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1.1

ASIMO1 (HRT)

HRT HRT
2

HRT

( ) (

) , , HRT

,

HRT

1.2

(C.Galen, 131-201AD)

, ,

HRT HRT

, ,

HRT [1][2][4][5]

1Advanced Step in Innovative Mobility: (ZMP)
, , http://www.honda.co.jp/ASIMO/
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1.2.1

0.2

[1][4]

1.2.2

(stiffness)

[1]

1.1

, 1.1

1.1 e3, f3

3 6 (ei: fi, i=1, 2, 3)

2 [1]

(FMS3)

(Fei: Ffi, i=1, 2, 3)

1.1 W

3 6

1.1

6 A:(f1+e2+e3), B:(f1+e2+f3), C:(f1+f2+f3),

D:(e1+f2+f3), E:(e1+f2+e3), F:(e1+e2+e3) W A-B

3FEMS : Functionally Different Effective Muscle Strengths
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Fig. 1.5: [1][5].
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A T

1.5(b) ( ) 1.5(c)

3 6 (A)

6

(K)

e5 (T)
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msec

3 6
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[1][3]
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1.1 3 6 HRT
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4.

3, 4

HRT
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2

HRT HRT

HRT 3

6

HRT

HRT

,

2.1

HRT 3 6

HRT

,

, , ,

[6]

2.1, 2.1

Table 2.1: [6].

Link1 Link2

Length (mm) lL1
= 300 lL2

= 300

Width (mm) wL1
= 100 wL2

= 300

Mass [arm] (kg) mL1
= 2 mL2

= 1

Radius (mm) rR1
= 30 rR2

= 30

Mass [joint] (kg) mR1
= 0.5 mR2

= 0.5

Movable angle (rad) π/2 5π/6
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f3

f2

f1
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2

L2

2

θ
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θ
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1

T

2

x
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Fig. 2.1: [6].

R1 e1, f1 R2 0rad

R1 0 rad 1
4πrad f1 e1

1
2πrad 2T sec

1, 2 lL1
, lL2

wL1
, wL2

mL1
, mL2

1, 2 rR1
, rR2

mR1
, mR2

R1

I

I = mL1
{ 1

12
(l2L1

+ w2
L1

) +
( lL1

2

)2
}

+ mL2
{ 1

12
(l2L2

+ w2
L2

) +
(

lL1
+

lL2

2

)2
}

+
1

2
mR1

r2
R1

+ mR2
(
1

2
r2
R2

+ l2L1
)

(2.1)

r θ Fm

I
d2θ

dt2
= rFm (2.2)

1

2
T 2 d2θ

dt2
=

π

4
(2.3)

T Fm

Fm =
π

2

I

rT 2
(2.4)

( ) x
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2.1 2 θ1, θ2

xe1 = xf1 = θ1r1 (2.5)

xe2 = xf2 = θ2r2 (2.6)

xe3 = xf3 = θ1r1 + θ2r2 (2.7)

2.1 T = 1.0sec

45.0N [6]

50N

100N

2.1 125.0mm

(2.5), (2.6), (2.7)

150mm

HRT

HRT

HRT

2.1

3kg

,

2.2

HRT

HRT

2.2.1

HRT

, 3.1

HRT
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Table 2.2: 3 .

Electric actuator

Harmonization of electronics and digital computers, Heavy weight, Low power

Easy control, High response and accuracy

Hydraulic actuator

High power and accuracy, Easy control Large device, Danger of fire

Pneumatic actuator

Cheap device cost, High safety and Low power, Low response

high environmental characteristic

[7][8]

2.2

11.6mm, 8mm,

793mm 600kPa 340N

[7]

Band

Rubber tube

Wove sleeve

Piping

Pressurized

Expansion

Contraction

Fig. 2.2: [7].

MEMS

[8]

mm cm

,

mm/sec

mm µm
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HRT

2.2.2

3 6

( ) (BiC-

COM) 1

2.3 1.1 (ei: fi, i=1, 2,

3) 6 6

( )

(VEA) 2 2.4

2.3 1.2

1.1 6

(A-B)=(D-E)=f3+e3 (B-C)=(E-

F)=f2+e2 (C-D)=(F-A)=f1+e1 VEA 3 6

BiCCOM [1] 2

BiCCOM

BiCCOM

[1][3]

( ) BiCCOM 3 6 1.2

1.1

BiCCOM 6

1BiCCOM:Bi-articular muscle installed Coordination Control Model
2VEA:Variable Elastic Actuator

15



f1

e1

f2

e2

f3

e3

L

1

L

2

Fig. 2.3: -

BiCCOM robot arm[3].

Controller

Fm

Linear actuator

Stroke sensor

Spring

Fig. 2.4: [3].

1.2 A B

e3, f3 e3,

f3 0 2

[1] e3, f3 2.5

2.3

( ) BiCCOM

2.5

e3, f3

Rotary Motor

Linear Synchronous

Actuator

Fig. 2.5: .

2.2.3 - -

2
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2.6, 2.7

i

l

N

δ

Fig. 2.6:

i

l

N

δ

PM

Fig. 2.7:

S δ

N i µs ( )l

Ni R 2x
µ0S

µ = µ0µs ,

R =
2l

µS
+

2δ

µ0S
(2.8)

φ =
Ni

R
(2.9)

B1 =
φ

S
(2.10)

F

F = S
B1

2

µ0
(2.11)

2.6 δ = 5mm

N = 400Turn , , S = 1000mm

µs = 1000 i = 1A ( )l = 100mm

R

R =
2l

µS
+

2δ

µ0S

=
151

2π × 10−6
(Ω)

(2.12)

φ

φ =
Ni

R
=

8π × 10−4

151
(Wb) (2.13)

B

B1 =
φ

S
=

0.8π

151
(T) (2.14)
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Fm

∴ Fm = S
B2

µ0
=

10−3

4π × 10−7
×

(0.8π

151

)2

≃ 0.220 (N)

(2.15)

lm 2.7

lm α

F = B
(2l

µ
+

2δ + α

µ0

)

+ 2Hlm = 0 (2.16)

α 0

B2 = − lm
l
µ

+ δ
µ0

H (2.17)

B-H 2.8

B2 B-H

lm = 10mm

2.9

B

H

Fig. 2.8: B-H [9].

B

H

5

10*55.2−

4.1

Fig. 2.9: B-H ( )[9].

F = B
(2l

µ
+

2δ + α

µ0

)

+ 2Hlm = 0 (2.18)

α 0

B2 = − lm
l
µ

+ δ
µ0

H

= −4π × 10−4

510
H

(2.19)

2.9 B2 B2 ≃ 0.433T
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B = B1 + B2 = 0.450 (T) (2.20)

F

F =
10−4

4π × 10−7
× 0.4502 ≃ 16.1 (N) (2.21)

2.2

1000mm2

5mm

[9]

2.2.4 - (VCM) -

(Voice Coil Motor)

2.10

VCM 2.10

VCM

PM

Fig. 2.10: .

2.10
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VCM

[9]

2.3 Halbach

( )

2.3.1

2.11

2.12, 2.13 2.12

Nd-Fe-B

Halbach

5

0

.

1

7

0

.

1

10

90

242

7

2

.

1

φ21.8

1

0

x

y

z

Unit : (mm)

Direction

of coils

Fig. 2.11: .
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Fig. 2.12: Halbach

. Fig. 2.13: .

Halbach 2.14(a)

2.14(a)

(a) Conventional type (b) Halbach type

Fig. 2.14: Halbach .

π
2 rad 2.11

Halbach

[9]

10 × 10 × 50mm

0.5µm 2.12

1.13kg
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2.11

1.0

3.0A

150.0mm 2.12

2.13

10kg

5 6kg

2.3.2 - -

Halbach

(2D-FEM)

2.15 2.15 x = 0.0mm

z = 0.0mm Nd-Fe-B Br = 1.41T,

Hc = 1000.0kA/m φ = 1mm 1 40

150.0mm 1 12 40

3.0A

-W V -UW -V U

-W V -U W -V U

2

3

.

8

1

.

6

2

1

.

8

20 6

25

φ21.8

90

240

242

1

0

Unit : (mm)

z

40

[Turns]

x=0.0

0.0

x

1.0

4.0

7.0

Fig. 2.15: .

Iurms = 3.0 cos(ωt) (2.22)

Ivrms = 3.0 cos(ωt − 2π

3
) (2.23)

Iwrms = 3.0 cos(ωt − 4π

3
) (2.24)
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Halbach

z = 1.0, 4.0, 7.0 mm y

z

Bz 2.16, 2.17, 2.18

Halbach

2.17, 2.18
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Fig. 2.16: 1mm .
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Fig. 2.17: 4mm .
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B
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Analysis
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Fig. 2.18: 7mm .

Iurms = 3.0 cos(
11π

6
) (2.25)

Ivrms = 3.0 cos(
7π

6
) (2.26)

Iwrms = 0.0 (2.27)

x = 0 x = 40mm 1
6 2

2 ωt 1 2

ωt = 11π
6 rad 2.19 ωt = 11π

6 rad

Iwrms = 0

Iw

Iu

Iv

+

Fig. 2.19: .

2.20 A = π
2 rad

53.0N
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.

Iwrms = 0.0A Iu, Iv

(2.25) (2.27) ωt = 11π
6 rad

(2.28) (2.30) 10

Iurms =

√
2

2
× 0.5,

√
2

2
× 1.0, ...,

√
2

2
∗ 5.0 (2.28)

Ivrms = −
√

2

2
× 0.5, −

√
2

2
× 1.0, ..., −

√
2

2
∗ 5.0 (2.29)

Iwrms = 0.0 (2.30)
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2.20 A

2.16, 2.17, 2.18

2.16, 2.17, 2.18 BIl 50.0N

50N

100N

10A

π
2 rad

ωt π
6 rad 1

6

2 ωt 1

2

2.22

1.3%
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Fig. 2.22: π
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.

2.4

Halbach

HRT Halbach

2.23

Halabach
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Fig. 2.23: .

Halbach

Halbach

1mm

10kg

40

3kg

2.5

2.5.1 - -

Halbach

( )

HRT
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2.24

2.25 1

[10]

Fig. 2.24: .

Core

Coil

PM

(Mover)

Fig. 2.25: 1

.

1.

2.25

2. ,

N S S

N

3.

N S
1
5

4.
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2.5.2

2.26
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�����	
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����	

������

�����	�
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Fig. 2.26: .

2.26

2.26

2.26

HRT
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3

HRT

HRT

( )

3.1

3.1 3.1 (b)

3.1(c)

- dq

[11][12]
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Head

Head Head

(a)  !"#$%&'(

(b) )*+,-./

0121341567

(c) )*+89:,;<

Fig. 3.1: .
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3.1.1

-

- C vu,v,w, iu,v,w

va,b, ia,b

C =

√

2

3

[

cos 0 cos 2
3π cos 4

3π

sin 0 sin 2
3π sin 4

3π

]

(3.1)

dq

dq D va,b, ia,b vd ,q , id ,q

d, q

θ ω θ =
∫

ωdt D

D =

[

cos θ sin θ

− sin θ cos θ

]

(3.2)

(3.1), (3.2) R d, q

Ld, Lq Φf d, q

[

vd

vq

]

=

[

R + sLd −ωLq

ωLd R + sLq

][

id

iq

]

+

[

0

Φa

]

ω (3.3)

Φa =
√

3
2Φf Φaω q

(3.3)

1. R

2. sLd, sLq

3. Φf Lq

4. id = 0

3.1.2

3.1

θ

x

3.2
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FM q

Kf

FM = Kf iq (3.4)

q EM

FM ẋ = EM iq (3.5)

M

FL

X(s)

FM − FL
=

1

Ms2
(3.6)

3.2

3.1

3.2 3.2
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+

+
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3.3

3.2, 3.3 F̂L(s)

F̂L(s) X∗

c (s)

X∗

c (s) =
F̂L(s)

Mns2 + Cns + kn
(3.7)

Mn , Cn , kn

F̂L(s) X∗(s) X∗

c (s)

3.2.2

3.3 X∗(s) Xc(s)

X∗

e (s)=X∗(s) + X∗

c (s) F̂L(s) = 0

X∗

c (s)=0 X∗

e (s)=X∗(s)

F̂L(s) Xc(s)

X∗

w(s)=X∗(s) + X∗

c (s) [11][13]

3.3

3.2

Kn,Mn Kt,M τn LPF (

1msec )

(3.7) 1
Mns2+Cns+kn

kn kn

Cn Cn

s2 + 2ζωns + ω2
n = 0 (3.8)

ωn (rad/sec), ζ:

0 ζ 1 s = −ζωn ± jωn

√

1 − ζ2 ωn

( ) θ ζ ζ = cos θ
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ζ ζ 0

ζ 1

(3.8)

Cn

Mn
= 2ζωn (3.9)

kn

Mn
= ω2

n (3.10)

ωn =
√

kn

Mn
kn

(3.9), (3.10) Cn = 2ζωnMn [11][13]

kn 1N/mm (1N

1mm ) ζ 1

[14] I-P
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Fig. 3.5: .

XA(s) + L(s) = XB(s) (3.11)

∆L(s) = XB(s) − XA(s) − L0 (3.12)

s2MAXA(s) = −Fm(s) + FLA(s) (3.13)

s2MBXB(s) = Fm(s) − FLB(s) (3.14)

3.5(b)

s2MX(s) = −kX(s) − CsX(s) − FL(s) (3.15)

Halabach

( )

3.1

(3.15) 3.4 G(s)

G(s) =
Fm(s)

F ∗

m(s)
=

Ki

s
1

R+Lqs
Kt

1 + Ki

s
Kp

Kt

R+Lqs

=
KtKi

Lqs2 + (R + KpKt)s + KtKi
(3.16)
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Table 3.1: .

R (Ω) 0.675

Ld (H) 15.5

Ld (mH) 18.65

M (kg) 6.0

Ke (N/A) 10.76

Kt (V/msec−1) 10.76

∴ G(s) =
1

1 +
R+KpKt

KtKi
s + Lq

KtKi
s2

(3.17)

G(s) =
1

1 + 2T2s + 2T 2
2 s2

≃ 1

1 + 2T2s
(3.18)

s =
1

2T2
(−1 ± i) (3.19)

Kessler

T1 =
R + KpKt

KtKi

T2 =
Lq

R + KpKt

∴

T1

T2
=

(R + KpKt)
2

LqKtKi
= 2.0 (3.20)

3.1 Kp = 1.0 (3.20)

T2 = 1.6msec, T1 = 3.2msec Ki = 325.8

G(s) D1(s) = 1
G(s) D1(s) (3.8) ωn

ζ 2π
ωn

2T1 D1(s) 1

3.4 X(s)

V (s) = sX(s) =
1

Ms
G(s) − F ∗

m(s) − FL(s) (3.21)

F ∗

m(s) = F ∗

m0(s) − CsX(s) − kX(s) +
Cs

1 + τs
X0(s) (3.22)

τ LPF 1msec

D2(s) = 1 + τs 2π
ωn

τ D2(s) 1

X(s)

X(s) =
1

Ms2
[G(s){F ∗

m0(s) − (Cs + k)X(s) +
Cs + k

1 + τs
X0(s)} − FL(s)]

=
1

Ms2 + (Cs + k) 1
D1(s)

{ 1

D1(s)
F ∗

m0(s) +
Cs + k

D1(s)D2(s)
X0(s) − FL(s)}

(3.23)
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X(s) =
1

k

1

1 + C
k
s + M

k
s2D1(s)

F ∗

m0(s) +
1

D2(s)

1 + C
k
s

1 + C
k
s + M

k
s2D1(s)

X0(s)

− 1

k

D1(s)

1 + C
k
s + M

k
s2D1(s)

FL(s)

(3.24)

∴ X(s) =
1

k

1

1 + C
k
s + M

k
s2

F ∗

m0(s) +
1 + C

k
s

1 + C
k
s + M

k
s2

X0(s) −
1

k

1

1 + C
k
s + M

k
s2

FL(s) (3.25)

(3.22)

F ∗

m(s) = F ∗

m0(s) − (Cs + k){XB(s) − XA(s) − 1

D2(s)
l0(s)} (3.26)

∴ Fm(s) =
F ∗

m(s)

D1(s)
=

1

D1(s)
F ∗

m0(s) −
Cs + k

D1(s)
XB(s) +

Cs + k

D1(s)
XA(s) +

Cs + k

D1(s)D2(s)
l0(s) (3.27)

(3.13), (3.14)

s2MAXA(s) = − 1

D1(s)
F ∗

m0(s)+
Cs + k

D1(s)
XB(s)− Cs + k

D1(s)
XA(s)− Cs + k

D1(s)D2(s)
l0(s)+FLA (3.28)

D1(s)MAs2 + Cs + k

D1(s)
XA(s)− Cs + k

D1(s)
XB(s) = − 1

D1(s)
F ∗

m0(s)−
Cs + k

D1(s)D2(s)
l0(s)+FLA (3.29)

s2MBXB(s) =
1

D1(s)
F ∗

m0(s)−
Cs + k

D1(s)
XB(s) +

Cs + k

D1(s)
XA(s) +

Cs + k

D1(s)D2(s)
l0(s)− FLB (3.30)

−Cs + k

D1(s)
XA(s)+

D1(s)MBs2 + Cs + k

D1(s)
XB(s) =

1

D1(s)
F ∗

m0(s)+
Cs + k

D1(s)D2(s)
l0(s)−FLB (3.31)

(3.29), (3.31)

[

D1(s)MAs2+Cs+k

D1(s) −Cs+k
D1(s)

−Cs+k
D1(s)

D1(s)MBs2+Cs+k

D1(s)

][

XA(s)

XB(s)

]

(3.32)

=

[

− 1
D1(s) − Cs+k

D1(s)D2(s)
1

D1(s)
Cs+k

D1(s)D2(s)

][

F ∗

m0(s)

l0(s)

]

+

[

FLA

−FLB

]

∴

[

XA(s)

XB(s)

]

= H(s)

[

D1(s)MBs2 + Cs + k Cs + k

Cs + k D1(s)MAs2 + Cs + k

]

×
([

−1 −Cs+k
D2(s)

1 Cs+k
D2(s)

][

F ∗

m0(s)

l0(s)

]

+

[

D1(s)FLA

−D1(s)FLB

]) (3.33)

H(s) =
1

(D1(s)MAs2 + Cs + k)(D1(s)MBs2 + Cs + k) − (Cs + k)2

D1(s) D2(s) 1

∴

[

XA(s)

XB(s)

]

= H(s)

[

MBs2 + Cs + k Cs + k

Cs + k MAs2 + Cs + k

]

×
([

−1 −(Cs + k)

1 Cs + k

][

F ∗

m0(s)

l0(s)

]

+

[

FLA

−FLB

]) (3.34)
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H(s) =
1

(MAs2 + Cs + k)(MBs2 + Cs + k) − (Cs + k)2

3.4
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Fig. 4.4: Simulink ζ

(ωn = 10rad/sec ).
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Fig. 4.5: ζ

(ωn = 10rad/sec ).
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Fig. 4.6: Simulink ζ

(ωn = 10rad/sec ).
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Fig. 4.8: Simulink ζ

(ωn = 15rad/sec ).
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Fig. 4.10: Simulink ζ

(ωn = 15rad/sec ).
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Fig. 4.12: ζ

(ωn = 10rad/sec )
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(ωn = 10rad/sec ).
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Fig. 4.14: ζ

(ωn = 10rad/sec ).
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Fig. 4.16: ζ

(ωn = 15rad/sec ).

0

20

40

60

80

100

120

140

160

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

P
o

si
ti

o
n

 o
f 

th
e
 m

o
v

e
r 

(m
m

)

Time (s)

zeta=0.1
zeta=0.5
zeta=0.7
zeta=0.9

Fig. 4.17: ζ

(ωn = 15rad/sec ).
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(ωn = 15rad/sec ).
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Fig. 4.19: ζ (ωn =

15rad/sec ).
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Fig. 4.20:

ζ

(ωn = 10rad/sec ).
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Fig. 4.21:

ζ

(ωn = 10rad/sec ).
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Fig. 4.22:

ζ (ωn =

10rad/sec ).
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Fig. 4.23:

ζ (ωn =

10rad/sec ).
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Fig. 4.24:

ζ

(ωn = 15rad/sec ).
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Fig. 4.25:

ζ

(ωn = 15rad/sec ).

-120

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

140

160

180

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

T
h

ru
st

 (
N

)

Time (s)

zeta=0.1
zeta=0.5
zeta=0.7
zeta=0.9

Fig. 4.26:

ζ (ωn =

15rad/sec ).
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Fig. 4.27:

ζ (ωn =

15rad/sec ).
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Fig. 4.28:

ζ

(ωn = 10rad/sec ).
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Fig. 4.29:

ζ

(ωn = 10rad/sec ).
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ζ (ωn =

10rad/sec ).
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Fig. 4.32:
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(ωn = 15rad/sec ).
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Fig. 4.34:

ζ (ωn =

15rad/sec ).
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ζ (ωn =

15rad/sec ).
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(ωn = 10rad/sec ).
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(ωn = 15rad/sec ).
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Fig. 4.44:

ζ
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(ωn = 10rad/sec ).
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Fig. 4.48:

ζ

(ωn = 15rad/sec ).
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(ωn = 15rad/sec ).
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(ωn = 15rad/sec ).
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