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Part V: FO Disturbance Compensations The disturbance observer

Figure: The conventional disturbance observer block-diagram.

Design parameters

ng: the number of pure time delays of the control signal
ng: the relative degree of Q-filter
wg: the cutoff frequency of Q-filter
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Part V: FO Disturbance Compensations The disturbance observer

The error transfer function

Without DOB With DOB
S(w) = .
(o) = 1+ PC + 8p¢
S(w) =
Vo) =15pc o _PRT'Q+zmaQPC
PC — -
1—z7"aQ

TOK 2013 Workshop A Tutorial on FOMC



Part V: FO Disturbance Compensations The disturbance observer trade off

Effects of the design parameters

no T= phase margin |

wo T= phase margin |

A compromise must be made between the disturbance attenuation
performance and the robustness of the original system.

Fhase margin (deg )
&
£

Figure: An illustration
of the phase margin
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Part V: FO Disturbance Compensations The disturbance observer trade off

A trade-off solution:

Rule-based switched low pass filtering with varying relative degree
Tuning parameter: n,

(19) United States
a2 Patent Applicatinn Publication 0 Pub. No.: US 2001/0036026 Al

Chen et al. (43) Pub. Date: Nov. 1, 2001
(54) EFFICIENT SENSORLESS ROTATIONAL Related U.S. Application Data
VIBRATION AND SHOCK COMPENSATOR
FOR HARD DISK DRIVES WITH HIGHER (63) MNon-provisional of provisional application  No.
TPI 184,718, filed on Feb, 24, 2000,

(75)  Inventors: YangQuan Chen, Singapore (SG); Publication Classification

MingZhong Ding, Singapore (SG); (51) Int CL7 oo GI1B 27/36; GL1B 21/02
LeeLing Tan, Singapore (SG): (52) US. Cl oo 360731 360/77.02; 360/75:
KianKeong Ooi, Singapore (S0G) 3601/69
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Part V: FO Disturbance Compensations The disturbance observer trade off
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Figure: Q-filter in DOB with a varying relative degree
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Figure: A switching policy for
the relative degrees of the Q-
filter in DOB.
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Part V: FO Disturbance Compensations The disturbance observer trade off

The proposed trade-off solution:

Fractional order DOB using a fractional order Q filter

Q(s) =

(TS n 1)nQ ,{TlanQ € Q, TlQ > O}

The implementation

Stable minimum-phase frequency domain fitting

Search: File

B MATLAB

File Exchange Answers Newsgroup Link Exchange Blogs Trendy Cody Contest Math\Works.cq

File Exchange

CirlLAB
by Dingyu Xue 4.1 | 30 ratings
08 Feb 2000 Rate this file

25 Downloads (last 30 days)
File Size: 1.34 MB
File ID: #18

CtriL&B provides a graphical interface to perform
feedback system analysis and design.

\gy Watch this File
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Part V: FO Disturbance Compensations Periodic disturbance

e Periodic disturbance
— Telecommunication
— Building vibration

» Periodic disturbance in motion control
— Repeatable spindle motor runout
— Cogging force

Atmosphere wave
http://en.wikipedia.org/wiki/Atmospheric wave

e

Tacoma narrow bridge, WA, 1941
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Part V: FO Disturbance Compensations FO adaptive feed-forward cancellation

01(¢) cos (w6) —pm- +
B1(t) sin (w 1) —=t

P(s) —» Y

Figure: Fractional order adaptive feed-forward cancellation

The disturbance

d(t) = Asin(wif + ¢) = ay cos(wnt) + by sin(wqt).

The control input

u(t) = 6y(t) cos(wit) + o (t) sin(wit),
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Part V: FO Disturbance Compensations FO adaptive feed-forward cancellation

The plant output

y(t) = ER((64(F) — 6;) cos(ant) + (Ba(t) — 65) sin(wy 1)) P(s)],

The nominal values

Qik = —, H; = —b1_,

The adaptive law

Using Caputo definition for fractional derivative

0 Df6i(t) = —gy(t) cos(wit),
0Dy 6a(t) = —gy(t) sin(ent),
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Part V: FO Disturbance Compensations FO adaptive feed-forward cancellation

The derivation of the adaptive law

oDy 61(2) = _%F(H(E’m” +e7 /),

oDE6(t) = — S y(t)(e T/ — el

The Laplace transform

Using the time shifting property

.4
il

O1(5) = —==(Y(s + jwr) + Y(s — jw)),

O(s) = —%[Y{s —jor) — Y(s + jer)).
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Part V: FO Disturbance Compensations FO AFC = FO IMP

The FO adaptive compensator

1
U(s) = E(Hl{g — jw) + O1(s + jwy))

i %(@ﬂg — jan) — @a(s + jan))

sl

( ! + ! ) Y(s)
— — = E
2\(s+jo)* (s— jonr)®

= — ¢Crup(s)Y(s),

Same !

The FO internal model principle

(s —jw))*+(s + jw)?
2(s% + w?)«

Cimp(s) =
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Part V: FO Disturbance Compensations FO AFC = FO IMP

0 (s—jw)? + (s+ jwy)?

2(s2 +w,2)a

!
+
= P(s)

Figure: Fractional order internal model principle
equivalence of the fractional order adaptive feed-
forward cancellation, with C(s)=g
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Part V: FO Disturbance Compensations Example

Output signal

The plant and the disturbance

_ s+ 2
s+ 1)(s+3)°

P(s)

d(t) = sin(0.1t) — 0.2 sin(0.3¢),

Il Il Il

1 1
50 100 150 200 250 300
Time (seconds)

Figure: Plant output without compensation
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Part V: FO Disturbance Compensations Example

0.2

0.151-

0.1

0.05-

-0.05

-0.1-

-0.15-

50 100 150 200 250

Figure: Plant output with fixed nominal
compensation
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—  FO-AFCa=15| 7|
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-04F B

-0.15- b
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Figure: Plant output with IOAFC
compensation and a = 1.5 FOAFC
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FO Disturbance Compensations Frequency analysis of FO AFC

The sensitivity function

1
1+ C(s)Cimp(s)P(s)’

Gs(s) =

— — — No compensation| _|
a~0.2
a=0.4 4
a=0.6
a=0.8 4
a=1.0

Magnitude

Frequency (rad/s)

100 ‘ ———— ——————

Phase (°)

-10 :
. 10'

Frequency (rad/s)

Figure: Bode plots of the sensitivity function with w1l =0.1and a € (0, 1]
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Part V: FO Disturbance Compensations Frequency analysis of FO AFC

20F T T ——— T T T —— T T ]
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Figure: Bode plots of the sensitivity function with wl =0.1and a € (1, 2]

Comparison

a € (0, 1], FOAFC is better than IOAFC
a € (1, 2), IOAFC is better than FOAFC
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Part V: FO Disturbance Compensations Scope of the book
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Part V: FO Disturbance Compensations The cogging effect on PMSM

The cogging effect

* Trouble maker of PMSM (permanent magnetic synchronous motor)

e Especially at low speed

e Generated by the magnetic attraction between the rotor and the
stator

* Appear at Ngor—pp fs

Modeling the cogging force

e Multi-harmonic Fourier expansion

(0/e]
Fcogging = A; sin(wix + ;)
i=1
» State dependent

TOK 2013 Workshop A Tutorial on FOMC



Part V: FO Disturbance Compensations The cogging effect on PMSM

The plant model

() = o(t),

D(t) = u — @ — Ty — Byo.
1 1 B
H= TTm-. Iy = TTJ- B = T

0: angular position, v: velocity; a(8) unknown position-dependent
cogging disturbance; J: moment of inertia; T;,,: electromagnetic torque;
T;: load torque; B: viscous friction coefficient

The displacement

eg(t) = 04(t) — 6(¢)
ey(t) = ég(t) = va(t) —v(t)
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Part V: FO Disturbance Compensations AC for cogging effect

The adaptive compensator (AC)

a(t)

u(t) =oq(t) + T + + am(t) + yes(t).

where
m(t) : = yea(t) + eolt),

The adaptive law for a(t)

at) =z —pv
oDPz(t) = pu[da(t) + am(t) + yeo(t)] + EE}LH"
{ v=1,I0AC
v € (0,1), FOAC
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Part V: FO Disturbance Compensations Stability Analysis of the I0/FO AC

IOAC stability theorem

If the integer order adaptive compensation is used, the equilibrium
points eg and e, are bounded as t — oo,

FOAC stability theorem

If the parameters «, y, and u, are chosen to ensure
T
larg(w;)| > 15
the equilibrium points eg and e, are bounded as t — oo,

Where w; are the roots of

WP+ 1 qwPT+P 4wl 4 dwP + e = 0.

The proof is available in the book

TOK 2013 Workshop A Tutorial on FOMC
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Part V: FO Disturbance Compensations Case studies

The applied cogging force

Feogging = 2 cos(60) + cos(126) + 0.5cos(186)

Linlf *

Tl
Lbni

1l

Ig

lalin

SV

]

CLARE]
vl

IO/FOAC for cogging effect compensation
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Figure: the block diagram of PMSM servo simulation system with the




Part V: FO Disturbance Compensations Case studies

Table: PMSM Specifications

0.03 ; .
Rated power 1.64 Kw Rated speed 2000 rpm _ ooz
Rated torque 8 Nm Stator resistance 2125 Q E 001 L
Stator inductance  11.6 mH Magnetic flux 0.387 Wb s
Number of poles 6 Moment of inertia  0.00289 kgm? E 0
Friction coefficient  0.0003 Nms E -0.01 i} I |' I d (1 ' |'
—0.02f
-0.03 ' . ' . '
0 1 2 3 4 5 6
Time (seconds)
5 . : ; . . . , . . (a) Position
alt 4
3 H
3 .
: > |
S 5 g 4]
o et
2 4 g of
£ R R
& 0f 8
5 i A
B0 s
-2t : -4 : : : : :
0 1 2 3 4 5 6
_3 . L . L . L . L L Time (seconds)
0 05 1 15 2 25 3 35 4 45 5 (b) Velocity

Time (seconds)

Figure 15.2 Simulation. Cogging force applied
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Part V: FO Disturbance Compensations Case I: IOAC with constant reference speed

|
EL{' UL lﬂ.' b "F'. ! R NI I
e M‘W»‘f.’ T

_5 1 1 1 1 1 1 1 1 1 r (.
o 05 1 15 2 25 3 35 4 45 5 (b) Velocity

Time (seconds) Simulation. Constant reference speed fracking errors with IOAC (v = 1)

Simulatfion. Constant reference speed fracking control input signal

TOK 2013 Workshop A Tutorial on FOMC



Part V: FO Disturbance Compensations

Case Il: FOAC with constant reference speed

Estimated cogging force

——

|

156 2 258 3
Time (seconds)

| il

0 0.5 1 3.5 4 4.5 5

+15.7 Simulation. Estimated cogging force with FOAC (v = 0.5)

Control input signal

15 2 2.5 3 3.5 4 45 5

Time (seconds)

Simulatfion. Constant reference speed fracking control input signal

0.03
0.02 -
001 7
0 MMMMMMJMMLMWMJM
-0.01 n

-0.02 T

156 2 2.5 3 3.5 4 4.5 5
Time (seconds)

0 0.5 1

(a) Position

Velocity error (rad/s)

15 2 25 3 3.5 - 45 5

Time (seconds)
(b) Velocity

0 0.5 1

Simulation. Constant reference speed tracking errors with FOAC (v = 0.5)
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Part V: FO Disturbance Compensations Case lll: 1I0/FO AC with varying reference speed

The varying reference speed

t
s4(t) =f vy(t)dr,
0

04(t) = ‘Zmd,fs if js, <s <(j+1)sp,
YT dradss i (G + Dsp <5 < (j +2)sp,
0.03 T T T T T T T T r
002t
BT
o 1 A R O
§—0:02— i a I ' H !
B2 3 4 5 6 7 & 9 10
Time (seconds)
(a) Position
6 T T T T T T T T T
. 4t .
B 2! A‘ I ‘ | | | I‘ | |‘ !
5 ol AN A A1 Figure: varying reference
%-EH (AP H | !( 1Y speed tracking errors
2 4 1 without compensation
-5

1] 1 2 3 4 5] ] 7 8 a 10
Time (seconds)
(b) Velocity
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Part V: FO Disturbance Compensations Case lll: 10/FO AC with varying reference speed

IO AC position error F > 5 0_mj
IO AC velocity error 5 | W‘l |MW| . Wﬂl 'W L1
10 AC control signal g DMVH |W| IIMIFW U IIWWI

Time (seconds)
(a) Position

] 3]

al i

ar . 4r 1
T ok i )
5 5 Ll | ”M'I | “r H’ﬂr
g o s 0
: VUMY y b z M.”WHWW eI I

-3 : -4

a4t 4

-5 1 1 1 1 1 1 1 _60 1 2 é 4 5 6 i 8

0 1 2 3 4 5 6 7 8 Time (seconds)

Ti d
ime (seconds) (b) Velocity

Simulation. Varying reference speed fracking control input signal with
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Part V: FO Disturbance Compensations Case lll: 1I0/FO AC with varying reference speed

0.03

0.02 -

FO AC position error ! Y
FO AC velocity error
FO AC control signal

0.01

0 bara MM AL AAA A AN A A4

Position error (rad)

-0.02
-0.03 L
0 1 2 3 4 5 6 7 8
Time (seconds)
(a) Position
5 6
4
3ar - 4
T 2l i -
=
° L
gﬂ_IHI{ {I | \ - HE
5 -
o o
£ oAb il $ ¢
- =i
5 _, NVYVY YRV VY YNV v s
= =]
5 3 of
o-2r g ®
_at 4 4l
-4}
_5 1 1 1 1 1 1 1 _6 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 a 0 1 2 3 4 5 6 7 8

Time (seconds) Time (seconds)

. , . , , . (b} Velocity
Simulation. Varying reference speed fracking control input signal
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Part V: FO Disturbance Compensations

Position error (rad

Cogging-liked disturbance applicd

l| I\__!'f[h
E‘ i| ||i|i'= [

I\'h,;‘[
:,1l||_E

r||F=|.r|

illgi-'f -i.'i

Time (seconds)
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Experimental validation

The applied
cogging-like
disturbance

Constant reference speed tracking
errors without compensation

Velocity error (rad /s)

I] |“ f'T {11 Tt ‘."T—p-:.ll
I | ||'34 || ::‘I

Time (seconds)
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Part V: FO Disturbance Compensations

™ 10_E= |

Position error { rad

||||h||HL ‘h ||||||||\ | \||||| \||||‘|H||\|| .|I|\||H il

IOA;C positéion tra%:king eirror

Time (seconds)

'""'IO'AE\'C've'Iocity'tra'céki'n'g'er?ror"""""'

Il H'hln I IHu i MhH\h\H\ \HH R MhM” I Hh\

Wil
AT \ il WHIHH'H MU "|\ ikl 'IHHI I \HI IJH\

Time (3econds)
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Experimental validation

Fogition error { 7zd x 0'5 i

Velocily error (rad /5)

FO?AC posiétion traicking eérror

lime (seconds)

" FOAC velocity tracking error

Time (seconds)
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Part V: FO Disturbance Compensations Scope of the book
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Part V: FO Disturbance Compensations SDPD

The state dependent periodic disturbance (SDPD)

Cogging force
Friction force
Etc.

The general form of SDPD

(0'0]
Faisturnbance = Z Ai Sln(wix + (pi)
i=1
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Part V: FO Disturbance Compensations SDPD

The plant model

(t) = v(t),
ad)

o(t) = u — T — T — Byo.
1 1 2]
U= TTm-. I = TT!- B, = T

0: angular position, v: velocity; a(8) unknown position-dependent
cogging disturbance; J: moment of inertia; T;,,: electromagnetic torque;
T;: load torque; B: viscous friction coefficient
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Part V: FO Disturbance Compensations FO AC+PALC

The adaptive controller

u(t) = 5at) + T + 2

+ am(t) + yeult),

where
m(t) : = yea(t) + eolt),

The adaptive law in and after the first trajectory period

Z— uv,if s <sp FO AC
a(t) =1 4 K .
a,(t) + Tml(t), if s=s, FOPALC
ep(t)

0D} 2(t) = ulda(®) + am(t) + yeu()] + =

{ v = 1,10 AC + PALC
v € (0,1), FO AC + PALC
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Part V: FO Disturbance Compensations FO AC+PALC

Prei] + [Ex . e 1
J N | Id ref I
Pf; PID | |
| Id fdb -
PALC || [ R O e e |
. U I PARK .| svewnmppwn
Vref + |Ev | E_ Ig re L M" ngngl 3- Phase |
W{ s J Lowr nverter| |
I Iq fd PID > vy,
| 1o g I
| |
I , |
LT Id ﬂ
| nil PEE I
| PARK |a—p—bela ] cLARK I
Ig Lg—1b e I
I —
| I
| |
| I
_____________________ 1
P vV do 0
I - -
dt

Figure: Block diagram of the cogging PALC in the
PMSM position servo system model
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Part V: FO Disturbance Compensations Case study

Position error (rad)

-0.01

Figure: PMSM Specifications

0.03

0.02

0.01

-0.0

Time (seconds)

Rated power 1.64 Kw Rated speed 2000 rpm
Rated torque 8 Nm Stator resistance 2125 Q
Stator inductance  11.6 mH Magnetic flux 0.387 Wb
Number of poles 6 Moment of inertia  0.00289 kgm?
Friction coefficient  0.0003 Nms
4
3K L
—_~ 2
of g 0
z
g -1
2
-2
1 a4
003 : : . , : 5 % 4 2 3 4 5 6

Time (seconds)

Figure: Tracking errors without any compensation
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Part V: FO Disturbance Compensations Case study: FO AC+PALC Vs. 10 AC+PALC
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Part V: FO Disturbance Compensations Session summary

« FODOB
— No DOB
— 10 DOB
— FO DOB

« FOAFC

« FOAC

No compensation
10 AC
FOAC
No compensation
10 AC
FOAC

« FOAC+PALC

No compensation
FO AC+PALC
|0 AC+PALC

TOK 2013 Workshop

—

—

For constant ref speed

For Varying ref speed
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Part V: FO Disturbance Compensations The end of session V

This is the end of session V

Questions?

TOK 2013 Workshop A Tutorial on FOMC



	A Tutorial on Fractional Order Motion Control
	Overview of the book
	Scope of the book
	Scope of the book
	The disturbance  observer
	The disturbance  observer
	The disturbance  observer trade off
	The disturbance  observer trade off
	The disturbance  observer trade off
	The disturbance  observer trade off
	Scope of the book
	Periodic disturbance 
	FO adaptive feed-forward cancellation 
	FO adaptive feed-forward cancellation 
	FO adaptive feed-forward cancellation 
	FO AFC = FO IMP
	FO AFC = FO IMP
	Example 
	Example
	Frequency analysis of FO AFC
	Frequency analysis of FO AFC
	Scope of the book
	The cogging effect on PMSM
	The cogging effect on PMSM
	AC for cogging effect
	Stability Analysis of the IO/FO AC
	Case studies
	Case studies
	Case I: IOAC with constant reference speed
	Case II: FOAC with constant reference speed
	Case III: IO/FO AC with varying reference speed
	Case III: IO/FO AC with varying reference speed
	Case III: IO/FO AC with varying reference speed
	Experimental validation 
	Experimental validation 
	Scope of the book
	SDPD
	SDPD
	FO AC+PALC
	FO AC+PALC
	Case study
	Case study: FO AC+PALC Vs. IO AC+PALC
	Session summary 
	The end of session V

