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iii 
 

Ac (cross-sectional area of combustion chamber) (m2) 
B (magnetic flux density) (T) 
Bm (maximum magnetic flux density) (T) 
B0 (magnetic flux density of magnet) (T)  
Bu U (magnetic flux density of U-phase) (T) 
Bv V (magnetic flux density of V-phase) (T) 
Bw W (magnetic flux density of W-phase) (T) 
Cs (smooth condenser capacity) (F) 
Cv  (specific heat at constant volume) 
Cp  (specific heat at constant pressure) 
dp (pressure increase term due to heat) (Pa) 
e (phase voltage)   (V) 
eu U (reverse voltage of U phase)   (V) 
ev V (reverse voltage of V phase)   (V) 
ew W (reverse voltage of W phase)   (V) 
f (frequency)   (Hz) 
fm (alternating magnetic field frequency)   (Hz) 
F (static thrust)    (N) 
Fa (thrust of gas spring chamber off-set)    (N) 
Fc (thrust of combustion chamber)   (N) 
Fg (thrust of spring chamber)   (N) 
Fl (generation braking force)   (N) 
Fr (friction thrust of piston)  (N) 
Fl-max (maximum generation braking force)   (N) 
Fl-ave (average of generation braking force)   (N) 
Gu-u U (U-phase upper gate command)   (V) 
Gv-u V (V-phase upper gate command)   (V) 
Gw-u W (W-phase upper gate command)   (V) 
Gu-d U (U-phase bottom gate command)   (V) 
Gv-d V (V-phase bottom gate command)   (V) 
Gw-d W (W-phase bottom gate command)   (V) 
Ic  (collector current) (A) 
Io  (output current) (A) 
id

* d  (d-axis current command)  (A) 
iq

* q  (q-axis current command)  (A) 
id d   (d-axis current)  (A) 



 
 

 ( )  

iv 
 

iq q   (q-axis current)  (A) 
iu U   (U phase current)  (A) 
iv V   (V phase current)  (A) 
iw W   (W phase current)  (A) 
Ke  (back electromotive force constant) (V s/m) 
Kf  (thrust constant) (N/A) 
Kg  (spring constant) (N/m) 
KID d  (position integral gain coefficient)   (V/A) 
KIQ q  (position integral gain coefficient)   (V/A) 
Kl  (generating braking constant)   (N s/m) 
Kl-ex   
 (generating braking constant on expansion stroke)   (N s/m) 
Kl-com   
 (generating braking constant on compression stroke)   (N s/m) 
KPD d  (position proportion gain coefficient)   (V/A) 
KPQ q  (position proportion gain coefficient)   (V/A) 
khy   
ked   
La  (inductance of armature coil)   (H) 
Ld d  (d-axis inductance of armature)   (H) 
Lq q  (q-axis inductance of armature)   (H) 
lD  (depth of slots)    (m) 
m  (mass of piston) (kg) 
Nc  (number of coil turns)  
Ns  (number of slots)  
Np  (number of pole pair)  
n  (fuel use ratio) 
p  (pressure) (Pa) 
pa  (atmospheric pressure)   (Pa) 
pc  (combustion chamber pressure) (Pa)  
Q  (calorie) (J/K) 
R  (gas constant) (J/K) 
Ra  (resistance of armature coil)   (Ω) 
Rb  (internal resistance of a battery)   (Ω) 
Ri  (equivalent iron loss resistance)   (Ω) 
ss  (slot width)   (m) 



 
 

 ( )  

v 
 

T  (temperature)   (K) 
tc  (coil thickness)   (m) 
tm  (permanent magnet thickness)   (m) 
t(ve_b)  

 (Time at generation start on BDC side during compression stroke)  (s) 
t(ve_t)  

 (Time at generation end on BDC side during compression stroke)  (s) 
U  (internal energy) (J) 
v  (velocity of piston)   (m/s) 
vl  (generation suppression velocity)  (V) 
vc

*  
 (ideal speed at the combustion start position)   (m/s) 
Vce  (collector emitter voltage)  (V) 
Vb  (battery voltage) (V) 
Vd

* d  (d-axis voltage command)  (V) 
Vq

* q  (q-axis voltage command)  (V) 
Vu

* U  (U-phase voltage command)  (V) 
Vv

* V  (V-phase voltage command)  (V) 
Vw

* W  (W-phase voltage command)  (V) 
Vf  (forward voltage drop)  (V) 
Vdc  (direct link voltage)  (V) 
Vo  (output voltage) (V) 
Vod d  (d-axis induced voltage)  (V) 
Voq q  (q-axis induced voltage)  (V) 
Vou U   
 (U-phase voltage drop of equivalent iron loss resistance)  (V) 
Vov V   
 (V-phase voltage drop of equivalent iron loss resistance)  (V) 
Vow W   
 (W-phase voltage drop of equivalent iron loss resistance)  (V) 
V  (volume) (m3) 
VC  (combustion chamber volume) (m3) 
VT  

(combustion chamber volume at TDC)  (m3) 
VA   

(combustion chamber volume at air release point) (m3) 
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vi 
 

W  (work) (J) 
Wc  (cupper loss)  (J) 
Wch  (conversion loss) (J) 
Wl  (cooling loss) (J) 
Wge  (generation loss) (J) 
Wx  (exhaust loss) (J) 
Wed  (eddy-current loss) (J) 
Whe  (heat loss) (J) 
Why  (hysteresis loss) (J) 
Wl  (work by generation braking force) (J) 
Wi  (iron loss)  (J) 
Wm  (motor loss) (J) 
Win  (gasoline heat release)     (J) 
Wma  (machine loss) (J) 
Wout  (output energy)  (J) 
Wg  (Elastic energy at BDC) (J) 
Ws   

(Kinetic energy of the piston at the combustion start position) (J) 
Wco  

(Work on the combustion chamber on the compression stroke)  (J)  

Ww  (energy consumption in power running) (J) 
Wind  (indicated work)  (J) 
Wing  (effective work)  (J) 
Wr  (friction loss) (J) 
Wt  (time loss) (J) 
wc (width of coil)   (m) 
wm (width of permanent magnet)   (m) 
v* (target velocity of piston) (m/s) 
x (displacement of piston)   (m) 
x* (target position of piston)   (m) 
xa   (scavenging point)   (m)�
xb   (bottom dead center)   (m) 
xc   (Combustion start point)   (m)�
�t (sampling time)   (s) 
�c��� ���� �conversion efficiency��� ����
�e��� ���� �generation efficiency�� �����
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�h��� ���� �heat efficiency�� ����
�h

*��� ���� �Theoretical heat efficiency�� ����
�m��� ���� �machine efficiency�� ����
�s��� ���� �system efficiency��� ����
������� ��� �specific heat ratio�� �
�a������ ��� �	
���
� �

�specific heat ratio at normal temperature �� �
���������������� (magnetic flux)   (Wb)�
�a��� ����  (flux linkage of coil)   (Wb) 
2�� ���� �pole pitch�� �m� 
θ �mechanical angle��� �rad��
θe �electric angle��� �rad� 
ωe �electric angular velocity�� �rad/s� 
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1.1  

1769

1765

12 23%
(1.1)

 

1.1 2020 2030 (1.2) 2030

(1.3), (1.4)

 

1.1

1.2

Car model 
Year 

2020 2030 

Conventional engine car 50 80% 30 50% 

Next generation car 20 50% 50 70% 

 

Hybrid car 20 30% 30 40% 

Electric car 
Plug-in hybrid car 15 20% 20 30% 

Fuel cell car 1% 3% 

Clean diesel car 5% 5 10% 
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FPEG

 

 

1.2  

FPEG

FPEG

 

Boru Jia FPEG (1.8)

(CSE)

(CSE) FPEG

40%

(1.9) 0.5 13bar

 

Chenheng Yuan FPEG
(1.10) 0

 

Hao Yan FPEG

2 (1.12) 1

Zhaoping Xu

2.2kW
(1.13)  

FPEG
(1.14)-(1.15)
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FPEG

FPEG
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1.2

 

 

1.4  

FPEG  

1

FPEG  

2 FPEG FPEG

 

3

FPEG

 

4 3

 

5  

Model Merit Demerit 
Conventional 

gasoline 
vehicle 

1) Unnecessary large battery. 1) Large CO2 emissions. 
2) Bad fuel economy. 

Electric 
vehicle 

1) Small CO2 emissions. 
2) Good fuel economy. 

1) Loss at the time of transmission / 
distribution. 

2) Charging required (short cruising 
distance). 

3) Over capacity of power plant. 

Series  
hybrid 
vehicle 

1) Unnecessary large battery. 
2) Good fuel economy. 

1) Heat efficiency improvement is 
difficult by using conventional 
engines. 

FPEG 

1) Improvement friction loss (1.8). 
2) Improvement heat efficiency 
by the free-piston engine (1.14). 

3) Vibration reduction with 
opposed piston (1.12). 

1) Lower generation efficiency on 
linear generator. 

2) Necessary to return the free 
piston to the fixed position for 
combustion continuation. 
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FPEG 2

1

2.1(a)

2.1(b)

 

 

 

2.2  

2.2.1  

FPEG 2.2

Fc Fg Fl

m x

(2.1)  

 

c l g r  mx F F F F
 � � �cmx Fc  FF   (N) (2.1) 

m (kg) x (m) Fc (N) Fl

(N) Fg (N) Fr (N)
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2.2

 

(1)  

(Top dead center; 

TDC) x=0 (Bottom dead center, BDC) xb

x

xa

xc  

 

(2)  

Fc (2.2) pc

(2.2)  

c c c( ) ( )F t A p t
 �   (N) (2.2) 

Ac (m2), pc (Pa) 

 

(3)  

Fg (2.3) (2.3)

Kg

 

g g( ) ( )F t K x t
 �   (N) (2.3) 

Kg (N/m) 
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(4)  

(2.4) IBL
(2.5) (2.8) 2.3

(

) (2.9) 2τ 360 deg=2π rad

(2.4) (2.6)

Kf (2.7)  

u 0 sin xB B �
�

� �
 � �
� �

  (T) (2.4) 

v 0
π 2sin π

3
xB B

�
� �
 �� �
� �

  (T) (2.5) 

w 0
π 4sin π

3
xB B

�
� �
 �� �
� �

  (T) (2.6) 

l f u f v f w
 π  π  2  π  4 cos + cos π +  cos π
 τ  τ 3  τ 3

F K i x K i x K i x� � � � � �
 � �� � � � � �
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  (N) (2.7) 

Bu U (T) Bv V (T) Bw W (T) B0

(T) τ (m) Kf (N/A) iu U  (A) iv

V  (A) iw W  (A) 
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2.4
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dq
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cos sin 12 2 2
sin cos 0 3   3    3  
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eu ev ew

Ra La

(2.10) (2.12) (2.6)

PWM

 

u e
 π  sin  
  

e K v x
�

� �
 � �
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  (V) (2.10) 

v e
 π  2 sin π
  3

e K v x
�

� �
 �� �
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  (V) (2.11) 

w e
 π 4 sin π
   3 

e K v x
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 �� �
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Ke (V/m/s) v (m/s) 
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(2.2) D→A

A→B

B→C

C→D

(2.10)

(2.11)~(2.12)

(2.2)

(2.13)

�h (2.13)

 

2 1 (2.2)
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(2.15)  

 

in he ind
h

in in

    100 =  100 W W W
W W

� �
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Win  (J) Whe  (J) Wind  (J) 
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2.1  1  

(2.22)  

Friction parameter CSE FPEG 
Piston rings frictional loss (J) 80.5 87.1 
Piston skirt frictional loss (J) 28.4 0 

Crank and bearing frictional loss (J) 52.8 0 
Linear generator frictional loss (J) 0 9.3 

Total (J) 161.6 96.4 
 

FPEG

 

 

 

2.4.2   

FPEG

2.14

PWM

e Vdc (2.17)
(2.7)

(2.23) 2.14(a) W1 ON U U1

W1 W

(b) W1

OFF U U1 W2 W
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2.4.3 (3.5)-(3.7)  

 

l g c ( )mx K x K x F t! ! 
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PWM
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Wl Wind 1
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3.7  FPEG  
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3.8   

 

� �1 d dQ p V V p� �� 
 !   (J) (3.29) 

� �1 d d
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�

�
�


 !   (Pa) (3.30) 

� �1
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Q
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V
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#   (Pa) (3.31) 

Q: (J), U: (J), W: (J), T: (K), p:

(Pa), V: (m3), R: (J/K), Cv: (J/K), Cp: (J/K), κ: , 

t: (s), Δt: (s)  

 

3.4.2  

FPEG  
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3.9

3.10  

1) 10kW 100mm

20Hz  
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2) 

(3.10)  

3) 

 

4)  

5) 
(3.11)-(3.12) 1

 

6) 

 

7) 

 

8) 
(3.13)-(3.15)  

9) 1mm

 

10) 5.15 

kg  

11) 3.1  

 

3.1  

Item Material 

Stator core 35H230 (NIPPON STEEL  SUMITOMO METAL 
CORPORATION ) 

Mover back yoke 35H230 (NIPPON STEEL  SUMITOMO METAL 
CORPORATION ) 

Permanent magnet NEOMAX – 42AH (Hitachi Metals, Ltd. ) 
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3.9   

 

 
(a)  

 

 
(b)  

3.10   
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 ( )  

(1) JMAG-Designer

3.2 3.11 0 100A

1.7 T

35H230 1.8T

3.12

(a) 0 A (b) (a)

3.13

4kN

22 N/A 3.14

96%

10kW  

 

 

 

 

(a)  I = 0 A 

 

(b)  I = 100 A 

3.11  
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(a)  I = 0 A        (b)  I 0 A 

3.12  

 

 
3.13  

 

 
3.14  

1 121110987652 3 4
Velocity v (m/s)

1.0

2.0

3.0

4.0

5.0

0

96%
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3.2  

Item Contents 
Simulation software JMAG-Designer(x64) 
analysis method Two-dimensional axisymmetric transient response 

magnetic field analysis 
solution FEM 
Mesh type / input data  Manual split /stator, mover, air 
Mesh element size, shape 1) Stator less than 0.2 mm, triangle 

2) Mover less than 0.2 mm, triangle 
3) Air gap 0.9 mm, rectangle (Number of radial 

division is 10) 
 

( )  

3.10 3.3

10kW 95% IE3

 

 

3.3  

Item Symbol Value (unit) 
External dimensions - 168×263 (mm) 
External dimensions - 128×130 (mm) 
Mover mass m 5.25 (kg) 
Number of slots Ns 42 
Slot depth lD 13 (mm) 
Slot width ws 3.4 (mm) 
Number of pole pair Np 7 
Coil width  wc 3.0 (mm) 
Coil thickness tc 2.0 (mm) 
Coil turns Nc 5 (turn) 
Coil space factor - 67.8 (%) 
Resistance of armature coil per phase Ra 108 (mΩ) 
Inductance of armature coil per phase La 1.8 (mH) 
Pole pitch 2� 18.6 (mm) 
Permanent magnet thickness tm 4.65 (mm) 
Permanent magnet width wm  4.65 (mm) 
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3.4.3  

( )  

3.17 PI PI

q d q d

d id q iq
(3.17)  

 

( ) PWM  

3.18 PWM

(1) Vu
* Vv

* Vw
*

10 kHz  

 

 
3.17 PI  

 

 

 
3.18 PWM  
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Gu_u Gv_u Gw_u

Gu_d Gv_d Gw_d  

 

 

3.5  

3.5.1  

3.19 (a)

(b)

(c)

2

3.4.1

(c)

Wind

(d)

ROD

30mm (c)

(e)

ROD

(f) ROD

ROD

ROD

ROD
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(a) (b) ( ) 

(c) ( ) (d)  

(e) (f)  

3.19  
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3.5.2  

( )  

3.4 ROD �h

Win Wind (3.34)

(3.35)

�e

Wind Wout (3.36)

1

1

95 96mm

93 ROD

 

ROD

d FPEG

ROD

ROD  

 

3.4  ROD  

Item Symbol ROD Non-ROD 

Piston stroke xb 132 (mm) 96 (mm) 
Fuel combustion heat Win 538 (J) 538 (J) 
Piston action work Wind 254 (J) 254 (J) 
Output energy Wo 243 (J) 237 (J) 
Heat efficiency �h 47.1 (%) 47.1 (%) 
Generation efficiency �e 95.4 (%) 93.4 (%) 
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0.02mm 3.19(f)

 

 

3.5.3  

3.2

FPEG (3.4)  

 

 
3.21  

 

 
3.22  
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c i
d 1 0
d

nW W
n n
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  (%) (3.39) 

2
i cW n W
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3.5.4  
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B A

10kW

1715kW/m3 729kW/m3

1660kW/m3 (3.18)

B  

ROD

B A

ROD

 

 

3.5  

Item Symbol Type A  Type B  
External dimensions of stator (mm) - φ168×263  φ220×361  
External dimensions of mover (mm) - φ128×130 φ140×234  
Mover mass (kg) m 5.25 14.4 
Coil width (mm) wc 3.00  2.60 

Coil thickness (mm) tc 2.00 3.75 
Coil turns Nc 5 5 
Resistance of armature coil per phase (mΩ) Ra 108  40.6 

Inductance of armature coil per phase (mH) La 1.8 2.25 
Pole pitch (mm) 2� 18.6 39.0 
Permanent magnet thickness (mm) tm 4.65 14.0 
Permanent magnet width (mm) wm  4.65 9.75 
Thrust constant (N/A) Kf 22 60.6 
Back electromotive force constant (V s/m) Ke 22 60.6 
Maximum braking thrust (kN) Fl-up 3.96 17.73 
Energy density at 10 kW (kW/m3) ρe 1,715 729 
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(a) B (b) A( 3.14 ) 

3.23  

 

 

3.6  

 FPEG

FPEG

ROD

MATLAB-Simulink
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ROD

0.02mm
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3.7  
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2013 
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(3.3)   ,  2013 
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(3.9) JSME , , 2002 
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MAG-15-86/MD-15-67/LD-15-14 (2015) 

(3.16)  ,  ,  ,  , 

, pp.9-18, 2001 

(3.17)  No.14 ,  

CQ 2013 

(3.18) E. Odv´aˇrka, A. Mebarki, D. Gerada, N. Brown, and C. Ondr˚uˇsek: “ELECTRIC 

MOTOR-GENERATOR FOR A HYBRID ELECTRIC VEHICLE”, Engineering MECHANICS, 

Vol. 16, No. 2, pp. 131-139, 2009 
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4.2   
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4.1 ROD PI

PWM
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4.3   

 

 
(a)  

 

 
(b)  
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4.5   

 

 
4.6   

 

LG
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LM

MATLAB-Simulink
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10kN (4.3)
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4.7   
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4.4  

4.4.1  

Kl-ex

Kl-com x=0

4.1

4.8 1 4  

(1)  

4.8

 

(2)  

4.8

xa=20mm (4.2)

3.5J

(1)

ROD  

(3)  

4.8

 

 

4.1   

Case Kl-ex (N/m/s) Kl-com (N/m/s) Kg (N/m) 

1 160 78 

5,640 
2 130 83 

3 110 86 

4 100 88 
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(a) case1 (b) case2  

( : : : ) 

4.8   (Case1,2) 
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(c) case3 (d) case4  

( : : : ) 

4.8   (Case3,4) 
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(2)

 

 

 

4.4.2  

4.2

4.9 1

3

i) Wc

ii) Wout iii) (4.4)

Wre

4.10

4.8

 

 

4.2   

Case xb (mm) Wc (J) Wout (J) �s (%) 

1 23.7 0.78 2.68 76.57 
2 25.5 0.70 2.75 78.57 
3 27.1 0.61 2.77 79.14 
4 27.9 0.59 2.72 77.71 
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JMAG-Designer 96%

FPEG

95% 0.02mm

 

4 3
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23% FPEG

FPEG
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46.2% SHV 39%
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