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Abstract: In this paper, a MIMO (Multi-Input Multi-Output) fuzzy sliding mode control method is
proposed for a three-axis inertially stabilized platform. This method is based on the MIMO coupling
model of the three-axis inertially stabilized platform in which the dynamic coupling among the three
frames, namely the azimuth frame, the pitch frame and the roll frame, is fully considered. Firstly,
the dynamic equation of the three-axis inertially stabilized platform is analyzed and its linearized
model is obtained. After this, the controller is designed based on the model, during which fuzzy
logic is introduced to deal with the frame coupling and the adaptive fuzzy coupling compensation
factor is designed to be part of the algorithm. A complete proof of the stability and convergence is
also provided in this paper. Finally, the performance of the platform with a MIMO fuzzy sliding
mode controller and PI controller is analyzed. The simulation results show that the proposed scheme
can guarantee tracking accuracy and effectively suppress the coupling interference between the
three frames.

Keywords: three-axis inertially stabilized platform; MIMO; sliding mode; fuzzy logic

1. Introduction

As a very important UAV mission load, the inertially stabilized platform is widely used in
the fields of aerial reconnaissance, target indication and positioning, strike calibration, battlefield
damage assessment, aerial surveying and mapping [1]. An inertially stabilized platform with good
performance can effectively isolate the disturbances occurring in the aircraft in addition to establishing
a stable spatial orientation for the optical load’s line of sight and the stable tracking of the designated
target. However, due to internal and external disturbances, such as carrier disturbance, friction,
mass imbalance, airflow disturbance, output torque fluctuation, engine vibration and the complex
frame structure and coupling relationship, it is not easy to achieve high performance control of the
system [2-5].

In engineering applications, the most widely used controllers are still traditional linear controllers,
such as PID and lead-lag [6—8]. This type of controller has several advantages, being relatively
convenient and easy to use. Additionally, they are relatively mature due to years of development and
improvement of the applications on the inertially stabilized platform and can achieve good results.
However, when it is necessary to further improve the system performance, such controllers have
limitations. Firstly, the traditional linear controllers have limited ability to control the various internal
and external disturbances and non-linear effects on the inertially stabilized platform and the controller.
This depends on whether the accuracy models fully consider the effects of unmodeled dynamics and
system parameter changes or not. Secondly, in traditional applications, the control effect of the single
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control of each frame is not ideal for MIMO systems that have coupling across multiple degrees of
freedom [9-11].

In theory, the sliding mode can be designed according to the current requirements and it has
nothing to do with the disturbance in the system and the change or perturbation of the system
parameters. That is to say, the design of this sliding mode is invariant to the disturbance [12,13].
Therefore, sliding mode variable structure control is very suitable for an inertially stabilized platform
with complex working conditions and it has been a hot topic in academic research. However,
the problem of chattering exists in sliding mode control, which should be focused on in practical
applications [14-16]. A previous study [17] used a saturated function instead of a switching function
to form the basic boundary layer, which effectively weakens the chattering effect. In reference [18], an
adaptive adjustment is made to the boundary layer thickness, which is further combined with fuzzy
rules to achieve a better buffeting weakening effect. In order to solve the problem of the high switching
gain in sliding mode control law being able to easily cause the chattering effect of the system, a sliding
mode control based on a disturbance observer is designed for the servo system with strong disturbance
in reference [19]. By the feedforward compensation of the disturbance observer, the switching gain of
sliding mode control law is effectively reduced and the chattering effect of the system is weakened.

In addition to deal with a complex and large disturbance working environment, this paper
designs a MIMO fuzzy sliding mode control method for the three-axis inertially stabilized platform
with consideration of the incomplete decoupling and unmodeled coupling between the multiple
degrees of freedom that is caused by the separate control of each frame in traditional applications.
The algorithm fully considers the dynamic coupling among the three frames of the research object.
The main feature of the method is that the chattering effect of sliding mode control can be reduced
while the coupling compensation is carried out using fuzzy logic [20-22].

This paper is organized as follows: in Section 2, we establish the dynamic model of the three-axis
inertially stabilized platform and obtain its linear form. In Section 3, the MIMO fuzzy sliding mode
control method is designed based on the model and a complete analysis is provided. A series of
simulations validate the effectiveness of the controller in Section 4. Finally, our conclusions are
presented in Section 5.

2. Dynamic Model of a Three-Axis Inertially Stabilized Platform

The research object of this paper is a three-axis inertially stabilized platform. As shown in Figure 1,
from the outside to the inside, they are respectively the azimuth frame, roll frame and pitch frame.
This platform is essentially created by inserting a roll frame into the two-frame platform of azimuth
and pitch.

V4 azimuth
A
base
v
pitch
»
X  roll

Figure 1. Three-axis airborne inertially stabilized platform.
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The three-axis inertially stabilized platform is a system with strong coupling [23-25]. Before the
establishment of the mathematical model, we need to make the following assumptions:

(1) Ignoring the elastic deformation of frame structures, each frame structure is analyzed according
to the rigid body.

(2) The rotation axes of each frame intersect in space and the two adjacent frame shafts are
strictly orthogonal.

Four coordinate systems need to be established:

(1) The base coordinate system Oxpypzp (also known as the UAV coordinate system), which is
fixedly connected with the base;

(2) The azimuth frame coordinate system Ox4y4z4, which is fixedly connected with the
azimuth frame.

(3) The rolling frame coordinate system Oxgryrzg, which is fixedly connected with the rolling frame.

(4) The pitching frame coordinate system Oxryrzg, which is fixedly connected to the pitching frame.

The rotation angle of the azimuth frame relative to the base is defined as the azimuth angle 6 4;
the rotation angle of the rolling frame relative to the azimuth frame is the rolling angle 6g; and the
rotation angle of the pitching frame relative to the rolling frame is the pitching angle 0. The coordinate
transformation relationship is shown in Figure 2.

Zp z(z,)

G §,

Figure 2. Three-axis coordinate transformation relationship.

The positive direction of the specified angle follows the right-hand rule. The transformation
matrices can be expressed as follows:

cosfy sinfy O 1 0 0 cosfg 0 —sinfg
Rpg=| —sinfy cosfy 0 |,Rar=| 0 «cosfg sinfg |,Rgrr= 0 1 0 1)
0 0 1 0 —sinflg cosBr sinfg 0 cosfg

where Rp 4 is the transformation matrix from the base to azimuth frame; R 4y is the transformation
matrix from the azimuth frame to the roll frame; and Ry is the transformation matrix from the roll
frame to the pitch frame.

The angular velocities of the base, azimuth frame, roll frame and pitch frame in a relative inertia
space are defined respectively as wp, w4, wr and wg. They can be written in the vector form as follows:

WBy WAx WRx WEx
wp= | wpy |,wa=| way |,WrR=| wgry |, WE= | wgy 2)
Wpz WAz WRz WEz
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According to the rotation relation, the following relations can be obtained between wg, w4, wr
and wg:

0 0r 0
wp =Rpawp+ | 0 |,wr =Rarwa+ | 0 |, wg=Rrpwr+ 0r 3)
04 0 0

The rotational inertia of the three frames of the inertially stabilized platform, namely the azimuth

frame, the roll frame and the pitch frame, are respectively defined as J 4 = dia g{ Jaxx Jayy Az },
Jr = diag{ JrRex TRy JRzz } and Jp = diag{ Jexx  JEyy  JEzz }while all the torques acting

T
on three shafts (i.e., the azimuth, pitch and roll shafts) are defined as T4 = { Tax Tay Taz } ,

T T
TR = { Try Try Tr: } , T = [ Tex Tey Te: } , respectively.
According to the rigid body dynamics equation, the elevation frame equation of the three-axis
inertially stabilized platform can be obtained as follows:

Jewe + wi X Jpwe = Tk 4)
where Tr can be expanded as:
Ty Ty
Ty = TEy = | Tedrive — TEfric ®)
Tk, Tk,

where Tr, and T, are the reaction torques acting on the pitch frame; T4,y is the driving torque of
the pitching frame motor; and Ty is the friction torque. Considering the control accuracy, cost and
miniaturization, the Permanent Magnet Synchronous Motor (PMSM) is used to drive and control the
three frame axes of the three-axis inertially stabilized platform. The current loop is used in the inner
loop of the control loop and the bandwidth of the current loop is high enough that the output torque
of the motor can be modeled as a proportional function of the control current.

The effect of friction on a system is very complex. Thus, in order to simplify the analysis, the
friction torque T ;. is divided into linear and nonlinear parts. These parts are expressed as follows:

Tefric = Tepo + KefOF )

By expanding the second line of Equation (4) and introducing Equations (5) and (6), the dynamic
equation of the pitching frame can be obtained.

JEyy@WEy + WExWEz (JExx — JEzz) = TEdrive — TEfO — KEféE (7)
In addition, according to Equations (1) and (3), we can obtain the following:
GE = WEy + wpy Sinfl4 cos Or — wp, cos 04 cos g — wp, sinOg — QA sin fg (8)
From Equations (7) and (8), we can obtain the following:

]EyyCUEy + KEfCUEy + CUExCUEz(]Exx - IEZZ) = TEdrive — TEfO (9)

—KEf(WBx sin64 cos g — wpy cos 4 cos Or — wp; sinfg — 04 sin 6r)

According to the analysis of the system, we know that the controlled targets of the three-axis
inertially stabilized platform are the angular velocities wg,, wgy and wg, of the pitching frame
(the innermost frame). The driving torques are the driving torques of the motor on the pitching axis,
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the roll axis and the azimuth axis. The disturbance comes from the angular velocities wpy, wpy and
wp; of the carrier and the disturbance of friction on the system shafting. Similar to the pitch frame,
the dynamic equation of the rolling frame and the azimuth frame can be expressed as:

Jrwr + wr X Jrwr = Tr + Trp (10)

Jawa+wa X Jpwa =Ta+Tap (11)

Similarly, T and T4 can be expanded as follows:

Trx TRarive — TRfric Tax Tax
Tr=| Tgy | = Try Ta=| Tay | = Tay (12)
Tr- Tr, Tz Tadrive — TAfric
T
It is important to note the disturbances Trp = Trpx  Trpy TRD: and Tpp =

{ Tapx Tapy Tap: ] ! The former represents the projection of the torque acting on the pitch frame
on the rolling frame, while the latter represents the projection of the torque acting on the pitch frame
and the rolling frame on the azimuth frame.

After this, the first and third lines of Equations (10) and (11) are expanded, respectively.
By derivation, the dynamic equations of the rolling frame and azimuth frame can also be obtained:

(JRxx O8O )WEy + [QE sin O (IRZZ - ]Ryy - 1) + KRf cos O |wEx
+(JRex SINOF ) W= + [JRyxOF 08 O — OF c0s O (Jrzz — Jryy) + Kr s sin Of]we: 13)
—sin O (Jrzz — ]Ryy)wEway +cos O (JRzz — ]Ryy)wasz

= Trpx + Trdrive — Trfo + Krf(wpy 0504 + wpy sin4)

(—J Azz SIN O cOs OR )wEy + (_]AzzéE c0s O cos O + J 4z.0R sin OF sin O

+0F cos 0 cos g — O sin O sin g — K g sin0p cos Or )wey + (Jazz sinOR)wEy
+(J 220 cos Og — Ok cos O + KafsinOr)wey + (JAzz cos O cos Or )W,

+(—J a220F sin O cos Og — Jaz.0 cos OF sin g — O sin Of cos O

. (14)
+0R cos O sin g + K4 ¢ cos O cos ORr)wE; + sin O cos O sin GRa)i-x

+ sin O cos O sin QRw%Z + (cos O cos O )wExwEy, + (— cos? g sin O
+ sin? O sin QR)(‘JExWEz + (sin O cos GR)waaJEZ — Jazz0F sin g

—J 4zz0E0 cos O + 00 cos Or = Tap: + Tadrive — Tafo+ KAf(éE sinfr + wp:)

Equations (9), (13) and (14) are the dynamic equations of the three-axis inertially stabilized
platform. The input of the model is the motor driving torque of the azimuth frame, the pitch frame
and the roll frame. The controlled variable of the system is the angular velocity of the pitching frame
relative to the inertia space, while the disturbance comes from the angular velocity of the aircraft,
the coupling and friction between the frames, etc.

However, because the equation is too complex and contains a large number of quadratic terms of
controlled variables, it is very difficult to design the controller. Thus, we simplify the model in a way
that is similar to linearizing the equilibrium point, ignoring the quadratic term. As a result, we can
obtain the following;:

Gy + Cp = Tprive + T (15)
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T
where ¢ = fot we(T)dt = { YEy YEx YE2 } represents the angle of pitch frame relative to inertia
space. The other parameters are defined as follows:

gn 0 0 gz 0 0 Tedrive Ty
G=| 0 g3 g5 [.C=| 0 gu g6 |, Tprive =" Trarive | Ta= | Tux (16)
831 833 35 832 834 $36 T Adrive Ty,

Tdy = —KEf[(a)Bx sinf4 — wWpy COS GA) cos g — (wBZ + GA) Sil‘l@R] — TEfO
T4y = TrRDx _TRfO+KRf(wa cos@A—i—wBysinGA) (17)
Tz = Jazz0E SinOg + (Jazz — 1)0£0r cosOg + Tapz — Tago + Kaf (O sinOg + wp:)

811 = JEyy
812 = Kgf

823 = JRxx cOs O

24 = 0 sinOp (Jrzz — Jryy — 1) + Kry cos O

825 = JRxx SINOE

926 = JRuxOr €08 6 — O €08 Og (Jrzz — Jryy) + Kg s sin O

831 = J Azz SInOR (18)
g2 = Orcos R (Jazz — 1) + Kag sin O

833 = —J Azz Sin O cos O

gau = (1- Jaz2)0F cos O cos g + (J a2z — 1)0g sin O sin O — K s sin 0 cos Og
935 = J Azz €OS O cos O

936 = (1 — J 422)0R cos O sin g — (J o-- + 1)0F sin O cos O + K cos 0 cos Og

3. Design of the MIMO Fuzzy Sliding Mode Controller

Define the position error vector of the pitch frame relative to the inertia space of the three-axis
inertially stabilized platform:

e=9—1qg (19)

where ¢p; = [ Yay VYax Yar | € R3>*1 is the desired position vector. Without loss of generality,
suppose that 3, is a second order continuous differentiable function.
Let the sliding mode function be:

s=e+ce (20)
where c is a positive definite diagonal array:
C1 0 0
c=10 c 0 (21)
0 0 C3

where c1, ¢, c3 > 0. Thus, according to Equations (19) and (20), we can obtain the following;:

Pp=1,;+s—ce (22)
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and:
Yp=1,;+s5—ce (23)

After substituting Equations (22) and (23) into (15), the system model becomes:
Gs = G(ce — ;) —c(tp; +s—ce) + Tprive + Ty (24)
Design the three-axis inertially stabilized MIMO fuzzy sliding mode control law as follows:
Tprive = — (4o + 1) (25)

where u, = (a + o)s is the output compensation control amount; a = diag{ a; ax 4as } is the real

coefficient matrix, ay, ap,a3 > 0; and o = diag{ o 0» 03 } is an adaptive compensation coefficient

T
matrix. The second item in Equation (25) u, = [ Ul U U } is the output of fuzzy control

introduced for the coupling between the three frameworks of the platform.

The design of the coupled fuzzy control quantity is introduced below [26,27]. The typical five-level
fuzzy segmentation, which includes NB, NM, ZE, PM and PB, is selected for the input and output of
the fuzzy inference system. The fuzzy rules are as follows:

If s; is NB, then uy; is NB
If s; is NM, then uy; is NM
If s; is ZE, then uy; is ZE

If s; is PM, then uy; is PM
If s; is PB, then uy; is PB

where s;,i = 1,2,3 is the row element of the sliding mode function s, thatiss = | s; s, s3 }T.
Furthermore, u;,i = 1,2, 3 are the outputs of the fuzzy inference system.

The selection of the membership function is empirically determined. The triangle membership
function is selected as the input membership function and the single-value membership function is
selected as the output membership function. The function curve is shown in Figure 3.

NB NM  Z0 PM PB

5

&
9 g \
28 \
£ 05 X
£ 5
- \
2.
g o0 \
1 0.5 0 0.5 1

NB  NM 70 PM PB |

-

o
33l

output membership
function

A 05 0 0.5 1
Ug

Figure 3. Input and output membership functions.
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The defuzzification process of the fuzzy inference system is determined to be the weighted
average method. The output of this method can be expressed as:

5
¥ ¢irpr(si)
uﬂ-szlsi, i=1,2,3 (26)
Y Hr(si)
R=1
where R = 1,2,---,5 is the number of fuzzy rules; ugr(s;) is the input membership function

corresponding to the R-th rule; and ¢;r is the output membership function corresponding to the
R -th rule. For the convenience of subsequent writing and discussion, we rewrite Equation (26) as:

upi=¢i'Y;, i=1,2,3 (27)
T T
where ¢; = | ¢ P2 Pz P Pis } ;Y = [ Yan Yo Yz Ya Y ] and Y; =
w103,
Y ur(si)
R=1

There is a serious coupling relationship between the frame axes of the three-axis inertially
stabilized platform. In order to obtain the control effects with high precision, the coupling must
be processed. In this paper, an adaptive fuzzy coupling compensation factor is adopted. The coupling
compensation structure is shown in Figure 4 where f;; represents the coupling compensation factor of
the j-th output to the i-th coupling compensation term u; of the fuzzy inference system.

1 A\ u
) J » E cl »
© —/
Q -
=1 =t
2 - 5
S v Uy u, o
2 ué % f Z c2 =
> —/ g
N 7]
N >
=} u — n
=~
N 3 u
3 g

=/

Figure 4. Structure diagram of fuzzy coupling compensation.

After this, the coupling compensation term u. in Equation (25) can be expressed as:
3 3 .
uq =) fipugi =) fipusi9' Yy i=1,2,3 (28)
j=1 j=1
where the adaptive laws of f;; and 0; are:

fij = VijSilfj (29)

di = 171‘5[«2 (30)

and y;j,17; > 0, i,j = 1,2,3 is the proportional coefficient [26].
The structure of the MIMO fuzzy sliding mode control system with coupled adaptive
compensation for the three-axis inertially stabilized platform is shown in Figure 5.
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f %St Vi

0, = 775Si

e
s
)

dt

Fuzzy inference
system

v
GW%WTmeTW

Figure 5. Structure of the MIMO fuzzy sliding mode control system with coupled
adaptive compensation.

The stability and convergence of the three-axis inertially stabilized platform system described
by Equation (15) under the action of control law (25), adaptive law (29) and (30) are demonstrated
below [28].

Define the Lyapunov function as:

_¥C&%§:2 _@ 72}—,n:3 (31)

11] 1117

where ﬁj is the coupling compensation factor estimation error and ¢; is the output compensation factor
estimation error.
Considering the first item on the right end of Equation (31), we define the following:

Vi =s!Gs (32)

After this, we obtain:

v, = s'Gs +sTGs +sTGs
= sT(wSTGs + Gs + Gs)
= s"(B+ Tproic)
=s'[B—(a+0)s—u

(33)

T . , .
where w = { 1/3s1 1/3sp 1/3s3 } and B = ws' Gs + Gs + G(ce — ;) —c(p;+s—ce) + T,
Thus, we can obtain:

. . 3 3 17 5 1 3 1~ =
V =Vi+ 'El '21 Tijfijfij + 221 7:0i0i
1= ]: 1=
s s (34)
) si(Bi — ajsj — 0js; — ucj) + LX 1 fl]fz] Z LG50
i= i=1j=

where B; is the row element of B. If we define f;; as the optimal estimated coupling compensation
factor for B, there must be an optimal estimation error ¢; > 0 that satisfies the following conditions:

<eg (35)

3
Bi— ) fiugi
i=1

Thus, ﬁj can be expressed as:

fi=fi—f; (36)
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Substituting Equation (36) into Equation (28), we can obtain the following:

3 3
Uei = Zﬂ]l/lf]—i—Zf;;uf], i=1,23 (37)
j=1 j=1
Define ¢ |s;| as the upper bound of ¢;, that is:
g <oilsi|, i=1,23 (38)
After this, 0; can be expressed as:
'&i =0; — (7’;< (39)
After substituting Equations (37) and (39) into Equation (34), we obtain the following
. 3 o 3 3.
V = Ysi|Bi—aisi— (0i+0])si— ¥ fijugi— L frijuy
i=1 j=1 j=1
33 |- 3 -
+El jgl Ti"ﬂjfij - i§1 1171
(40)
S 2 3 3 % *
= —Xaisi+ L |si| Bi— X frijug | —siofsi
i=1 i=1 j=1
3 3 -~ ~ ~ 3
1 le~  ~ 2
+ 2 5 (A5 - sy ) + £, (o -
By combining Equations (35) and (38), we can obtain:
3 3
sil| Bi— ) friugj | < lsil|Bi = ) frijugi| < |silw; (41)
j=1 j=1
Jsifeo; < ofs? (42)
According to Equations (40)-(42), we can determine the following:
. 3 5 3 .
V < =Y asi+ L ([siler —siof'si)
i=1 i=1
(43)

—I—% i Lfif —sifiug ) + % (1(7'(7' —(732)

oS Yij/ i/ iJij"fj = i Civi 9]
3 3 3 o~ ~ 3

_ g2 I N S 15 _ 5.2

= El st El j§1<7iffl]fij Slfl]uf]) - El(m i Ulsi)

By combining Equations (36) and (39) as well as the adaptive laws (29) and (30), we can obtain:

]?ij = fij = VijSiltfj (44)

0O = d’i = 1iS; (45)
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Therefore, Equation (43) becomes:

) 3 3 3 -~ ~ 3,
V <—-Yasi+ 1 (%fijfij —Sifijufj> + X (%Uiai _0'1'51‘2)
i=1 i=1j=1\"" i=1°"
3 3 . - 3
=— aislz + Z . (%fl]'yl]s,uf] — sifi]-ufj) + Z (%Uil’]islz — (Tl'Sl-z) (46)
i=1 i=1j=1\" i=1
3
= - a;s;

Asa; > 0,1 =1,2,3, thus we obtain the following:
. 3
V<-Yas?<0 (47)
i=1

According to the stability theory of Lyapunov, the stability and convergence are proved.

4. Experiments and Results

The experimental tests of the three-axis inertially stabilized platform are carried out in order to
provide a comparison of the MIMO fuzzy sliding mode controller designed in this paper with the
PI controller with each frame controlled separately. The experimental system is shown in Figure 6.
The platform being tested is installed in the innermost frame of a five-axis swing table and the
three-axis swing table inside the five-axis swing table is used to simulate the disturbance from the
carrier. A three-axis gyroscope with high precision that is integrated in the innermost pitch frame
of the three-axis inertially stabilized platform is used to measure the angular velocity of the system
relative to the inertial space. An angle sensor is also provided on each frame axis with a resolution
of 360/2!%. The ground test system is used for debugging and data acquisition. Both of the tested
controllers are implemented in DSP(TMS320F28335) using C language and the debugging software
is CCS6.0.

In addition to testing the anti-disturbance performance of the system, the coupling between the
three frameworks is emphatically tested. For example, when the azimuth frame tracks the input
signal, the difference between the actual angular velocity and the input signal is the tracking error
and the actual angular velocity of the pitch and roll frames is the coupling interference output.
The carrier disturbance signal added in the experiment is calculated as follows: wpy = wp, = wp, =
27 cos(27tt)(°/s).

five-axis swing table

Debugging and data three-frame inertially
acquisition system stabilized platform

Figure 6. Experimental setup.
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We used the following parameters for the two controllers: (1) PI controller: Azimuth frame with
K4p = 8 and K4 = 20; Roll frame with Kgp = 6 and Kg; = 20; Pitch frame with Kpp = 6 and Kg; = 6.
(2) MIMO fuzzy sliding mode controller: ¢y = ¢ =c3 =10, 11 = =13 =16,01 = ay = a3 =1,

10 1 1
fij(0) =0i(0) =0andy= | 1 10 1
1 1 10

The experimental results from the azimuth frame tracking the input signal are shown in Figure 7.
Figure 7a is the angular velocity tracking curve of the azimuth frame, Figure 7b is the azimuth frame
tracking error curve, Figure 7c is the actual angular velocity output of the pitch frame and Figure 7d is
the actual angular velocity output of the roll frame.

8
6N~ + - — +
s—/ [ [ G 2
2 - Ar-—+ /! D)
< 4-f I ==L - =
o fbr--b--f :
2 2L i\ [ =S
] 04 106 o\.sf £
R £ -
s |/ ! b g
=} S N A [ W R N
-EA/ | \\F | ‘\\,L S -
® 6 ———‘Lffx—)‘/fffof‘
¥ | | | |
B0 0.5 1 1.5 2 25 time(s)
time(s)
a) Azimuth tracking curve zimuth angular velocity error
A th track b) A th 1 1

o
o

0.6

o
IS
I
IS

o
[N}
o
=) [N}

S
N

pitch coupling output (°/s)
=]
roll coupling output (°/s)

o
=

time(s) ’ ’ time(s)

(c) Pitch angular velocity coupling (d) Roll angular velocity coupling

Figure 7. Angular velocity output when the azimuth frame tracks orders.

The experimental results from the pitching frame tracking the input signal are shown in Figure 8.
Figure 8a is the angular velocity tracking curve of the pitching frame, Figure 8b is the tracking error
curve of the pitching frame, Figure 8c is the actual angular velocity output of the azimuth frame and
Figure 8d is the actual angular velocity output of the rolling frame.

1

A2 O ®

N

=)

pitch tracking curve (°/s)
pitch tracking error (°/s)

&S A

&

15 25 ’ time(s)
time(s)

(a) Pitch tracking curve (b) Pitch angular velocity error

Figure 8. Cont.
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03

0.6
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2 02 04F —— - -+ - - - - 7 - [—MMmO
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< » [AVAR o |
5 0 SR e gl R (AU E S
g E {0\ fr

° 0 ,E:_.l 0 (VI AV
2 o I
S -0.1 2-02H L | I L -
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P 0.2 3 047\477‘ I N ]
s o DA r I T jr’rr
E ° \ | I | Y
§-03 06F———F———b———F+———+———

| | | |
- ~ 1 1 1 L
0'40 . 0'80 05 1 15 2 25
time(s) time(s)

(c) Azimuth angular velocity coupling (d) Roll angular velocity coupling

Figure 8. Angular velocity output when the pitch frame tracks orders.

The experimental results from the rolling frame tracking the input signal are shown in Figure 9.
Figure 9a is the angular velocity tracking curve of the rolling frame, Figure 9b is the tracking error
curve of the rolling frame, Figure 9c is the actual angular velocity output of the azimuth frame and
Figure 9d is the actual angular velocity output of the pitching frame.
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Figure 9. Angular velocity output when the roll frame tracks orders.

It can be seen from the maximum value of the error curve and coupling output curve that the
MIMO fuzzy sliding mode control method designed in this paper has advantages in terms of both
the angular velocity tracking error of each frame and the coupling between them. In order to further
investigate and quantitatively compare the experimental results, the integral absolute error (IAE) and
the integral square error (ISE) are introduced [29]. ISE and IAE are defined as:

IAE = /OT le(t)|dt (48)

ISE = /OT|e(t)|2dt (49)

where e(t) is the measured error. The units of IAE and ISE are " /s and (" / s)z, respectively.
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The results of the tracking error analysis are provided in Table 1, which indicates that the errors in
the MIMO fuzzy sliding mode controller reach their minimum compared to those in the PI controller.
This demonstrates the superiority of the proposed method in this paper.

Table 1. Tracking error analysis results.

Azimuth Tracking Error Pitch Tracking Error Roll Tracking Error

PI MIMO PI MIMO PI MIMO
TIAE 0.04946 0.03487 0.08912 0.02613 0.02391 0.01886
ISE 0.0004632 0.00003871 0.0007954 0.00002871 0.0001934 0.0000845

The results of the coupling interference analysis are provided in Table 2. They indicate that the
MIMO fuzzy sliding mode controller has stronger coupling suppression ability.

Table 2. Coupling interference analysis results.

Azimuth Coupling Pitch Coupling Roll Coupling

PI MIMO PI MIMO PI MIMO
Azimuth  IAE - - 0.09745 0.03165 0.04237 0.00683
Tracking  ygp - 0.0058 0.00069 0.00021 0.0000832
Pitch IAE  0.07382 0.02509 - - 0.02093 0.00482
Tracking  “ygp (0043 0.00072 - - 0.00013 0.0000317
Roll IAE  0.03845 0.00541 0.04121 0.00692 - -
Tracking  “ygp (00018 0.0000613  0.00022 0.0000854 - -

5. Conclusions

In this paper, the dynamic model of a three-axis inertially stabilized platform is established and
its simplified model is given, in which the dynamic coupling of the three frames is fully considered.
As the focus of this paper, a MIMO fuzzy sliding mode control method is designed to effectively
resist internal and external disturbances. Furthermore, fuzzy logic is introduced to compensate for
the coupling between frames. An experiment was designed to compare the PI controller with the
controller proposed in this paper. The experimental results show that the MIMO fuzzy sliding mode
control method has strong anti-disturbance ability and coupling suppression ability. The design and
analysis method can be applied to the controller design of the three-axis inertially stabilized platform
or other similar systems.

Author Contributions: Z.Z., B.Z. and D.M. initiated the research and designed the experiments. Z.Z. wrote
the paper.

Funding: This research received no external funding.

Acknowledgments: We acknowledge Academic Editor for his careful revision of the language and grammatical
structures in this article.

Conflicts of Interest: The authors declare that there is no conflict of interests regarding the publication of
this article.

References

1. Wang, Y.; Tian, D.; Dai, M. Composite Hierarchical Anti-Disturbance Control with Multisensor Fusion for
Compact Optoelectronic Platforms. Sensors 2018, 18, 3190. [CrossRef] [PubMed]

2. Zhou, X; Yang, C.; Zhao, B.; Zhao, L.; Zhu, Z. A High-Precision Control Scheme Based on Active Disturbance
Rejection Control for a Three-Axis Inertially Stabilized Platform for Aerial Remote Sensing Applications.
J. Sens. 2018, 2018, 7295852. [CrossRef]


http://dx.doi.org/10.3390/s18103190
http://www.ncbi.nlm.nih.gov/pubmed/30241404
http://dx.doi.org/10.1155/2018/7295852

Sensors 2019, 19, 1658 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Maiying, Z.; Chengbin, J.; Shusheng, L.; Yan, Z. Study on the compensation method for disturbance torque
of three-axis inertially stabilized platform based on PMI. Chin. ]. Sci. Instrum. 2014, 35, 781-787.

Paik, S.; Nandakumar, M.P,; Ashok, S. Model development and adaptive control implementation of a 3-axis
platform stabilization system. In Proceedings of the 2015 International Conference on Smart Technologies
and Management for Computing, Communication, Controls, Energy and Materials (ICSTM), Chennai, India,
6-8 May 2015.

Li, S.; Zhong, M.; Qin, J. The internal model control design of three-axis inertially stabilized platform for
airborne remote sensing. In Proceedings of the 2012 8th IEEE International Symposium on Instrumentation
and Control Technology (ISICT) Proceedings, London, UK, 11-13 July 2012.

Zhou, X,; Li, Y;; Jia, Y.; Zhao, L. An Improved Fuzzy Neural Network Compound Control Scheme for
Inertially Stabilized Platform for Aerial Remote Sensing Applications. Int. |. Aerosp. Eng. 2018, 2018, 7021038.
[CrossRef]

Li, S.S.; Zhong, M.Y. Design of control system based on PID of three-axis inertially stabilized platform for
airborne remote sensing. J. ilin Univ. (Eng. Technol. Ed.) 2011, 41, S1.

Liu, F; Wang, H. Fuzzy PID controller for optoelectronic stabilization platform with two-axis and two-frame.
Optik 2017, 140, 158-164. [CrossRef]

Utkin, V,; Guldner, ].; Shi, J. Sliding Mode Control in Electromechanical Systems; CRC Press: Boca Raton, FL,
USA, 2009.

Wang, H.; Yu, Y.; Xu, D.G. The position servo system of PMSM. Proc. Chin. Soc. Electr. Eng. 2004, 24, 151-155.
Kung, Y.S.; Huang, P.G. High performance position controller for PMSM drives based on TMS320F2812 DSP.
In Proceedings of the IEEE International Conference on Control Applications, Taipei, Taiwan, 2—4 September
2004; Volume 1, pp. 290-295.

Zhou, Z.; Zhang, B.; Mao, D. Robust Sliding Mode Control of PMSM Based on Rapid Nonlinear Tracking
Differentiator and Disturbance Observer. Sensors 2018, 18, 1031. [CrossRef] [PubMed]

Wang, Y.; Lei, H.; Ye, J.; Bu, X. Backstepping Sliding Mode Control for Radar Seeker Servo System Considering
Guidance and Control System. Sensors 2018, 18, 2927. [CrossRef] [PubMed]

Tong, S.; Li, H.X. Fuzzy adaptive sliding-mode control for MIMO nonlinear systems. IEEE Trans Fuzzy Syst.
2003, 11, 354-360. [CrossRef]

Nekoukar, V.; Erfanian, A. Adaptive fuzzy terminal sliding mode control for a class of MIMO uncertain
nonlinear systems. Fuzzy Sets Syst. 2011, 179, 34-49. [CrossRef]

Moorty, ] K.; Marathe, R.; Srivastava, H.B. Fuzzy controller for line-of-sight stabilization systems. Opt. Eng.
2004, 43, 1394-1400. [CrossRef]

Slotine, ].J.; Sastry, S.S. Tracking control of nonlinear systems using sliding surfaces, with application to robot
manipulatorsa. Int. |. Control 1982, 38, 465-492. [CrossRef]

Erbatur, K.; Kawamura, A. Chattering elimination via fuzzy boundary layer tuning. In Proceedings of the
IEEE 2002 28th Annual Conference of the Industrial Electronics Society, Sevilla, Spain, 5-8 November 2002;
Volume 3.

Kawamura, A.; Itoh, H.; Sakamoto, K. Chattering Reduction of Disturbance Observer Based Sliding Mode
Control. IEEE Trans. Ind. Appl. 1992, 30, 456—461. [CrossRef]

Aloui, S.; Pages, O.; El Hajjaji, A.; Chaari, A.; Koubaa, Y. Improved fuzzy sliding mode control for a class of
MIMO nonlinear uncertain and perturbed systems. Appl. Soft Comput. 2011, 11, 820-826. [CrossRef]
Zhang, Y.A.; Hu, Y.A,; Lii, EL. Robust adaptive sliding mode control using fuzzy modelling for a class of
uncertain MIMO nonlinear systems. IEE Proc. Control Theory Appl. 2002, 149, 193-201. [CrossRef]
Hacioglu, Y.; Arslan, Y.Z.; Yagiz, N. MIMO fuzzy sliding mode controlled dual arm robot in load
transportation. J. Frankl. Inst. 2011, 348, 1886-1902. [CrossRef]

Mokbel, H.E; Ying, L.Q.; Roshdy, A.A.; Hua, C.G. Modeling and Optimization of Electro-Optical Dual Axis
Inertially Stabilized Platform. In Proceedings of the 2012 International Conference on Optoelectronics and
Microelectronics, Changchun, China, 23-25 August 2012.

Zeng, Q.; Wang, M; Liu, S. The Study Dynamics Coupling and Decouplingbetween Frames of Three Axis
Turn-table. J. Chin. Inert. Technol. 1997, 5, 44—49.

Kennedy, PJ.; Kennedy, R.L. Direct versus indirect line of sight (LOS) stabilization. IEEE Trans. Control
Syst. Technol. 2003, 11, 3-15. [CrossRef]


http://dx.doi.org/10.1155/2018/7021038
http://dx.doi.org/10.1016/j.ijleo.2017.04.057
http://dx.doi.org/10.3390/s18041031
http://www.ncbi.nlm.nih.gov/pubmed/29596387
http://dx.doi.org/10.3390/s18092927
http://www.ncbi.nlm.nih.gov/pubmed/30177652
http://dx.doi.org/10.1109/TFUZZ.2003.812694
http://dx.doi.org/10.1016/j.fss.2011.05.009
http://dx.doi.org/10.1117/1.1737371
http://dx.doi.org/10.1080/00207178308933088
http://dx.doi.org/10.1109/28.287509
http://dx.doi.org/10.1016/j.asoc.2010.01.001
http://dx.doi.org/10.1049/ip-cta:20040439
http://dx.doi.org/10.1016/j.jfranklin.2011.05.009
http://dx.doi.org/10.1109/TCST.2002.806443

Sensors 2019, 19, 1658 16 of 16

26. Li, TH,; Huang, Y.C. MIMO Adaptive Fuzzy Terminal Sliding-Mode Controller for Robotic Manipulators; Elsevier
Science Inc.: Amsterdam, The Netherlands, 2010.

27. Wang, Y.-G. Sliding Mode Variable Structure Control and Its Application to Wafer Scanner; Harbin Institute of
Technology: Harbin, China, June 2015.

28. Moreno, J.A.; Osorio, M.A. A Lyapunov approach to second-order sliding mode controllers and observers.
In Proceedings of the 47th IEEE Conference on Decision and Control, Cancun, Mexico, 9-11 December 2008.

29. Chen, Y;; Chu, H.; Sun, T; Guo, L.; Zhang, F. Two-axis gimbal platform controller design in finite time
application occasions: LMI approach. Optik 2018, 158, 831-841. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.ijleo.2017.12.172
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Dynamic Model of a Three-Axis Inertially Stabilized Platform 
	Design of the MIMO Fuzzy Sliding Mode Controller 
	Experiments and Results 
	Conclusions 
	References

