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ABSTRACT:

In this article, a robust control scheme based sliding made controt for nonlinear system is
proposed. Firstly, the nonlinear disturbance observer (NDOB) is equipped to climinate and reject
the unknown disturbance. Subsequently, sliding mode control is used to construct outer-loop of
cascade contral. In this step, fuzzy logic control is presented with Gaussmf input and output
membership function to reduce chattering from switching value part of sliding mode controller.
Finally, inner-loop of sliding mode control (SMC) method is employed to control electrical value.
Basically, cascade control is used to force sysiem states on pre-defined states within two sub-
control-loop. This study give proposal mechanical value will be controlled by outer-loop, and
electrical value will be controlled by inner-loop, respectively. Simulation results shown that
proposed control method is good track for sign reference signal. The transient respond very fast
like sliding mode control effective. And distance tracking error is quite good also.

Keywords: Nonlinear disturbance observer NDOB, sliding mode control (SMC), proportional-

integral-derivative (PID).

L. Introduction

In every practical system always exist
disturbances. and noises. In pass few decades, the
disturbance estimation, and rejection for nonlinear
system has been interesting, and challenging many
scientists in control field. NDOB was originally
described by Ohnish in 1987 [1]. NDOB has been
developed by many scientists in over pass two
decades. Xiao et al. (2014) [2]. Ginoya et al. (2014)
[3].and Yang et al. (2013) {4]. etc.

Sliding mode control (SMC) is a robustness
controller [5]. For over almost a half century. SMC
has been widely applied in many systems. There
are always consist 1wo step to achieve desired goal
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with SMC. Firstly, the researchers have to design
sliding surface. Secondly, how much values for
SMC surface parameters are determined to satisfy
Lyapunov law. Every system states will be forced to
converge on pre-defined sliding surface. In [6] Lin
et al. gave intelligent double integral shding-mode
control, Chen et al. [7] has implemented robust
nonsingular terminal sliding-mode control for active
magnetic bearing system. and Su et al. [8] was used
Proportional-integral-derivative/fuzzy sliding
mode control for suspension of active magnetic
bearing system, etc. SMC was developed in the
Soviet Union in the mid-1950s [5]. SMC input equal
to the difference between reference s.lue. and
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measure value. The main problems in designing
sliding controller are which SMC surface is, and
how much SMC surface parameters are determined
correctly. This job is also considered world-wide for
many scientists, and researchers, there is they can
self-design the surface for suitable systems. Every
system states will be forced to converge on the SMC
surface [9]. SMC surface function has to satsfy
Hurwitz polynomial [9]. All kinds of SMC surface is
designed always gives system input control value
wo catholic pars, there are equivalent, and
switching value. Chaaering phenomenon always
occurs from switching control part. Based on this
characteristic many researchers used Saturation
function, or Fuzzy logic control to eliminate
chattering values. Take advantages of cascade
control, this study use double sliding mode
controller to design cascade controller. Outer-loop
sliding controller will be designed to control
mechanical pan, there is displacement of nonlinear
system will be lled by proportional-integ

derivative (PID) surface sliding controller, under
equivalent, in this stage, Fuzzy controller is used to
reduce chattering from switching control value.
After ali, the inner-loop is employed by sliding
mode controller also. But the different of this SMC

al-

is the sliding surface just only equal to difference
from reference signal and measurement signal. This
part the current value from electrical part will be
controlled  effectively. In nonlinear system,
electrical part is considered effective control part.
Cascade controller have been using for more than
60 years [I0]. These structures are able to
compensate of disturbances and time delays [11].
The inner-loop guaranty that the system will be
stabilized follows predetermined from outer-loop.
This study system 1s referred to Chen et al. [7), and
Suetal. [8], there is active magnetic bearing system
with many practical applications. After all, our
results compare to Chen, and Su et al [7], and (8]
respectively. Although thus compare is not fair, but
our results figure out that the prosed method is good
track reference input signal enough.

Due to non-contact berween rotor and stator,
working without lubrication, nonfrictionless active
magnetic  bearing system promising many
application such wind turbine, helicopter, flywheel
engine, vacuum pump, etc. (Su, and Chen et al.).
The most important conuol objective is the
controlled rotor adapt 10 predefined position, this
propose just only focus on control one axial AMB
such follows Figure. | below.

Fig. 1. The structure of active magnetic bearing system
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This study divides into five parts. Firstly,
introduction is given some simple informaton
about our works. Secondly, problem formularion
gives us System mathematical. and problems need
1o solve. Thirdly, controller is proposed, after that
construct subsyster for whole system, and prove
that the proposed method is satisfied some contro}
rules. Subsequently, some simulation results figure
out our method is good better than Su, and Chen et
al. at the same system, and same situation. Finally,
conclusion is make a statement for our proposed
control method.

11. Problem formulation

References from Su, and Chen et al. the system
mathematical model is described as single input
and single output. there are reference signal is pre-
defined position of rotor. and output measurement
signal is displacement value. System mathematical
model is presented follows.

mi(1)=—cz+k,z(1)+k i

172(1)

-/ dy

or
SN €. % k
#(r)= m+ (/)+m1

Denote,

__f.z>() )

=L, B=k ImC=k ImD=-y

m
EQg.(2) can be re-written as
()= Az{t)+ Bz(1)+ Ci,(1)+ D.f,, (1) (3)
System states can be separated by

£(0)=(4,+ M)2(0)+ (B, + B)2(1)

+(C,+AC).. (1) + D.f . (1) @

Ordenote

Z(r)=(adz(1)+ AB.z(1) + ACL, (1)+ D.f, (1)) i
then Eq.(4) equal 1o
(1) =A2(1)+ Bz(1)+ Ci. (1) +=(1) + D, (1) (5)

A=Z(1)+ D.f, (1) is lumped uncenainties and give
k is positive constant used as hiting gains and
required |A] <.

Denote X ={=(r).2(r)] 1= 1,(1).W =,(r) where X
is system states value. U is current value. an W is
unknown disturbances value. then Eq. (3) can be
written such as
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gl

Now. redefine above compact foinm 1o gel

dynamic equation of the mentioned syslem as
X=GX+GI+GZ+GWV

Cascade controller is used sliding mode control
in this propose, there are system position, and
system current will be controlled by outer-loop. and
inoer-loop, respectively. The innerloop will make
system stable more than outer-loop.

From requires of cascade conwoller, the system
mathematical is divided by two pan. There are
mechanical, and electrical part. The current value
of mechanical will be supplied by the outer ¢ / from
electrical part [12]. The model of electrica) pan is
presented as

d,  R+R, 1
dt L ° L

e

v, (O]

where R_ is coil resistance, R, is current sense
resistance. V. is supply voltage, L, is coil
inductance. V, is converted through upper, and
lower power amplifiers. Based on Eq. (7-8) we
consiruct cascade controller in next section

I11. Proposed approach

The design procedure is presented as follows.
Firstly, nonlinear disturbance observer to construct
the open-loop. Subsequently, cascade sliding mode
outer-control-loop is used to construct for system
states stable on one pre-defined values, and Fuzzy
logic control is used 10 eliminate chattering value
occurs from switching control pant of the sliding
mode control. Finally, cascade inner-control-loop is
used to control electrical value. To archive the
desired goal, some subsystem are briefly
summarized in the following.

3.1 Nonlinear disturbance observer design

* Nonlinear disturbance observer equation

This section, the disturbance observer will be
constructed for open-loop, Based on Eq. (7) the
observer model is described as:

y=-1(X)G,[y+p(z)]-1(X) [G+G/I

W= > +p( \)
where p(X) s a nonhnear need to make.
1(X)=8p(X)/ay
is observer gain. ¥’ is estimated valye of
disturbance from s\ stiem.

Nonlinear disturbance observer 1+ .4 (o
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estimate uncertain unknown disturbance under
operating process. There exists a sub-function
y = H(X)e R™, where H(X) is smooth function,
related 1o degree from disturbance W to y for ali
system states X(1). Then p(X) , l(X) are chosen as
EL"‘h(X)
HX)= p —L 7/
N)=r—" ©
P(X) = pdL h(X)
Respectively, where p, is positive constant
for tuning the bound of errors.
Letn,=|min, LgyLg xH (X)| is positive scalar.
Define @ =w-w Under Eq.(7) and Eq.(10}
error value can be verified as:
W=l +1(X)G,[y+p(X)]

ax6x -1(x)2)=w 16 0
Suppose that [i'|< & where & is positive constant
given by system Jurnp of uncertainties.
The select Lyapunov for Eq. (12) as ¥ (i) =17
orcan be writien as:
V()= 20" (W -1(X)GH ]
=-2WTUZ)G W + 20T

S 11
s=mp ] 2|k an
1
et ‘[— ral k k
s=p | =| oo |7 m + i
s—p [ it
L Pt
Then, we have
N o k
W (o) =W (0) exp(- — 12
=l @en(-pm) a2

which figure out that the system of Eq. (12) is
bounded.

* Stability analysis of nonlinear disturbance
observer.

Disturbance observer brings out Wwo parts
givenby: L =1+ @t 13)

where /. is conventional control value,
substitution of Eq. (14) into Eq. (7) gives
.\':G,.\'+G_,[l(+a(rl’—W)]+GJE+G,I’I'
(14)

=G X +Gl, +(Ga+G )W +GE- G,alV

There exists NDOB law as Eq. (14) such closed-
loop 1s inpul-to-state stable, where W and ¥ are
bounded. then we construct the « in the procedure

following [13]. Based on the matching condition &
is chosen as a = G,”G, is in the sense that input-to-
slate stable. Then this study gives cascade contro!
based on this term to determine controller
parameter as following.

3.2 Cascade sliding mode control

This section is given by cascade with two
control loops, it is the same type of controller.
based on sliding mode control. The inner-loop will
be designed to reach pre-defined current from
ouler-loop, in the outer-loop the desire goal is
control system position. Otherwise. this work is

designed when system consist disturbance
sub-system inside as
X=G|X+Gz(lt+aW-')+GlE+G‘W (15)
Eq.(16) can be written as

o La 20
:r)| [B all2() (16)
0 .y o] fo
‘L[C](,[ +aW)+ 7‘]: + {D]W

This study propose outer-loop to force system
states converge 1o pre-defined position, then SMC
can be described as

Step [: Cascade outer-loop design

Sliding mode control is robust control method, it
can be apply for many kind of system, such
nonlinear or linear systems. Where SMC system is
presented such Eq. (18)

{‘z‘(l):f(l,z,i) a1
s :s([\z)
Sliding mode surface is selected as
5,0 ()= 2, ()= 2, () + A (2 (1) a8
=2, (0)+ A [ (2,(2) =, ()T

where z, is reference distance and z, is
measured distance 1,1, >0 is chosen such that
the real parts of the roots of

P(Sp) = Stous + X1Sou + 72 <O. then sliding
surface is satisfied Lyapunov law as:

V(#)= 80 (1)5. (1) <0

S (N =2,(0) -2 (N + A (2.(1) .

-3 (0)+ ch.(:_[r)—é,(rl)dr
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=3, (¢)- Az(e)+ Bz(1) + C(lm, (1)+aw
. (19)
+ A4 (2a(0)=2,(n)+ A!(i’.(f)—i, ()t

The current is calculated as
1,,,(:):%[3,(,)7(4_5(,)+sz(:))+ Az (-2, (0)+
A,j(z’,(r) -1, (1)) + ksar(s,,, (1)) + ali’] (20)

where /,,, is reference signal of inner-loop.

In order to system states reach more precise 10
pre-defined position, Fuzzy is proposed to reduce
chattering from switching control part

Step 2: Fuzzy logic controller

Fuzzy logic is a practical mathemancal addition
1o classic Boolean Jogic [15]. Under sliding mode
control condition, chattering value 1s occurred in
switching control, then this study propose the power
toll to eliminate thms unwell value. Fuzzy
membership function are Gaussmf, and we
considered NB denotes “Negative Big", NM
denotes “Negative Middle”, ZO denotes “Zero”,
PB denotes “Positive Big”, and PM denotes
“Positive Middle ™. then

Rule 1:1F (s, ) is NB THEN 4y, is NB.

Rule 2: TF (s, ) is NM THEN 4y, is NM.

Rule 3: TF (53 ) is ZO THEN Av; is ZO.

Rule 4: TF ( s, ) is PM THEN Ay, is PM.

Rule 5: IF ( s5 ) is PB THEN Ay; is PB.

Output of fuzzy system can be designed as

A, =K. Ay.sal(s), (where K=400).

wlsy) = (3-15), pisy) = [3.-7.5). pls;) = [3.0},
Hisy) = [37.5] piss) [3.15]. and output
membership  function as Ay, 0.1.5,
Defuzzification uses center of gravity method.
Combine to outer-loop yeild /,,,, = /,,, + 4, where
Icref 15 reference signal of inner-loop.

Step 3: Cascade inner-loop design

Usually, electrical control part is more effective
than mechanical part. This study inner-loop is
based on outer-loop and fuzzy system, and then the
sliding mode inner-control-loop is proposed as

Sin = Legeg = 1 (21)

combine with Eq. (8). we have

§o=1 4
in Ccref L ¢ ¢ 22
¢
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To achieve the desire goal ;= '™ 0
where V_is control input, and to be

designed as
V.= X\A?,,]sat(sm) + a'I \ﬂs_m_!an s, )ar [14].

All above original signum funcuon 1§ replaced
by sat function,

Remark: Design saturation function

This propose is replace signum function by
saturation function, the function is presented as

sai(s) = sign(s)min{ 1Is1} (23)

1 if s>¢
sai(s)= %: i ss[—ﬁ;.‘:] (24)
-1 if s<-&

Then, structure of system is constructed as
follows.

The simulation results illustrate that our
proposed is good track enough under signum
reference signal scenarios. With thrust disk equal o
0.38 kg is forced on the rotor during running
process. Our result is used to compare with Su and
Chen et al. [7). and [8). With the same parameters,
same system. The parameters is follow as Table. |
below.

Table. 1 Controller parameters

k =5,4 =2200,7 = 600, y =800

@ =400,L=(0,0.1].a=-1

| | m=2.565k. =10N/ A,

| System parameters | kg =25200N / m,
| T=038kg, c=0001R, =100,

| R, =1Q.L, =412 SmH,

‘ Controller parameters

IV. Anillustrative example

Corresponding to the design procedure
presented in the paper, some simulation resull are
given (0 demonstrate how much effectiveness of
the proposed control method for active magnetic
bearing system. First of all, distance tracking as

Average of distance tracking error 15 equal to
0.3850um and maximum emor value is equal
1,6125um at 1500 (ms). Fast transicnt responses
(within 80ms).

The main result performed that (- nontinear
observer control based cascade fu,
good track with relerence signal as |

mtrol s
nd the
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Fig. 3. Nonlinear disturbance observer-bosed fuzzy CSMC
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chattering is converged to
zero with sat (.) Function
and fuzzy  conwoller.
Otherwise NDOB is good
in eliminate and reject
disturbance.

V. Conclusion

A design methodology
nonlinear disturbance
observer based cascade
fuzzy sliding mode control
for active  magnetic
bearing  system  with
various unknown
disturbance  values. To
achieve the desired goal.
nonlinear disturbance
observer, sliding outer~
loop combined with fuzzy.
sliding inner-loop are used
together under Lyapunov
law. Simulation results 1
given by Matlab Simulink.
some scenarios v well
wrack with time-varying
trajectory ®
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Fig. 5. Distance fracking error value (a), in 20s running process, (b) top value of
tracking vaolue, and (c) average value of distance fracking value (in 12s fo 14s)
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Table 2 : Comparision of this proposed and Lin et al. (3)

‘L Controller Ava?gemmm&vg—v;; T Tapiium;@g |

| RNTSMLnetal __Ee_“fi,J o seeeum o
RFISMC Suetal. | 0.5025 um | 1.964 um

T Gwpoposed | 03880um  16125um -
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TOMTAT:

B vi€t ndy dé xudt mot hé didu khién bén vitg dyta rén digu khién gt cho hé thgng phi
tuy&n. Diu tién, bd quan sé1 nhiéu phi tuyén (NDOB) dugc sif dung d€ loai trif nhidu khéng xic
dioh. Sau d6, diéu khién truot dugc sit dyng d€ thiét 13p vong 13p ngodi cho b diéu khién ng.
Trong budc ndy, b diéu khién logic md dude dua ra v6i diu vao Gaussmf vi ham lién thude ddu
ra d& gidm sy nhiéu 6n 1Y gid tri chuy&n d5i ciia bd diéu khi€n trugt. Cudi cung. vdng I3p bén
trong clia phuong phép diéu khién mugt (SMC) dude st dung dé diéu khi€n céc gid i vé dign.
V& cd bin. didu khién ting dudc si dung d€ thi&t I4p trang thii hé thdng wong hai vong diéu
khién. Nghién ciu ndy € xut gid tri cd hoc sé dugc diéu khién bdi vdng I3p ngodi va gid tri
dién s& dugc kiém sodt bdi vong lap trong, twong ing. K&t qud mé phdng cho thiy phudng phép
diéu khién dugc d& xuat quan sét (3t tin higu tham chi€u. K&t qua dip dng nhanh cho thiy higu
qui clia diéu khién it Va Khodng cich sailéch nhiéu 12 khd 181,

Tir khéa: Bd quan st nhiu phi myén (NDOB), phuang phép diéu khi€n gt (SMC), b
didu khién PID.
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