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1

1.1

• LSI

•
•

[1]

. 1.1 [2]

. 1.2(a)

. 1.2(b)

[3]

1



1.1:

(a)

(b)

1.2:

2



Force

balance (Strain guage) (Tuning fork) [4]

. 1.3

DETF . 1.4

. 1.5 1.1

[5]

1.1:

Types of sensors Features

•
•
•
•
•
•
•
•
• g

•
•
•

3



1.3:

1.4:

1.5:

4



. 1.6 1 (e)2

IEC

ISO

OIML OIML

• R60 Metrological regulation for load cells

• R76 Non-automatic weighing instruments

• R50 Continuous totalizing automatic weighing instruments

• R51 Automatic catchweighing instruments

• R61 Automatic gravimetric filling instruments

3 OIML

OIML

OIML R76 R60 . 1.7 /

1

2

3

5



1.6: e

(a) OIML R76

(b) OIML R60

1.7: OIML R76 R60
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220g 0.1mg

220g 0.01mg

1 /

1/220 1/2200

1/220 1/2200

50N

[6]

8.3m

[7]

[8–13]

FIR (Finite Impulse

7



Response) IIR (Infinite Impulse Response) FIR

IIR FIR

FIR

FIR

[5]

[14] .

1.8 . 1.8

8



1.8:

FIR

3

•

• 1

•

9



1.2

1 5

1

FIR

2

OIML R60 2000[E] B

OIML R60

3

4 FIR

FIR

10



FIR

Remez FIR

5

11



2

2.1

1973

1983

1984

2.1

2.1:

Maximum capacity Structure of DETF sensor unit

≤ 30 kg DETF sensor Roberval’s mechanism

> 30 kg DETF sensor Roberval’s mechanism with

an integrated lever

(For expanded weighing pan) Multi-point

support with DETF sensor Roberval s

mechanism with an integrated lever

12



. 2.1

1 . 2.2

. 2.3 30

kg

300kg 21g 10g

OIML R60 2000 [E] B

Class II

OIML R60 2000 [E] B

1.1

B

B

2016 9

B 1

OIML R60 2000 [E] B50

OIML R60 2000

[E] B50

NMIJ/AIST

[6]

NMIJ/AIST

1

2

13



2.1:

2.2:
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2.3:

2.2

2.2.1

f F

F f

f =
1

2l

√
F

λ
(2.1)

f F

l λ

. 2.4

Q quality factor

f F

f = f0
√
1 +KF (2.2)

f0 =
Ct

L2

√
E

ρ
(2.3)

. 2.5 L t

E ρ K C
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2.4:

2.5: (f) (F)

16



f

f

. 2.6

f

. 2.7

2.3

f0

[15]

100

1

m . 2.8

2.6:

17



2.7:

2.8:

18



2.2.2

1970

•

• . 2.9 A/D

• A/D

2.9:

19



3 0.5ppm/

2ppm/

W

OIML R76 2006[E] Class II

IEC60079: Ex

ia IIB T4

1

2014 9 OIML R76:2000[E] EC

30 I

220,000 II 80,000

220g/ 0.1

300kg/ 1g

2.3

2.3.1

. 2.3

. 2.10

. 2.11

10 1 110kg 1/10

11kg

Δf
f

� 10%

ΔR
R

� 0.2%

50

3

20



IP65(IEC/EN60529)

30 kg ∼ 300 kg

2.10:

2.11:

21



2.3.2

OIML R60:2000[E]

• Emax=110kg

• Vmin=0.5g

• Nmax=5

• =20 40 -10 20

• =0.1g

• PLC=0.8

2.2 . 2.12

2.2:

test items Clause in R 60:2000[E]

Load cell errors 5.1.1 5.5.1

Repeatability errors 5.4 5.5.1

Creep 5.3.1

Minimum dead load output return (DR 5.3.2

Temperature effect on DR 5.5.1.3

22



2.12:

2.13:

23



2.3.3

. 2.13

1.4kg

E2

10kg 20kg 20kg 20kg 30kg

2.3.4

. 2.14 . 2.14

mpe 1/3

-0.5g

2.3 2.3

mpe 1/3

40 70kg 20 10kg

2.15 DR 2.4

30-20

DR mpe

2.5 20 →40

40 →-10 -10 →20 mpe

OIML R60:2000[E]B50

24



2.14:

2.3:

Test load (kg) Error (g) mpe (g)

20 ◦C 40 ◦C −10 ◦C Return 20 ◦C

0 0.1 0.1 0.3 0.2 0.8

10 0.2 0.1 0.3 0.2 0.8

30 0.3 0.2 0.2 0.1 1.6

50 0.2 0.2 0.1 0.1 2.4

70 0.2 0.3 0.1 0.2 2.4

100 0.2 0.1 0.2 0.1 2.4

70 0.2 0.4 0.0 0.2 2.4

50 0.1 0.2 0.1 0.3 2.4

30 0.2 0.2 0.1 0.1 1.6

10 0.2 0.1 0.0 0.6 0.8

0 0.0 0.0 0.1 0.1 0.8

25



2.15:

2.4: DR

Temperature ( ◦C) DR (g) mpe (g)

20 -0.2 1.0

40 0.2 1.0

-10 -0.3 1.0

Return 20 -0.3 1.0

2.5:

Temperature ( ◦C) Change (g/5 ◦C) MPE (g/5 ◦C)

20 → 40 0.33 0.4

40 → −10 0.11 0.4

−10 → 20 -0.32 0.4

26



2.4

OIML R60 2000 [E]

OIML R60 2000 [E] B

OIML OIML R60 2000 [E] OIML

110kg

300kg
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3

3.1

[14] . 3.1 Q

[16]

[21]

MEMS (micro electro mechanical systems)

( . 3.2)

28



0.1hPa . 3.2 10hPa

3ppm 0.1hPa 0.03ppm

1/220 0.5ppm

1/2200 0.05ppm 0.1hPa

0.005ppm

3

•

•

•

3.1:

29



(a) ( )

(b)

3.2:

3.2

f0 L d

E C

f0 =
Ct

L2

(
E

d

) 1
2

(3.1)

[19]

(3.1) E L t f0

30



ρ0 fp

fp = f0

(
1 + A

ρ0b

dt

)− 1
2

(3.2)

[21] b t A

A′ = A b
ρt

2

ρ0 =
0.3486P

273.15 + T
(3.3)

P T

3.3

3.3.1

. 3.1

(3.1) f0

f0 A′ (3.2) ρ0 = 0

fp = f0(1− 1

2
A′ρ0 +

3

4
A′ρ20 −

15

8
A′ρ30 + · · · )

= f0 − 1

2
A′′ρ0 +

3

4
A′′ρ20 −

15

8
A′′ρ30 + · · · (3.4)

f0 A′′ = A′f0

. 3.3 50

1 (3.4)

fp = f0 − 1

2
A′′ρ0 (3.5)

f0 A′′ (3.5)

. 3.3 . 3.3

31



ρ0 fp 1

f0

(3.1) E t L

. 3.4

2

f ′
0 = f0 − kt1T − kt2T

2 (3.6)

kt1 kt2 (3.6)

. 3.4

. 3.4 T f0 2

(3.5) (3.6) k

fk0 = fkp +
1

2
A′′ρk0 + kt1Tk + kt2T

2
k (3.7)

(3.7)

. 3.5 ◦ +

1

ρ′0k = (1− n)ρ′0k−1 + nρ0k (3.8)

ρ′0k 1 (3.8)

. 3.5 ∗ n = 0.2
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3.3:

3.4:

33



3.5:

3.3.2

. 3.6

T̃k ρ̃′0k (3.7)

f0k = fpk +
1

2
A′′ρ̃′0k + kt1T̃k + kt2T̃

2
k (3.9)

(3.9)

. 3.7(a) . 3.7(b)

34



3.6:

(a) (b)

3.7:

. 3.7(a)

3.4

[20]

xk k
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k

(3.5) kp =
A′′
2

f ′
0k = fpk + kpρ0k (3.10)

ρ′0k (3.8)

ρ′0k = (1− αρ)ρ
′
0k−1 + αρρ0k (3.11)

αρ

(3.6)

f0k = f ′
0k + kt1Tk + kt2T

2
k (3.12)

xk

xk = [f0k fpk Tk T
2
k ρ

′
0k ρ0k]

T (3.13)

k 2

xk = Axk−1 + v (3.14)

zk = Hxk +w (3.15)

A =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 1 kt1 kt2 kp 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 1− αρ αρ

0 0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(3.16)

H = [1 0 0 0 0 0] (3.17)

w v

x̂k x̂−
k

P−
k = E

[
(xk − x̂−

k )(xk − x̂−
k )

T
]
= E

[
e−
k e

−T
k

]
(3.18)

36



3.8:

Pk = E
[
(xk − x−

k )(xk − x−
k )

T
]
= E

[
eke

T
k

]
(3.19)

e−
k = xk − x̂−

k ek = xk − x−
k x̂

x̂−

x̂k = x̂−
k +K(zk −Hx̂−

k ) (3.20)

(zk −Hx̂−
k ) Hx̂−

k

zk

Pk n×m K

Kk = P−
kH

T (HP−
kH

T +R)−1 (3.21)

R w

. 3.8

3.5

3.5.1

3

• . 3.9(a)

• 970hPa 1020hPa . 3.10(a)

• . 3.11(a)
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w /10

v MATLAB R2016a

Intel(R) Core(TM) i7-6500U CPU @ 2.50GHz RAM 8.00GB

3.5.2

. 3.9(b),3.10(b),3.11(b)

3.1 3.1 . 3.9(b)

3.1 ,3.10(b)

3.1

3.11(b)

. 3.12, . 3.13, . 3.14, . 3.15 0 10 30 40

20

0.1hPa 0.03ppm

0.005ppm

38



(a) (b)

3.9:

(a) (b)

3.10: 20

39



(a) (b)

3.11:

3.1: ppm

test items original previous kalman
temperature and pressure
are constant ( . 3.9(b)) 0.0073 0.0059 0.0046
pressure is changed

( . 3.10(b)) 6.0602 0.6598 0.0876
temperature and pressure
are changed ( . 3.11(b)) 1.9380 0.3682 0.3338

(a) (b)

3.12: 0

40



(a) (b)

3.13: 10

(a) (b)

3.14: 30

41



(a) Output of tuning fork (b) Air density

3.15: 40

3.6

1/2200
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4

FIR

4.1

1

[8–13]

FIR IIR [22] FIR

IIR FIR

FIR

43



FIR

[8]

IIR

[11]

IIR

FIR

. 4.1 90m/min 120m/min 150m/min

170m/min

(a) 90m/min (b) 120m/min

(c) 150m/min (d) 170m/min

4.1:

44



. 4.1

[12, 13]

. 4.2

[13]

FIR

45



4.2:

4.2

4.2.1

• Vmax=170m/min

• =0.05kg

• =50kg

• =1636mm

• N≥8000 /h ( L=60cm )

.

4.3

Nt

L+ΔL
≥ 8000 (4.1)

ΔL = V tf (4.2)

tf ≤ 0.238s (4.3)

t tf
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4.3:

4.4:
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4.2.2

3

3σ) 1
5

1
10

3σ 0.01kg

. 4.5 K P

ψ φ γ θ

D (ω, ψ, φ1, γ1, · · · , φK , γK , θ1, · · · , θP ) =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

0

0
...

0

0

0 ≤ ω ≤ ωp

ψ < ω ≤ φ1

φ1 < ω ≤ φ1 + τ1
...

φK < ω ≤ φK + τK

φK + τK < ω ≤ π

(4.4)

ωp ψ φ1, · · · , φK
τ1, · · · , τK

θ1, · · · , θP

0 1
0

1

Normalized Frequency [

M
ag

n
it

u
d
e

p
1 P

1

1

1

K

K

K

4.5:
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ψ φ γ θ

W (ω, ψ, φ1, γ1, · · · , φK , γK , θ1, · · · , θP ) =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

1

γ1
...

γK

1

0 ≤ ω ≤ ωp

ψ < ω ≤ φ1

φ1 < ω ≤ φ1 + τ1
...

φK < ω ≤ φK + τK

φK + τK < ω ≤ π

(4.5)

γ1, · · · , γK

ψ ∈ [ψmin, ψmax] (4.6)

φ ∈ [φmin, φmax] (4.7)

γ ∈ [γmin, γmax] (4.8)

θ ∈ [θmin, θmax] (4.9)

. 4.5 K P

2N I FIR

H (ω, ψ, φ1, γ1, · · · , φK , γK , θ1, · · · , θP ) =

2P
P∏
p=1

{cos(ω)− cos(θp)}

×
N−P∑
i=0

h (i, ψ, φ1, γ1, · · · , φK , γK , θ1, · · · , θP )

× cos (iω)

(4.10)

(4.10) h(·) ψ φ γ θ

L h(·)
h (i, ψ, φ1, γ1, · · · , φK , γK , θ1, · · · , θP ) =

Lψ∑
lψ=0

Lφ1∑
lφ1=0

Lγ1∑
lγ1=0

· · ·
LφK∑
lφK=0

LγK∑
lγK=0

Lθ1∑
lθ1=0

· · ·
LθP∑
lθP=0

×g (i, lψ, lφ1, lγ1,· · ·, lφK , lγK , lθ1, · · · , lθP )
×ψlψφlφ11 γ

lγ1
1 · · ·φlφKK γ

lγK
K θlθ11 · · · θlθPP

(4.11)
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g =
[

g (0, 0, 0, 0, 0) · · · g (i, lψ, lφ, lγ, lθ) · · · g (N − 1, Lψ, Lφ, Lγ, Lθ)
]T

(4.17)

U =
[

u1,1,1,1 · · · umψ ,mφ,mγ ,mθ · · · uMψ ,Mφ,Mγ ,Mθ

]T
(4.18)

umψ ,mφ,mγ ,mθ =

⎡
⎢⎢⎢⎢⎢⎣

u (ω0, 0, 0, 0, 0, 0) · · · u (ω0, i, lψ, lφ, lγ, lθ) · · · u (ω0, N − 1, Lψ, Lφ, Lγ, Lθ)

u (ω1, 0, 0, 0, 0, 0) · · · u (ω1, i, lψ, lφ, lγ, lθ) · · · u (ω1, N − 1, Lψ, Lφ, Lγ, Lθ)
...

...
...

...
...

u (ωM , 0, 0, 0, 0, 0) · · · u (ωM , i, lψ, lφ, lγ, lθ) · · · u (ωM , N − 1, Lψ, Lφ, Lγ, Lθ)

⎤
⎥⎥⎥⎥⎥⎦

(4.19)

u (ωn, i, lψ, lφ, lγ, lθ) = 2 {cos(ωn)− cos θ} ψ̃lψmψφ̃lφmφγ̃lγmγ θ̃lθmθ cos (iωn) (4.20)

W = diag
[

w1,1,1,1 · · · wmψ ,mφ,mγ ,mθ · · · wMψ ,Mφ,Mγ ,Mθ

]
(4.21)

wmψ ,mφ,mγ ,mθ = [W (ω0, ψmψ, φmφ, γmγ, θmθ) · · · W (ωn, ψmψ, φmφ, γmγ, θmθ)

· · · W (ωM , ψmψ, φmφ, γmγ, θmθ)]

(4.22)

D =
[
d1,1,1,1 · · · dmψ ,mφ,mγ ,mθ · · · dMψ ,Mφ,Mγ ,Mθ

]T
(4.23)

dmψ ,mφ,mγ ,mθ = [D (ω0, ψmψ, φmφ, γmγ, θmθ) · · · D (ωn, ψmψ, φmφ, γmγ, θmθ)

· · · D (ωM , ψmψ, φmφ, γmγ, θmθ)]
(4.24)

(4.10)

(4.11)

FIR 2N

ψ φ γ θ

h(·) (4.11)

ψ̃ =

{
2(ψ − ψmin)

ψmax − ψmin

− 1

}
μ (4.9)
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φ̃ =

{
2(φ− φmin)

φmax − φmin

− 1

}
μ (4.10)

γ̃ =

{
2(log10 γ − log10 γmin)

log10 γmax − log10 γmin

− 1

}
μ (4.11)

θ̃ =

{
2(θ − θmin)

θmax − θmin

− 1

}
μ (4.12)

0 < μ ≤ 1 −1 ≤ ψ̃ ≤ 1 −1 ≤ φ̃ ≤ 1 −1 ≤ γ̃ ≤ 1

−1 ≤ θ̃ ≤ 1 (4.11)

h
(
i, ψ̃, φ̃1, γ̃1, · · · , φ̃K , γ̃K , θ̃1, · · · , θ̃P

)
=

Lψ∑
lψ=0

Lφ1∑
lφ1=0

Lγ1∑
lγ1=0

· · ·
LφK∑
lφK=0

LγK∑
lγK=0

Lθ1∑
lθ1=0

· · ·
LθP∑
lθP=0

×g (i, lψ, lφ1, lγ1,· · ·, lφK , lγK , lθ1, · · · , lθP )
×ψ̃lψ φ̃lφ11 γ̃

lγ1
1 · · · φ̃lφKK γ̃

lγK
K θ̃lθ11 · · · θ̃lθPP

(4.13)

K = 1 P = 1

E (ωn, ψ, φ, γ, θ) = D (ωn, ψ, φ, γ, θ)

−H (ωn, ψ, φ, γ, θ)
(4.14)

ψ ψmψ (mψ = 1, · · · ,Mψ)

φ,γ,θ φmφ(mφ=1,· · ·,Mφ) γmγ (mγ=1,· · ·,Mγ) θmθ(mθ=1,· · ·,Mθ)

ωn (n = 0, · · · ,M)

(4.5)

J (g)=
M∑
n=0

Mψ∑
mψ=1

Mφ∑
mφ=1

Mγ∑
mγ=1

Mθ∑
mθ=1

×E (ωn, ψmψ, φmφ, γmγ, θmθ)
2

×W (ωn, ψmψ, φmφ, γmγ, θmθ)

(4.15)

(4.15)

g = (W
1
2U)†(W

1
2D) (4.16)
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(W
1
2U)† (W

1
2U) W U D (4.17)∼(4.24)

. 4.1

(4.15)

•
2N = 42

Lψ = Lφ = Lγ = Lθ = 3

ωp = 0.1[πrad/sec]

ψ = 0.18 ∼ 0.22[πrad/sec]

φ = 0.3 ∼ 0.4[πrad/sec]

γ = 10 ∼ 100

τ = 0.2[πrad/sec]

θ = 0.62 ∼ 0.7[πrad/sec]

(4.9)∼(4.12) μ = 1

0.1[πrad/sec] 30

γ [10 22 46 100] 4

. 4.6 . 4.6
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4.6: ψ = 0.22 φ = 0.4 γ = 100 θ = 0.62

4.3

[23]

(4.5)

E ′(ωn, ψmψ, φmφ, γmγ, θmθ)=W (ωn, ψmψ, φmφ, γmγ, θmθ)

×E(ωn, ψmψ, φmφ, γmγ, θmθ)
(4.25)

, k + 1

r(·)

J (ĝk+1) =
M∑
n=0

Mψ∑
mψ=1

Mφ∑
mφ=1

Mγ∑
mγ=1

Mθ∑
mθ=1

Ek+1 (ωn)
2

×W (ωn, ψmψ, φmφ, γmγ, θmθ)

×rk+1 (ωn, ψmψ, φmφ, γmγ, θmθ)

(4.26)

ĝk+1 k + 1 k + 1

r(·)

rk+1 (ωn, ψmψ, φmφ, γmγ, θmθ) =

rk (ωn, ψmψ, φmφ, γmγ, θmθ) βk (ωn)
(4.27)
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βk (ωn) =

(
Bk (ωn, ψmψ, φmφ, γmγ, θmθ)

Ak

)ρ
(4.28)

Ak = average of Bk (ωn, ψmψ, φmφ, γmγ, θmθ) (4.29)

k = 0

r1 (ωn, ψmψ, φmφ, γmγ, θmθ) = 1 (4.30)

ρ

Ek(ωn)=Ek(ωn,ψmψ,φmφ,γmγ,θmθ) E ′
k = E ′

k(ωn, ψmψ, φmφ, γmγ, θmθ)

Bk(ωn) = Bk(ωn, ψmψ, φmφ, γmγ, θmθ) Bk(ωn) . 4.7

φ+τ . 4.8 Bk(ωn) |Ek(ωn)|
[23] (4.25) Bk(ωn)

|E ′
k(ωn)|

Bk(ωn) |E ′
k(ωn)|

|E ′
k(ωn)| m ωmaxm

. 4.8 |E ′
k(ω

max
m )| |Ek(ωmaxm )|

. 4.7 4.8 Bk(ωn)

|E ′
k(ωn)|

Bk(ωn)

. 4.8 ωmaxm = φ+τ |E ′
k(ω

max
m )| |Ek(ωmaxm )|

|E ′
k(ω

max
m )| |E ′

k(ω
max
m+1)| Bk(ωn)

Bk(ωn)

. 4.9 φ + τ . 4.10 ωmaxm = φ

|Ek(ωmaxm )| |E ′
k(ω

max
m )| |E ′

k(ω
max
m−1)|

Bk(ωn) Bk(ωn)
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k + 1 (4.26)

ĝk+1 = (S
1
2
k+1U)†(S

1
2
k+1D) (4.31)

(S
1
2
k+1U)† (S

1
2
k+1U)

Sk+1=diag
[
sk+1,1,1,1,1· · · sk+1,mψ ,mφ,mγ ,mθ· · · sk+1,Mψ ,Mφ,Mγ ,Mθ

]
(4.32)

sk+1,mψ ,mφ,mγ ,mθ=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

sk+1(ω0, ψmψ, φmφ, γmγ, θmθ)
...

sk+1(ωn, ψmψ, φmφ, γmγ, θmθ)
...

sk+1(ωM , ψmψ, φmφ, γmγ, θmθ)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

(4.33)

sk+1 (ωn, ψmψ, φmφ, γmγ, θmθ) =

W (ωn, ψmψ, φmφ, γmγ, θmθ) rk+1 (ωn, ψmψ, φmφ, γmγ, θmθ)
(4.34)

4.4

h(·) (4.13) g(·)
(4.13) 2

−1 ≤ ψ̃ ≤ 1 −1 ≤ φ̃ ≤ 1 −1 ≤ γ̃ ≤ 1 −1 ≤ θ̃ ≤ 1

ψ̃l φ̃lφ γ̃lγ θ̃lθ lψ lφ lγ lθ

(4.13)

ψ̃lφ̃
lφ1
1 γ̃

lγ1
1 · · · φ̃lφKK γ̃

lγK
K θ̃lθ11 · · · θ̃lθPP

(4.13)

h
(
i, ψ̃, φ̃1, γ̃1, · · · , φ̃K , γ̃K , θ̃1, · · · , θ̃P

)
=

Y1∑
y1=0

Y2∑
y2=0

Y3∑
y3=0

· · ·
Y2K∑
y2K=0

Y2K+1∑
y2K+1=0

Y2K+2∑
y2K+2=0

· · ·
Y2K+P+1∑
y2K+P+1=0

×g(i, y1, y2, y3,· · ·, y2K , y2K+1, y2K+2,· · ·, y2K+P+1)

×ψ̃y1φ̃y21 γ̃y31 · · · φ̃y2KK γ̃
y2K+1

K θ̃
y2K+2

1 · · · θ̃y2K+P+1

P

(4.35)
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Y

Yb =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Q−
b−1∑
j=1

yj if Q−
b−1∑
j=1

yj ≤ Lb

Lb if Q−
b−1∑
j=1

yj > Lb

(4.36)

Q ≤
2K+P+1∑
b=1

Lb (4.37)

0 ≤ yb ≤ Yb L1, L2, L3, · · · , L2K , L2K+1, L2K+2, · · · , L2K+P+1

Lψ, Lφ1, Lγ1, · · · , LφK , LγK , Lθ1, · · · , LθP (4.36)

b−1 = 0 Σ

1
2K+P+1∏
b=1

(Lb + 1)

(4.37) Q Yb ≤ Lb 1

(4.13) (4.35)∼(4.37)

4.2 4.3

4.5

4.2

(4.28)

ρ = 1.3∣∣∣∣ |Ek(ωmaxm )| − |Ek−1(ω
max
m )|

|Ek(ωmaxm )|
∣∣∣∣ < 10−2 (4.38)
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4.11: ψ = 0.22 φ = 0.4 γ = 100 θ = 0.62
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4.12: ψ = 0.19 φ = 0.36 γ = 40 θ = 0.68

59



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−100

−80

−60

−40

−20

0

M
ag

ni
tu

de
 [

dB
]

Normalized Frequency [πrad/sec]

4.13: ψ = 0.22 φ = 0.4 γ = 100 θ = 0.62
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18 . 4.11, 4.12

. 4.11 . 4.12

4.1

.

4.6 . 4.11

. 4.6 38.1609dB

. 4.11 43.2917dB

83dB FIR Remez

82

(MMψMφMγMθ)

×{(N + 1) (Lψ + 1) (Lφ + 1) (Lγ + 1) (Lθ + 1)}
(4.39)

[13]

(2MMψMφMγMθ)×{(MψMγ)+(2MMψMφMγMθ)

+2 (N + 1) (Lψ + 1) (Lφ + 1) (Lγ + 1) (Lθ + 1)}
(4.40)

Q = 8

20

. 4.13, 4.14

. 4.13 . 4.11 . 4.14 .

4.12 . 4.13 4.14

4.1

10496

61



4.1:

Normal version Reduction version

Stopband High stopband Stopband High stopband

ψ φ γ θ attenuation [dB] attenuation [dB] attenuation [dB] attenuation [dB]

0.22 0.4 100 0.62 43.2917 83.3035 43.2950 83.3217

0.19 0.36 40 0.68 34.2310 57.4032 34.5373 56.2857

9061 1435 ( 14%) 4.1

. 4.1

3 (3σ) 10g

Remez FIR

. 4.15 4.2 Remez

. 4.16

90m/min 170m/min 53 120m/min 61 150m/min

56 3σ 4.3

61

42 FIR

1.4

. 4.17 fs 200Hz

42 0.21s 61

0.31s (4.3)
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(a) 90m/min (b) 120m/min

(c) 150m/min (d) 170m/min

4.15:

4.2:

items 90m/min 120m/min 150m/min 170m/min

θ 0.34 0.46 0.57 0.655

ψ 0.05 0.07 0.08 0.08

φ 0.35 0.25 0.25 0.25

γ 40 20 10 10
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(a) 90m/min 170m/min (b) 120m/min

(c) 150m/min

4.16: Remez

4.3: 3σ (g)

90m/min 120m/min 150m/min 170m/min

Proposed 8.4 8.9 7.5 7.7

Remez 9.0 9.8 8.8 8.6
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4.17: 120m/min

4.6

FIR
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5

5.1

1. OIML R60:2000[E]B50

110kg

0.1g

2

2.

7 1/2200

3

3. FIR

FIR

4
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5.2

2

4

FIR
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