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Applications of M-sequence

. Delay time measurement
.Random number generation
. Information transmission

. 2D Positioning

. Fault detection of RAM

. Linear system identification

. Nonlinear system idenfication
. M-transform

9.1 Applicatioil to signal processing
9.2 Applicaionts to image process-

ing

et

-

I

L:] ' Z
E:J
[:3
= O
3 ¢

A

g AN

I
“qbrnm(f)
=

0

|

m(t)
1AL
e

. Fault detection of logical circuit

UJ

Autocorrelation function of Mésequénce

D

M-SEQUENCE GENERATOR

3,1

di2f— "

.

CHARACTERISTIC POLYNOMIAL

>

.
..... L

— =

L 8 8
0 Nt, 2N,

(b) Autocorrelation function ¢(t)

& w)

N+l
T N+1

7

'3—\\' ‘lﬁ\[\;“ﬂ .

0

(c) Power Spectrum ®(w)

T

+fa X7 X

foe fX ¢ £ X0 cnnnne

(x)



OCﬁ:HH@ (c) When a k-shifted version of {a;} is denoted by {a; x},
there exists a unique j (mod N) such that

Identification of Volterra Kernel of
nonlinear processes

{a; + aj 1k} = {aj45}

This property is called the shift and add property

* Model Predictive OODQ.O_ | of M-sequences. In general, there exists a unique
« Model Predictive Control of nonlinear | v such that
processes by use of Volterra Kernel model 910i_1 + 398;_g F -+ + 3n8—n = Gipy
* Simulation where 3y,39,---,3n € GF(2). 0r020 ©.0=0
oL o+ =/ 0-1=0
/ro=</ ). 0= 0 N
@ (+1=0 T ‘ ,.,\M@
£
Nonlinear Dynamical System >_Uwﬁ.m~0ﬁ
:Qv N ?.v . @3 This paper proposes a new method of Model Predictive
Control (MPC) of nonlinear process by using the measured

Volterra kernels as the nonlinear model. A pseudo-tandom
M-sequence is applied to the nonlinear process, and its

= [Za(1)ult — )dT ,
\c E ( 1)dn output is measured. H&Cmm the crosscorrelation between
N \08 \Q8S (71, To)ult — T)ult T3)dTidTy the input and output, we obtain the Volterra kernels up to

3rd order. By using the measured Volterra kernels, we
construct the nonlinear model for MPC.The result of

ﬂ U ooBv.cﬁn simulation show a good result for nonlinear
chemical process.

+ \ooo ooo\ooommﬁq.r 73, T3 )u(t — T u(t — ‘Jv:? - \Jv&ﬁ&ﬂw&ﬂw
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When the input u(t) is a two valued M-sequence (+1 or —1) of degree

n,

u(t —rult —myu(t — ) - -u(t —7)
1 (for certain 1)
A —1/N (otherwise)

Shift and add property of the M-sequence:
For any integer ki, kiz,---kii—1 (suppose ki < kip < -
exists a unique k;;(modN) mcov that

QQV\:Q + F.wv.:.Q + FNV v .:Q + Nn.._..lpv = ‘RQ + \n..n.v

Therefore Eq.(1) becomes unity when
n=T=kan=7—kp - mi=7—ki

Therefore we have

Puy(T) Atgy (1) + (At)gs(r, T, T)

+3(At)° .M.w 93(7,9,9)

+2(at)? M_.S? ~ K, - k)
=

+6(At)° m g3(r — kD, — K, 7 — k)
Z

1)

ki), there

@)

(3)

An example of nonlinear system

u(t) | Linear |2(t)| Nonlinear

g() f(2)

(o)

When MANVHN+Nw+Nw+.. ,

91(m) = 9(m1)
g92(r1,m9) = g(r1)9(m2)
g3(r1,72,73) = 9(11)9(72)9(73)

......

,<o=_onm kernel estimation

The crosscorrelation function between the input

and .o&v& are written as

.\o\c \o gi \J.q.u.... ﬂ.v

denotes time average

— ﬂvﬁﬁn I.\Jvﬁﬁ — q.wv ce :An = ﬂ..v&ﬂw&q.m coedm;



Volterra kernel of every order from the crosscorrelation func-

s
3
® . .
e o 2 tion can be obtained as follows
o
LT L LR R o] [ Volterra kernel of 2nd order
P ; s5e _
"
Lo @ !
J“Imu
a0 Q2 m
=8 a \ _ uy(r)
G| Eeg (Zq 92 = hiarT = Rio) = (A2
] ® =. . a=
- Qo
<S5 & | Volterra kernel of 3rd order
zMMMMMZZZIIIIIIIIIIIIIIIIIIIIII\WIA.m.u....uu..ﬂ.
W_VOIOOLOZSSSH}.".'ccttzzzz...IIOOOo o 8 .
WoCSOORDIONWMHO ttoo_vttz""tloz.vlc.lo.a OWO
Olzt%091L09£.re.0L€t.vL0 LQLWW”LGZM e " m
ZRESaSf3RCSInauR AR eRRdSI8ERAR] P b  buy(r
LLSQQSLI“%SHLH“XS%S” g8q3d2R Iﬂw x..mw. . .M“HQwAﬂlsmo“ﬂl.:.?.ﬂlmmev||@Abﬁv
o o 0 = sv"
» "y oot o
24 0O = . .
sl &5 2 | Volterra kernel of 1st order
] ta .
=]
u-s

Suiae

() = 28 _ (8023 % gg(riyi) ~ 203(rm7))

1,=0

()

Selection of g-mmpcmbo.m
buy(T) = g(1) + MM ga(T — hiy 7 — k)

In order to obtain g2(m,72) from this equation, h; and k; must be
sufficiently apart from each other.

Assumption: go(7,72) =~ 0 for 7,72 > 50At

We have searched all primitive polynomials over GF(2) dp to
15 degrees( total 3664 polynomials) to find those M-sequences for
k; < 300,
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2.8

2.6}

3.2

Simulation result on 2nd order Volterra kernal measurement when |

g(7) is of second order 4

GxylT) Degree= 13 fx= 36073

Hi= 73 XI=T5 wn= 1 z= 8.33 07=8.3
| 9(7) g2(r — 73,7 = 75) g2(7 —146,7 — 150)
\ / / /
/

£

Y N N 2. SV . .
80 100 128 140 -..Ms 180 o0

Measurement of Volterra Kernels up to 3rd Order

z(t)

u(t) — &(t) 2+ 22+ 2% F—y(t)

y(t) = 2(t)+22(t)+2°(t)
= [ g(m)u(t — n)dn + {5 g(m)u(t - r)dn}? + {7 g(m)ult - n)dn}?
= }8 g{m)u(t — T1)dn + \38 \98 Q?%AS?Q - jv:Q — 7)dndT
bk g(11)g(m2)g(Ta)u(t — m)u(t — 2)u(t ~ T3)d71d72d Ty

|

Volterra kernels are
gi(m1) = g(m1) L
g2, ) = QAJEAJV
ga(m1, 72,73) = 9(1)9(72)9(7s)

Simulation result o
g(r) is of first order

n 2nd order Volterra ker

nel measurement when

CFF oxy(T) Degree= 13 fx= 73
Hi=173 KI=TS 1= 1 DI=8.1
9(7) golr — 13,7 —175)

e

r'd

ga(r — 146,7 —150)
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Nonlinear chemical process

W) — _ky(e)? + Z(d-y(®)ult)

where ,
u(t) : volumetric flow rate of feed stream(l/h)

y(t) : output of the reactor indicating
concentration of outlet stream(mol/l)
K : rate of reaction(l/mol/l-h)

V : reactor volume(l)
d: concentration of inlet stream(mol/ 1

woysAs wnnpuad reo;uef{dew

| ~ Applications
1. Mechatronic mm1<o system

| 2 Mechanical pendulum system

' 3. Chemical process

@)

Torque DC Servo .
mwn%nmnmoﬂ H(H"Onon. Wmmw.nhwb

Position

:.»m!—n + ador - = y
Y K, K. a 1 {16+ 4

Velocity feedback

Position feedback

A mechatronic servo system having &
> saturation-type nonlinear element



In case of using linear model

um(t+35) = 3 hu(t+ 5 — k) ult) 0
k=1 Process —

Predicted Output

yp(t +7) = y(t) + ym(t + J) — ym(t)

Desired output trajecto;
Y Qﬁﬁv. QNQ + Hv.

yr(t+5) = y(t) + (1 - )R | Model —

Evaluation function

. L4P-1 ) -
7= wlt) (LM —1) Mw {ye(t + 7) — ya(t +5)} :
: Model Predictive Control of a process

Input o
OV
Uy = Am@mavlwm@a\h -Y — m.ogv /C ~/
) ~
N
hty  hieiy ..., Biomaa,  he-ma TR P hook : Past .| Future
L+P-3 , B - e— ! _ :
o hisi, hey ooy hr-ma3s Bromaa +SR50 hoos “ v g A” ; - a" —
M= - T e?T v+l :
v i "
’ H .
hevp-1, Arap-2, oo ooy Rrapam+ M»H»_Anvt hix § \. »“ : :
. .7 : :
\ PRARES m m
}..H\Tn - \S. ?h+» - }»a ...... ’ }.h.f-.l. h, | -\\\ . mnl_l ‘P I'.m
- o T Riveri —h " I\u\n\\ocg : .
Hy= E.t. hy, E.a. 25 o b+.+u . s . y@) ——— . coincidence
: : . : I P = horizen
hivp—hy hppi—ha, oo » hiapss —hy : ut) :
va(t+ L) y(t) u(t —~1) Input ~ Zonohnmﬁ.m
t+L+1) o(t) u(t —2) P .
Ya=| VAl . y=|% g = " S horizen
: - ; [ . L 1 Time
yat+L+P~1) y(t) u(t — 5) _ 1
S t+1 t+L t+L4+P-1 e

[

-

Basic Idea of Model Predictive Control (1) -
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| Rcsuitof sunulation

12
Output

11}

Output by use of 1st & 2nd & 3rd order Volterra Kemels of Nonlinear-moder o

Output by use of 1%t & 2nd order Voliterra Kemels of Nonfinear-moder  +
Output by use of Linear-mode! —— |

0 20 40 60 80 100 120
Time
Result of simulation
In ut0.05 T T T T — v P
p Input by use of 1st & 2nd & 3rd order Volterra Kemels of Nonlinear-moder o
Input by use of 1st & 2nd order Volterra Kemels of Nonlinear-moder +
0.045 | Input by use of Linear-model — 1
004
0.035 |
003}
0.025
002}
0.015 |+
0.01 . . . 1 1
0 20 . 40 60 80 100 120

Time



