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@ Abstract

= In this dissertation, a fully suspended five degree-of-freedom (DOF)
AMB control system, which 1s composed of two radial AMBs
(RAMBs) and one thrust AMB (TAMB), is developed to fulfill the

requirements of the practical applications.

m  The motivations of this dissertation are:

TAMB Control System

Tacking

Reference Trajectories and Performance

Positioning and Development of Tracking

Controllers

2XRAMB ———Measures Planning——————

Systems

Five-DOF AMB Control System

Five-DOF AMB Regulating and Development of Decentralized
Control Systems

System Stabilizing

Operating Conditions and Performance
Measures Planning
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Introduction

= Magnetic suspension systems have attracted increasing attentions for
many applications such as
= Vibration isolation device
= High-speed maglev train
= Fast-tool servo system
= Precision motion platform

= Biomedical engineering

m For several kinds of the magnetic suspension systems, magnetic
bearing (MB) 1s used to suspend and move the rotor to the
predefined positions functionally by the controlled electromagnetic
force without mechanical contact and friction.

Electric Machinery and Control Laboratory,
S5 EE, NCU, Taiwan




Introduction

= MB offers many features over conventional bearings such as

Advantages: Disadvantages:
= Contact-free, frtionless = High control complexity
= Elimination of the lubrication = High initial cost

= Ideal for clean-room operation

Minimum Equipments for fully suspended AMB

= Low losses and longer life e

= Higher rotational speed Position Sensors
= Low vibration and noise Control Core (with 5 AD and 5 DA converters)

= Tolerable against heat, cold, Power Amplifiers

vacuum

= MB can be divided into the passive MB (PMB), 1.e. permanent MB,
and the active MB (AMB), 1.e., electromagnetic MB, mainly.

= The term “passive” of PMB covers MBs that do not require any external current
feed to the bearing.

= The term “active” of AMB implies that bearing forces are actively controlled by

means of electromagnets through a well-designed closed control loop.
Electric Machinery and Control Laboratory,
6 EE, NCU, Taiwan




@ Introduction
What is AMB?

m The elements of AMB: aecamore

Power Amplifier

= Electromagnet

= Rotor

= Sensor

= Controller Controller

= Power Amplifier Fotor
T i

= According to its structure and usage of AMB:
= Radial AMB (RAMB) = Thrust AMB (TAMB) =« Combination Dick
, 1.e. Axial AMB

RAMB TAMB
. ——<l..2 Machinery and Control Laboratory,

Source: Schweitzer, Waukesha 7 EE, NCU, Taiwan




@ Introduction

= Various applications of AMBs; | — v
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Introduction

= In the AMB system:

= A fixed current is supplied to each electromagnet and can be referred as the

bias current iy.| (i,=>x,)

= A variable current is superimposed on the bias current, which is obtained by the

designed controller and can be referred as the control current .| (i => /\x)

= The purpose of the bias setting 1s to improve the linearity of the
force-current relationships around the operating point (i,, x,).

m  The operating modes of the drive system which supply the currents
to the electromagnets can be classified into three classes:

Class-A driving mode (differential driving mode, DDM);

= Class-B driving mode;

s Class-C driving mode.

G =] Gap =
SLNSOHS s

SENSORS am

GAr =
SEHEOHS sl

& Class-A

Class-C
Electric Machinery and Control Laboratory,
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Introduction

Comparisons of various develoned AMB systems:

Rotor Specifi . . i .
Refer System S D Nominal Air  Development Hslg::;t Publication
" Structure Length Diamet. Weight  Gap (mm) Environment p {Year)
(RPM)
(mm) (mm) (kg
IEEE Trans.
RAMBx1 dSPACE/
[58] 180 15 0.55 0.945 570 Magn.
(three poles) MATLAB (2005)
DSP+EZLAB™ Mechatronics
[61] RAMBx1 0.125 1.6 B Lo pers 1800 (2003)
IET Contr.
[63] RAMBx2 442.3 - 10.78 0.5 TMS320C6701 3000 Theory Appl.
(2007)
IEEE Trans.
[68] RAMBx2 — —  1.541 — ﬁ?ﬁfﬁ 3200 Magn.
(2005)
Ti? S; tPPC(;(xll Control Eng,
[69] RAMBx2 625 10 1.54 0.5 8 10000 Practice
MATLAB (2008)
¥PC Target
Control Eng.
RAMBx2 RAMB: 0.525 dSPACE/ .
[70] TAMB] 304.8 9.5 0.98 TAMB: (.73 MATT AR 14000 P.ra,ctu‘fe
(2007}
Expert Syst.
[71] RAMBxl1 — — — — — 4800 Appl.
Pl= = = = = o= = e e e e e e e e e e e e e e e e e e e {2009y =
' RAMBx?2 00 166 1;“5"‘6";: RAMB: 0.4 PCx1 4gop  This Study
| TAMBx1 ) . TAMB: 0.5 Visual Basic 6.0 (2009)
I Disk:0.5

Electric Machinery and Control Labomtory,
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Outline

= System Dissection, Dynamic Analyses, and Experimental Designs
of Five-DOF AMB System
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System Dissection, Dynamic Analyses, and
Experimental Designs of Five-DOF AMB System

= The fully suspended five-DOF AMB system 1s composed of four
radial DOF controlled by two 1dentical RAMBs and one axial DOF
controlled by a TAMB.

V Position Sensors ¥,

Load Disk X X
(Case 2 Only)

2

Y

Rotor

POWCI'Lil’le 0000O0 oo oo o 00O0O0 o0o0o0O0
............. I / 7 / i \\ \ 7 tform
lgosmo N Left RAMB Induction Motor I TAMB  Right RAMB
Mass Disk Thrust Disk

Signals Line

~ Five-DOF AMB System ory,
12. EFE, NCU, Taiwan




System Dissection, Dynamic Analyses, and
Experimental Designs of Five-DOF AMB System

In the case of an AMB, where 1ron 1s used 1n the stator and the rotor,
electromagnets cause a flux @ to circulate a magnetic loop.

The relation of flux @ and cross-sections A4, and 4, can be stated as
®=BA =BA,

Stator

One can obtain the following result >
,uON [ —— /

021 :210 vl D
z‘z‘ b

\._\.‘

Consider the Maxwell force . L E:Ilo
quadratic! AL
e B, A, ,UOAN kiz/ il
U 417 I )
- 1 dratic! Rotor /' I, +1,+21,
p Ao A2 Inversely qua ratic! )
f="0

where 4 Electric Machinery and Control Laboratory,

13 EE, NCU, Taiwan



Outline

= System Dissection, Dynamic Analyses, and Experimental Designs
of Five-DOF AMB System
= TAMB System <=

Electric Machinery and Control Laboratory,
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@/ TAMB System

= A typically structure of the TAMB system 1s shown 1n Fig. 2.5. In
the TAMB system, a thrust disk 1s embedded on the rotor and used
to carry out the rotor position control on the defined axial direction
practically.

How does it work?

Thrust Disk 7
ﬁ § Axial Direction
gl |m ==

Rotor

L L
TAMB /vw Position
tL_]{ e <— Sensor

Nominal Air Gap z,: 0.5mm
300 mm L 200 mm |

b 0 g Source: S2M

Thus, it’s important to develop tracking controllers for TAMB in practical applications.

Electric Machinery and Control Laboratory,
IS EE, NCU, Taiwan




TAMB System

= Drive System for TAMB System

= A drive system including DDM and power amplifiers of TAMB is shown in
Fig. 2.6 in which the dotted line or solid line of the thrust disk means that the
thrust disk is centered in the air gap or deviated from the center in Z-axis,
respectively.

= The total nonlinear attractive electromagnetic forces for Z-axis is modeled as:
[

Power Amplifier I Coil P4
\/\\/\\/\\/\\/\\/\\/\\w S F. = fo— fi
Righ
] ‘_}0_ :"_‘}_21 VA Fz VAVAVAVAVAVAV/ Elfcttromagnet i (lo + l'Z )2 - (lo _ iz )2
o2 E T . position] 1. 1. _ ’ (Zo _2)2 (Zo +Z)2
! + v | Sensorl'_'| 29 ¢20 “
E Pro ose; i ‘ A Where:
| Control Laws M _ tz|m [ - electromagnet constant of TAMB
Rotor z, lZo +z iy: bias current
| 7 L Y i,: control current
R Frsien ANANNNNAN Left 2 nominal air gap
| \\/\\/ \\/ \\/ \\/ \\/ \\/ \\/ SHOERE z¢ rotor position in Z-axis
| Iy —1,

| Electric Machinery and Control Laboratory,
16 EFE, NCU, Taiwan




TAMB System

= Dynamic Model of TAMB System
= Using the Newton’s law, the dynamic model of the TAMB control system as
shown in Fig. 2.5 can be described as follows:

mz+cz—f,=F,
By taking the Taylor’s expansion with respect to the nominal operating
position ( z =0, i_ =0 ), the nonlinear electromagnetic force can be represented

by the following linearized electromagnetic force model:

where Thrust Disk PR
3 w Axial Direction
\ al Direc
OF (z,i.) i; ‘ \ \
82 7 = O’ l'Z — 0 a Z(?)’ Rotor Il6.6mm
L L
; ; /'§ ‘ ‘ § Position
_ asz (Z’ lZ ) _ 4k lO TAMB tL_Jt B <«— Sensor
= . . - a 2 Nominal Air Gap Z,: 0.5mm
oi, |z=0,i,=0 Z,

= Now, the dynamic model of the TAMB system using the linearized
electromagnetic force model can be described as follows:

mz =—cz+ kapZ + k /. dz Electric Machinery and Control Laboratory,
17 EE, NCU, Taiwan




TAMB System

=  Experimental Design for TAMB Control System

A. Experimental Setup
= The experimental setup for the TAMB control system including the TAMB

system, eddy-current position sensor, drive system with DDM and power

amplifiers, and PC is shown in Fig. 2.10.

1, +1,

cégntrolldf Bits Resolution —
ignal | 101 VoV, @@ .
:> o [ Coil
) | ] ooooo H@
. ' Yo7V Stator
- — DA Card o
PC = P ower Position
: Amplifier Rotor B Sensor
Visual BASIC 6.0 lo—lzl ' ——— | Low-Pass Filter
Disk

=55 il
O3 [ ] —

D —— Sensor Signal

TAMB System

Rotor Position z
AD Card

16 Bits Resolution

Control subroutine with 5 kHz sampling rate.
One controlled DOF requires 2 DACs. Electric Machinery and Control Laboratory,

18 EE, NCU, Taiwan




TAMB System

B. Reference Trajectories Planning

= The designed periodic sinusoidal command can examine the smoothness of
tracking responses. Moreover, the designed non-periodic trapezoidal command
can verify the effectiveness of the instant and stable tracking responses.

= Two test conditions are provided which are the nominal Case (Case 1) and the
parameter variation Case (Case 2). In Case 2, two stainless steel disks with
respective 0.38 kg weights are added to the left and right side of the rotor.

l_}ef§ eeeee .l.-'{OAl mm "ﬁ'u.. Thrust Disk TN VA
Start rajectony Ny I.I'= _..-' ""- % Axial Directp
".._ ) LR
f0.05mm 70A1mm/-"jr %":} & &

Rotor :1:16.6 mm
TAMB /§ __§ Position

10.05mm :a.ec ° —0.lmm  S5o2 —
. 0.38 kg Nominal Air Glp_ZOT:zmm Senser 0.38 kg

C. Performance Measures and Comparisons
s The maximum tracking error T,,, the average tracking error 7', and the standard

deviation of the tracking error 7 for the trajectory tracking are adopted:

2 (T(N) } 2
e T (N)-T
T,, =max(7,(N)), where T, (N)= ‘Zm(N)—Z(N)‘ r,=2— I;= \/Z( LN)=T,)
n n N=1 n

Electric Machinery and Control Laboratory,
19 EE, NCU, Taiwan
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Outline

= System Dissection, Dynamic Analyses, and Experimental Designs
of Five-DOF AMB System

Five-DOF AMB System <z

Electric Machinery and Control Laboratory,
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Five-DOF AMB System

Two pairs of the U-shaped drive coils are installed perpendicularly
on the stator and used to produce the perpendicular attractive

electromagnetic forcesy,
L 1104nm R

WV oaxis (45°) W oavis [457)

115 mm

130 mm

Nominal
Air Gap Iy =i,
(0.4 mm) v
3 10 mm R
v
le 180 mm N

= g

Electric Machinery and Control Laboratory,

21 EE, NCU, Taiwan



Five-DOF AMB System

= Drive System for Left RAMB

= A drive system including DDM and power amplifiers of left RAMB is shown
in Fig. 2.8 in which the dotted line or solid line of the rotor means that the rotor

Iy +i,

Position Sensor

Proposed |
Control Laws|

Left

1
o + 1 L
! i Power Amplifier
| v, YANAAN

/2

Upper
Electromagnet

Right

>
>
v, | -
>
>
‘_
I, +1
Proposed < T — b
Control Laws|
Lower
lv _Vl- Y VElectromagnet
b N
\
e

is centered in the aperture or deviated from the center in X-Y axes, respectively.

The total nonlinear attractive electromagnetic forces for X-axis and Y-axis are:

_ _ (ib +ix1)2 (ib _ix1)2
R [ )

i) =i )
Electromagnet Fvy1 = ﬁ —](4 = kr N N

=n) +n)

where:
k.. electromagnet constant of RAMB

I, I, bias currents in X-Y axes
I, i, control currents in X-Y axes
X,, V. nominal air gaps in X-Y axes

X,, y,: rotor positions in X-Y axes

Electric Machinery and Control Laboratory,

22, EE, NCU, Taiwan



Five-DOF AMB System

= Dynamic Model for Five-DOF AMB System

mzc :F;+fdz

JO, - J 00, =
pR A ’
Fyl_JZ Ja

= The linearized electromagnetic force models and the relationships between the
rotor positions and the CG coordinates are approximated as:
my, :Fy1 +Fy2 —mg+fdy

afF, +DF,_+cf,
JO, +J.00, =aF, —bF, —cf,,
= p y 1

= Assuming the rotor is a rigid and symmetric body, the relationship between the
center of gravity (CQG) of the rotor and the five-DOF AMB is shown in Fig. 2.9.
/mjéc:Fx]+Fx2+fdx A

+k.i

F)’z :f%_fé
¥ :
A
-y
H -y 1

= rpy2 = krily2
: |
0...;.‘
.,
=

=t

.0
.0
*

sl

*
*
*
-
L g
*
.0
*

the rotor is rigid and the

displacements are small
7= bx, + ax,
Fz = -f9 = flO

_ bx, +ax,
a+b
<,J Ve

/
_ by, +ay,

a+b
= kap - + kailz

by, +ay,

/
Hx N N
Lieciric Machinei

a+b

/
9 =22




Five-DOF AMB System

= The dynamic model describing the motion of the rotor of the five-DOF AMB
system about the CG can be represented as follows

rmjc'c = Fxl +Fx2 +f

my, :Fy1 +Fy2 —mg+fdy

mzc :F; +fdz

JO,—J. 00, = —aF, +be2 +cf,.

kJé."x +Jza)6"y =aF, —bF, —cf,

-

\_

/ the rotor is rigid and the displacements are small \

.- bx, +ax, bx, +ax,
C a+b [
_ by, +ay, _ by, +ay,
© a+b l

0. _ N KT

a+b [
Xy =X X=X
Y a+b [

= Substituting above equalities into the dynamic model of the five-DOF AMB

system, the dynamic model can be represented as:

.. aJ.o,. (1 azj 1 ab 1 ac
¥ +—=y, - —+—|F +| ——— |F_+|———
1 Jl (yl y2) \m J/ X ( J Xy m J fdx
bJ . w 1 ab 1 b 1 be
e —y,))=|———|F. +| —+— |F_ +| —+—
2 7l (yl 2) (m J) X P o S
aJ 1 a° 1 ab 1 ac
Sy +—(x =|—+—|F +| ———|F +|———|f, —
yl Jl (2 1) (m JJ i (m J V) m J fdy g
.. blo 1 ab 1 b 1 b
——\x =|———F +|—+—|F_+|—+— —
b 7l (2 1) (m Jj ) (m T, fdy g
Z:i}?z—l_ifdz
m m

Electric Machinery and Control Laboratory,

24 EE, NCU, Taiwan



Five-DOF AMB System  (r1 1+ 51 ren-ti

ﬁxz Jo—J R,,pyl TRl
= The dynamic model of the five-DOF AMB systeni.can be Tearranget tdirg the

matrix form as l_ F ol | o= S| | K2t ki,
MX+QX: ED+Cg L L= S _kapz+kaliz
where X =[x, x, » v, z[| isthe state vector; F = [Fxl F_F, F, F]T is
the electromagnetic force vector; D = [ fo fo f dZ]T 1s the external disturbance
vector; C=[0 0 —1 -1 0] is the gravity vector; M, G, K ,and E are the
mass, gyroscope, electromagnetic force, and external disturbance matrixes,
respectively, and defined as follows:

---------------------------------------------------------------------------------------------------------
. . . .
03 -

1 0000 0 0 o -a 0] s B, 0 0 0 7n 0 0
01000 0 0 -a a O|i [B B 0 0 0 7, 00
M=0 010 0/iG=l-a, & 0 0 O0liik={0 0 B B O0|iE=l0 y 0
00010 o, —a, 0 0 0| |0 0 B B O 0 7, 0
0000 1i o o o o0 ofi |0 0 0 0 B 0 0
‘2’ ............................................. 2."‘
where l_a'jzlw, ZzbJlea),Igl:l %,ﬁzzi_‘f]_b,ﬁ3_l b_,ﬂ4:%,

1 ac 1 bc 1
71—;—7’ 72—; =
= Observing the matrixes G and K , the coupling effects in the five-DOF AMB
system are serious apparently. Electric Machinery and Control Laboratory,

25 EE, NCU, Taiwan



Five-DOF AMB System

= To decouple the original coupled dynamic model as five independent
subsystems for the purpose of decentralized control, the dynamic model can be
further rewritten as

MX =AX +BU +MH
where U = [ix i, i, i, iZ]T 1s the control current vector; g = [h h, h, h, h ]T

X N X 0N Y2

1S the decouf)ledz term vector; 4 and B are the stiffness, and control gain
matrixes, respectively, and defined as follows:

_ 0 ]
A =
B S wbs] oL
h, | —ayy oy, + 2k, X, + 2k, Bol, + 71 fa

th aZJ./l - aZJ.}Z + 2krpﬁ2xl + 2krilBZixl + J/Zfdx

H = hy1 =| ox, —ax, + 2krpﬂ2y2 + 2kriﬂ2iy2 + 7/1fdy —&

: hyz — QX + X, + 2krpﬁ2yl + 2kri182iyl + 72fdy -8
. L hz J L }/3fdz i :':

the developed decentralized model-based control systems can be easily applied

o [ Heérnice, the states of the dynainic model are coiipletely decoupled. Therefore l

26 EE, NCU, Taiwan



& Five-DOF AMB System

= Experimental Design for Five-DOF AMB Control System
A. Experimental Setup

o 0] P
Left RAMB § § Right RAMB e :

SETE T e — |
Total w Q % I N Total iADC 5| Proposed |

\ER
Currents | Control Laws [}
Currents Induction % % u Sensor 5 :_“—_—““—_“"'
Motor ‘&\ k < PC-Based Digital Control System :
TAMB =—| " Analogy Cireuit
_| Power Line
Position Signals“{-
Line AD Decentralized DA . PO;‘"?
Card | Control Systems | ~, 4  AMPIILICTS
( ) PC ( )
Position Signals  PCI Bus PCIBus Control Currents  Drive System

V,+V
Vx] b VxI

Control subroutine with 4 kHz sampling rate V5 fvxj Electric Machinery and Control Laboratory,
27 EE, NCU, Taiwan




& Five-DOF AMB System

s Five-DOF Control with Independent Loops:

Source: S2M Electric Machinery and Control Laboratory,
28 EE, NCU, Taiwan




Five-DOF AMB System

B. Operating Conditions Planning

Rotating Speed (RPM)  Load (kg)

Case 1: General Operating Condition 2400 none
Case 2: Parameter Variation Condition 2400 0.38
Case 3: High Rotating Speed Condition 4800 none

= [t is noted that since the adopted rotor are relative large-scale size with longer
length and heavier weight comparing with the others, the rotor speed 4800RPM
is a relative high speed especially that five-DOF are controlled simultaneously.

C. Performance Measures and Comparisons

= To measure the control performances, the root mean square (RMS) value 75,
and peak to peak value 7, of regulating errors are defined as follows:

Ty, =m;—s, where m, = m}slx(¢(N)), Sy = mj\;n(qﬁ(N));

® can be x,, x,, v, V5, and z.
1> %2, V15 )2 Electric Machinery and Control Laboratory,

29 EE, NCU, Taiwan
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Precise Tracking Control of TAMB System—
S _Using PID and RNN controls

=  According to the regulation of control currents, the rotor position on
the axial direction of a TAMB system can be controlled for the
tracking of various reference trajectories.

A. PID Control
u(t) =K e(t)+ K, jo “e(t)dT + K ,é(1)

B. RNN Control
x OE 0y, Onet
"' By, Onet’ ow,

Layer 3
(Output Layer)

1
AVVij =T

Layer 2
(Hidden Layer)

———————————————————

x OE 0y, oOnet

AW? =-n~,
7=y oy, Onet, OW?; =
= 771/1;2 50Fj Layer 1

_____________________ (Input Layer)
0,=2(z,—z)+(z,—2)=e+e

Supervised Control _ , :
________________________ Electric Machinery and Control Laboratory,

31" EE, NCU, Taiwan




Precise Tracking Control of TAMB System—

Using HPBRNN Control
C. HPBRNN Control

= All the activation functions of hidden neurons use different orthonormal
Hermite polynomial basis function (OHPBF).

= The feedback of the output layer with self-connections is added to improve the
convergence speed and precision.

Output Layer Feedback 1 Layer 3

& (Output Layer)

Layer 2
(Hidden Layer)

Layer 1
(Input Layer)

Electric Machinery and Control Laboratory,
32 EE, NCU, Taiwan




Precise Tracking Control of TAMB System—
5 _Using HPBRNN Control

= To obtain the leaning algorithm for the HPBRNN, the BP learning rule is also
adopted here.

OE OE 0Oy Onet
AW! =—n" =17, ° = '
i oW T oy, Onet, OW; _1_; - E(N+1)<E(N)
Vi _

OF
oE OE 0Oy, Onet
AWZ = - H2 = Hz 2 > :‘
oW T T 3y ner ow? @,

= The varied learning -rates,
which guarantee the
convergence ot the tracking
error based on the analyses
of a discrete-type Lyapunov
function, are derived -as
follows:

__EW) _
@ fuT, @
oW, §

Layer 3
(Output Layer)

Layer 2
(Hidden Layer)

Layer 1
(Input Layer)

j=1

Electric Machinery and Control Laboratory,
33 EE, NCU, Taiwan




G Precise Tracking Control of TAMB System—
S _Using HPBRNN Control

D. Comparison of RNN and HPBRNN

= The proposed HPBRNN can perform better function approximation due to its

activation functions with different OHPBFs.

Fuzzy point of view:

|

|

: : x 0.48 sets and different strengths.
TUUAUT0.4224

- X 1.58

|

-

L 0.88
|

1.3904

088 8 distinct rules with the same fuzzyﬂ'j

Fuzzy point of view:
1 8 distinct rules with different fuzzy
X (.48 sets (OHPBFs) and strengths.

0.36
ctric Machinery and Control Laboratory,

34 EE, NCU, Taiwan



Ny Precise Tracking Control of TAMB System—
< _Using HPBRNN Control

= The configuration of the TAMB control system using HPBRNN with on-line
learning algorithm and adaptive learning rates is shown as follows:

le e woo__ve ¢
On-line Learning
Algorithms
(3.22)-(3.25)

&

Varied Learning
Rates (3.29)&(3.30)

Supervised
Control

—————————————

Right Coil

N v

Left Coil

B

TAMB system

Electric Machinery and Control Laboratory,
35 EE, NCU, Taiwan




Precise Tracking Control of TAMB System—
Using Model-Free Control Methods

m A. Experimental results of TAMB control system using PID

controller

= From the experimental results as shown in Figs. 3.5(a), (d) and 3.6(a), (d), poor
tracking responses are obtained under both conditions at Case 1 and Case 2
owing to the fixed-gains PID controller is unable of dealing with the
uncertainties in practical TAMB control system.
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Precise Tracking Control of TAMB System—

Using Model-Free Control Methods

m B. Experimental results of TAMB control system using RNN
controller

= Though the tracking responses have been improved, the tracking errors are
unavoidable due to the limitation of the approximated ability of RNN.

= The possible solutions may increase the number of hidden neurons or change
the learning rates. However, the increased neurons will result in heavy
computational burden and inappropriate rates can cause the system unstable.
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Precise Tracking Control of TAMB System—
Using Model-Free Control Methods

m C. Experimental results of TAMB control system using HPBRNN

controller

= From the experimental results, the tracking performances are much improved,
and the required total currents are also successfully reduced.

= Consequently, the robustness of the TAMB control system using HPBRNN
under the occurrence of uncertainties for both test conditions can be clearly

observed.
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Precise Tracking Control of TAMB System—
Using Model-Free Control Methods

s The performance measures of the PID, RNN and HPBRNN

controllers are shown in Table 3.1 and Table 3.2, respectively.

= Obviously, the proposed HPBRNN possesses the best robust control

performance and can control the TAMB system effectively.

Table 3.1 Performance measures of TAMB control system using model-free control methods at Case 1.

_ PID RNN HPBRNN
Tracking Errors, um

Sinusoid  Trapezoid  Sinusoid  Trapezoid  Sinusoid  Trapezoid

Maximum 17.277 9.264 14.787 15614  i7.633: 8489
Average 4.625 2.428 2.074 2.153 18740 1678
Standard Deviation 3.138 2.134 1.804 1.909 113230 11263

Table 3.2 Performance measures of TAMB control system using model-free control methods at Case 2.

_ PID RNN HPBRNN
Tracking Errors, pm

Sinusoid  Trapezoid  Sinusoid  Trapezoid  Sinusoid  Trapezoid

Maximum 18.655 10.042 17.816 17134 i8.077F  19.9751
Average 4.962 2.808 2.401 2451 20437 1860
Standard Deviation 3.606 2.530 1.979 1.898 114021 {13321 atory,
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Precise Tracking Control of TAMB System—
7 _Using Adaptive Complementary SMC

= To obtain a standard second order state equation for the controller
design, the dynamic model of the TAMB system shown 1n (2.19) 1s
rewritten as follows:

£(t) = Alz;1)2(t) + B(z;)z(t) + G(z;)U (1) + d (z;) ﬁ mzZ=—Cz+kg,z+k,i. +f, ]
s The above dynamic model is rewritten considering the separation of
nominal system parameters and system parameter variations as
2(1)=[d, + Mz 1)) + [B, + AB(z;0)]2(0) +[G, + AG(z: DU (1) + d (z;1)
= A :(6)+ B 2(1)+ GU()
where L(z;t) 1s called the lumped uncertainty and defined as
[L(z;t) = AA(z;1)2(t) + AB(z;2)z(t) + AG(z; 1 U (£) + d(z;t)]

= Here, the bound of the lumped uncertainty 1s necessary to be known
in advance and satisfies the inequality as follows:

0= \L(z;t) +¢&

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
s _Using SMC

s A. Sliding-Mode Control (SMC)

= SMC has gained a lot of attentions in recent years for its insensitivity to system
parameter variations and external disturbance once the system trajectory
reaches and stays on the sliding surface.

= First, a conventional sliding surface is defined as follows:

d
s(t) = (E + /Ije(t)
= Differentiating S(¢) with respect to time:
s(t) =e(t) + Ae(t)
=Z ()—A,z2(t)-B,z(t) -G U (t)— L(z;t) + é(t)

s The globally uniformly ultimate boundedness (GUUB) stability 1s guaranteed if
the control effort uses the SMC control law Uy, designed as:

Usiie(6) = G{z (1)~ A,2(0) ~ B,z(1) + 26(0) + 5%%)}

where sat(-) and ® are the saturation function and the boundary layer
thickness, respectively.

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
Using SMC

The saturation function is adopted in SMC to
reduce the chattering as follows:

Sa{ s(t) ) [ sen(s@), |s(n)]> @
D s/ @, ‘S(l‘)‘ <D
Therefore, the SMC control law ensures that any
initial states outside the boundary layer (s(0)>®)

will reach the boundary layer in finite time and
remain inside thereafter (s(z) = ©).

Hitting control gain o

Good insensitivity to uncertainty, but cause system unstable easily.

I Stable control effort, but weak robustness.

-

Reduce chattering, but increase steady-state errors.

5 Precise tracking response, but high chattering control effort.
N

ﬁ Boundary layer thickness ®

AN

J

-

-

Therefore, a trade-off problem between chattering and control accuracy arises

uuuuuuuuuuuuuuu Jmtory,
EE, NCU, Taiwan



Precise Tracking Control of TAMB System—
7 _Using CSMC

m B. Complementary Sliding-Mode Control (CSMC)

s The CSMC can efficiently reduce the guaranteed ultimate bounds by half
while using saturation function compared with SMC.

= Moreover, faster transient response of the tracking error during the reaching
phase also can be obtained.

= The control object of the CSMC isto let ¢ , e and I edr move toward the
neighborhood of the intersection of the integral and complementary sliding
surfaces.

= Define the integral sliding surface s,and complementary sliding surface s, as:
2

d t
s, (1) = (E + A | A(t) where A(r)= IO e(t)dr

s.(t)= (——4-zj i%——ﬂ]A(ﬂ

= Then, define the sliding surfaces summation variable ¢ as follows:
o(t)=s,(t)+s.(1)
=2[e(t) + Ae(t)]
= 2[S(t )] Electric Machinery and Control Laboratory,

44 FEE, NCU, Taiwan



G Precise Tracking Control of TAMB System—
S _Using CSMC

Theorem 4.1: Considering the TAMB system represented by (4.2), if the
proposed CSMC control law U, g, Which 1s composed of an equivalent
control law U,, and a hitting control law U, 1s adopted as the control effort ,
then the GUUB stability of the proposed CSMC system can be guaranteed.

UCSMC (1) = Ueq (¢ ) + tht (¢)
U, (0)=G, " x|2,(t) — 4,2(t)— B,z(t) + 226(t) + Fe(t) + As (t)]

s.=0

U, )=G, 'x|5 sat(it)-ﬂ
D

Proof: Choose the Lyapunov function candidate V., as
1
Vesue (8, (0.5.0) = |53 452 0]

Taking the time derivative of the first Lyapunov
function, and using above equations, then

Veswe (5,(0),5.(t)) = 5, (D)5, () + 5, (2)S, (t)

< - : <
- g‘a(t)‘ <0 s(H=D o()=
=2 5()=D
)N henever ‘O-(t)‘ >®. ~ CSMC owns half guaranteed ultimate

bounds compared with SMC.

Only the GUUB stability is guaranteed. | Electrid 1Y,

) — 45 EE, NCU, Taiwan




Precise Tracking Control of TAMB System—
Using ACSMC

m C. MIMO RHNN Estimator

= In the ACSMC system, two complicated dynamic functions are estimated by
two outputs of the MIMO recurrent Hermite neural network (RHNN) estimator

directly.
= Here, the oPtth vector of the MIMO RHNN is , _ . r+e, 0=p"I+e,
Ly »1=1P O] o’ V2 -

= For ease of discussion, the outputs of the
RHNN are rewritten as follows:

y=Plela)=a"T

v =0(|p)=p"T
where I'=[I", I, --- T,

N

T T
a=[w, wy --w, |, B=[w, wy, -w, ]

Layer 3
(Output Layer)

Layer 2
(Hidden Layer)

= By universal approxi
P=P(e|la’)+e, I+e¢

0=0'(e|p)+e,

optimal weighting vectors

Layer 1
(Input Layer)

minimum approximated errors

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
S _Using ACSMC

n D. Adaptive Complementary Sliding-Mode Control (ACSMC)

= The proposed ACSMC with the MIMO RHNN estimator promotes the control
system from GUUB to asymptotic stability without the uncertainty bound.

= First, reformulate the term s,—A4s, as follows:
$,(O)=As.(t) = £, (t) — A,2(t) — B,z(t) — G,U(t) — L(z;1) + 2Aé(t) + Fe(t) — As, (1)
= H(z;t)-G,U(t) + A2(z;t) - AG,5,(1)
=G|, H(z:0)-U) + G, A5 (5;1)- 45, (1)

-----------------

----------------

-------------------------------
---------------------------------

lllllllllllllllllllllllllllllllll

= The MIMO RHNN estimator is proposed to estimate the two complicated
dynamic functions P(¢) and Q(¥) directly including the lumped uncertainty to
further improve the control performance.

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
7 _Using ACSMC

s Theorem 4.2: Considering the TAMB system represented by (4.2), if the
proposed ACSMC control law U, g, Which is composed of the MIMO
RHNN estimator designed as U, with estimation laws for the two dynamic
functions P(¢) and Q(¢), the robust compensator designed as U, with adaptive
laws, is adopted as the control effort U, then the asymptotic stability of the
proposed ACSMC system can be guaranteed.

Uesuc @) =U, () +U.(?) .
N A A o a=n,o0)I
U,(t)=P(e|a)+ AQ(e| ) using estimation laws { %
b= ﬂﬂ/l(f(t)r
£, =1,0(t)
g, =n,Ao(t)
= Proof: Choose the Lyapunov function candidate V-, as
~ = ~ 1 2 2 Gn ~T ~ Gn ST D Gn ~ 2 n
V sesnc (5, (0,5.(), @, B p,&‘q)zz[sg(t)+sc (t)]+ga TR A v
where G =a" —a , =" —p, E,=¢, —¢,,andg, =g, ~¢&, .
= Taking the time derivative of V¢, and using Barbalat’s Lemma. Then,
L Viesue =—AG,0° () <0 limo’(r)=0 asymptotic stability is guaranteed ]
t—>©

Lieciric vacninery anad Lonirot Luuurmory,

48 FEE, NCU, Taiwan

U(t)y=¢,+ ﬁ[éq +5, (t)J using adaptive laws {

!

™
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Precise Tracking Control of TAMB System—
Using ACSMC

= The configuration of the TAMB control system using ACSMC system with
MIMO RHNN estimator is shown as follows:

N ra A
| aJl 7] K
mt e Integral g
2H > Sliding Surface [
A !
z4 [¢ @19 N
| [ 5 o
1
| + U+ vz
| Complementary MIMQ RHNN ' = =®
| Sliding Surface Estimator A +
| @17 | S @38) g8l U,
i A A 4. - Robust
| Pela)| |O(e] ﬂ)q Compensator
i ‘ (4.39)
| gtetats
1
i Adaptive Laws |,
| (4.42) & (4.43) | | owerll Upper
! 4 7y Coil || Coil
et T
e Y 2
! a, ﬂ Estimation Laws  TAMB System
! B (4.40) & (4.41)
| T
___________________________________________________ ACSMC System
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Precise Tracking Contro

of TAMB System—

entary SMC

Using Adaptive Complem

n  A. Experimental results of TAMB control system using SMC system

= Poor tracking responses are obtained due to the saturation function is used.

= Though the tracking response can be improved with larger 6 or smaller @, the
chattering will be more serious, and the control effort will be saturated easily.
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Precise Tracking Control of TAMB System—
Using Adaptive Complementary SMC

n  B.Experimental results of TAMB control system using CSMC system
= Both the integral and complementary sliding surfaces are approach zero nearly.

= The tracking responses at Case 2 are unacceptable due to the CSMC with small

0 and large @ is not robust enough to deal with the uncertainty in terms of the
additional load disk.

................................................................
ttttt
" *

----------------------------------------------------------------
.....
L4

*
** *
o ..-4/0' Imm E * . e Reference ®e
S Reference LAY eference LAY LT Q Trajectory g 0.05mm Trajectory 0.05mm *
o Trajectory\: k1 rajecto; f o f oW e o ) .
Start M L . % | Star LY ¥ LY ., b 7 Start ll,—-_g-
) 5 f \ ki r 5 . F y -
X v \ "-..-' ! ‘-: Rotor Position ", Ky Rotor Position A o
10.05mm —0.1mm Rotor Position -: n —0.1mm 2Sec I0.0Smm —0.1mm 2SecH
(a) " (a) H -
"
",
Tracking Erro: racki rror :: Tracking Error Tracking Error H
'
I. . "
S T Va5 S SRty - S 1 Start AR ———
- .
10 0lmm 2S IO 0lmm ZSec:: I0.0lmm 2Sec I().Olmm 2Sech
(b) (2) - (®) (® .
"
- s 4. . . ~
» Integral Sliding Surface Integral Sliding Surface -: Integral Sliding Surface Integral Sliding Surface H
u
: : :
: ov Iy o IR - o ov I
u - [
— N — PE—
ISOOmV 2See ISOOmV ZSec:: ISOOmV 2Sec ISOOmV 2Scom
© () - © )
"
Complementary Sliding Surface Complementary Sliding Surface :: Complementary Sliding Surface Complementary Sliding Surface
- ..
u
. W
. -
lsoolnv “5Sec ISOOmV “2Scoat
'
(d) @) -
10.5A Total Current i, — i, 2Sec 10.5A Total Current i, — i, zsec.:
u
Ca———————s :
"
M
0A 0A . .
: 1o.5A Total Current i, + i, 3Sec IO_SA_ Total Current i, + i, 'zsec:l
L] .E
T ————— - -
% oA 0A ot
% (O] @ . ®
. . .

‘e
., .
----------------------------------------------------------------

S EE, NCU, Taiwan



Precise Tracking Control of TAMB System—
Using Adaptive Complementary SMC

n  C.Experimental results of TAMB control system using ACSMC system

= From the experimental results, the tracking performances are improved greatly
due to the on-line tuning of the control parameters.

= Since the control efforts are obtained by the MIMO RHNN majorly and
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Precise Tracking Control of TAMB System—

Using Adaptive Complementary SMC

s The performance measures of the SMC, CSMC and ACSMC
systems are shown in Table 4.1 and Table 4.2, respectively.

= Obviously, the proposed ACSMC possesses the best robust control

performance and can control the TAMB system effectively.
Table 4.1 Performance measures of TAMB control system using SMC, CSMC, and ACSMC systems at Case 1.

. SMC CSMC ACSMC
Tracking Errors, pm

Sinusoid  Trapezoid  Sinusoid  Trapezoid  Sinusoid  Trapezoid

Maximum 10.081 8.115 3.957 4174 133247 13563
Average 4.388 2.819 1.634 155 1054] 1110
Standard Deviation 3.360 2.375 1.275 1205 i1.066: 1075

Table 4.2 Performance measures of TAMB control system using SMC, CSMC, and ACSMC systems at Case 2.
SMC CSMC ACSMC

Tracking Errors, um

Sinusoid  Trapezoid  Sinusoid  Trapezoid  Sinusoid  Trapezoid

Maximum 11.161 9.259 4.421 4759  i3971F  i3.655
Average 4.812 3.095 1702 1786 12041  i1319:
Standard Deviation 3772 2.652 1.475 1395 L1720 1192 g,

33 EE, NCU, Taiwan
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Precise Tracking Control of TAMB System—
7 _Using TSMC

n A. Terminal Sliding-Mode Control (TSMC)

= First, define the terminal sliding surface s, to achieve finite time tracking
control (FTTC) as follows

s (£)=é(t) + /16(1);

where 1 is a designed positive constant; p and g are both positive odd integers
which should satisfy the following condition p>g.

= [f the control effort U(¢) of the TSMC control law Uyy,,(?) 1s designed as:

g,

Usuc(®) =G, | £,() = 4,2() - B,z0)+ AL e(t)? é(t) + 5 sgn(s, (1)
P

= Then, the following stability result can be obtained:

{ Ld o 1) <-&s, 0 J

2 dt

s Thus, the tracking error e will reach the terminal sliding surface s, in finite
time ¢.as shown in the following

;<)

4 Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
7 _Using TSMC

= On the other hand, when the terminal sliding surface s,,=0 is reached, the
system dynamic é(¢) is

) = —Aet)” qsm (1) = é(t) + Ae(t)” =0 } >

= A finite time ¢, which is taken to travel from e(z)#0 to e(¢,+¢,)=0 , can be

obtained
Leo - p - e
{ =—— e "de=——"——e(t,) *
$T T 2 e ﬁ(p—q)‘ t) A s,,(0)
B
\
\
= Therefore, both the tracking error e \
I
and its derivative ¢ will converge to f
zero 1n finite time by using the I" > e
TSMC system as shown in Fig. 5.1. ,/
’
S ()
s =0

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
Using TSMC

=  Now, considering the TSMC control law, the forth term containing e(t);_ 20)

may occur a singularity problem if é(¢) # 0 when e(z) :30 due to the power of e(¢)
ex: p=3, g=

1s negative.

Urgue (1) = Gn_l Z,()=4,2()=-B,z() + /1%

|
Sen(s, )| T, e()

= Therefore, the TSMC can not guarantee a bounded control effort if e(¢) = 0

when e(7) = 0. f 5 (0)
Though the singularity problem only m
occurs in the reaching phase when \\

the condition g<p<2g holds, it is

. . singularity:problem
noted that the singularity problem

may also occur even after the — O
terminal sliding surface s, (z+t) is S, (1 S) )
reached due to the computational non-singularfty pr
errors and uncertain factors. 1 (Z )

- e =—e) Y - r
e () = —Ae(tj’*»-.”-w’; singularity plIoblem s =

Electric Machinery and Control Laboratory,
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<=7 Precise Tracking Control of TAMB System—
Y _Using NTSMC

n  B. Non-Singular Terminal Sliding-Mode Control (NTSMC)

= Now, the NTSMC is further proposed to overcome the singularity problem of
the TSMC. Define the non-singular terminal sliding surface s, as

5,(t) =elt) + %é(z)q

= Considering the non-singular terminal sliding surface s,, the TAMB system is
stable if the control effort U(#) uses NTSMC control law Uy, (?) designed as:

“g-p

UNTSMc(t)=GnI{Em(f)—AnZ'(f)—BnZ(t)Jr/lié(t) t o+ osgn(s,(?))
P

« (1t is obvious that the forth term of the NTSMC control law UN;SMC will not
result in the singularity problem as lone as the condition g<p<24 holds.

= [ Moreover, when s,=0, the system dynamic é(?) = —Ae(t)?? is equivalent to the
one of TSMC. Therefore, the finite time ¢, taken to reach the equilibrium point
e=0 of the NTSMC system is the same as the one of the TSMC system.

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
Using RNTSMC

MISO RHNN Estimator

In the proposed RNTSMC, the MISO RHNN with two inputs and one output is

proposed as the uncertainty estimator.

For ease of discussion, the output of the RHNN are rewritten as follows:
Pe|W)=Ww'r

where I'=[I", I, T, ] W =[w, w, w1

By universal approximation theorem, .

L=y (e|W")+¢

optimal weighting vectors
minimum approximated errors
The MISO RHNN uncertainty estimatorx
with superior approximated ability 1is ’
employed to directly estimate the lumped
uncertainty of the TAMB on-line.

Thus, the exact value of the bound of the
lumped uncertainty is unnecessary.

Electric Machinery and Control Laboratory,
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Precise Tracking Control of TAMB System—
5 _Using RNTSMC

m D. Robust Non-Singular Terminal Sliding-Mode Control (RNTSMC)

= Comparing with the TSMC and NTSMC systems, the RNTSMC system
possesses no chattering and maintains asymptotic stability due to the switching
function and the saturation function are not used, respectively.

s Theorem 5.1: Considering the TAMB system represented by (4.2), if the
proposed RNTSMC control law Upyra(f), which i1s composed of the
equivalent control law U, (¢), the MISO RHNN uncertainty estimator Ugyy(?)
with estimation law and the robust controller U/(f) with adaptive law, is
adopted as the control effort , then the asymptotic stability of the proposed
RNTSMC system can be guaranteed.

RNTSMC (t) U (t) + URHNN (t) + Ur (t)

2 P

U, (6)= Gl|:z ()= A 2(t)- B z(t) + AL () *
p

n( ) D . (t)‘l

Ui 1) = =G, 5(2) using estimation law W =-n,

U.(t)=-G, ' [6~¢,(0)] using adaptive law & =7, ”( ) L (f)q

[ Vewzsuc(s, (), W, &) ==¢s, ()" lim&s, (1) =0 asymptotic stab111ty is guaranteedl
Crcctrre rrrwerTtTTeT ywrTacUThtror wooT tory,
60 EFE, NCU, Taiwan




Using RNTSMC

Precise Tracking Control of TAMB System—

= The configuration of the TAMB control system using RNTSMC system with
MISO RHNN estimator 1s shown as follows:

RNTSMC System

N
3
+

O

l

N

»
>

________________________________________________________________

N

-1

Drive System

57 » Non-Singular RHNN Uncertainty U RENN
e - Estimator
Sliding Surface
A > ’ N n
Y AW Uy - ‘ZRURNTSMC
| i + \‘i
d ¥ | Equivalent .
dt | Control Law U - L&
(5.25) :
) Robust
* Controller
(5.27)
A 5
Té T5 .'
I
1
i| Left || Right
Selected i . :
Parameters Estimation Law  |...: Adaptive Law  [....1 : Coil |l Coil
P 4, A (5.28) (5.29)

TAMB System

\
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Precise Tracking Control of TAMB System—
& _Using RNTSMC

= The solution of the actual complex problem in the programming of
the implementation.

= The terminal sliding surface s,, and the non-singular terminal sliding surface s,

q

1
— Le(1) P Complex value s(=e(t)+—elt Complex value
$,(0)= D)+ ae(n) o e (O=e)+ 7o 2 P

= (The powers ¢/p of terminal sliding surface when e<0, and p/g of non-singular
terminal sliding surface when ¢ <0 may lead the terms to the complex values.
Therefore, the new form is adopted as the following new form:

14
q

p

sign(e(t)) s (1) =e(t)+ % ()| sign(e(t))

4
p

s, (1) = &(t) + Ale(?)|

= Both of the above forms are continuous and differentiable although the
absolute value and signum operators are involved. Moreover, their derivatives
can be expressed as

Py
Toe(r)

Electric Machinery and Control Laboratory,
62 FEE, NCU, Taiwan
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Precise Tracking Control of TAMB System—
Using Robust Non-Singular Terminal SMC

n A. Experimental results of TAMB control system using TSMC system

= From the experimental results, the rotor position can not track the reference
commands precisely and immediately.

= Moreover, the unstable control efforts which are cause by the singular problem,
result in the vibratory tracking performance and terminal sliding surface.
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Precise Tracking Control of TAMB System—
Using Robust Non-Singular Terminal SMC

m  B.Experimental results of TAMB control system using NTSMC system

= One can observe that the tracking responses obtained from the NTSMC system
are much degraded compared with the ones obtained from the TSMC system.

= Though NTSMC solve the singular problem of TSMC, the steady-state errors
become worse (the proof will be discussed in conclusion).
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Ny Precise Tracking Control of TAMB System—
< _Using Robust Non-Singular Terminal SMC

m The reasons of the unbounded control efforts for TSMC and
NTSMC systems are:

= The control law of TSMC system:

Ussuc () = Gnl{fm (6)—4,2(t)=B,z(t) + 4 osgn(s,, (t))}

= The control law of NTSMC system:

U yrsuc (8) = Gn1|:2m(t)_AnZ.(t)_BnZ osgn(s, (t)):|

k.

= If p=5, ¢=3, then

94 1 .
singular problem

P e e — o o e e e e mmn e mme R M e R M M e Mmm M M e Rmm M M e e e

N

L 2qq_p_. ; ‘ enlarged control effort iMore frequently
e 1 o=e) Ex:_0.02/(1/3)=0.2714 )
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G Precise Tracking Control of TAMB System—
S _Using Robust Non-Singular Ter

inal SMC

n  C.Experimental results of TAMB control system using RNTSMC system
= According to the on-line lumped uncertainty estimation via MISO RHNN

estimator,, the best control pgrfomance and,
0.3y (o
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» 0.1lmm
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Precise Tracking Control of TAMB System—
Using Robust Non-Singular Terminal SMC

» The performance measures of the TSMC, NTSMC and RNTSMC
systems are shown in Table 5.1 and Table 5.2, respectively.

= Obviously, the proposed RNTSMC possesses the best robust control

performance and can control the TAMB system effectively.
Table 5.1 Performance measures of TAMB control system using TSMC, NTSMC, and RNTSMC systems at Case 1.

. TSMC NTSMC RNTSMC
Tracking Errors, um

Sinusoid  Trapezoid  Sinusoid  Trapezoid  Sinusoid  Trapezoid

Maximum 7.697 6.997 8.448 7.834 153037 15963
Average 2.086 1.984 4.161 2.376 108260 0.561
Standard Deviation 1.885 1.540 2.099 1.743 10797! 10760

Table 5.2 Performance measures of TAMB control system using TSMC, NTSMC, and RNTSMC systems at Case 2.
TSMC NTSMC RNTSMC

Tracking Errors, ym

Sinusoid  Trapezoid  Sinusoid  Trapezoid  Sinusoid  Trapezoid

Maximum 7.260 9.140 9.541 9.355 156661  17.3721
Average 2.866 2.127 4114 2.533 10908 0.626
Standard Deviation 2.035 1.864 2.039 2.203 109641 108751 atory,
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Outline

=  Robust Control of Fully Suspended Five-DOF AMB System
= Using Decentralized PID Neural Network Contro] <z
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Robust Control of Fully Suspended Five-DOF AMB
§ System Using Decentralized PIDNN Control

s The network structure of the PIDNN controller used for ¢-axis of
the five-DOF AMB system is shown as:

a P control 0
0, (N)= foluy, (W)

= ZWEI(NM(N)

\ )
»/ [ control D)
0,(N) = fl(uZ(N)+02(N—1))
=2 W (Mg (N)+0,(N =1)
9 = )

D control

Layer 1 Layer 2 Layer 3

Input Layer Hidden Layer Output Layer

Electric Machinery and Control Laboratory,
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Robust Control of Fully Suspended Five-DOF AMB
Using Decentralized PIDNN Control

s Te on-line learning algorithm of the PIDNN using supervised

gradient decent method:

A J

Layer 1 Layer 2

Hidden Layer

Layer 3
Output Layer

E(N +1) :%e¢2(N+1) < E(N) <:

Input Layer

—

Connective Weight Between
Hidden and OQutput Layers

~

Aw?(N) = - z(fff(]jvv)f y:8,(N)o, (N)

w2(N +1)= w3 (N)+Aw?(N)

Optimal Learning Rate

E(N)

23{20]

/

Connective Weight Between
Input and Hidden Layers

\

A N) =y 2 = 8, NN )

w; (N +1) = w,(N)+ Aw, (N)

Optimal Learning Rate

E(N)

IR,

77W1 =

2{2;

Electric Machinery and Control Laboratory,
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& Robust Control of Fully Suspended Five-DOF AMB
S _System Using Decentralized PIDNN Control

= The configuration of the wy-axis AMB control subsystem using PIDNN
controller with on-line learning algorithm and adaptive learning rates is shown

as follows:
v 36 v6 16
g | Varied Learning On-line Learning
) Rates Algorithms
(6.16) & (6.17) (6.8)-(6.11)
¢ + One-Ax1s
2 DDM and Power . AMB —>
—|¢ df dt Amplifiers | —1,. ¢

< PIDNN Controller Vb

Electric Machinery and Control Laboratory,
1. EE, NCU, Taiwan




Robust Control of Fully Suspended Five-DOF AMB
System Using Decentralized PIDNN Control

n A. Experimental results of fully suspended five-DOF AMB control
system using decentralized PID controller

= Five conventional PID controllers are also used to construct a decentralized
PID controller for the comparison of control performances.

t
u, = Kpe, +K,¢J.Oe¢a’t+KD¢eqj

maximum run outs: 0.2 mm maximum run outs: 0.238 mm maximum run outs: 0.282 mm

¥, ~Axis (mm)
¥, ~Axis (mm)
V) —Axis (mm)
¥, Axis (mm)

¥, ~Axis (mm)
¥ —Axis (mm)

LT TR T T T L L L T Y

g g g
i NN i P il R T S iatacad
$0.1mm 0.0%sc0 $0.1mm 0.05sc0 $0.1mm 0.05s00
Time (sec) Time (sec) Time (sec)
Case 1 Case2 Case 3
2400RPM 2400RPM with Load 4800RPM
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Robust Control of Fully Suspended Five-DOF AMB

System Using Decentralized PIDNN Control

n A. Experimental results of fully suspended five-DOF AMB control
system using decentralized PIDNN controller

= Five proposed PIDNN controllers are used to construct a decentralized PIDNN

$0.lmm 0.055c0 $0.1mm 0.055e0 $0.1mm 0.05sec
Time (sec) Time (sec) Time (sec)

Case 1 Case2 Case 3
2400RPM 2400RPM with Load 4800RPM

Electric Machinery and Control Laboratory,
13 EE, NCU, Taiwan




Robust Control of Fully Suspended Five-DOF AMB
System Using Decentralized PIDNN Control

s The performance measures of the decentralized PID controller,
decentralized PIDNN controller are shown 1n the following.

= Obviously, the proposed decentralized PIDNN controller possesses
the better robust control performance.

Axes  Regulating Errors Case 1 Case 2 Case 3
(4m) PID PIDNN PID PIDNN PID PIDNN
RMS Values 7900 | o6068F 9294 i 7764} 8272 i 7381
. Peak to Peak Values 359.1 278.7 390.5 3733 356.0 286.5
¥, RMS Values 88.39 50.85 114.09 72.38 130.60 87.62
Peak to Peak Values 315.9 265.9 447.5 307.7 486.7 377.9
RMS Values 90.23 59.95 102.98 70.86 125.87 104.42;
= Peak to Peak Values 351.1 259.8 358.8 276.4 495.1 389.0
¥, RMS Values 66.54 52.00 73.29 46.71 148.03 74.75
Peak to Peak Values 259.8 215.1 277.7 2132 495.0 302.7
RMS Values 1442 | 945 i 1700 | 1130 2145 i 1234 ]
‘ Peak to Peak Values 84.7 66.3 93.7 75.6 126.8 83.2

.............................................

Electric Machinery and Control Laboratory,
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=  Robust Control of Fully Suspended Five-DOF AMB System

= Using Decentralized Intelligent Double Integral Sliding-Mode Control -
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Robust Control of Fully Suspended Five-DOF AMB
7 _System Using Decentralized IDISMC Syste

= From the developed decoupled dynamic model, the standard second
order state equation of the one-axis AMB subsystem 1is:

MX =AX +BU+MH
¥(t) = Ax(t) + BU(t) + h(¢)

= Considering the separation of the nominal parameters and parameter

variations as follows: (b ] [ —ady+ap, +2k, Box, + 2k, Boi. +7 S0 |
_ . h,, Y, =Yy + 2k, B, + 2k, Bl + 7 S a.
i) =4, + Ad(x;t)e(@) +[B, + AB(x;0) U (£) + h(2) 7 | o oot o s
=4 X(f) + B U(f) L(x; t) h, || =X taX, + 2k, Boy + 2k, 0, + 7204~ 8
! ! L h, 1 L /4 3f &

= L(x;?) is called the lumped uncertajn’fg; and defined as
(L(xst) = A0 )x(0) + AB(x; U (1) (D)

= The bound of the lumped uncertainty 1s necessary to be known in
advance and satisfies the inequality as follows:

<O

Electric Machinery and Control Laboratory,
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Robust Control of Fully Suspended Five-DOF AMB

7 _System Using Decentralized ISMC Syste
m A. Decentralized Integral Sliding-Mode Control (ISMC)

= First, the regulating error e=x,—x is defined where e represents the reference
position and is designed as zero in the AMB applications.

= Then, a conventional integral sliding surface s, 1s defined as follows:

5,(t) = é(t) +ce(t) + ¢, jo e(r)dt
= The GUUB stability 1s guaranteed if the control effort U(7) is using the control

law Uq,,(#) of ISMC designed as:
U sie (0) = B, [, (1) = 4,x(1) + ¢,(0) + cre(r) + Gsat(s, (1))]

= Therefore, the control law of ISMC ensures that any initial states outside the
boundary layer (s,(0)>®) will reach the boundary layer in finite time and
remain inside thereafter (s,(z) = ®).

s Five ISMC systems are used to construct a decentralized ISMC system for the
comparison of control performances.

Electric Machinery and Control Laboratory,
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Robust Control of Fully Suspended Five-DOF AMB
7 _System Using Decentralized Ideal IDISMC System

m B. Decentralized Intelligent Double Integral Sliding-Mode Control
n (a) Ideal IDISMC

= To improve the steady-state control performance, a double integral sliding
surface s, 1s defined as follows:

5,(0) = é(t) +ce(t) + ¢, [ e(r)de {03 [ ;e(r)dm’r}

= Differentiating s,(¢) with respect to time, one can obtain
5,(0) = &(t) + cé(t) + cyet) + ¢ | 0 e(r)dr
= ¥,(0) = A,x(0) = B,U(0) - L(x:0) + ¢,¢(t) + c,e(t) + ¢, [ e(2)d
= In order to achieve the GUUB stability of the AMB subsystem, the control law
of the ideal IDISMC is designed as follows:
[ U misme (t) = Bn_1 [Xd (t)— A x(t)+ cé(t) +cre(t) + ¢, j ; e(7)dt + osat(s, (t))}}

Electric Machinery and Control Laboratory,
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obust Control of Fully Suspended Five-DOF AMB

7 _System Using Decentralized Ideal IDISMC System

=  Observing the ISMC and ideal IDISMC, the integral term is embedded in both

the integral and double integral sliding surfaces but reflected only in the
IDISMC control law.

s, (1) =e(t)+ce(?)

U v (t) = B, ' [5,(0) = 4,x(1) + c,é(t) + ce(t) + Sat(s, (2))]

8, (1) = é(t) +cie(?) PID Controller

= Therefore, the ideal IDISMC with integral control feat| res results in improved
steady-state error performance compared with the ISM(.

= However, it will cause saturated control effort easily an | the control parameters
cy, Cy, C3, 0, and @ are very difficult to design overall.

= Hence, the optimal output of the MPIDNN observ:r also named as the
observation target, is defined as follows:

t
V(1) = c,6(1) + c,e(t) + ¢, [0 e(t)dr — L(x;1)
: Electric Machinery and Control Laboratory,
19 EE, NCU, Taiwan




Robust Control of Fully Suspended Five-DOF AMB
7 _System Using Decentralized IDISMC Syste

(b) MPIDNN observer

= The well-designed MPIDNN observer results in ingenious mapping between
the network architecture and observation target.

= According to the on-line tuning, not only the PID ains Kp, K, and K,
are adaptive real time but also the lumped upe€rtainty L(x;?) s observed on-line.

Ummﬂ)l?[@@ Aﬂﬂﬂw@+wﬁﬁ€ﬁ@ﬂﬁ%&ﬁ@ﬁﬁ y() =K, ()o, + K, (1)o,

0¥V = £l (N}) ) +Kp (0o, +K, (Do,
.sozuv)=ﬁ£uz<N)+oz<N—1)) ; G
‘ R > H(N) =D wi(N)o,(N)
0y (N):= Solis (N) =y (N =1))
@(N) 1) _ \ A
< Pe|W)=

1—exp —Zwl4(N)e (N)
I+exp —ZWM(N)el.(N)

N - =/

Electric Machinery and Control Laboratory,
80 EE, NCU, Taiwan
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Robust Control of Fully Suspended Five-DOF AMB

7 _System Using Decentralized IDISMC Syste

m (¢) IDISMC system

s Theorem 7.1: Considering the AMB subsystem represented by (7.2), if the
proposed control law U, of IDISMC, which i1s composed of a robust
controller U, with adaptive law, and the MPIDNN observer U, with learning
algorithm, is adopted as the control effort , then the asymptotic stability of the
AMB subsystem is guaranteed.

Uipisuc(®) =U,(0)+U (?)
U,(t)= B, '[%,() - A,x(1) + &+ &,(1)]  using adaptive law £ =7.5,(1)

U, ()= B9t using estimation law W= m,5,(¢)0

= Proof: Choose the Lyapunov function as

T 1 B — 7 B ~ 1 N_ * - j ~ _ -
V(sz(t),W,g):aszz(t)Jr Sy Ty o B z2 wherew =" —wand £=s-¢

277W 2778
= Taking the time derivative of the Lyapunov function, one can obtain
P (5,00, 8) = 5,003, (0) W W~ 5é =&, (1)
77W ]78

[ By using Barbalat’s Lemma, it can be shown that s,(#) will converge to zero as

t—o, therefore, asymptotic stability is guaranteed.
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Robust Control of Fully Suspended Five-DOF AMB
System Using Decentralized IDISMC Syste

= The configuration of the one-axis AMB control subsystem using IDISMC
system with MISO MPIDNN RHNN observer is shown as follows:

e |
Xa+ €[] > U |
d 1 dt 1
1 — | S RObU.St 1
_”@ R Dguple Integral |72 Adaptive Law | ™ ' Uipisuc
x3_i L| ]|, Sliding Surface 74 Controller T,_’@':—
! ? (7.8) (7.24) (7.22) £ U Ve l"b
e 5 7 T Té " Drive System
T “| 1| withDDM
! dr_ o £ ! and Power
: - , : Amplifiers
! earning .
| Algorithm MPIDRN L, T
| (7.25) Observer A TR
| : . (7.23) i One-Axis AMB
i d : E i Subsystem
: di i L (7.2)
N S IDISMC
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Robust Control of Fully Suspended Five-DOF AMB

System Using Decentralized IDISMC Syste

n A. Experimental results of fully suspended five-DOF AMB control
system using decentralized ISMC system

= Five ISMC systems are used to construct a decentralized ISMC system for the
comparison of control performances. a5
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& Robust Control of Fully Suspended Five-DOF AMB

= System Using Decentralized IDISMC Syste

n A. Experimental results of fully suspended five-DOF AMB control
system using decentralized IDISMC system

= Five proposed IDISMC systems are used to construct a decentrahzed IDISMC
system to achieve the regulating and stabilizing purposes
suspended five-DOF AMB control system.

i "
- " Left Rator O™~ ~Tight Rotor OrbiT™~ % " TLeft Rator O™~ ~Tight Rotor OrbiT™~ .
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Robust Control of Fully Suspended Five-DOF AMB
System Using Decentralized IDISMC Syste

» The performance measures of the decentralized ISMC system,
decentralized IDISMC system are shown 1n the following.

= Obviously, the proposed decentralized IDISMC system possesses
the better robust control performance.

P Regulating Errors Case 1 Case 2 Case 3
() ISMC  IDISMC  ISMC  IDISMC  ISMC  IDISMC
RMS Values S627 45041 6993 4555 7690 4581
" beaktoPeak Values 2693 L 2184 3282 212.6§ 3417 230.75
y,  RMS Values 59.87 45.295 82.39 62.945 102.34 77.54§
Peak to Peak Values  267.2 2117 350 P 2002 4086 | 3266
RMS Values 6632 | 5848 7950 i 6128 i 12534 9727
® peakoPeak Values 2760 233.25 2830 | 2626 4386 338.3§
y, RS Values 50.94 44.2o§ 59.20 4527 95.10 68.53
Peak to Peak Values 255.1 190.7 236.2 2043 435.7 265.6
RMS Values 1043 893 i 1170 | 1043 1406 1093
‘ Peak to Peak Values 75.6 60.3 80.8 68.3 96.8 74.4

.............................................
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Discussions

= This dissertation had developed various PC-based control systems to
control the rotor position in the axial direction of the TAMB system
for the tracking of various reference trajectories.

n Therefore, the moveable controlled rotor of the TAMB system can be applied to
different operating demands and environments.

= On the other hand, several PC-based decentralized control systems
were developed based on the proposed decoupled dynamic model to
regulate and stabilize the five-axes of the rotor of the five-DOF
AMB system 1n the centers considering the existences of the serious
uncertainties.

s According to the decoupled procedure and decentralized concept, the
controller design was simplified and the computational burden was reduced.
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&y Discussions

= Table 8.1 shows the comparison of different ultimate bounds of
various SMC approaches including SMC, CSMC, ACSMC, TSMC,
NTSMC, and RNTSMC.

= Since SMC, CSMC, TSMC, and NTSMC use saturation functions for
chattering reduction, only GUUB stabilities can be guaranteed.

= Since the saturation functions are not used in the ACSMC and RNTSMC, both
of them can guarantee the asymptotic stabilities through Lyapunov theorem and
Barbalat’s Lemma.

T I
1 SMC CSMC ] ACSMC N TSMC NTSMC 1 RNTSMC 1
I
1 T 1 1
: 0 (d zjon s (d AJZA() ! t |
[ S ()= —+ t I s,(O)=|—+ t I ] 1
| ¢ dt T dt :I T I
Sliding ! d d ! d d i! . s, ()=e()+ le'(t)g I B =e)+ lé(t)g :
I e 1] _[ & a K () = — 1 S(0= -
o :s(t) ( +/1]e(t) sc(t)—(dt +/1](dt 1)/\@) ”sc(t)_[dtmj[dt ,1)/\(0:: 5 ()= &) + 4elt)’ 2 | p) |
I ] /! where p>gq I where p>gq I
I ‘ n ¢ /! 1 !
. whete A1) =[le@)dr  n Where A()=[le(n)dr I .
I | | 1] |
[ T :I » M |
I limle(r) 2 limle(?) <2 n limle(1)|= 0 LT <(9j‘1 limle(r)] < @ h lim|e(1)] = 0 !
Ultimate : Hw' | A H°°| | 22 : : o0 I : tg}je ()< P 1> : : = :
I
Bounds I . . L h o . i o I
| limle()] <2 limle(r) < @ o limle()]=0 o limle) <20 lime(|<@a0)y 1 limle@=0
" I I| 1 |
L - _____—___—__C L I 3 1

GUUB stabilities  asymptotic stabilities 1 GUUB stabilities asymptotic stabilities
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Discussions

The ultimate bounds of can be ordered as

TSMC<CSMC<SMC<NTSMC.

The ultimate bounds of tracking error’s derivative e can be ordered as
CSMC<TSMC=SMC<NTSMC.

Obviously, CSMC and TSMC own the two best steady-state control

tracking error e

performances.
SMC CSMC ACSMC TSMC NTSMC RNTSMC
2 2
s, (1) = (—+ /1] A(?) s.(t)= (—+ /1] A(?)

L 1 r 1 P
Sliding d d d d q (1) = e(t) +—e(t)? L) =e()+—é(t)?
Surfaces s(t) = ( +/1]e(t) sc(t)=(g+/1](g—/l)A(t) sc(t)=(5+/1j[5— 2 o O E B Su(t) = e(t) +—-€(0) Su(t) = e(t) +—-€(0)

where p>gq where p> g
where A() = [ e(r)dr where A() = ['e(z)dz
i T il Auininieieieieieiiie I
G L ko) <2 tmle(r)| < 2> : limje(1)|= 0 ! hm|e<,)|g(7j‘f limle( <@ | limle()]=0
|
| | |
| | |
L | limfe(r) < 20 limle(r)] < @ ! limfe(n)| =0 | lim]e()| < 2 limfe(n]< (240); | limfé(5) =0
| . I |
L
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Discussions

x10°

for SMC, and CSMC, and TSMC systems;

0.8

s The different ultimate bounds of SMC, CSMC, TSMC, and NTSMC
systems due to various values of 1 are depicted in Fig. 8.1.

= The larger values of 1 result in the smaller ultimate bounds of tracking error e
derivative e for NTSMC system.

= The larger values of 1 result in the larger ultimate bounds of tracking error’s

: : 0.16 .
—— SMC —— SMC
—4— CSMC —— CSMC
—& TSMC 0.14 —&- TSMC
w— NTSMC NTSMC
H H B [ ) " SR PR AR SRR SRR R S g SR : ..... .
1 L PSS SR NS S S SO AN NN S —
1 1 S SRR U SOV SN NSNS MRS AR SO -
I s it LTS LR CER RS CETTOS ST ------ ----- -
0 I gt W A ——
7] ESCSO SRR AR SOPAE SOSNN SRS NN SRR S S J
oledodododgd
o 2 4 B 8 10
A
(b)
Fig. 8.1 Different ultimate bounds of SMC, CSMC, TSMC, and NTSMC systems due to ®=0.001, p=5, ¢g=3, and various values of /.
(a) Ultimate bounds of tracking error. (b) Ultimate bounds of tracking error’s derivative.
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Discussions

= Comparisons of different control methods for TAMB control system

= From the bar charts, the ACSMC and RNTSMC systems result in better control
performances comparing with the others.

- ——
—~—

EJRNN B HPBRNN EI SMC B CSMC
e TSMC BENTSMC ERNTSMC

4 !
7 ,
[l ] [//

; The top four SMC approaches are RNTSMC ACSMC CSMC and TSMC. This
" result is consistent with the analysis of ultimate bounds from Table 8.1.

perioaic smmusoigal WWO TSy emmand at ( Lase 2
o= NS M%/nmfe\“\

~l

N
B CSMC

Maximum Average Standard Deviation Maximum Average Standard Deviation
non-periodic trapezoidal command at Case 1 non-periodic trapezoidal command at Case 2
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Discussions

= The comparison of control performance measures including RMS
and peak to peak values of respective axes at Cases 1-3:
= The control performance behaviors in accordance with the descending order are

decentralized IDISMC system, decentralized PIDNN controller, decentralized
ISMC system, and decentralized PID controller

W PID CIPIDNN 8 ISMC & [DISMC |

B PID OPIDNN B ISMC & IDISMC

A ) X X, Wi W z
s RMS values at Case 3
P/DNN e
W PID £1PIDNN B ISMC E IDISMC |
[

Peak-to-peak values at Case 1

X X~ V. V. 4 X. X V. V. 4

Peak-to-peak values at Case 2 Peak-to-peak values at Case 3
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Conclusions

follows:

control system;

The major contributions of this dissertation are concluded as
drive systems for TAMB and RAMB systems;

1) the complete analyses of the dynamics and the detailed discussions of the

2) the successful developments of the various tracking controllers for the TAMB
approaches while using saturation functions;

3) the complete comparison of guaranteed ultimate bounds of various SMC
developed tracking controllers;

4) the successful implementations of the TAMB control system using the
5) the successful derivation of the decoupled dynamic model of the five-DOF
AMB system for the purpose of decentralized control;

6) the successful developments of the various decentralized control systems for
system;

the regulation and stabilization of the fully suspended five-DOF AMB control
the developed decentralized control systems.

7) the successful implementations of the five-DOF AMB control system using
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Thank You for Your
Attention!

Questions?
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Using TSMC

Precise Tracking Control of TAMB System—

= How to calculate ¢, ?

4q

= After the terminal sliding surface is reached, the equality é(z) = —Ae(z)” holds.

Thereafter,
q 4
9O _ gty =3 Loy
dt de(t) A

dt = —%e(t)_f’ de(t) = [dt = —% [ e(t)_’q’ de(t)

{ _4q _4
t :_lj‘o o(f) Pde:_l ! eml P
s ﬂ, %(l) \*/ 2 1 1 \*)J
S 1
= 1] -
—Llo-—Le) v |=m L e
A -4 Al P—¢q
B p i 4

/1(19 q)

-4

e(t,) ” 4
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