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Abstract

Commutation failure is a great threat to the safe operation of HVDC
transmission system. The research shows that commutation failure is likely to occur
when AC fault occurs in the inverter side. It is a common method to control
commutation failure by adjusting PI parameters. The disadvantage is the actual
trigger angle advance may be quite different from its output value, which means it
has high volatility and poor universality.

This paper mainly studies the commutation failure control strategy with more
accurate trigger angle advance and wider universality. Based on the analysis of
commutation failure mechanism, the influence of key parameters on inverter side and
the range of trigger angle advance to effectively suppress commutation failure, this
paper proposes the optimized commutation failure control strategy.

Firstly, the basic concept of HVDC system is introduced. Considering that the
amplitude and phase change of the voltage after the fault occurs, the commutation
process of single and continuous commutation failure is analyzed based on the
commutation voltage time area.

Furthermore, in order to reveal the relationship between the performance of
HVDC control system and the key parameters of inverter side in AC fault, this paper
proposes the appropriate dynamic performance index for trigger angle advance and
extinction angle. PSCAD and MATLAB are used to analyze the influence of dynamic
performance. The simulation results show that trigger angle advance can improve the
dynamic performance. But too large is not conducive to the recovery of the system
from failure. Besides, the increase of extinction angle is beneficial to increase
extinction area of the commutation process. But too much will increase the reactive
power consumption and reduce the economy and safety reliability of the system.

At last, based on the above research conclusions, a strategy about commutation
failure control(CFCS) based on commutation area is proposed, which can adjust the
trigger angle advance adaptively according to fault severity. The PSCAD/EMTDC
simulation results show that compared with the existing control, CFCS can
effectively reduce the probability of single and continuous commutation failures in
HVDC system when AC failure occurs and the frequency of commutation failure is
controlled within one time. The dynamic performance of HVDC control system can
be improved by using CFCS.

In this paper, how to improve the commutation failure suppression ability of
HVDC transmission system is studied. The goal is to minimize the possibility of

commutation failure. The research results have theoretical research significance and

11



HAb R AR EM 2 83
————————————————————————————————————

engineering practical value for improving the safe operation level of China's power
grid.

Keywords: HVDC system, commutation failure, predictive control, dynamic
performance
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2.3.2 BRI L WA IE 74

faiF B AL E T R R E N ELRE, RNEREST RIS &
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RRZ BB EELRIERINHET, BEAN AR ELRM LK.
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LiErFERE, REELEFROEISINEE, HETEEIRIISHFNE
JEIF BB R BN F RIS R AR &, RESENSISEeES, FAER
) fo 3 W0 B e HLHF S () . SR A S (E I N B K L R AT (B X E e R 13
F RSB RE W, AR T Horf 2k MR st

3.1 BhASMERESRIR B AT

BHRARKEBEFR S ANENRES. BRESHER—MHEHELKXER,
—METREINEAGERZRENS, REABITHRFRS, KNRENHE
MEGIA B, BEAMATERELB —NHORES, X—BRIER A
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RGP R IR H 28 20 SR TR R A B AT Y, BRI AR 48R
TERSEMZRAANEREREFFRFEEYVIHEX. FHNSISERERDE
3-1 Fiiow:

& 3-1 FRNARSIS R

fats & X
EFHES ] £ MEER 0.1 5 EFH 2] 0.9 ARSI
e 45 5 18) £, WA 2 KT &8 B B)KE AN E R R 1)
VTSI £ M 2 2 RE FE 48 1E £ 5% (B £2%) {6 B BT & K [R)
HAE % N RAESRENESKERLE
5>/ 4= FAEPIAN R R 08 B B R 2 B

BIMARGEFIEFRFREN, X169 RAL M K RE M A0 %
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BiehEFEXARS T EH R

EFREERBEERH ARG, HEE - IMATHAANSREENRE, H
WRIERZE, HERMEBH RAMREITFHRK—IF. BHBAERTIERTRASH
HE R EER B LR BARER ST, RERXN

J= j: Fe(), tdt (3-1)

RE-DIF RSN ERRERB T RERZATEE, NRRAZZTEKA E
mEERS, WERAANRELK, BERIEREKRN, BEHRENzIEH
BEAAE.

BRARERS MR T FR:

(1) FIwmZER 5 (SE)

T = foTez(t)dt G-2)
(25 B A1 3feF 77 {22 B2 9 (ITSE)
Jirss = J'OT te* (1)dt G-3)
(3) #EXHE W Z R 7 (IAE)
(3-4)

e = [ le(o)]ar
(4) B (A48 % {2 e #R 4 ITAE)
Tias = [ 1-|e@)]dr (3-5)
ARKMERSARNEATARNES RS, FEMNASMERSBIR
MR AR B ISR R B RGR, WRANAWEREA &, U HHEZ
B 45 3% o LRI BR A R ), P 3-1 Bizx:  ISE #EEBFE4RF ITSE #8457 6E %
kT EEREPHIAAKREN RS, IAE BFEBHET EIRE P HI/MeZE
MFES: T ITAE fER6e 8 /& KT R B AN RER.
ERIUFMmERSEREREEAENRS, BRELAGRERNARATLUR
EREEE. K, EBHSEEBERE, BT ITAE BARFHEHEMIE
B, B8R TIEHNALSO), BT ITAE HehSH IR E E A S ik
B RV RBEN RS, KN ITAE b7 LA 34 R 8 78 4] 26 B 2 B9 KR
ZB B EANALKI 7 KRR, BRI T B XA KBIFIA ZIX Rt EHIRE
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FEHE A ASE AT EmK, ITAE HUEHRE K.
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3.2 MBS HTEAMEITHI RS S ENT M
3.2.1 SLHEHR

AFHRI 2 ALAMBASFMERNTEA, A HLUWABL np)Ex, BA
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KMASEEEME, m AXRBASEEENBENRFENE. ERBRRKEHRE
G, REZE—MERRVIGHE, FAYERSIFBKEESTRR, XINRE
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WA A R R F . SR VIBRE BEE 4 PR AT 8], X 0L B P 3 1 i TE] 3 )R
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BRI FE R e B AR DL KGR A R, BRI BE S BOR T R KR SE I 18]
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“5E A DS M, £ BASEH N0, HARHE. 44 PSCAD
H1 ff] multiple run THEER] A7 E#E T S HZBWE, (T EBFKITEHM ITAE H
FA MATLAB B~ E, BEdthmla o ma Rk frRarsE L
FFERTEl. XMW ASEEMINE K RFLEE RX R B E6 2Rz SRR
.
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TRETASHBEAE 3s-3.5s IRARIFAE 19° , EXETAEHK PLIEHMAREE
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(D WEMRRTEIREA REFNMEAENZIRENL A, EH AR
B REMRRIBFHESRABOILE. FeEIl. REMRRS
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MREfE IR IE RS .

(2) B RFBEMuRREAETULEZHR RENSISERE, HEREEX
BAMTRENREHKE, RSB HEMERE, RSN R R ERR
BRAY 8] e 5 [ 3 S RE 18 2R A .

(3) WM KW 2 H E R RE R T AL ERREER, Bk
WA SERME R B S S, REERRENISERE, EXHASEERABITX
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BEERABRAZTNZHAARERRUES, BRERKRKENBES
NEERA. AN SEERABITELLL SIEMENS 3 ABB A " &= H| %
B AEA, EMHBAERR ECRE —ERE, EREFEFE REFH MM
AR . B AT 2% SCER 2 5 i ] 30 ) e AR R BOX AN 1| B TR E AR
BEFTR, HP B0 7 RFEELEERERANET RS BEBRERK
MEZRRIEGEMFHESKNRE, XEMEREERAESEZ—. FHR
MHRBINGI RS NG KR fA. REBERER. RARRKESERBESA
BHE, BXEEBEHATRY, #EUBIRRA.

Xt B IARE, 2 FRBMHERMYLE SR T RAEREE. ERBRN
itk AEESIEP AWK, MR AFEZIEHREHREKESR: 5 3
ERHARENSISHESITRPISHER TSR/ BB RBEEMEZ BEF
EMXXR, H—HHEE3IEBETEESHEEN AR EITE ST KA
SEFEEMBFY TRERH KA S LW EEBMARUKAEEL L.
RAE B 58N A AR ) 2 R W A B, HET NI A, Rt el
R, FEMRAEGTSIEPNHENEERAREE LXF A AEHKE
HIvERE, WEREXRMAESMEE, BikA, REAEINBENKIIEE,
R4 BF Tt ik AHRM PR E . RED R RER KA BAE R B
ik mRETEGE, RUSUEEETRMAEROBAARBIH SRR, BEHE
OUE T HE X Bk 5 g A e I A e SaE A .

41 HEEML RIECHEMETHEG X

WANRABAHERSEEHEEEEHE 4-1 P, EPATLUE H R
THEEIRE B d%. o HRERRSERMA KA, yy o5 8RS <
Wi, puMu dRAMENERNREA. MBRAEZFENRIANBERERN RS
T TV s AR, EEE R LOAAMERT MR Ao ARAEKRE. HE
S AEXRATHQHUTE. MEESAERNXRTHG-1)ITE.

T—-a=u+y'+Ap 4-1)

2@-1)5 Q-9 Rk, ¥R SR A B E R ] 15

Vwg —7'=8@+(u'-p)=A¢+Au (4-2)
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HE4-1 7745, EXRMRKE A BRAEELRER, A MBERK, #HE
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WARE, FXRMBRLET RPN IR . Bl g3 M3 H R 50k M
HBAERWEN ZXN X ATUENKRD, UETHMHBELIZARERS
LAV EZM, BIF

Aa=y, —y'=Ap+Au (4-3)

HHRRIERESH AN ARLARBERAN BT (BN XA, 2L,

WP EE T E RS MAR AIELSENRDRITE A, -

Aa,, =V.n—7'=A¢p+Au (4-4)
¥ @4-3)RAKR@-9)AT 15
AQ iy = Vein = Vreg =A@ + At (4-5)
I A RBAREBRMARM IR AR S EN BN
A ptorn = X — A (4-6)

HERRMREBEETE S mEE Ap 5 R 5 RA AL E AESE
BEAT KA

411 BESFERREBENITE
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b HRFR AR S

u‘x'JQ\.J(]J'&)'[v“x-'f'L: 3P 0 AL A A L IR 1 B S BRrie] e 28 $F I (] 0.1s
|

UaPhaseAngle/*

-150 |

-200 . = - —
1.95 2 2.05 2.1 215 22 2.25

t/s

(a) W P Jm B AR Bz 1) SE MR 5 B8 g (B X B

I e e e

18!

zax o 2
N S (e}

PhaseAngleDeviation/%
=

2.08 2.09 21 2.1 212 218 214 2.15 2.16
/s

(b) HEAMSENESBEMZAKIRE
B 4-2 SBEAEM B R A MM A R E 7 B A

HECHEREXRESEIHEFHRAEELITFRAREENITTERENR, K
Mo RAEEIHEMEEBERENREMAHAZE. BL, WH 42 Fix, &
B ARM AL R A Bl R R AR, SRR 2000 2s, dRRRERRSERS 1A
0.1s, B ETUFHE2sZ/F, AHMEEALENEESBEERITH
BIRE, AR ZITE 2.03s F1 2.12s L, MEBHAMCAERESEEEZIE
MmERERR XD 12%, MRAFESEHEEMCREREL, BeHm
JRERR R AR AT E RO R AL, AT R B A AR K T A ) SR R R
LTS H R ERERABEMUREEANEELT ARBERN TS,

TRAG =B ERNENR@-ER, b E, RABIREFLEAHE
JENRAE -
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e, = E_cos(wt +60°)
e, = E_cos(wt —60°) 4-7)
e, =E cos(wt—180°)

HEEHN=MHEERE2ENE 4-3 Fix, A ABSHESE, "WEHEE
VBB BT d%, BEMAMREBEE N, WHBEEKN A HBETRERA:
e, = E, (1-d%)cos(wt + 60" +0) (4-8)

€

B 43 BEEHN=_fHBEEREH

BERE-NARFHBEREE, RSN AMBES B HBENZ AN

T owr=k-180°(kez), =FHBEETMER 120° , BEE=MHBEEMNMBEMXESH

TAXNRB R RETRESE, #MHRAEEEREMRAEREMRCmE. %

TR E AR M T RE < M BT B | 5w, Al R A R AT R AR AL R & Xt BA S A2

FHREEW, FEANFCE 232 WhER. WEEHBEEZ RPN ARER
H:

E, (1-d%)cos(wt+60° +0)=E, cos(awt—607) (4-9)

WHRIZFAURFRHEETTE A REE .

(1-d%)(cos o-3 sino)-1
(1—d%)(x/§ Coso +sino) +3

Agp=—arctan| (4-10)

4.1.2 AT HEMITE

BRAJERSITH, HREZHRP TP ES LG HRGB R, AL
UtHRBRALS Wi E ABEER, RETANEREREFAE. BR2-12)
WEAE W, IERIET TR T RIRMER Siemand 7£ BB AZRAEF LT AT LL
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fedbm fy RFEM 2200 3

WAEEE, BMEEIEEAEERRRFAZ.
BeAH T AR P Hy BRAE R U N R LR KRR s, a0 @-1 DR, IEH B AT
TH N s, A —fEEE, AERBARGTZIM LR, b TR G5 ER #R

AH AR T PR AR AR AR 38 i, AT S EUIN A 7 kM A T RRIfE R, RAERIK
RAEINEE IR E .

3
S, == oL, (4-11)

WS A AR BN E B AR R R KRR, MR

J5 e FH 22 L IR T LA OR
(U,, =e,'-e, = E Ksin(ax +Ag)

K=K +K,+1 (4-12)
K, =d%’ cos’ o —2d%cos’ 6 —d%cos o +cos’ o +coso
K, =d%’ sin’ o —2d%sin’ o —3d%sino +sin’ o ++3sinc

Hr ApB K /AT Bl it (4-10)3K 75 .

RPENQ2-12)M 3 (4-1D) AT 51, AT T K E Saemana T HAR B ER
EfEf s, BE, B R EZmmkdwmbEE s, v —EHE.

MR R E R IR e, AR e B I AR B X 152 A I [R) P A LTS B9 5, A

S ZJ‘:W Ll ; % dor = E’;K [cos (a+Ap)—cos(a+u'+ A@)] (4-13)

H

BT - 1D)A K (4-13), AT MEEHRAAA o MRIEX N

28
#':arco{cos(aqLA@)—E [“{}—(OHA(p) (4-14)

m

Bl b A A i 1 AR A AR AL B e

28
Aﬂ:#'_#zarcos[cos(a+A(/))—E I“(J—(a%Ago)—/z (4-15)

m

AT 1k Wk B S5 A 2R 0 AN O AE R 2R ) A R F R BT B A
(
Ao =Ap+Au= f(d%,o)

Ag = —arctan| (1-d%)(coso —V3sing) -1
(l—d%)(\/gcosa+sin0’)+\/§

(4-16)

25
Ap = p'— y=arco{cos(a +Ap)— Z ;‘{} —(a+Ap)—u

H B A SCHRIE ), AR A R AT B R S M A R, 2 Aa KT 27.2°
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b I RFM T A3

A Tl e Sl B AR R MR RN R 6, FHilt, FERBMEARSERITE
R ERREN27.2° .

PLES AR B T AR SR A I AL, TOXT T = AR AR E, £
B E=MEEYTEGRE, RERETEASZHT—B, Bl Ap=0, 3 (4-15)
FRER TR SR ERRBEAELE.

4.2 ERBERESHUERRRBERBAIN G E

4.2.1 |IBRMFIHZ%E
ELFIRENAS, XEANTEETE-17)%HU:

y = arccos(@};wi +cos ff) (4-17)

WLEH, K@-17)EE TIRE, JFRFEHRMEEEMRANZLTRIE
W, HpanRESENSEERZARTHE, THEERNERELARTE.

REBBAR KM HERRH A, A% B MRS R IR SR R AL,
R — MRS B AR R I B R . o R R AR 5 AR 3Rk R A 5 R B 4 At
R BE T F X MO R AR S R R Y O AR AR S A AT 9B R AR SR T
B E5 RIEIRZER W

Y NW\LC N
& i
N\ Le T %\177
72t

Iq
m”‘ : N l
Q// YY) l,(]

44 BERBMEEERTE

WIEE 44 R, B:

dt dt
R, waMup 58 A BHAMBE; Lo NIEERRTHERBR: ik
AR o ARG, EE:

(4-18)

U
i =——2 cosawt+C (4-19)
2oL,

AR, Uxo NIEFHBITH LB EEE (xy=ab,bc,ca) ; C NRERTH .
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LA A p N2 e LAY
s ———————————————————————————————————

Ba=n-[ 1, BAMHITIE, LR V:HRPE, FHERIE V; BER i«
N0, HA1G:

U b0
2 S 4-20
5 2-cos fy (4-20)

(o

Baor=m—p, 0, RIEER, LHERIE Vs BRI, =1, HTH:

I, =——Z’i(cosﬂ0—cosyo) (4-21)
2oL,

R@-200K@-20)F, 7, AREATR W A SARERTEIMAKA.

BT EHSME iR EEER, TUMBRRERERN AN AT, Bk
FEMEAREZRMRBEE, ARNE2DTUHESHEAHMUREREANBESE
REREER:

Iy =22 _[cos(f, - Ag)—cos(y — Ap)] (4-22)
2oL

c
AF: LABBEERBR: U, NAREENEEEREE: Ao vtk HAA=
EEFRMBE; yAREEHXEA.

WU 5 MR R A B RS, BRI AR LA A AR, BB ¥ e[ 701
Heh, y. BB HRARIINRDXEA, 7 BRESTHRIKKA, KhhTE
H iy ~6 -8, y,~15 . BTG A EER R HEBE R T HIHAE, 7T Ap<0BH
Ap - —ANKAM AR IES. HILATLIEE y-pel07,90], R @4-21)F13((4-22)
R KM A E AN

y =arccos(M) + Ag
M =(cosy,—cos /30)%+cos(,[30 —-A@) (4-23)

S R A S 3 L LB A R, BLUR R TR A R
A5, GESEAE P BT O RSB A e AR

(1) TRA VIR A R AR e B e, MR sk, R(4-22)%
Kﬁﬁ%uMW%%ﬁmanﬁﬁ%%ﬁ#ﬁJw%ﬂ%%ﬂﬁAwﬁiJiMﬂ

ab

S arccos(M) LR, MywTL. Bib—NMEREYD M~15, A
arccos(M)=0, M y=Ap, Hiy<0sEHE R —MEEE KK IEL.
(2) WRZRM R AR REE R SR, N BRI, AR

BB, R (@-22) PR m$ﬁ@¢w#%mmmﬁ%ﬁﬁﬁﬁmm

ab
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Hedb e TR 47 1R 3T

F, WLEE M<1, ATERERBANREESE M FWbh—L, By,
LR ERAEINREREBERKERBRENIEF R0, B — 2w s HIRA,
B 341 B 9 R 2 T

MG AR REBARRBE, RATEEAS - ERIFE A%, i
BRA r>y, BRELTAREZRMERMNEBRZAN. 2SHEST, HKH
it EEEE 35.4° w1, AT LA RET K, AR B RBEE & Yo =354 -

WAL LD B, 2V 2 Ve BE TR, TR E T BRMEKM: 5
Y € s Y )» FTANBARRMR R A, REE R KAE SRR EHRE KK

SN R
57 A5 3 0 0 4 4
AL R

A
PR R R T R d
HIAEANER L A SE IRl

\ 4
FIA R (4-10)it E L 8 15 3

HEERBE

A 4

@iﬂfﬁ(4-24)il§l%fU#”<t¥ﬁﬁailE‘i@

'

BARRIK
CFs=1

7 KA oA SR
CFS=0

P 4-5 AR ok WOH) 7 AR
BRI A R B B AP BRI T
(D MATZRMERIRRME B L. SEAT W A RSE . WIETHE T
R ARRSE, WR@-23)FHU,« 7~ By
(2) REWHER, WEMEFNBRRFLEEREU,;
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b TR FE M 22483

(3) U, 70~ BURU,RAR®@E-23), BEHERERXHAy, NE
Y € mims Vo | s B RG IR

ETLFRAR, EXBRMABRERS CFS, HZHANZHEHAERFHK
RAEBA KB, CFS=0; HiZHFBHEHEREREHAMRKE, CFS=1. R
BEERFEHE, BAARMHEREDE 4-5 Fix.

4.2.2 (HAEWIE

[ Fl PSCAD/EMTDC i E¥ M4, £ F§ CIGRE BENCHMARK #g #E Ul iR A5 B¢
YE AP U E AR, 7R T 2R AT I BR R A R B 22 1 [7) K /) 3t U Wk o B PO i e
o RGN R R 5 R A S A S I, O Bl e AH A TKCH Sl B 48 B 5 R
E#¥AZREFRT R R BRI, Wik R AN ERERE. B8 RV 2
BB ERER BRI LENE 4-6 .

It 7t /p.u.

1.95 2 2.05 241 2.15 22

GCFS
o
o

(a) I Ja R R £ B R T
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Hedbm IR 2203

O“

T e o T

1.95 2 2.05 2.1 2.15 2.2
t/s

(b) MM f5 R A B IR e bl R

=, IO commmmner T | oo

1.95 2 2.05 2.1 215 22 2.2% 23 2.35 24
t/s

e |

1.95 2 2.05 2,1 215 2.2 2.25 23 2.35 2.4
t/s

(c) HMMEJE R AEESIAKN
Fl4-6 CFS HAGEREBMZER/BBEBRITLLE
B 4-6 A LLFEH, £ RG LT (a). (b). ()=Fh A [F K #BE FIRAR, CFS
BB EERESRBRERT S, BB HERBRIERARMERMEL. ik
— S IFH BB A AT 474, 7F CIGRE BENCHMARK MR RLE P HE R
) 5 b A B PR R T RO B AR S M R 5 = R s, B BT IR B AR SR M) BB
EEMHERSLIRERKITLLWE 4-1 FTR.
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REREBMERY
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A FHE b BR 0.94 0 & Fi
0.92 1 b p
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1.20 0 % (2
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= AHEE AT B 1.16 0 & 5
1.14 1 = y=3
1.12 1 yed 2

HE 4-1 ATLLE W, EARBEBBANARZMERKZET, RAKRK
HRZ ARG SChRE RORFF— 2, TR FIR T BRI MRS 2 T Wik,

4.3 T 1 FR YR A8 < D SR B

EF 41 WHARNEBIHRHBEEIZARBEESHRMHEARBEES IR
AEEASERTEN B, AR H — B T oA T AR i 3 A 2R W HD ) SR e
fEi#8 A CFCS. CFCS M rBRWE 4-7 Firn, MANERER L . BTN =
R RBEU, BN R« FXEALIEy, fH S0 H1ES
BHRE Ac,_ -

Unrc—>
Iy —
CFCSHith |—»Aa, .
o —p

R

K] 4-7 CFCS Z#I#ERREH
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ZHEMTREHE?

( tEBAHRLREE )

CELEELEELZED)
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Y
BARRIGHIBIERTT: Hah
REREBRARKIES

h 4
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B 4-8 FiREZEM LI MER

CFCS MLHRERMA 4-8 firx, MEEAYTHAEENFHALRET S
mE:

(DHBRESHTRAFTHEEMIBENBEMIIG, BIEESREL
BHERCHBERFEL, HEESRNEBWE 4-9 FT5;

() HEFEAMBERTRER, #EETHEIR 580 % AR B KSR 18
BEEHEMZE, URENMAERERAZE;

(3) HAW A EFAEEEKTRER, WAARE-10+EEHESEED
ZRRBEAp, MEEREZHENKRHEE, WAp=0; FIHKG-15)HEHERERH
B ARNE Ay

(DO RBRMEBEESTARBESHAAATIERM, 583032 04K A2
WEA,, » BEMMKARITERLINEZEME 4-10 TR,
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Ub ‘ l p Comparator
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UC — X Sampler Bk
Comparator

B 4-9 iR 52 K
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& | wmEBEIT| Ae ¢ Ctrl=ll
AV > CE N e Aamjn
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l v -0.76
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B 4-10 R AR EVER W BEE
. A PSCAD/EMTDC 15 B #44, 1 /1 CIGRE BENCHMARK #5 # il % A &Y
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WIFEERMESEEE. T EAN AN R AR T %A 5 Wom B
FBHUEERYURALFRERBELAZRAETHNAZE, BREHERIE
CFCS HE 5 Ik /N e 4 2k LR AR L 2R 1 3801

4.4 CFCS FEFUM B F AR B 4k _E RO FH
4.4.1 TGN B R K B 2% TS BY #5HE o< T M 2 3 B

BB ARBEE P EHFRERE: (1) REEH; (2) THERH;
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RABIMASEEMNHHRAGLEESERBER, THHEEMEA. &40
2 AFEARBAXER, XA THEDR. DHBEHNER, BE4ZE
EEME 4-11 Fix.

T
yref — AMAX A’é—*_/—
-7
AU, — PI /

max
T &,

anrd
s—> PI —_—

B 4-11 TR ARBEZ S EER

T B R B LR R S R IR B B EN R E EE), NMEREREERK
AHERME R EINTERY, ik AIRTE, EnRARRREE,
W/ AR R MU A R . LY A S T S SRR s 3B I R A % I TR % 1) 2R
5 (CFPREV) X} # i B 4% B R AT SERT LU XA, — BT EHIRE, WA
FINABARBRAEMER R, BB 2821 RI1EH A fb ik A SC IR Al il
K, RAGEREBINERTEE. LLTRKNMH CFPREV 5 AMAX iX BN 7E T
RIFE AR B2 P i E E T
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o AE 25 T T B8 CFPREV R % 48 5 1 22 () i 5 AH 2k ICHR I e 77, 4=
ZBEERMAE 4-12 Fic. B 4129, ZHXRBEESESZEFSERN, &
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B2 CFPREV MY HERE T A ERE K ME B EW R A4
SE, HRBEREHABENHL. RHEBEELITANBRMEHERIEREZ
EHRAETHE. 4, CFPREVMRARINENHERBTER LIEAEHY
MANEE, EARMERR., HME X, MEEE THEEEARR.

(2) AMAX

AMAX 1R E X 4-24)Fis .

ref lim
B = arccos(cos y —2d, ~4+—- Ul _ K™ —-1.)) (4-24)
v X I d d

dN do

A, SATRBNMAERA, XA, [NERBR, dR2BENN
KW, InzABEERBR, Uy AN BMETHERBE. P20
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) 488 300 e TE AN A
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CFPREV

K 4-13 AMAX 435138 HAE -

4.4.2 NFHiZiE
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gL BME N RBE ML A, BEXNHEX.
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DA 57 4 b i SRR A 5 B 3 AH R O 1) SR BE AU R IF SR I 48 07, MM B R/ T
o b R E, RAEXMHERMG T A SREERRMERY, IhFEHE
TR/, A AE RN SRS R T . T E R, 0.01H AT
K, BREIFLEE TR 0.1s, MERAERZIMN 2s BALZE 2.01s, B EZELPK
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WM 4-2 fizn. R, Lol bl SRS ITE 2 AT 20 (1 A i Bl , Lotk
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MK 4-2 5B 4-16 AT RBLUL T &b

(1) #BHIKIEI. 5] FISINE 12 %] RIS TV XS B AH K W &) BUR A B
P T 33 1 7 1

(2)7E 2.0035~2.005s B 3% #1] 5% BE IILAR XT T 4% il 3K B8 TLT T A8 55 3 1) 3¢
R RARNT 85T, 7EH AT 242 §) SR BS I3 AR T # SR BE 10

(3) $=HIKBEIVILAE 2.001s B 2/l R ¥ AH BB R T 48 SR BR TD, 53 4
E 2.006s-2.008s ¥ [E] X W1 R R MR LB TE, HESAELERLEMRT
2 ) SRBR I,
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2.000 0.94 0.64 0.60 0.52
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