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Fig. 1 Working principle of linear motor



51 KM 2 55 LT RE AT s RE =X T ahis il R kit 83
FIH DC/AC =AM =i AR 251 ok 3l >R feo (T e —¢-z) (8)
FH = AH7 SRS 48 1] SR, 3 R 35 7 [] — B %1 r
F L A S5 2 e 20 1Y P AT ] R TR SRR PWM (555 R
® — O, NFRALAL A FHIE 7] T3 5 45 S8 2H 1 v i T=(f*—+§0'2)/0"€(. (9)
@

AT O — @ AR AL B A B i) S, AL A
AFLIE 1) S5, [ INF B AR Sz i S 20, H A ] .
1.1 fEsSFITEER
M ELHE Ny 2 W, AL HL R R e, HLAX
LR i, ALY f BT Z TR X B 2 -
6= -@-2Z (1)
f=@ i (2)
@ WRR g AL AL SR LR AXTE 2 50 ) 4K 5l
I, 2t — N BHE T -

f= - (3)
ot r LA HLBL 32
0=t (4)

UUIVSELIEE S CIVEER i = R IR ol =R
HUER N e, BF, fE Sl ik ) o
e,—@-"z

f=o™ (5)
%N%%ﬁ%%%ﬁ

E =ei=-f +f: (6)
ﬁﬁjﬂmwgaﬁﬂmtﬁgymﬁ

y= _f;z (7)

e £ Ve Sha A R B R = ) ).

M0 <y <1 B E, CHTE, RVIESh a0
ZRRE I B R, BIVEShERVE I —A> R F ALl
Wi Sl fig e, R B gt LS ). X Rl TAERE R 2
e Bl
M y<O B}, E, =0, V5 o 1 R A% 2% R it

8 FRIZA A SRS
My=1 I, E =0, fEahd ok B 22 fid
TR e, BB T AEAE T AU A L BH 1. A eh AR UL
N e VE A% b A — AR 1. FRizp =X
PO Eo)Y v
1.2 {Ezh=5R BN KA

y<O I}, FEZh & AF A AL TAE, A Bk i
i ELRHIRAEE R e, 7 i PWM(fik o 5 BE 0 1)
Rl A (ST R

EdlSREt

Mo > 1, AUWER A AR B R . 4
=124 7> 1, A R TR £ Hor

o=1 (z=0)

{ (£<0)

o W, HHLZEL] ST A B—>BC—C A—A
B—B C—CA—A B 5 1N 11 4 15 HiL 6 FF 56 ] 45 0
& (AH ,BL)—(BL,CH)—(CH,AL) —(AL,BH)—
(BH,CL)—(CL,AH)—(AH ,BL).

T AH

AL,

(10)

o=-1

E2 y<0.0=1HEAB)
Fig.2  Electric circuit when y<0,0 =1
o= -1 i, B LZE41 S5EIT H B A—AC—C
B—BA—A C—CB—B A% i [ 447 W, s 70 P 4
Ji /%A ( BH,AL) — (AL, CH) —( CH, BL) — ( BL,

AH)—(AH,CL)—(CL,BH)—(BH ,AL).

phase_A
i
phase_B
AL BL, L

_— = P =g i phase_C

K3 y<0.0=-1IAHEK

Fig.3 Electric circuit when y<0,0 = -1

Moo <o L2V I, LK 7R 388 I 16 H R
Sy T S G IR 0 T T L VB R 0 2 T
. VS TCH .

50 <y <1, FESNRSTE A5 BELJE 7 i1 ) i [a i
Be . fEhas RS (8). SR 1 P AR 1 2R iy
SRR 7 FE(9).

o =1 B, B4 S58)F K A BBC—C A
SAB—B C—CA—A E, X N ) 4 H B OGP
ik (AL, BH) —(BH,CL) — (CL,AH) — ( AH
BL)—(BL,CH)—(CH,AL)— (AL ,BH).



84 3 1 % 5 W ¥ i 2013 4F55 11 %5
L TASEIR S i, VR sl AL H D5 B K
l i A S FRJE Ty 1l i i b -

K4 0<y<l o=1RMHEH
Fig.4 Electric circuit when 0 <y <1 ,o =1
o= -1 i, L ST A B A—AC—C
B—BA—A C—CB—B Z,Xﬂ'@%éﬁ‘ L % T S P A
Jifi 5 4 ( BL,AH) —(AH, CL) —( CL,BH) — ( BH,
AL)—(AL,CH)—( CH ,BL)—(BL,AH).
é}

i AH BH.: CH:
AAPAIS g

-1 phase C

phase_A

BS5 0<y<l o= -1HHyHEK

Fig.5 Electric circuit when 0 <y <1 ;o= -1
B <0 W CInlE s Fron)  fEsha A REAS 2

SR . IR B 1k I CRE B, AU D B &
A g ] 7 e LR A T B A . A SR e

R (1)
B 7 A

=L (12)
oz

o =1 W, 45 B JF 5 14 0¥k (AL, BL)
—(BL,CL) —(CL,AL) —(AL,BL) —(BL,CL) —
(CL,AL)—(AL,BL).

o= -1, & RIS &0y R (BL,
AL)—(AL,CL)—(CL,BL) —( BL,AL) — (AL, CL)
—(CL,BL)—(BL,AL).

o phase A
AR BH,! CH,’ '

E6 0<y<l 7<0HAYHEK

Fig. 6 Electric circuit when 0 <y <1 ,7<0

Hy=1 i Vs TARER S AE X

(-0 7 e-¢-2)

f=0 ; (13)

N LTS KRR 7

T:—(f*L+gD‘Z>/O"6(, (14>
¢

o> 10 BHER AR BIERE 4T
=1 (A4 R REH £

o=150=-18HERES“ KPR BF
AHIR] , SEL B30 3 5 4 v 36 T 56 DA 45 0 ] 3
Bl = AHF.

2 {EhEERREES

2.1 BHBREESH
YEshae TARAE = PR, Herp B [l 5
RS I B, A AR 2R TARRH R B K BE R
i R A (RIS S TR 20, O T BB E TAF:
PR PR 3R DA K AR S e [l Z 5 &R
A A6 B TARRE S i R AT o
AR (9) BRI, y B ERE R T 2
517y <O W VRS /R B s LA, %5 24T AE
e A YR y >0 B FEShER 1 & AL
A, A BA Il e 1 AT RE. D 1O ERSE £ O7
I 55 2 Jy ) Z M OE R, 5 SC—ALAR bR
u (1) = —sgn(z - f7)1f" (1)1

[
) LTIf*(t)Idt

Hrp, TR RGIEFTI ], sgn («0) A5 pRERL, H(x)
ALK PR AL 2 (15) ey 2 B i g 5
VEghar A 7 1M i S &, 3 (16) 2 HARfES)
Tor ELECHR R 7 1) 5 U1 R o 3 5 160 R SR R
IR oy 42 il g PR A L 491
WERAEBATIN ] < T B, BAT w. (1) =0, 10y,
=1, MR8l LA T 1] e 5 W B il g 07 1wl
M VRS og eV A AL T A, B A A
BA y >0 FEBA u.(t) <00y, =0, fE3hg5E 2
YESR L BIL T A AN H g Il RE R A9 T RE. PRIk, 1
ShAE L RIS EARE A LT AR, NI EZ K
FEIE b A B8 4 [0l 452 1) m] B8, ok T 1 22 45 4
SR REAE 2 R AR L b SR shds HAGH L 2 U7 1R

(15)

Yy (16)



%14

R =25 - BT RERE T

e T ol Rt 85

R, BRI T o, B BARAE. 2y, L0, 1 ]3I
YA,y (8 BB P 75 A 2 A 1 Bl e R 1T
B A RE R I FE 5 , dL T DIV 4 il S e et i
FEPRZ —.

PR y >0 I MBS gt A LA, 11
Sl th oy

f=—cxz (17)
Hor ¢, D nl PRI RHJE ZR A, R BLAA 1) 25 Y S 150 .
K7 fEshas TARER B (0 <y <) T 5 f7
MG AR MER. 24 2 B I, VR S48 BES B th A9 B K
BRI TIN frue = ey » 21 BT, 17 1 > £ B
ANBEERER f7. O T BRER ISR I 4 S i AR
H ST (y > 1), il Sl = A I 25 T B RE
LA b3 Ar ol 0, 54 sl i 10 55 R B R B e, 215
KA ¢, =max(c,) , WIAE S5 SRESE TAFE7E 9]
BN, Sy TR I8, SIS bR

. LTH(-Z- f) H(e, —c¢)dt
LTH(—z' ) de

v, BERBLT 0 <y <1 BYBFFE 5 y >0 BF RN L
.

(18)

AS
S —
/
7
7 f*
/
0 >
/
7/
7
~
- _jx:nax

B 7 Il T A sl i 2 ]

Fig.7 Actuator output in regeneration mode

Pl 8 D4 T AR AL 2 O o il " Dy AR
ST 8 DX R A BSOS X X3
e, BTEBOAR , 1ol i3 A X Y A IX SR, 5306 22 e,
> max (c,) , [ DO RS — R IR $5 b5
Vo A B AR AE — PO R DI AR AR o AT
PRI RE A EL B, 465 v, B T 1E Sl e B R 00
AR AR | DU G R DX A AR A L 1. 4
PRy 5y, BIFRBUN BB T AR A A~ T AR
AR A EE 1. AR Be R shdm A B A R g it ek, 5F H
VEghaAt o s s AL BELE # I BE R AT 25

B4, Z B SR
Yy Ve >0.5
RGN RE R A A AT BEZ TIHAERE &

A/

(19)

y=0

72IN

—C
Ceq

8 TARBL XM

Fig. 8 Area distribution of working mode

2.2 SBREERT

L VB[54 1 R 2k 22 T RE Bl B, B Oy B it
A7, BL LR AR RE N M (E, <0). BiAEst 3 3h
Vet G610 B 9 7E T4 e 5 LASR 3D 0 TR X 1k oy
HLAE. 0 BRS04 Mg X R it 10 6 4 10 5
U A5 A7 T 1 P 25, — 2 % ol - 2 RE RE 1
i, — R RS BN AR T A R .

VR Z A LR 58 T AR, R340 )

f=-cp (20)
Forlv o, Ay AT AL 2R B0, TR 8 1 2 B 25
BT ETFOISE, B 21 S 1E i sh Bl T AR R
PR BRERE IR B (¢, <O0).

Hr20(6) T A4 0 24 Sty BELJE 28 i 1 el 081 3
FEOT %

Ezm%ﬂéhmw (21)
EAFIRN
E - Lfma(w)Do(w)dw (22)
T Jo
Hrp
e(w) =216, (jw) I* +
1Gy(jo) 116G, (jw) lcos( Py (w) -
D, (w)) (23)

G o) VSl A i 1 21000 fay A B BR R, @,
(@) JHARS 5 G,y (o) B ELETE JEE ) il o
ARPIFEREFE, @, () FHA D, (o) B A
(LT, DL b5 B R ZER I 7 2 2R 40 1 e oK
iV g



86 5|

2013 445 11 3

% E. <0, MwTf4

[ 6,(w) 6,jw) Dy (@) do
C,p > — - =T (24)
|, 6/G0)6.(j0)Dy(@) do
Fh DL Bl 8 ORI 2 bk I B, U T L AR
.

3 &fi

PEUR B iy BB REUIRh sl R gL,
WK 9 Pz, m WX G REE, d ARSI, k
503 R PR S 55 P F b 2 1A 2 1 I E 5 B
Je, HEHAL M e s il B AR SRS IR 2 ], £
e E Sh P AV Sha VR HIAE T e a7
[ AR i) 7 f LA/ MRS d X me BYSZI () bRk
ZhRE AL AL B REEA T kAT

[ e S S

Fig.9 System model of the self — powered active control

AR A W5 L B 2 B T R

mei+c i+k-x=c-d+k-d+f (25)
BN
t=ik-d (26)

fECE P i A BE A8 5¢ A BRER I B2 A, OF BAT LU
I

f=-gi-gx (27)
/7"\
© :\/g_jf _ &
2 m7 2 2@’
A(25) W5 K.
#= -l (v-d) ~20¢, (2~ d) -
2w,&,% — wox (28)
Gibus s AR R
Guls) =% =
_(gls+g2)(2w]§ls+w%) (29)

sS+ Qw &, +2w,8,)s +w? +w§

Cus) =5 =

(5" +2w,&,5" +w3s)
s+ (2w & +2w,8,)s + o) +w)
BWm=2kg,k=10n/m,c =1n + s/m, D, (w) =

o083 L O B S 202
e +1

LR BUIAL R B g, =2. 8 .q, = 150, 153 e A #5741
R g, g )= -2.35 13.64].

AR (24) 135, e B OF- 5 & 1 e, =25.
6. W ¢, =30. BEIEEERI DRI 2(w) - Dy (w) I
SFRAM LI 10. AR 5L (20 ) 75 31 Hiy Y0 #E 10 T
PINE, = 0. 0453 , R 551 2 B ik -1 1

1 4 '

A

(30)

. L L ; ) L . L .
Q 2 4 B & 10 12 14 18 8 20
Frequency{Hz)

P10 fEShAERERED i

Fg. 10 Power spectrum of actuator energy consumption

0.3 T T T T
Active Control
02l /\\,’»\ — - = -io Contsnol
. ; N
o1 / \‘
b \
E
0 /
2
-]
®
= 01
K] 1y
02} !
Voo
03F
04 n . " L . L L . N
0 2 4 B B w12 14 | e 2

Time(s)

BI1L PRI L

Fig. 11  Comparison of with and without control

FTEZHUE VRS & it AR L 47
AT E, 5 BN R] 20s. qnfE] 11 proR, 5 fe ik sh
B AT A AR AR SR Ik Sl 57 7 06 fEL R 41K
T250. Im. ARHEF(16) LI (18) 1FBHEHR v, =
0.6038,y, =0. 8492, Al fli Bt} * [ {5465 2 f I 7
I3 HE R 51.27% . PR 12 DA shas i 2 5 52 P
VEshastn th 1058 &, Al AT HRAE U 200 A 7



%14

KM 45 TR AT Y

e T ol Rt 87

TOVURML Z8 it R A IR BB i Bl
R DR [l A 5 X sk P 4 A ) B A 43 ) A
31% 11% L)}z 58% , UL 13. s i 3Ly #ERE it -
0.9732/.

2

- i
154 et ,.weu:"“. 4
. “"H'.‘.. ;-
1 % 4
z PIEE
R 08 S 4
5 ,
& ;
% o0 el 1
i
05} p
-1 B
4 — —
35 2 -5 15 2 25

@5 0 05
RS SRS E BE (vis)

12 ARSI A 355 AR Sl i D1 956 3R

Fig. 12 Relative velocity and output force

3N%

58%

P13 =AY AR ] e

Fig. 13 Proportion of working hours in three modes

4 #Fit

A T RE A E SRR R G B ik,
F 3 — AN EAIUE S 07 R R I -

(D) A& T HL AR ShaR 19 T AR BB, 45 i
TAEShAR A = Fh TARRT B Pl ik,

(2) 943 1 1S AE I BT 1 RE
Proiik, 4 T RE R AR G0k

(3) 3@ — G, UESE T IR AT

2 % X M

U INEFR, 3%, HZ V. ks EshiEhl SR BT 5 &k
. HURS W ,2004,(3):1 ~6 (Sun G C, Shi W K,
Tian Y T. Research and development in active vibration
control technology. Machine Tool & Hydraulics, 2004,
(3):1 ~6 (in Chinese) )

2 Kim W J, Murpht B. Development of a novel direct-drive
tubular linear brushless permanent-magnet motor. Interna-
tional Journal of Control, Automation, and System, 2004.2
(3):279 ~288

3 Allen J. Design of active suspension control based upon use
of tubular linear motor and quarter-car model. Master’ s
Thesis, Texas A&M University, 2008

4  Secungho Lee, Won-jong Kim. Active suspension control
with direct-drive tubular linear brushless permanent-magnet
motor. 2009 American Control Conference Hyatt Regency
Riverfront, St, Louis, MO, USA, 2009,10-12

5 Nakano K, Suda Y, Nakadai S. Self-powered active vibra-
tion control with continuous control input. JSME Interna-
tional Journal. Series C, Dynamics, Control, Robotics, De-
sign and Manufacturing, 1999, 43(3) :726 ~731

6 Nakano K, Suda Y, Nakano S. Self-powered active vibra-
tion control using single electric actuator. Journal of Sound
and Vibration, 2003, 260(2) :213 ~235

7 WL ERREF. fE R W s R AT AT
PEWFSY. PRsh5npil:, 2005, 24(4) .27 ~30 (Yu F, Cao
M, Zheng X C. Research on the feasibility of vehicle active
suspension with energy regeneration. Journal of Vibration
and Shock , 2005 ,24(4) ;27 ~30 (in Chinese) )

8 WRFHA, skdblk, sk 1A, ARt E S B 28F5E. L
W5 F. 2008,2(1):7 ~10 (OuYang D, Zhang J Y,
Zhang W H. Self-powered active suspension for vehicle.
Machinery and Electronics, 2008,2 (1):7 ~ 10 (in Chi-
nese) )

9 BREHA,5K4%l, 5K AR, Bk 8% 240 1 AL BE o 48 1] 32 50
AREM . iz i AR A4k, 2008,8 (1) 15 ~ 18
(OuYang D, Zhang J Y, Zhang W H. Self-powered active
lateral suspension system of railway vehicle. Journal of
Traffic and Transportation Engineering, 2008,8(1):15 ~
18 (in Chinese) )

10 BRFHA, SR TEER, SRkl , 5k AR 24 e & (] 45X
ShEHE RGN, Ix3h 5 nhidi, 2008,27(8) . 88 ~ 92
(OuYang Dong, Zhang K Y, Zhang J Y, Zhang W H.
Self-powered active suspension for Vehicle. Journal of Vi-
bration and Shock , 2008,27(8) :88 ~92 (in Chinese) )

11 Rajesh Rajamani. Vehicle Dynamics and Control. New
York ; Springer 2006 ;287 ~ 354

12 RS, S5t shya - £ 50 o Fsh e e fml. dt
50 Rl AL 2003421 ~ 486 (Ou J P. Structural vi-
bration contro. Beijing: Science press 2006; 287 ~ 354 (in
Chinese) )



88 g 1 ¥ 5 & 6l ¥ W 2013 4F456 11 %

SELF - POWERED ACTIVE CONTROL SYSTEM DESIGN
BASED ON ENERGY ANALYSIS®

Song Pengyun’ Zhang Jiye Chen Yangiu Wang Peng
(State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu 610031, China)

Abstract A self — powered active control system was designed. First, a kind of drive mode of motor actuator for
self — powered active control was given, so that the actuator can work in three modes and switch functions. Sec-
ond, the relationship between proportion of working hours and energy balance was analyzed, and the basic condi-
tions to achieve energy balance were given, then the conditions of the system energy balance were obtained. Fi-
nally, the feasibility of the method was verified by a designed self — powered active control system. The simula-
tion indicates that the active control system can effectively reduce the interference of vibrational excitation, and

the energy balance of the system is achieved, which means that the control system does not require an external

energy supply.

Key words self — powered, active control, energy balance, motor actuator
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