrrz + (]ax +]px)wiz;xw;'rrz
= 5in 6, (Jpy + Jay ) 0h), 0y
= c05 8 (Jaz + Jpz )0y, Wiy
—Ccos ep]azéaw{rx =

(11)

My,

2.2.3. The angular momentum of inertia and dynamic
model of the yaw gimbal

The inertial angular momentum of the roll gimbal is
given as follows:

Hy = Ja08, (12)

By substituting H, and w{, to equation (7), the dynamic
model of the roll gimbal is defined by

]azd)lqaz = Maz (13)

where in the above equation, J,,,is the rotary momentums of
the m gimbal around the n-axes.

Moreover, a DC motor with a gear-driven transmission
is provided to generate the torque required to control the 3-
DOF ISP plant. The dynamic equations of a gimbal gear-
driven plant are considered as follows [8]:

ML = RLF + TdL
dzgim

L=apr
]m dtz

(14
=Ty — Ry F + Tym

where, M, is the torque applied on the gimbal, R,, is the
armature resistance, T, is the total disturbance torque
imposed on the gimbal, F is the interacting force between the
two gears, J,,is the motor inertial, 8, , 6;,and 8,.are the
attitudes of the motor, gimbal, and reference concerning the
inertial space, respectively. Also T), is the output torque of
the motor is defined as follows:
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u-— Ke(éim - éib)
Rm

Ty (15)

- Bt

In equation (15), K; represents the motor torque constant,
and K, is known as the back Electromotive Force (EMF)
constant. Moreover, the torque applied on each gimbal (M,)
is defined as follows:

u-—~K HIi - éi
e(R L ») + (NTgm + Tar)
m
+ NN — Db
- Nz]meiL
By substituting (4)-(7) and (14) in (8)-(13), the dynamic
model of the 3-DOF ISP plant with a DC motor and a gear-

driven transmission for pitch, roll, and yaw is obtained as
follows

(]px +]aX)wiI;xép
= _(]px +]ax)d)lrrx
+Jaz0aw},,
+ (]pz +]az _]py
_]ay)wiz;ywiz;z
+ R—mt(up
- KeN(g'iI;) - wlqu))
+ NTym + Typ
+ NN — )]},
- N?J,,60

(]ry +cos?(6,) (Jay +]py)) b,
=0, cos?(6,)
+ (Jay + Jpy) c0s2(6,) Whyy
+ (ay
+]py) cos(6,) sin(6,) wiy,
- (]az + JPZ) Sin(gp) wiz;z
—Jaz sin(Gp) Ga
+ (]‘rx _]rz)wirrxw;'rrz
+ (Jax + Jpx)0h @l
- (]ay
+]py) sin(6,,) wi’;yw{m
- (]az
+ ]PZ) COS(QP) wiz;zwirrx
- ]az COS(GP) éaw;rx

M, = NK, @
16

(1)

(18)

NK,
+ E (ur

— KN(0] — w}yy))
+ NTgm + Ty
+N(N = Dy,
— N?J,,6},
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]azéa = _]azd)il;z
NK,
+ E (ua
— K.N(68, - ) (19)
+ (NTdm + Tda)
+ N(N _ 1)]mw{1bz
- Nz]meﬁl
2.3. Deriving the State Space Equations of the 3-DOF

ISP Plant

Remark 1: According to the state space obtained in [8],
it can be seen that this state space equation is not affine with
respect to the angular velocity variable, and therefore it is not
suitable for designing a nonlinear observer. To solve this
problem, in the following, a new formulation of the state-
space equation for 3-DOF ISP plant is obtained, which is
affine with respect to the angular velocity.

According to the equations presented in (17)-(19), the
nonlinear state space model for a 3-DOF ISP plant with
assumptions that x; = 6, x, = 6,3 = 6, x4 = 0,, x5 =
84, X6 = 04, y1 = 6, y, = 6,and y; = 6,can be modeled as
follows:

{9 =w

w="h(@)+HO)w+ B(O)u (20)

where 8 = [8, 6, ea]T is the angular position vector and

w=1[6, 6, éa]Tisthe angular velocity vector of the gimbal.
In equation (20), the matrix B(8) isa 3 x 3 diagonal matrix
as follows:

5O NK
{m 0 0 ]|
NK, 21
- | ’ (]ry + (Jay +],,y;cosz(9,,)) R, 0 (21)
l 0 0 NK; J
]aZRm

Also, matrix H (@) is a functional matrix whose elements
include only boundary functions such as sin(6) and cos(8)
and is defined as follows:

0 H12(6) H13(6)

H(6) = [Hy1(0) Hy(8) Hy3(6) (22)
Hs,(6) Hs,(6) 0
Finally, vector h(6) is also expressed as follows:
h(0) = [h.(6) hy(8) hs(6)] (23)

The elements of matrix H(8) and vector h(6) are
introduced in Appendix.

In the state space equations obtained in (20), to improve
the performance of the designed controller as well as reduce
the implementation costs, it is assumed that the position
vector @ is available and measurable and the angular velocity
vector w is unmeasurable which must be estimated.
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3. PROPOSED OBSERVER-BASED CONTROL

The suggested observer for dealing with the nonlinear
model (20), in addition to the ability to estimate the angular
velocity with very high accuracy, should be designed in such
a way that it is possible to design a simple and efficient
controller for the observed system. For this purpose, a
nonlinear observer-based state feedback controller will be
designed. In the following, some preliminary Lemmas for
designing the proposed controller strategy are provided.

3.1. Preliminaries

In this subsection, some preliminary Lemmas are
presented.

Lemma 1 (A Lyapunov exponential stability theorem)
[40]: The nonlinear system x = f(x) is exponentially stable,
if there exists a continuously differentiable function V (x) and
positive constants p4, p,, p3, and 7 such that

p1llxlI® < V(x) < polIx|I*

v (24)

52 f () < —pslix”

where ||x]| = VxTx is defined as the Euclidean norm.
Proof: see [40].

Lemma 2: For any variables a, f € R" the inequality (25)
is always established:

1 1
a’B < =llall* + s 118112 (25)
2 2
Proof:
le = BlI> =0 - llall* + lIBlI> = 22" = 0
(26)

1 1
—a'p<llall*+5IBII°

Lemma 3: For any bounded matrix function A(6) €
R™" the following inequalities always hold:

1
4O <57, 71>1

(27)

1

where [|A]l =  Amax (ATA) = Opar(A) is defined as the
spectral norm of a matrix A and g,,,,(.) represents the
largest singular value of matrix A [41].

Proof:

a)

A =  Amax (AT (OIA(O)) = ainax(A(H))
20l | =(3e)

i=1 j=1 k=1
1
Therefore, y; = 2 * sup(Xr=; 0x)2, Where g, represents
the singular value of matrix A.

b)
A(0) + AT(0) < |Amax{A(0) + AT(O)}II

<
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Therefore, y, = 2 * sup(| A {A(0) + AT(6)}]), where
Amax(-) represents the eigen value of matrix 4 + AT.

3.2. Nonlinear Observer Design

In the first step, to design an observer for the 3-DIF ISP
plant, we need to simplify equations (20). As can be seen, all
elements on the main diagonal of the matrix B(8) in equation
(23) are always positive constants that depend on the
parameters of the ISP system. This means that the B(8) is
always a non-singular and invertible matrix. Next, to
eliminate the nonlinear term h(6), the input vector u is
considered as follows:

w=B~1(0)(~h(8) +v) (29)

In equation (29), the vector v is defined as the new input
of the system, which will be determined in the following
design steps. By substituting the control signal (29) in the

2 1
. . Y -3
In matrix function (33), y >1,s0| , | >0
-2y 2
2 3

and therefore, the Lyapunov function (33) is positive definite.

The time derivative of the Lyapunov function V, is
obtained by:

. ~p o~ ~ . ~ 4 .
V, =2y%070 —y0T& —yadTO + 55% (34)

By considering the equation of the estimated system state
error (32), the time derivative of the Lyapunov function (33)
equals to:

V, = 2y207(—k,0 + @)
—y87(—k,0 + H(O)®)
—ya" (k.0 + @)
+ gaT(—kzé +H(®)®)

system state space equation (20), one has: = (=2y2k, + yk,)878 (35)
. 4 N\ .
T ) # (27 + by =310 )07
- —y0TH(O)& + &7 (—yI
As mentioned, it is assumed that the position vector 6 is 4 _
available and measurable but the angular velocity vector w is + 3 H(0)&
not available and must be estimated. Hence, there is a need T Lth duct t h )
for an observer who can estimate the internal states of the 0 cancel Ihe Cross-product terms, we choose:
system. Assume that 8 and @ are the estimated values of the 2 4 ky =2y
internal states of the system. Then, the observer equations can Zy"thy -5k, =0- {kz = 3)2 (36)
be considered as follows: N .
. Therefore, substituting (36) in (35) leads
é = klé + &)\ . ~112 ~
: ~ (31) v, =—v|8||" - v6TH(®)®
{a =k,0 +H(O)® +v =76 —v8"H(®)E
~T
Note that the above estimation rules are applicable tw (‘VI (37)
because only the available variables (&, fand 8) are used and 2
the non-measurable variable w is not used. Also, the + §(H(9) + HT(@)) 0]
parameters k, and k, are constant coefficients that are
determined according to the suggested Lyapunov function in According to Lemma 3:
the next steps. By definitiond =0 —0 and@ = w — & as 7 ~ o
the estimated system state error, one has: [yTH ()| < v[|6] ”“’lll O]
: . a ~ O] =
6={6-6}={ - (b +0)) — |ydTH(0)a| (38)
—_— ) A 1 ) ~
=0+ (- 0) <=y2||a)lal
5= {w _ @} = (H(®)w + 1) (32) Then with the help of Lemma 2:
(L8 5 1 S 1/ 3 - 1
(ko8 + HO)YD +v) ~vllelnan =3 (v2lal) (v21a1)
= —l;6 + H(0) (0 — &) 1.0 1 (39)
= —k,0 + HO)& <zvlel" +Zvial?
Consider the following Lyapunov candidate: substituting (28) and (39) in (37) yields:
1
2 _Z ) 3 ~ 5
14 Yra 3 2 ~12
~ V< —=v38| - —
v, =167 &) 2 [g] o< =77V’ 181" - i@l )
-7 3 < -2 (81 + na12)
— yng‘é _ )/éT('Z)' (33) 3
2 The following theorem expresses the convergence of the
+ §5T6, % designed observer.
= max{yy, ¥} Theorem 1: By designing the dynamics of the observer

for system (30) in the form of equation (31), the angular
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velocity vector is estimated with very good accuracy, and the
observed system (32) is exponential stable.

Proof: To prove the exponentially stability of the
observed system, the selected Lyapunov function must satisfy
the Lemma 1 conditions. The upper and lower bounds of the
suggested Lyapunov function (33) are obtained using Lemma
2 as follows:

(41)

Therefore, the lower bound of the Lyapunov function (33)
is obtained as follows:

GTG) (42)

1 gz Ly
=7 161" + =z all
=2 (ll8l" + naie)

Considering (41), the upper band of the Lyapunov
function (33) is as follows:

V, =y%0T6 —y0T® + EGTG
1 3 1 2

29T —120TH _ ST —_ ST
<gy9 9+2;/9 o)+ s w+3a) a))
_3 161P 2 L (43)
=¥ ||9H +glal
<2y2(|le]
+ ll@li?)
So
Loai? o i) <
<(lel” +na1z) <v,
< 2% (|la|" (44)
+ll@112)

Therefore, the first condition of Lemma 1 is established
in such away that p; = % and p, = 2y2. Itisalso clear from

relation (40) that the second condition hold and p; = g By
combining inequalities (40) and (43), one has:
. Y rian2 ~112 y 1
V() < _§(||6|| + llall ) < _§*ﬁVo
. 1
= To(®) < = (®) (45)
t
- Vp(t) < e 577,(0)
So
(8@l + 1a@i?)
t
<122 (|6’ (46)

+ 1@(0)I1?)
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Inequality (46) clearly shows the convergence of
estimation error (32), i.e.:

o] - o el N
R R
47)

- D=0-0 __
B > 00— D> w

Therefore, the proof of Theorem 1 is completed. H
3.3. Control Strategy Design

In this section, the desired controller is designed for the
system (31). For this purpose, the term v can be considered
as a virtual control signal in the form of equation (48):

v=—3y20 +H(O)D) +k (48)
substituting (48) in (31) results in:
0=2y0+0
& =370+ H@O)d +{-(3v*0 + HO)®) + k} (49)

=k

Since it has been proved that 6 tends to zero,
therefore, (49) is simplified as follows:

{é =
o=k
By considering the virtual control signal k as state

feedback, the equations of state of the closed-loop system (50)
are transformed as follows:

=0
®=—c0—c,d
The above closed-loop system is a simple linear form that
can be controlled by conventional control approaches such as

the pole placement method. The overall observer-based
control structure is demonstrated in Fig. 3.

(50)

(51)

Finally, the proposed algorithm for designing an
observer-based control method for 3-DOF ISP systems is
summarized in Fig. 4.

4. SIMULATION RESULTS

This section is devoted to simulating the 3-DOF ISP
system presented in Fig. 1. The proposed observer-based
control method is used to control the 3-DOF ISP plant (20)
with parameter information provided in Table 1 [8].

Remark 2: Since the control performance of the 3-DOF
ISP plant is strongly affected by wind disturbance, mass
imbalance torque, and friction torque, a set of friction torque
and mass imbalance torque is simulated to evaluate the
effectiveness of the suggestion control approach.

To simulate the wind disturbance and consider the mass
imbalance torque, Ty, is represented by a bounded random
function as follows [25]:

Ty (t) = 2.034(rand(t) — 0.5),l = p,r,a (52)

Since the Friction torque is a major part of T,,,, therefore,
a sinusoidal function is suggested to represent the disturbance
torque imposed on the ISP as following equation [25]:
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Nonlinear controller

—

k
i —— v=—(3y* + H(B)D) + k

=

f'\‘

" ISPplant
v e .
u=B@)(-h(B) +v) —{0 =0 AN
i = h(8) + H®)w + BOW
te te e -
124 !
B @ =2y :I- o
@ =30+ H(O)E +v
Observer

Fig. 3: Structure of the observer-based control strategy.

Consider the 3-DOF ISP model (20)
N2

design control signal as u = B~1(8)(—h(8) + v))

A

Assume a nonlinear observer (31)
|

Table 2: Variation Range of the moments of inertia [25].

Jp Ja Jr

]px Jax Jrx

=0.769 + 0.307 = 0.975 + 0.390 = 1.048 + 0.419
xrand(t) — 0.) *rand(t) —0.) xrand(t) — 0.)
]py ]ay ]ry

=0.925 + 0.381 = 2.546 + 1.018 = 2.763 + 1.105
«rand(t) — 0.) xrand(t) —0.) xrand(t) —0.)
Jpz Jaz Jrz

= 1.016 + 0.406 =2.732+1.093 = 2984+ 1.194

*rand(t) — 0.) *rand(t) — 0.) xrand(t) — 0.)

74

Select v = —|(3y2§ +HO)®) +k
\/

Set k = _Clé - Cza
N2

Obtain ¢; and c, by pole placement method

Fig. 4: The algorithm for designing observer-based control
method for 3-DOF ISP system.

Table 1: Parameters of an ISP plant.

Parameter Definition Value
R, Armature resistance 7.56 O
K, Motor torque 0.127 Nm/Amp

constant

K, Back EMF constant  0.128V/rad/s
N Drive ratio 104.7
IL Payload inertial 2.2 Kgm?
Jm Motor inertial 1.8006e-5 Kg m?

(53)
T4m=0.06(sin(t/5)+sin(t/10))
Also, to evaluate the robustness of the suggestion control
strategy against the model uncertainties, 9 uncertain
parameters have been added as shown in Table 2.

To evaluate the performance of the suggested observer-
based control method, two simulation scenarios are
considered. In the first scenario, only the ability to stabilize
the proposed control is examined. In the second one, a
different profile is considered for the roll, pitch, and yaw
gimbal angle, and the controller's ability to track different
outputs is evaluated.
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4.1. Scenario 1 (Stabilization Results)

In this scenario, the steady-state equations of the 3-DOF
ISP model (20), dynamics of the nonlinear observer (31), and
the dynamics of the state feedback control system (49) have
been simulated in MATLAB and the details of the
stabilization control responses obtained by applying the
proposed observer-based controller are provided in Figs. 5-8.

Figs. 5a and 5b show the pitch positions 6,,, and pitch
velocities 8,. As can be seen in Figs. 5a and 5b, the 6, and
ép are stabilized by the designed controller and converge to
zero in about 0.5 seconds. Figs. 6a and 6b shows that the
performance of the proposed controller is in the acceptable
range and it can stabilize roll positions 8, and roll velocities
6, in less than 0.5 seconds. Figs. 7a and 7b illustrates that the
stabilization time for regulated 6, and 6, is about 0.45
seconds. Finally, Figs. 8a-8c shows the smooth control input
signals w,, u,, and u,, respectively. Based on these figures,
it is clear that the designed observer has a very good
performance and can accurately estimate the speed and
position of each roll, pitch, and yaw gimbal angle in a short
time.

4.2. Scenario 2 (Tracking Results)

To demonstrate the effectiveness and proper
performance of the proposed controller strategy, the case of
tracking desired references has been examined. In the
following, we consider a different profile for each of the
gimbal angles and examine the performance of the proposed
controller.

4.2.1. Pitch position

It is assumed that the desired reference of the pitch angle
is per with the following profile:
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(b)
Fig. 5: State response of close-loop 3-DOF ISP system for
scenario 1, (a) The pitch positions (6,), (b) The pitch
velocities (4,).
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Fig. 6: State response of close-loop 3-DOF ISP system for
scenario 1, (a) The roll positions (6,.), (b) The roll velocities

(6,).
1 1<t<5
15 5<t<10
1 10<t<15 (54)
0.1 * sin(t) 15<t<30

By applying the proposed controller, the closed-loop
pitch position and pitch velocities to track the reference input
(54) for the observer and the model is shown in Fig. 9.

4.2.2. Roll position

The desired input to track roll angle is assumed to be as
follows:

0.8 T T T T

s mode|
= == observer| -
desired

1 1.5 2 25 3
Time(s)
(a)
= model
= = observer
desired
o i
I
@
=1
)
- 1
8 I I I 1 I
0 0.5 1 1.5 2 25 3
Time(s)

(b)
Fig. 7: State response of close-loop 3-DOF ISP system for
scenario 1. (a): The yaw positions (8,), (b): The yaw
velocities (6,).
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Time(s)
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50
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2 sof! J
~ !
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(b)
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(c)
Fig. 8: Control signal of close-loop 3-DOF ISP system for
scenario 1, (a) up, (b) u., (C) ug.

—2 1<t<5

~15 5<t<10

1 10<t<15 (55)
0.1 * sin(t) 15<t<30

How to track the profile (55) for the roll angle state is
also illustrated in Fig. 10.

4.2.3. Yaw position

For the yaw angular variable, the desired input is
considered as profile (56):

3 1<t<5
2.5 5<t<10
2 10<t<15 (56)

0.1 * sin(t) 15<t<30
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Fig. 9: State response of close-loop 3-DOF ISP system for
scenario 2, (a) The pitch positions (6,), (b) The pitch
velocities (4,).

The variations of the yaw angular variable to follow the
above path are shown in Fig. 11.

Figs. 9-11 reveal that the angular positions of pitch, roll
and yaw are well-tracked by the proposed control strategy. As
can be seen, the closed-loop system is well able to follow the
assumed paths for all three system states, and the amount of
tracking error is acceptable. Finally, Fig. 12 shows the control
efforts u,, u,, and u, for Scenario 2.

Remark 3: It is important to mention that in most of the
methods proposed to control the position of the ISP system in
the current literature, it has been assumed that all required
states with appropriate accuracy are available. In this paper,
to reduce the number of measuring devices and also to
increase the accuracy of the angular velocity value, instead of
expensive gyroscopes, a velocity observer has been used.
Also, intheorem 1, it was proved that the error of the designed
nonlinear observer exponentially tends to zero and this allows
us to estimate the angular velocity with very good accuracy.
Given the above, comparing the observer-based control
method proposed in this paper with previous methods is not
fair because the performance of the output feedback
controller at its best is the same performance as the state
feedback controller when all system variables are available.
To evaluate the performance and quality of the suggested
observer algorithm, the following two performance indexes
are utilized.

-

— model
= = observer | 4
desired

I
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Time(s)
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Fig. 10: State response of close-loop 3-DOF ISP system for
scenario 2, (a) The roll positions (6,.), (b) The roll velocities

(6r)-

_—

ALy model
- - - — = observer
. 5 L desired

()a (rad)

4 I
0 5 10 15 20 25 30
Time(s)
(a)
15 T
model
10k — = observer|
| desired
S \
S
3
o
s ol
H
£ ¥ v
-
5k
10+
45 | | I L
0 5 10 15 20 25 30

Time(s)
(b)

Fig. 11: State response of close-loop 3-DOF ISP system for
scenario 2, (a) The yaw positions (6,), (b) The yaw
velocities (6,).
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Fig. 12: Control signal of close-loop 3-DOF ISP system for
scenario 2, (a) up, (b) u, (C) ug.

4.2.4. The Integral Square Error (ISE) performance index

ISE is one of the indexes used to show the level of
deviation of tracking errors in control systems and is defined
as follows:

ts
ISE = Vobs(t) — ysys(t))zdt (57)
0
where y,,(t) and ys,,; are defined as the observer output

and system output respectively, and t, represents the
simulation time.

4.2.5. The Maximum Absolute Value (MAV) performance
index

MAV criterion is used to evaluate the tracking accuracy,
which is defined as formula (58):

MAV = tg[lgéllyobs(t) — Yoys ()] (58)

The browser performance for all variables in both
scenarios is summarized in Table 3. Based on this table, it can
be seen that the designed observer has a satisfactory
performance and has been able to estimate the system
variables with good accuracy.

Remark 4: Compared to other existing control strategies,
the superiority of the strategy proposed in this paper is in
cases such as:

1- Reducing the cost of construction and reducing the
weight of the control system connected to the
moving object through the removal of expensive
gyroscopes

2- Easy implementation, and its efficiency.

3-

This paper suggested the issue of observer-based control
of the 3-DOF ISP system. To control ISP systems, in addition
to measuring the angular position, angular velocity is also

CONCLUSION
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Table 3: Parameter’s performance indexes for two
scenarios.

Index State variable Value
Scenario  Scenario
1 2

pitch positions (6,,) 0.0005 0.0018
pitch velocities (6,) 0.0877 0.8458
roll positions (6,.) 0.0236 6.34e-5

ISE .
roll velocities (6,.) 3.0731 0.0862
yaw positions (6,) 0.0084 0.0210
yaw velocities (4,) 1.1840 3.277
pitch positions (6,,) 0.1190 0.1067
pitch velocities (6,) 0.8483 1.4782
roll positions (6,-) 0.8436 0.0242

mMAvV ,
roll velocities (6,.) 6.2314 0.4230
yaw positions (6,) 0.4053 0.7324
yaw velocities (6,) 3.7367 6.304

required. Gyroscopes used to accurately measure angular
velocity are expensive and also always have error
measurement values due to gyroscope drift. On the other hand,
there are limitations on the weight and volume of stabilization
systems, therefore if angular velocity can be measured
accurately and at the lowest possible cost, it is possible to
achieve high performance and more economically in practical
design. To reduce the expressed problems, the velocity
observer is used to estimate the velocity vector based on the
Lyapunov theorem. For this purpose, first, to design an
efficient observer, the state space equation for the ISP system
is rewritten to a new form. Then with the help of the
Lyapunov-based nonlinear control technique, a nonlinear
observer is designed to improve the velocity estimation of the
ISP plant. Finally, through Theorem 1, the exponential
stability and convergence of the observer system are proved.
The simulation results showed that the proposed control
method is efficient and can track different sources well. In
future work, we can suggest some implementation issues that
may come up in experimental settings, such as constraints on
system state variables, state time delay, or input saturation for
designing the high-performance ISP controller.

APPENDIX

Based on equations (17) - (19), the elements of the H(#) and
h(0) are obtained as follows:
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H12(0) = Wy, * cos(6;) + wiyy * sin(6,)
+ (sin(6,) * (sin(8y) * (0,
% c05(6) — Wiy, * sin(6,))
+ Whyy * €05(6p)) * Uay — Jaz
+ Joy = Jp))/Uax + Jpx)
— (cos(8y) * (cos(8,) * (wh,
*cos(8,) — why, * sin(6,))
— whyy *sin(0p)) * Uay — Jaz
+ Joy = Jp))/Uax + Jpx)
Hy3(8) = (Jaz * (sin(6p) * (Wiy; * c05(6y) — Wiy,
*5in(6,)) + whyy
*c05(0,)))/ Uax + Jpx)
Hy1(8) = —(Jax * @ipx * SIN(6r) + Jpx * @hyy
*5in(6;) = Jax * Wy, * cos(6;)
— Jpx * Wiz % €05(61))/Ury + Jay
*c08%(8,) + Jpy * cos?(6,)

Hp2(0) = (Jay * cos?(6p) + Jpy * c05*(8,) + Jaz
* Sin%(By) + Jpz * Sin®(0p) — Jay
* Wi * cos(6,) * cos(6;)

* sin(Bp) + Jaz * wf’bx * cos(Gp)
* cos(6y) * sin(8p) — Jpy * wh,,
* cos(Gp) * cos(0,) * sin(Gp)

+ Jpz * Wb, * cos(8,) * cos(6,)
% Si(0y) — Jay * ®f, * c0s(6,)
*5in(6p) * SIN(O,) + Jaz * Wiz
* cos(Gp) * sin(Bp) * sin(6,)

= Jpy * wh,, * cos(8p) * sin(6)
*sin(6y) + Jpz * wh,, * cos(0y)
*5in(0p) * sin(6r))/Ury + Jay

* cos%(6,) + Jpy * c0s?(6,)

Hy3(0) = —(Jaz * $i(8y) + Jaz * hy * cos(6p)
% €05(6,) + Jaz * hy, * cos(6,)
*$in(0,))/Ury + Jay * cos?(6,)
+ Jpy * cos?(6,))

H31(0) = wyy * cos(6,) + wfy, * cos(8,) * sin(6,)

— W}, * sin(6,) * sin(6,)

H3,(8) = why, * cos(8,) * sin(8,) — Wiy * cos(6y)
* cos(6,)
And

(59)
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hy(8) = (Tap + N * Tam)/Uax + Jpx) = @b
*cos(6,) — @iy, * sin(6,)
— ((sin(6p) * (@, * cos(6;)
— Whyy *sin(6y)) + why,
* 05 (6,)) * (cos(6)) * (W,
*cos(8,) — why, * sin(6,))
— whyy *sin(p)) * Uay — Jaz
+ Jpy = Jpz))/Uax + Jpx)
+ Um* Nx (N = 1) * (@fy
*cos(8,) — afy,
*5in(6:)))/Uax + Jpx) + (Ke
* K % N2 % (0fy, * cos(6,)
— why, *5in(6,)))/(Rin * Uax
+ Jpx))

h3(8) = @, * sin(8,) — cos(8y) * (0},
% c05(6,) — Dy * sin(6;))
+ (Taa + N *Tgm)/Jaz + Um
* N (N = 1) * (@, * cos(6,)
*cos(6,) — a)fby * sin(6p)
+ wfbx * cos(6p)
*5in(6:)))/Jaz + (Ko * Ky * N
* (why, * cos(6p) * cos(6,)
— @hy *5in(6p) + Wiy

* €05 (0p) * sin(6r)))/Uaz * Rm)

h2(8) = (@hyy * c05*(0p) * Uay + Jpy) + Urx
— Jrz2) * (@ * cOs(6;) + why,
*5in(6,)) * (wfy, * cos(6y)
— why *sin(8,)) — sin(8,)
* (cos(8y) * (wfy, * cos(6,)
— Wiy *sin(6,)) — wh,
*sin(6)) * Jaz + Jpz)
+ (@fx * c0s(6;) + W,
*5in(6,)) * (wfy, * cos(6,)
— Wy *5I0(0,)) * Uax + Jpx)
— cos(6y) * (cos(6) * (wf’bz
*c08(6;) — Wiy *sin(6,))
— hyy *5in(0,)) * (W
* cos(6,) + a)f’bz * sin(6,))
*(Jaz + Jpz) — sin(6p)
* (sin(8p) * (@i, * cos(6;)

— Whyy *sin(6;))
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+ w?by * cos(6,)) * (Whpy * c0s(6,) + why,
*sin(6,)) * Uay + Jpy)
+ cos(8,) *sin(6,) * (0},
*€08(6y) — Wihy * sin(6,))
*Uay + Jpy))/(Uay + Jpy)
*c0s*(6p) + Jry)
+ (Tar + N*Tam)/(Uay + Jpy) * cos?(6p)
+ Jry) + U N * @jpy (N
= 1)/(Uay + Jpy) * cos*(6,)
+ Jry) + (Ko %K, * N?

* wtbby)/(Rm * ((]ay + ]py)
% c0s2(6p) + Jry)
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