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Fig. 1: Example of the main circuit for motor drive with a battery and a boost converter.

v PAM: change pulse amplitude

Fig. 2: Example of the PAM waveform.

UA 66 PWM: change pulse width

Fig. 3: Example of the PWM waveform.
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Fig. 4: Description of train operation times in detail and definition of hidden time to be dedicated
to energy-saving effort.
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N5, 2.7THIZ, FEREEBIZ L DREIROEILIIOVWTAND, BRIz, 28HICHVT, ¥ Ia
L=y, EREROHRICNT 5HRET,

2.2 BEFEIVN—YDEFILE

AHICTIERETIVNRN=XDETNMLIZDOWTHRRS, AHETIE, FHFE T2 /N—X %2 REEZR
%, EEEBIZLEDETIIL, ETAUR—ZAD 2 HHERMZT> 22BN T3, 207~
DIz, JREEZEREILIE & SEM AR 0 12 B 1T B E W5,



2.2.1 JREZEEIEHEILEICEZETIVIE

RIEZERPFEIAMLIER [16,36] 1, Y AT AHITAES 2 A1 v FI2 & O EBORED FIIIZY] D
MDY AT MIH L, ZTOEEEERIREERET IV E LTS EMGIETH D, VAT A
DIRFEDY] » 2 I U T HF R RWIKEIZN T 5k 8B VW2 5ld T2 DICENTH S, KiH
i &0 S Y] D Hab & EER DB R BIEIREZ RO Y AT A2 DOWT, 1 A ORIZAAR

RE% ML 5 [ R CIRBZEH O IR 2 HLD, SEEREE L U THLD K5,

HEIVN=ZDEEEX % Fig.6lZmT, FEIVN=ZDNRITA=RL LT, IL1LDA VKX
JRVAL, AA4NOENK i r, I3V TUyYOREC, AR, BFRBEV, 2EE LT,
HER DC-DC 2 v N— X OEIfEIREEIX, Fig7 D& 512, A1 v F 7 FEF TR D ON, OFF IZ

L0 2REx LB,
INICY e

LB, £z, D'=1-D &&X,

1. TR A ON 51, Fig.7(a) & b FE AR

V;‘ = LZL + T’LiL

i, = Cvg = =ve
R

THB, (2-2) kb,

1
.O = C } = —
) Ve va
. 1
ve = GRve



v, = Ri, = vo (2-4)

DD LD, (2-1), (2-3), (2-4) &b, REHEA

2. TR % OFF § 5K, Fig.7(b) & v AN

Vi= LZL +rip + v,

(2:6)
Vo = Vo (2-7)
Cwe = ir — i (2-8)

(2-9)

Thb, (27) & (2-6) ITRALT

| ILZ'.L+TL’L'L+UC

i = ——ip — —ve + = V; (2-10)

2135, (2-7), (29) % (2-8) ITRAL T

. . 1
Ci, =i, — Evc
[
c't T oRr"

Ve =

(2-11)

2195, (2-10), (2-11), (2-7) &b, REHEX

o 1 1
T = 1L {’ w+(L>u:A2w+b2u
¢ “Cr 0

10
Y= (O 1) x (2-12)

,10,



15,
—

I vcfol_ 717 vcfo_[

7;7 @

R§T%

(a) TR is on. (a) TR is off.
Fig. 7: Switching state and equivalent circuit of boost converter.
2135,

(2-5), (2-12) IZh UARBBZEMEYa iz @A L, FE 3 /8 — X D Linear parameter varying
(LPV) Z4RAEHFERX (2-13), (2-14) X%/ 5,

= (DA, + D' Ay)x + (Dby + D'by)u

= A(D")(t) + bul(t) (2-13)
y=(DC;+ D'Cy)x

=Cz (2-14)

Z DR,

2

=

~

~
\’c"

|

o N~ -

Q

|

A A 10
o1 (0 1) (2-15)
Th s,

ZDIREESFERZ 25 BIZBREZFAFEI LV NRN—=ZOHFET IV E LTHWS,

— 11 —



0 0.2 0.4 0.6 0.8 1
Duty

Fig. 8: Example of the relationship between conversion ratio and duty ratio on a boost converter.

2.2.2 HEIAVN—YDELEFHETIV

AL T, MIEHIBELGR &2 W CHIEREGT 217 5 728, i OEE TP L ZIT 5, F
iz =X =, V)T, U=V, 2B, FHEATBOVTUPREBEBOZ(LEN 0 TH D720,
(2-13) RIZT f(X,U) =0 BV (2-16), (2-17) KX

—rpI, —D'Vy+V; =0 (2-16)
D'Rip, —V,=0 (2-17)
X0,
D/_l E+ (‘/;)2_471[’ (2 18)
C21\V, v, R

2185, DX 2@0DfEER L EH, 0< D <1 DERKEVSZENT S [15], (2-18) Nz &
D, HOBFIZHNIET AT a—T1lbakdrZenTx3,
£7z, (2-16), (2-17) X% D IZD2VWTHWT,

v
= Vi 2-19
L=, ¥ DR (2-19)
D'RY,
o DBV 2-20
r. + D2R (2-20)

195, (2-19), (2200 Rk, Ta—T 1D EZFEZLTHEI VNN RDOEREEZRT Z &
MTED, Ta—T 1 HOZITN T B HIEE, I NVEROISEIIIGIETH 2EHN I 5,
77 7% Fig.8 1T d,

BT, (2-19), (2-20) N & D KRD SN EFHIREBDEAE R (Do, Vi, Vo, [1) DIEEIZEH T 5 5
JETY =D DIZBET 2EME TN ERD D Z 2T, ADIZBT /M5 BAEB SR T

- 12 —



$5, D=D,+AD, u=V;,, =X +Az, y=Y +Ay &HE, (2-13) KX, (2-14) Xz Z
5&2RALT,

d B JA(D)
%Aac = A(D)Ax + 5D AD (2-21)
Ay = CAx (2-22)

2135, (2-21), (2-22) X% Laplace B35 Z 2T, AD IZHT 2/M555EBE L LT

AY _L0A(D)
1p = CGI—A(D) ' ==X (2-23)
2185, (2-23) RADOW, aA VERICHIGT Mo 2EES T &
2
Al ) DRV *TCR (2-24)
AD ~ L(D2?R+ryp) CrtR+L  DPR4rp ]

2

ICR T T IcR

DX S IHMIMTH S Z ERPMD, —F, (2:23) ROW, HHEEICHET 2B EHE T
T

D/2R—7“L

L
2-25
CrpR+L  DPR+rp (2-25)

ICR T T ICR

AV, V; st

D) =
ap P C(D?R+ry)

2

Y70, BE(D?R—ry)/LIE D <1—\/r./JLDZEMTIETHY, HERIMIHTHSE, 2D
N, Ta—T 14 hEZTIBOENELINEICT VX —Ya—MEREUDIHMUTH S,

DEFNZDNT (2-25) RO, FHDOEA%E Figd TR L, ZEBEBOr1 % 7my U
7% Fig.10 (29, DDEFNZHUDCT A VOREIRTA YO — 7 25 mHKEL
2469 %, BUEHIEEGR TIRBENC S WRTH L Z 03005,

2.3 FF#lfil:Preactuated multirate feedforward (PMF)

FrE o I ZBGEIZ Y AT L& B S E 5 58 Bl 217 5 72 121%, BAZIES 27 A
DAHMBETNVOHET IV ERD, REOH 1 %2E57-0D AN Z2FGHT2ENMTONS, WE
REARZE (LTI) ¥ AT b OAGEBBUI AR E R SPFAES B IR/ MIMRIZDOWTI, HY AT L
WM EEEBOWRE UTERDZ & VAT LORLEEBRPW Y AT LORLZEHE IR0,
HIATI DTG 5728, SERBREHIEE BRAITEITE R0,

AGETIX, FEIVN=ZOHEHEIZONT, T4 VRNVGIEIZ IV EETLZ I 2EZ 5,
DGE, NLEEFSITIE2ED D, 1 DIREGRHOEERE LT Z Itk b RET S

,13,



x D= ATm X Pole
O Zero

(@)
N Q
M

Re

XD=o0

Fig. 9: Variation of the location of poles and a zero for the small signal transfer function of the
output voltage of the boost converter.

ALZEER, B 1D EHE OREEBUZ T4 AT DAL EZ R TH 5, Hi#ld Multirate
Feedforward (MRFF), % (% Preactuation (IZ &k D #llZ 5 Z LW TE, FEHR/MIHRIZOWVWTD
FERIBEHEEBARETH B Z Ao T WS,

2.3.1 LEREEICHTEIALESTRDHE

ARG D AT P 6 i1 X° B g D R FE GE (A o T E B I &, FORED o NBEITIR -
T HIHE % B B RIEIE — MR < fTbN T WD, FRHZ, EH SN LitEs <8
e 2z se B HE & W, FrE ORI ) 2 EET 5o DHIHA 2 3RETHZ &
ToroaB Rt HEP ER E N D,

T RN RER R R ORI AL (LTT) D 75 > b

Y(8)  bps™+bpo1s™ 4+ bys?

T B b 2-2
(S) U(S> s™ + Cln_lsn_l + e+ CL[)SO ) m <n, 7é 0 ( 6)

IZDWT FF fllfilid: Cy(s) 235t L, BHIEME®D Laplace Z#t R(s) 12X L, Y(s) = R(s) w554
BRI 2G5 2B R %, ZOK, FFflffldie LT

Cy(s) = P7(s) (2-27)
ehiE
Y (s) = P(s)Cy(s)R(s) = P(s)P~'(s)R(s) = R(s) (2-28)

L, BRBRGIHIERS NS, TOR, ¥ATLOMEERE (2-26) RO FHER B(s) I
FEHPEDORMPFIET B L, WY AT L%ERDBEBUIARLEME 725728, HIHHAT U(s) HFEHEK
U2 BREHIHD - DHEIMA N ZHKFTTEZENTERN, TDEDIZ, NFLHEADELN
EDRIFALZEFREMEND, TD KD BRAREZR 2 FD Y AT LMIFER/IMIMHR L IFEIEN,

— 14 -



Gain [dB]

Frequency [Hz]

Fig. 10: Variation of the gain of small signal transfer function of the output voltage of the boost
converter.

ATy PIRIZEEINT B HIE A U B —HEZWINT 29568 (7 v X —va—b) &2F
DN SNTWS,

2.3.2 EMFAEBHEBULER

HIET TR R 72 AN 8 E UL E A R OB FIET DAL EZ R TH Y, #Hikd 2 HEE b
WO RETHIERMCHUENER EIERZ E03H 5,

—75, BEEALIC X O FAETAEE LI, YTV VTR T ICHT 2FBRE—LV R 2 =T %
ﬂmmﬁﬁs—;zli@E@%ﬁk%&Bﬂnibﬁﬁﬁﬁ®ﬁéﬁﬁé%ﬁmbkﬁmﬁt
WCHRAET D AREERE S 2T, HERN S AT A% BEE R o HIHE s T S B BEE b= S H
BT 5, HFLIC K DA LZEBREIBTHETZN, Y07 VY IRfZESOEILD AL
e U C/NE KNS & ERAICRTEIZZR D R0,

HMEZE U DWW T preactuation (2 K DAREEHBEEEKIZ K D, FEERIZV AT L 28D UG
DERERE VBT SHIEIATIZ ANDBELHD L EFZMHMZIT, ZTORELRIIENVTE
%, BEBEERIZH LTI, SVFL—FT74—F7x7— Nl 38] 12 LD ZD#HEEZIR Z
EMTE B,

,15,



2.3.3 PMFODRE : REABRRADFEREHIARBRRNDH R

PMF #HITlE, WR% & BBUGFIET 5 2D ANLES SUZHINT 272002, {EEBEBUZ e
THREBEMEEAL, REHREAUIITEHRE LTIV FL—F T4 —RF 747 —F (MRFF)
filffl 2, GRS 5% & U T Preactuation 217 9,

(2-26) RTEKI NBZZFABUT L,

Y(s) = B(s)X(s) (2-29)

X(s) = U(s) (2-30)

L UCTHREEZ S X (s) AT 5, (2-30) % i Laplace Z5# L T

2™ (t) + nf arz® (t) = u(t)
k=0

n—1

() = = ara® (t) + ult)
k=0
2135, = (20t), 21 (t),...a" )T &< &, AHIEIELER OIREHFE X

@ = A.z(t) + bou(t)

2G5, AL

1 0 0 0
0 .
Ac = ; bc =
1 0 0

Th5,
234HITRT DT, REHBERDOWRIZMRFF HIHIZ kY &5 Z L DAETH 5,
T, HOARRDYERE LI 2EZS, HNABRADFERIT (2-29) Xk b

ELTENDD, B(s) IIALEFRND 556, BHOY Laplace Z#1TIX 1/B(s) Mt — 00 T
g 5, £ T, 2.35HITTHMIAT S, stable inversion & W5 FikIZHD < Preactuation 72 %
FIEIZED, HIWEBP St — oo K THRBRRBLEHZE5,

Z D& 51T, Preactuation 1 & 0 FTED I ZBWGEIZ N § SIREELWEE EKL, TR

,16,



Reference Trajectory State Trajectory Control Input Output Trajectory

) | 2(t) ufi] y(t)
—-—> Preactuation MRFF Plant —»
| | B(s)
B05) Ale) | A(s)

FeedForward Controller

Fig. 11: Block diagram of PMF implementation.

a:d[i + 1]

kT, (k+1)T,
T, = kT,/N

Fig. 12: Principle of multirate feedforward.

R I UYL FL— 74— R 74— RE2HAWTANZRNE 2 LR T B 212k D,
FER/IMIFRIZN T AR LENEHEZ ERTAIENTES, 20T 7oy 7 TERT &
Fig.11 D & 512725,

234 RILFL—FT714—RKRT7+7—K (MRFF) I

MRFF i [38] 1%, {22RE MBS 5 2 L IC & W Hi7- IS RET 2 R LEFE I LAER 7%
74— R747—Nl{EETH 5,

HIEHAHDY > T U EHER IO T) U EE DO I LIz, HADKEY
7 VIR CHBMEIZN T B S4B & B MIAERICN UEBRT 5,
ERERE S 2T LA DIRESFER 2

T = Acx(t) + bou(t) (2-31)
EB<, (2-31) ARk

t
2(t) = =10 Aeg (10 + / =D Ach (1) dr (2-32)

to

,17,



THY, to=nTy, t=n+1)T, LB L

(n+1)T5

2((n+ 1)T,) = P Aem(nT,) + /n

T

2195, 22T, KM [nT, (n+ 1)T] % Fig12 D & 52

WZoET S L

N (n+pr)Tr
+ Z / e
k=1 (n"ﬁuk—l)Tr

IEDKE [(n+ )T, (n+ i) T

x((n+ 1)T;) = elrex(nT))

2155, DEISTNE KN W THIE AL u(t)

z((n+1T,) =

()T
x(nT),) +Zuk/

n+l"’k 1 )Tr

e(("“)T"*T)ACbCu(T)dT

((”H)TT_T)A”bCu(T)dT

= U ﬁlgi’@% D ’

(n+1)T ’T)Acb dr

Thd, 7 =n+ 1T, — 7 LEHEES LT
A N (=)
z((n+ DT,) = T ea(n) + S ug / A, (—dr)
k=1 (—pe—1)T>
N (=pe-)Tr
Acg(nT,) + Z o / e Aebydr!
1 (1—px) T
2135,
A=A
A-pe-)Tr
B= (b1 bN) , b 2/ e" deb.dr’,
Uy
u(nT,) =
uN

L5 &, MRFF OX

x((n+1)T,) = Az(nT,) + Bu(nT,)

,18,

O:M0<,U'1<"'

</LN=1%KDN

(2-33)

(2-34)

(2-35)



we =k/N EBLERREOY V7)) VI RTIGEEFAD L,

-5
by = Y e Ay
(17%),117“

%Tr k
- / TN A dr =1 — (1— £)T,
0

k
N
1
<7
_k NTT
:e(l N)TTAC/ eTACdeT
0

p— LTrAc N—k %TT TAC
= (en ") e ebodr (2-36)
0
LT
A= AT b — [ e ar (2-37)
0
EEL & (2-34) Al

A=A
by = Alb,, B=(AY"1b, - b,)

LET D,
BAESHNADESENEE S, BN % ADRKEHL L 3L, B=(AV1b, - b,)
& Ay, by 25 BIRIEHFERAT I S IEERTH Y, (2-35) Rk D

Yx[n + 1] — Az[n])

u[n] = B~
B~YI — > ' A)ax[n + 1] (2-38)

2155, (2-38) RIT &0, IREELWGE « (258 RBHRET D 7DD ANEHHIE v ZiKiH 5L
MTE 5,

HIL, S VFL—bT74—R7x7—Fiilile ik, RELHERUZEO AT L 28, HIEIA
T RBEBAD 6 —RITRD 515 & 5 ANEBDILKR 2T\, ALEBBORERALIZHE S FRz
Rl 9 Bz e B hlil 2 KB 5 FIETH D, ANERDILKZIT > 7EH & U THil{H
ANDINVF L — e 5,

2.3.5 Preactuation

Preactuation &, Stable inversion [39] & ¥ 5 FiEICE D E, HEL I#EEZ LR L, HOD
ZALT BRZ K DT SHIEH AN 252 5 Z 212 & 0 IERIMIMHRIZN U TH ARG AT %
AR B /L TH S, Stable inversion (& HELH D HIE I IGT 2 A5 72 AT#EZ A ORZIZ S

,19,



WCHEANPFETH I 2HATEHI LT, ADOIL, EQORLIZDOWTENENERZ AT
EERL, MEZEET LI TERAIEVERRANEZERT 5, T OHKKLEBIEITIE
REBZERILIZ X 55 D L il Laplace 2% F\W /2 ZZBEBIC L 25 D03h 5, (ZiEBEIC X
% stable inversion @ J7i% [40] Z/nRT

ZZTIZ LTI Y AT LA DR (2-26) KON, BFDAEHZZ, HANEED oA FIIREZE
BelsrZer2HMET 5,

X(s) = g () (2-39)
tBQ_gﬁéﬁﬁﬁﬁﬁ%b,ﬂi@#%@é%ﬁFﬂﬁtXﬂi@#%@é%ﬁFW@wz
SR B,

1 _ st ust
By = F) ) (2-40)

Z DO, HERHZEEE ya(t) 2 FZE S 2 RELBHHEIL, BHUIZIE

1

o(t) = £ [B(S>

Yd(s)] -/ R = )+ J R fU (= 7Y (2-41)
0 0

LLTHEZAOND, (2-41) RO 1 HOBEHAAAIZHE IS ya(t) 1T U TRt — oo ORRR TN
5D, B2HDEAAAL FU!(s) DARLEMIZE D t — oo DR THET 5,

D& D BARLGEM % FF OB DR AAAZF R TRD 5 F#5 & U T Stable inversion
DIFAETS B,

Stable inversion TIXIXD M| Laplace Z#2 [37] Z KA 5, WRHIGEI DB g(t) 1269 5 W]
Laplace £ 1%

F(s) = Elgtt)) = [ e oy (242)

—0o0

LEFT D, Mifll Laplace Z#ui%, FNNIZIX@EH D il Laplace ZHDOR A HiHZ —co <t < 0o
WWESHMZ7ZHDTH5, Ml Laplace £k (2-43) XD 2 D DMERFE S

0

F(s) = LIf(t)] = /0 T et (1)t + / et F(t)dt (2-43)

—00

MG & BT 5 EICERI NS, @E Dl Laplace ZHUZ U, f(t) OFRREME, t <01
Tft)=0%2KET DL E, HONIZINEHM Laplace ZH#UZHLIERETH 5.
W] Laplace 2%, #% D3 Laplace £#i 2 < R U AT

F#) = £V F(s)] = — /a”westF(s)dS (2-44)

B % a—joo

,20,



a+ joo
R — o0
X
X
X
. Ta+jo Re
X
Pn
X
X
\afjoo

Fig. 13: The route of integration for calculating the inverse Laplace transformation.

LEET B,
BARM 3 GEE LT, B4 aFERaz2 D, Figl3D kS 2R 2EZ 5 LT,

1 patioe o )<a RS [€5F (), pn t>0
: / U (8)ds 2 Re(pn)< [e*' F(s), pn]
e ZRc(pm)>a Res {_€StF(8>apm] t<0

LR ING, EHD o KO ADOMNIZH ZMUIZKT LTIt >0 THZES, EH2 o LD IEDH]
WZHBMUIZH LTIt <0 THZRD, 20X 5123 Laplace #2335 Z £ T, £TOH
tIZDWT i Laplace Z#ERTH S5 LS 12N D, KT F(s) DR Bz 7272, OF
D B(s) DM ERZ R 720, a=08813T,

1 [Hioo . Res [eSF(s), pn t>0
ctriopts - | <o Res e F ).

R (2-45)
) —Joo ZRe(pm)>0 ReS [_EStF(S)’pm} t<0

L EIT S, EEMEBOLLHOMIZ X585t < 0 DFEPFIZIEMR L, (ZBEE oA oMz
L2 EIIt > 0DHMITEATEI LT, HRMEREDNELDOD, RTORLIZOWTHR
723 Laplace iz b, DBETIZa=028<,

B AAAFEFE DM Laplace Z2#1Z D\ T

+o00
C / gt — ) f(r)dr| = G(s)F(s) (2-46)

—o0

ANDLRVASN
Preactuation ® BARM 2 KIE 2 8IS 5, RN HEEZ ya(t), <Dl Laplace 244 %

— 21 —



Ya(s) &35, (2-40) RDEEFBEBDLE, NLEDMIINLU, F#li Laplace Z#i%

THE ()] = () (2-47)

c
LTUF™(=s)] = f*'(1) (2-48)

EEL, FU(s) ZELHDOAIZMEFREFDODT, F(—s) 3AFHDOAIIMZFS, WO KMl
Laplace 1% #H T & 5,

1 R F(s) ISR, AREOMMEROR S, (2-45) RIZBWT

E_l[FSt(S)] — ZRG(PTL)<0 Res [eStFSt(S)apn] 3 Z 0
0 t<0

= LF(s))
= (1) by (247) (2-49)

D Lh, (2-46) K& HWT
LTF(s / S = T)ya(r)dr
FoUt), ya(t) 1Ft < 0T DWTHEA O TH B Z LITHEL T,

LR Yals) = [ £ = ruatr)ar (250

2. NLFET Fut(s) 1T U, FU(—s) 3 HDAIMERFDON 6, (2-45) RZHEWT

Fust

ZRe(p )<0 Res UStF( ) pn] t=>0
t<0
L~

Fust

fett) by (2-48) (2-51)

— 22 —



MDD, FWT,

_ 1 +jo0
ﬁfl[Fust(S)] — 27/ estFust(S)dS
U —joo
1 g
= e s tFUSt(*S/)(*dS/)7 s = *S/, ds = —ds’
2m) J4joo

]. +]OO 147
/ est Fvust(_sl)dsl7 t/ — ¢

=357 ) e

) oo Res [ FS (=), pa] 120
o t<0
= £ ()]

— fUE) by (2-51)

D LD, (2-46), (2-52) X&EHNWT

_ +oo _
LPHYals)) = [ P = )l
_ [T fet(—t — ya(—7")(—d7") T=—7,dr = —dr’
+oo
+oo _
= [m fett — 1 ya(—7")dr’ th=—t

FUt(t), ya(t) 1t < 0IZDVWTHEN 0 TH S Z L ITER L THAKMARIRT 5 &,

LAF)Yal)] = [P = al=r

- t'=—t

(2-50), (2-53) AR5,

w(t) = L7 F(s)Ya(s)]

- /Otr(T)fSt(t — 7)dr +/ r(—r)fet(t — r)dr

—0o0 t=—t

& UT, FEm/IMEARICN S 2 AR REBLEEHEZ KD 5D,

(2-52)

(2-53)

(2-54)

(2-54) KD 2 HHIE, [RERBD AL ELRTRIT TR U Stable inversion (2 & b K¢l % s L T
EEEBOEAAAGEETIHITH Y, BAHFHD N —co L7R>TWVWEHIENS, <0
WIRUTH 2(t) £0 8705, AL, BEMMEHGE r(t) D20 X S0 S IREEBHE = (t) D E)

,23,



_|_

——» P, Cap —» P

Fig. 15: Normal feedback control.

S WERD DL, ZOMWED, KFEMD Preactuation EIEENLSFRATH D, Thbb, KAFHET
%, HEMELZAT 2 X 0iOR M THEMPUEZR 5 2, BERPEZEMT I2HERHBH I &

EEWKLTWS -

2.4 FREETIVERFB I

AWZETIE, 2 HEESRIEON FB IS0, FF SIS FE U 2T 7OVIBREHIEE [41)

ZHWS, AETIE, K#EETIVEREHIBEIZDOWTEHIT %,

Bl 7 VB FBHIHO 70 v 7K % Fig 14 TR, £72, @EO FBHilfHlO 7w v 7§

X% Fig.15 12279,
Fig.14 D A1 u 5 i)y £ TOMREREIL (2-55) KD XS izkInd,

Y(s) = PU(S) + PCp(PaU(s) — Y (s))
= P(l + Cﬂ,Pn)U(S) — PCbe(S)
Y(s) P(l+CpP,)

U(S) 1+P0ﬂ,
—F, Fig.15 D ASTu b6y £ TOLERBIE (2-56) RD & S ickEh b,

Y(s)  PCpP,
U(s) 1+ PCp

— 924 —

(2-55)

(2-56)



Cp — 00 &3 BN, HHEIETIVEHKFB TIE

1
vis) <Cf ! P")
U~ 1

— +P
Cpy
- P, (2-57)
Z, WHEDFB Tl
Y (s) P
Uis) L
— +P
Cho
— P, (2-58)
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Fig. 16: 2 DOF control system of the boost converter with LPV nominal model P,.
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Fig. 17: 2 DOF control system of the boost converter with direct feedback.
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Fig. 18: Step feedforward controller for the boost converter.
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Fig. 19: Preactuated multirate feedforward controller for the boost converter.
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Fig. 20: Generation of duty trajectory with PMF and elimination of steady error.

2.6.1 >Ial—>avEiE#

AIFEDEMEY I 2L — a Y THWERMEIZDOWTHIAT 5, ¥ I a2b—¥ 3 viZid Mathworks
D Matlab® & UF Simulink® & FI\W T, (2-13), (2-14) RATRINBLHE IV N—XD LPV €
TNETIU N UTHEELE, BUiYIalb—ray, EERERICBEWTHWZEE, HifEHss
DE L Z D% Tablel 127”7,

end — — — — — — —

Denag — Do (t)

/

/1
Dl(t) — Dgtart /l

Dgtart / /
t=20
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Table 1: Condition of numerical simulation and experimental verification.

Variable Value
Inductance L 400 uH
Series Resistance of Inductor rp, 0.1
Capacitance C' 89 uF
Load resistance R 10 ©
Input voltage V; 5V
Output voltage V, 10V—=>15V
Switching frequency 10 kHz
Rise time T 2 ms
Order of polynominal trajectory 9
Angular frequency of pole placement wg| 1000 rad/s

0.75 18 12 2
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z > - ony > ——LPV model FB
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A 06 ‘:;:_ 12 ——Reference ‘é 0 ‘:; o
J— S ——FF only 3 =
0.55 f)fr::ll}ll-li C10 Direct FB S 95 © 05
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(a) Duty ratio. (b) Output voltage. (c) Output voltage (c) Output voltage
magnified. tracking error.

Fig. 22: Simulation result of step feedforward and 2 types of feedback control of the boost con-
verter.
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Fig. 23: Simulation result of 2 DOF model feedback control of the boost converter.
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Fig. 24: Simulation result of 2 DOF model feedback control of the boost converter with modeling
error.
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Fig. 25: Experimental result of feedforward control of the boost converter.
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Table 2: Summary of numerical simulation results.

Maximum

FF control FB control [Overshoot [%] |Undershoot [%]|tracking error 9,8% settling

V] time [ms]

Step FF Normal FB 31.0 6.9 1.55 8.51
Model follow-

Step FF |, "5 26.7 9.5 1.34 5.28
Model follow-

PMF ing FB 16.8 4.0 0.61 3.22
Model following

Step FIF FB with model- 18.2 6.1 1.07 9.55

mg error

Model following

PMF FB with model- 0.0 3.2 0.88 7.22

ing error
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Fig. 26: Example of the relationship between train speed, notch command and traction force.
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Fig. 27: Speed profile and energy consumption in each case of conventional and higher acceleration
driving strategy.
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Fig. 28: Example of relationships between energy consumption and running time of on-track tests
in one section.
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Fig. 29: Example of relationships between difference of energy consumption and running time in
test runs in all sections in a line. Each symbol means the relationship in each section.

QAR E DN T B 728, HIE S NEREIRICIMETAR SN, Z DELOBEIN & IlE R
FIZE 0N EETANF—REDMIZ N L — N T 0D 5,

F72, LIMIZIRS T A HEE LT, IMEEZA ETHZ 2L INEICEST 587 =53
BN 572012, HEOHEBBEIOE—7ENPKE 20D Z LD, FIFH#HIEDNNT — L TR )LF—
DEBRD ML — A7 & UTHIET 5,

3.5.3 BEFEEE;RRKE (ATO) DOFIA

ATO IZFHDOEiRZ HEIET 2 AT LATH Y, EfF T A—XOFFHTI LD, KREEIE & #H
MEREDHI DOFPFHNTHB AR EFT AR =V 2 HFHTES, MATHEEMLBEI VDL FH
LK D, FEEE CIIERRNE LG ETRERIC L TE FlERET2EBRTE S,
512, Fl—D ATO THAUFEBEIDEFIZEWTITIER UETSX =V TEITEITD 2N T
&, EITARX—=VOHEBEERE, /oT, ATODFIZE VAT ANV F—ET R -V DFEE]
M, ETOEBEEE2EDLZENTE S [26),

3.6 BIXNF—ETHROAELEEEE

AT BT 5, WER, FHEGIEZ SIS 5,

,39,



Table 3: Symbols in expression (3-5)

n Powering efficiency -] v(t) | Speed [m/s]
R(x(t),v(t)) | Train resistance [N] x(t) | Position [m]
Vinw(t) Main circuit voltage [V] | a(t) | Acceleration rate [m/s?]
Tiny(t) Main circuit current [A] | M | Mass of rolling stock [kg]
M2c Mle Mle M2c
SIV, ATO VVVF VVVF SIV, ATO
ATO 4 1 » Recorder @
-I" Recorder F From olt-l?er Mle
] s |
00 =F GOLSER= 00

SIV Current  VVVF Current
Clamp meter
Line voltage, Filter capacitor voltage
VVVF inverter current

Speed, Notch command, Brake command, Regenerative brake output
Time, Speed, Position, Notch command

=W N

Fig. 30: Overview of the measurement system in the vehicle tests.
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1. Powering off speed
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Powering Coasting Braking

v
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Fig. 31: Design of speed profile for short lines with flat and simple track profile.
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0 Zs3 Z2 1 i
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Fig. 32: Design of speed profile for long and/or upslope lines.
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Fig. 33: Design of speed profile for lines with down slope in early part.
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E= / ‘/mv : mv d ( 3- 6)
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& ZDERIE
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1BRENICH 9 2R AV T % Fig.34 (2R T, 1T 28 AL 7%, HEHOFERZEL
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Fig. 34: Energy-saving karte of a flat and straight section.
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Fig. 35: Energy-saving karte of a valley-shaped section.
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Table 4: Energy-saving effects by applying approximate distribution of running time in each
section.

Energy Energy
Plan Time [s] | consumption [kWh]| | saving [%]
Time +2 s | 2811.2 180.9 -
Time +£6 s | 2812.2 176.4 2.5
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Fig. 36 (2T plan & & % ML ESTABREE O £ 7lBRETHH 2 /R @nidTh 0, [FUMEHLRFE
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MR EMGET 572012, £5 B LEID EIF 21T\, HUE 6 DUANIZINE 2455 DOHEE
HERNE 725 EF7/38 — 2 DR %Z ZNE N Fig. 37 1ZR T, ET/8R— 2 OB RISERIEIZ X
D, ELTHRED OIS BIHEE I RO DK E VR & EFTR ) O3 5 iHEE
BORMADZ2 WREZZERZ LIZL D707z, TNTNOHEBHER/NE 42 5 ETRD
XY B EEDOETRS, HEEIE% Table 4 12”7,
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ERTEDICHFHDOETRAVPIFLALEFE LWL TEFIOBEEEIED 25 XLz, 0O
FERILETHRBAERP S/ TS0, BT UHHEBNEVPHERICE/NTH S LIS A0
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Fig. 36: Experimental results of the relationships between difference of energy consumption and
running time for all sections in the line.
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Fig. 37: Running time distribution based on experimental results.

Table 5: Summary of numerical simulations.

i Energy Energy
Plan Time [s] consumption [kWh] | saving [%)]
a =25 —
Previous 2809.7 182.6
a=3.0
Proposed 2801.5 176.9 3.1

3.8.3 ETRRICLBZABAIXIF—PRDAITHESRE

BREANVT 2GR L, NMEER OB T XVX =R 2R L 206 BT e O 72 85H, &
BRI DD EFT N8 — v ORBRFE RIS U, AT DEFTIRIZ U 22 PO CiH&EE &
DI/NE 72 BETNR =V %EIRT 5 L, Table 6 TR THERE2G2, EREIZDOWT, JI#EERH
EBOE T 3N F—ETNZ = IIIEE A _ERTOREEIE (Conventional) 128 LT, ~EfTHL
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Fig. 38: Measured efficiency and approximate profiles of powering and braking mode.

Table 6: Summary of experimental results.

i Energy Energy
Plan Time [s] consumption [kWh] | saving [%)]
a=2.5 —
Conventional | 28075 192.5
a=2.5
Previous 2808.4 190.0 1.3
a =30
Proposed 2811.2 180.9 6.0
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Fig. 39: Result of on track test in a simple line profile.
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Fig. 40: Result of on track test in a line consisting of speed limit in early part.
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Fig. 41: Result of on track test with down slope in early part of line profile.
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