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State Feedback Sliding Mode Control for an
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is designed in term of LMIs to guarantee the siigbif
Abstract—This paper proposes the state feedback Sliding Modsystem dynamics in sliding mode.
Control (SMC) approach in order to control the nonkar system.  Finally, numerical simulation results are presented
A nonlinear model of two degrees of freedom (DOF)aof Active demonstrate the dynamic behavior of the system, thad

Magnetic Bearing(AMBSs) obtained using Lagrange’s eqi@i is . ) . .
introduced. The SMC approach by using linear matiixequality performance of SMC for th_'s .machlne 1S Com_paredﬁwn
classical PID control.Use italics for emphasis; dot

(LMI) technique is proposed not only to out-perfornhe

proportional integral differential (PID) control bu also to show underline.
some advantages. Firstly, a robust stabilization Iplem for a

class of nonlinear systems is considered. Secondtiie I
conservatism of PID approach is reduced, fast respe and reject
disturbance of the system is also enhanced in ttisdy. Finally,
the simulation result has been obtained and comphngith the
conventional PID control. website.

M ATHEMATICAL ANALYSIS

A. Electromechanical model

In this section, a model of AMB with a single megttal
degree of freedom Fig. 2.1 is introduced to illatgrthe

Keywords—state feedback control, two DOF for AMB, sliding Lagrange’s equation approach for an electromechhnic
mode control. system [3].

I. INTRODUCTION 5
Nominal position
T

AMBS have been successfully used in various appicsit

for several decades. They show great abilitiesddkwnder “RrR
extreme conditions, such as vacuum, high rotati@ed or at u

high temperature, enable non-contact operation eend :
guarantee a good performance of the system at dpgkd *
without lubrication [1]-[2], [4]-[7]. However, modieg and

control of AMBs have still been challenging probkrmince
AMBSs have unstable behavior and are nonlinear ntemhia
systems. Most of the control design approache8lftBs are

based on the linearized model about a nominal tipgra

point. The behavior of the linear model is acceletathen the
operating point is close enough to the linearizeidt4]-[8].
In order to ensure the system’s performance irde wange of
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Fig. 2.1 Single DOF of AMB
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working conditions, a nonlinear model should besidered
in controller design.

In modern industrial engineering, SMC has becong th o ] o
most popular strategy to control practical systevtareover, EN€rgy contributions of this system are showed doéion
SMCs have many advanced control techniques thataus )-
dynamic model of the system to give stability, feestponse Where:
and robustness [4]-[6], but all of them are basedtle -
linearized model. In this paper, two degrees ofdmm
(DOF) is introduced. A nonlinear electromechaninablel of
this system is also derived from Lagrange’s equatipusing
symbolic computation package such as Maple®. Th&CSM
approach is presented and a control strategy ifieapo
regulate the nonlinear system. In addition, theiirslj surface

1 1, .
KeE :E Lx+cf<+ +E |1<—q2x—' VEZO'

Ke, , V,, are the kinetic and potential energy of
mechanical part.
- Ke. andV; are the kinetic and potential energy of
electrical part.
- The electrical charge in each coty,,q,_ is
generalized coordinates of electrical part.
- X is the displacement of the rotor.
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- L,,,L, are coil inductances.
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Where: 1, T,A N, R K: Air permeability, nominal air

gap, cross section area, number of coils, coistasce and
sensor gain.
The dissipation of copper losses in the coils is

1o, 1o
P=_R{, +- R{ (3)

The dynamic equation of single DOF AMB model can be
derived from Lagrange’s equation

d(oL ) oL 0P
| = |-+ = 4
dt(asj 0s 0's Q “)
Where S is the generalized coordinate vector

. T
s=[0,, 09,9, ¢.,% X , )

Q is a vector of generalized external forces (cdniyaut
voltage and mechanical force)

Q=[u..u_.u,.u , F.0 | (6)
and L is the Lagrangian function
L =Key +Ke -\, -\ (7

B. Two DoF of the AMB

Fig. 2.2 Two DOFs model for AMBs

or an Active Mgnetic Bearing System

Table 1: Rotor parameters

Parameters Symbol | Value Unit
Mass 5.31
m Kg
Bias current . 0.45
lo A
Resistor of coils R 0.225 o
Air permeabilit 4ne-3
irp ility " i H/m
Coil resistance N 150 m

Ill.  CONTROL DESIGN AND SIMULATION RESULT

A. Sliding surface design

In this section, two degrees of freedom of the AMB
controlled via SMC approach. The type of model ein
considered in this section is discrete and linmae-invariant
(LTI) the Equation (8)and the state-space formgivg

Siwe = ASyt Bu+Df ©)

Where AOR*® |, BOR™ are system matries and is
disturbance matrixDOR™ with f =[sin7t +cos®] .

With any é basis of the null space d8', i.e. |_5> is an

orthogonal complement dB . Consider the following linear
matrix inequalities (LMIs):

X >0, B(AX+ XA) B<O. (10)

The linear sliding surface is given by the following explicit
formula:
0=S%,.= B X" §..=0 (11)

Now, let the control law be given as follows:

We applied the Equation (4) and (7), the Equatién od=-(SB 1(54' K| k+ K WML_FE (12)
motion of the system can be derived in a standasdlinear
form of differential Equation as

) where €& is any positive scalar and
KSae= ) @ k>0k>|sH, k>|sg
where

_r: : : - . . T
Sstate_[h |2 |3|4X Xy y] and
.
J=[u by y FOF O]
and K O R®® is the inertial matrix and O R***is the vector

of nonlinear function. These Equation are solvedaioobian
by using Maple 17 software.

C. Parameters of two DoF of the AMB

Theorem 1. Suppose that the LMI40) has a solutionX
and the linear sliding surface is given by Equatfat). And
consider the systen{9) with control (12). Then, the
reduced-order system dynamics restricted to theching
surfaceg =0 is asymptotically stable. And every solution
trajectory is directed towards the linear switchisgrface
and remains on the surface for all subsequent time.

Proof. Define a transformation matrix and the associated
vectorv as follows:

The physical parameters of this two DOF of AMB miode

for simulation are given follow tables.
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Sl
B"X™ S v,

where VOR*, v, DR* and Vv, =0 . We can see that
o ~ ~\-1 B
M= [XB( B Xg =1 SBl} . By the transformation

on can obtain

v=Av+ Bu

(13)
where
~ ~ ~ ~\-1 ~
A B'AXH B X B AB S
A= MAM™ = B( i E} B &SP
BTX*lAXB( B XE}
B=MB=

{BT N B} The system (13) in the sliding mode

0 =0 =0 is governed by the following system dynamics:

V=B AXH B xB’l \ (14)

The following Lemma will be used

Lemma 1][9]. Consider the following uncertain system

X(t)=

The syster(il5) is said to be quadratically stable if there
exists a positive definite symmetric matfxsuch that

AX(t) (15)

AP+ PAT <0, (16)

By Lemma 1, one can see that the reduced-ordevaqui

system (14) is quadratically stable if there exists
positive-definite matrixP such that

BAXB(B XB P KB XB B XABO  (17)

Choosing P = B" XB and substituting it into the above
inequality yield
B" (AX+ XA) B<0O (18)

Obviously, the inequality (18) is equivalent to Y10sing the
linear sliding surface, one can obtain

0 =SAg,.+ SBt SD. Let Lyapunov function
V=00

(19)

If we differentiate (19), with respect to time comdd with
(112), and (9) then we have:
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=V =20"0=20"Ss,,

=2'S (Ax+ Bu+ Df)
< 2ol|sA| 4+ 2" S Bs DY

< Jo]|sA| A+ 2ol sip r 27 SBu
= Jol||sAl A+ Joll sip h

- ¥'SB(SB* kl+k ||)<|| k3h”01|
~3ollsAl 4+ 2ol s h

-2 Gl kot
- kol <0.

B X AB 5)51 This completes the proof.

B. Simulation

In this section, dynamic behaviors of the systend an
control performance are discussed in simulationltds/
using Maple to solve the Equation (8).
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Fig. 3.2-1 Time respone of the currents for eaclod of
PID control.
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Fig. 3.2-2 Time respone of the currents for eaclod of

SMC control.

Published By:
Blue Eyes Intelligence Engineeri
& Sciences Publication Pvt. Ltd.




State Feedback Sliding Mode Control for an Active Mgnetic Bearing System

REFERENCES

ey 1. C. K. Chen, T.D. Chu, “Nonlinear Modeling and @wohof Active
Magnetic Bearings for A Flywheel Energy Storaget&ys” IEEE
International Conference on Intelligent Human-MaehSystems and
Cybernetics, vol. 1, 2014, pp. 284-287.

2. Y.-W. Tsai,V.D. Phan, V.A. Duong, C.T. Nguyen,[I.. Chu, “Model
Predictive Control Nonlinear System of Active Matio®earings for

T a Flywheel Energy Storage System,” Lecture NotesEiectrical
Engineering 371, 2015, pp. 541-551.

3. G. Genta, Dynamics of Rotating Systems. New Yogkiriger, 2004,
ch. 2, ch. 3.

4. D. Kairous, R. Wamkeue, B. Belmadani, “Sliding Mo@entrol of
DFIG based Varable Speed WECS with Flywheel En&tprage,”
ICEM., 2010, pp. 1-6.

Displacement (m)
°
7

b L ) 5. F.-J. Lin, S.-Y. Chen, M.-S. Huang, ‘“Intelligent udde integral

Time(s) sliding-mode control for five-degree-of-freedom iaet magnetic

. . . . bearing system, IET Control Theory and Appl, vol. B011.
Fig. 3.2-3 Time respone of the displacements for éacoil pp1287-1303.

of PID control. 6. S. K. Min, “Sliding mode control with disturbanodserver for an

active magnetic bearing system,” Transactions efdbrean Institute
of Electrical Engineers, vol. 53, 2004, pp. 408-414

Il ‘ 7. P. V. S. Sobhan, G. V. N. Kumar, J. Amarnath , Mblsarao,

,,,,, ) “Stabilization of Active Magnetic Bearing System ikt Single

i Neuron PID Controller,” ARPN Journal of Engineeriagd Applied
Sciences. Vol. 9, 2014, pp. 1149-1155.

8. P.V.S. Sobhan, G. V. N. Kumar, J. Amarnath , Mblsarao, “Rotor
levitation and Autocentering by Active Magnetic Bags using Fuzzy
logic Controller”. Journal of Theoretical and Apgli Information
Technology, vol. 32, 2011, pp. 123-127.

] 9. L. Xie, M. Fu, C. E. de Souza, Ho, control and quadratic
stabilization of systems with parameter uncertainig output
* ] feedback,”. IEEE Trans. Automat. Contr., vol. 31992, pp.
1253-1256.

1 10. G. Yang, J.-M. Zhang, “PD Control Strategy Desigd &imulation of
Magnetic Bearing with Single Freedom of Degree,’dvanced
25 L . Materials Research, vol. 760-762, 2013, pp. 120712

Time (sec)

05

°

&

Displacements(mm)

Fig. 3.2-4 Time respone of the displacements foaeh
coil of SMC control

From Fig. 3.2-1 to Fig. 3.2-4, it is easy to sbkat tthe
proposed controller of SMC has a good performafast,
response than PID and is effective in dealing with
disturbance.

IV. CONCLUSION

In this paper, the nonlinear system model, thealed
are active magnetic bearings for a two DOF, isonfticed.
The system a structure of an active magnetic bgania DOF
is obtained by Lagrange’s equation. In this mothed,current
in each coil is treated as a state variable andahérol input
is the voltage applied to each coil, this approaftérs more
advantages than current control input approacks tore
reality and also allows us to synthesize the cdlietowith the
control input is voltage. Dynamic behavior of th@tDOF in
magnetic bearings and performance of the controlfehe
SMC approach are superior to PIID. addition, the sliding
surface is designed in term of LMIs to guaranteedfability
of system dynamics in sliding mode. SMC techniqas h
shown that the controller can guarantee the ratyr im the
center even disturbance effect.
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