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Abstract

Modular multilevel inverters have a series of advantages such as high efficiency, no
commutation failure, and the ability to supply power to passive systems, which have
been rapidly developed in recent years. Multiple high-voltage direct current transmission
(MMC-HVDC) projects based on modular multi-level inverters have been built and put
into operation worldwide. However, there have also been some urgent problems in the
MMC-HVDC projects that have already been built, such as the problem of excitation
inrush current caused by no-load closing of transformers near the converter station,
which leads to the malfunction of broadband harmonic protection in the converter station.
In the Fengning converter station of the Zhangbei Flexible DC Project, there have been
multiple cases where the excitation inrush current generated during the no-load closing of
the main transformer of the pumped storage power station connected to the converter
station causes the harmonic distortion rate of the common connection point voltage to
exceed the broadband harmonic protection setting, leading to the malfunction of the
MMC converter broadband harmonic protection and the problem of MMC converter
locking. Similar problems have also occurred in other converter stations of the Zhangbei
Flexible DC Project. This problem seriously affects the safe and stable operation of the
MMC-HVDC project, and effective solutions are urgently needed.

This article conducts in-depth analysis and research on the issue of "excitation
inrush current leading to misoperation of broadband harmonic protection in converter
stations". Firstly, the reasons for the generation of excitation inrush current, the
characteristics of excitation inrush current, and the characteristics of the second harmonic
variation of excitation inrush current were analyzed. It was concluded that when the
initial phase angle of closing is between 0 degrees and 90 degrees, as the initial phase
angle of closing increases, the saturation of the transformer core becomes less severe, the
discontinuity angle gradually increases, the amplitude of the second harmonic gradually
decreases, and the proportion of the second harmonic gradually increases, and this
conclusion was verified through simulation experiments in PSCAD. Afterwards, the
effects of initial phase angle, residual magnetism, power supply voltage, and system
impedance on excitation inrush current were analyzed, and the characteristics of
excitation inrush current generated by no-load closing of the main transformer of the
pumped storage power station connected to Fengning Station were studied.

Secondly, the impact of excitation inrush current generated by the main transformer
of the pumped storage power station connected to the Fengning converter station on the
Fengning converter station was studied from four aspects, including the impact of

excitation inrush current on the voltage at PCC, the impact of excitation inrush current on
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the DC bus voltage of the converter, the impact of excitation inrush current on the
phase-locked loop, and the impact of excitation inrush current on the bridge arm. The
mechanism of excitation inrush current causing broadband harmonic protection
malfunction was analyzed.

Finally, a modular multi-level converter grid side harmonic suppression strategy
based on a quasi proportional resonant controller is proposed to solve the problem of
broadband harmonic protection malfunction caused by excitation inrush current in the
converter station. The harmonic suppression link is composed of a bandpass filter and a
quasi proportional resonant controller. The harmonic suppression link is superimposed on
the flexible DC inner loop current controller, achieving the effect of suppressing the grid
side harmonic current and preventing the misoperation of broadband harmonic protection
caused by excitation inrush current. The proposed grid side harmonic suppression
strategy was applied in PSCAD to the equivalent simulation model of Zhangbei Flexible
DC Project at Fengning Station for simulation experiments. The simulation results show
that the proposed grid side harmonic suppression strategy has good harmonic suppression
effect and can effectively prevent excitation inrush current from leading to broadband
harmonic protection malfunction at Fengning Converter Station.

Keywords: flexible DC transmission system; modular multilevel converter; harmonic

suppression; quasi proportional resonant controller
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F 3R 40 T CAHEAS IR R TR U 5 T 18] 8 A 0y IR/ DAy

)

0, = 26, = 2 arccos( bn oSOt 2,

(2-5)

(2-6)

@-7)

s )
BT R RHGRAN RGN, MERRNEES -9, 5 LAXK, B
. _d-d
B» L"
_ -4, cos(et +x)+4, cos(ax)+4, —¢, cos(wh, +a)+4, cos(a) +4,
Lu Lu

= i;:H‘-(cos 6, —cos0)

W kTR TR RS T LS A
i, ~0,0<0<gBk0>27-0,

] =%‘“—(cos6’, —c0s8),6, <0 <21 -6,

"
(i

M R aT 4N, BAEAR R AR R RETR T A AR AR -

(2-8)

(2-9)

1 B RE TR TR T [ B (R e — QU AR T e,  HRTEZ B (alf Ay, Pt

FeE, (AT,

2RhEGRRR S E URBEERO D Ea A, MEBERRMAXR, £4W

3. BhELIR T & A K ERER R, KU RERRRNE.

2.2.2 Z AT EBMERAR

fla=0°Rt, FHEABRIERIRK, TESRMAa=00 K, HFRAEFME, WERESKE
BEHEANRTIEBIT, AR EMERTR.

=T ESTRE R ERRBRNRE S BHRESEAME, AT R



b R F AR

R, FEALANE 2-3 FRM=HARZES (M= RARESEAR, BREHR

SR YNdID) A, 4 =MZEE SRR S S .
[‘.-x
ety (XYY —=
(.F. 1':'\ i?
Py R
U, : -
A_®_—/\N\,_—NWN— L —
—c’ lj s 7,

B 2-3 YNd1I S ERERA FL K%

ST =AARZTER, BTS00, BBELTR, HERemE=ER
PR U S ME MR ERESRVHATLE RCHIERLTTRER
PR MR . 7€ PSCAD &Y T =HETERFREWMHERE, =HEE
BSECH: FESE S\=360MVA; e K Un/Ux=230/115kV(RMS); — K|
BSHN: R=0.027pu.. WEZMHEERT 1.05s THEW, TESI=H=4HRIE
HATR R B 2-4 BoR .

T T T T T

4f }’\

; \ | |

W

FEIAt/kA

—
 —
-
;
-

C

=

1 L L L L L
3 1.05 1.1 L1353 1.2 1.25 13 1.35 1.4

fhffil/s
(a)A Al T AL T
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KA p N e e A9

0.5 ‘ . ; ' i ’ :
o———— T N
: T HF” T

: | |
| 5 1 i i
SR L’ ]
o 1.05 1.1 115 12 125 13 135 1.4

B {al/s
(b)B 8 il R J T T2

0.5

T I T

=

(i v rreee

V

L RE/kA

1 1 1
1 1. I.l L15 1.2 1.25 1.3 1.35 1.4
I 1] /s

()C MR R R BT
2-4 = AR E BB IR Y

HE 2-4 ATRAEH, S =AM T B R, SAHBEIE AR S B
A PR B BRI R 26, RIBLLE W SR, 7T US4 =430 43 b ik v
LS I=WAF

LHET=MEEHZE 1200, FIU=MZERTHE WA ED0HPHES B IR
.

2. LR TR T 4 H B[R T £
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by ) R A8
2.3 BhEEER RIS TI ot
2.3.1 S

ANFE BT AR fa € (00,9008, BHRER I = X183 fFE (8 BA A Jh T 7
W IREYE T o5 LR B A S R WIAE e, R T BT, WML =0 .
EGERPEE KEMEESEUAIEAE > E, B, 8B IRIER
JoE, T DL I (e B SRS R A Rk s AT R
i =£2°-+i[an cos(nb)+b,_sin(nd)] (2-10)
H B RSP REON:

a, = s j i, cos(nf)do
i 2-11)

b= [7i, sin(ng)de

-
o, L= HAERAMSE, L=Valen? WEWESE.
I, =+a+b>(n=23,.) NiEESE. HA=ARBNEEIE. TR0 X A KXFRIET
LAk, =0(n=1,2,3,..),» Bk, I,=la|, I,=la]-
FBRQ-YARQ-10), HEAT40:

T O
a = %—[—Esm(281)+0] — 7]

i

T e
W — IRAE R IR R -
=t —-é—sin(30,)+%sin , (2-13)
f iR o Afr ] &, :?ﬁ’\i%?}iﬁ); i Bl A
‘—lsin(39,)+lsin )
b 6 2 (2-14)

‘ —%sin(201)+6’l -7 .

24, =08, RQR-6)H¥EA:
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Hedb s SR W2

b, cosa—¢s)

6, = arccos( (2-15)

m

B0 €(0°,90°), HE(2-15)FTHI, 6 €(90°,180°). 3Hrah(2-13) A B 1 AT %0,
fE6) € (90°,180°), KIS MIE{EFEE O I KR . 28 K(2-14) B8 1
A4, FEGIE(90°,180°)0F, IRIEMEAT L ELBIBEE 6 FIE KiK. 2#2-15)
RIEIRMERT 40, & WP AaE (0°,90°)F , 6 BEEaFE NG K. FEEbal Aoy
H, a€(0°,90°)8 , ZIREHRIRERME«RTIE ATIRVD, KGR G EFlfEEa
RPN N

B €(0°,90°) 0, BIHETH VLI LB W F o) KR /D 9

6, =20, = ZMCCOS(M) (2-16)

m

TR0, a€(0°,90°)0T, [B Wi A6 B R/MEBEE afIIE RTIE K, HaRIE
Hefilk R, XAZRWHEWA] LB BREIEH. Hde(-4,.4,)N, BOBEAMAM,
SEE R R A R A, AT -9, < < g, IATL, TTF5:

@, cos(a) — ¢, < ¢, cos(wt +a) < @, cos(x)+¢, (2-17)

BPar BLiE 4 4 cos(or+a) BB, BELTRA ¢, cos(a)—-¢,, BLERA
¢, cos(cr)+ ¢, , FIEERS Frxt RLfI M BRI N RINT M. BT @, cos(wr + ) 55 ¢, cos(a)
RE—"AEa ¥¢_ cos(ot+a)ZT¥ R ¢ cos(wr) AT BT A KDL KA
M, AT, EHQ cos(or) BIEHZ UK TR ¢, cos(a)-¢, , LR
¢, cos(a)+¢,, I 2-5 FioR.

@

B 2-5 a € (0°,90°) [A] ¥y g AR = B
a=0°FF Xt B {1 _E T BB BL K a=90° it Xt B ft) E TR AAEE 2-5 p AR S
BEELERR, a€(0°,90°)F, LRMTFRMIFEEHE KT T, Mae(0°,90°)0f
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K| VIDN 2 e A7

[E17 F IR AL SRR AN B 2-5 AL Rk FTR, [RIBT M BEA aff 1S KT K.
BEERYL, fEa€(0°,90°)F, BEE S WA MalIBE R, WABIGEAE, [
W AR AT R, IR IR LR AR/, IR L Z AT K

232 1HEWIE

7E PSCAD H# & 7T BAHTERTHE MG EEX LR R THERIE,
BHTESTHREGRAEEIME 2-6 fir. BMHTERSHRENT: SehE
Sn=100MVA; #5E Bk Un/Uan=230/115kV(RMS); — K B & S5 4 : R=0.00302p.u. .

Timed

BrLeak_er

T agic
T Cpen@t0

= BRK1

%)\ —

0.1 [ohm} #1% \E #

&

1.5 [ohm]

K 2-6 BAHTERTHA WG EER
HEBIAMN - REEBES S AVMEAXRIEEN ZRKiIgH LA S & mY]
MAAXRAEES>HWE 2-7 Il 2-8 iR, BIAS S RVHEAXRSEEDE
2-9 B

0.7

0.6

0.5+ =

04 4

LR R KA

0.3+

0.2}

0 10 20 20 20 0 60 70
B 27 —RERRES S EVIHARARER

T 14



bl SR 2 AR S

50 ° - : - - : :
0 10 20 30 40 50 60 70

SlETsmr

2-8 RIS S S RPIMARRTRE

280
280+

270 A
260 - / |

250+ /
240
=230+

220 /
210} /
200+

e

190 F |

i fal°

180 1 i A R 3 i ;S — i
0 10 20 30 40 50 60 70

b e
Bl 29 F¥iASERVIAAXRRER

ME2-7 TUE K, Facs(0°900)8, “RIEKIEES S MAIH A2 AR
RE, ZIREBENBERES AVHEAaKERTEAD. HE2-8TLLEH, #
a€(0°90°)f, "X EERMVIMAARIIEMIKR, IKIEHLGIES
[RIAIAR A 38 KT K. B8 2-0 ATCAE t, [T A K/ & M 0AE A 2 IIE AR
KE, [EBAKDNEESREMaRIEKTIE K. HEERRBIETHES TS
i R IR .
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Hedb s IR B 2B
24 EhtEERRRIRINER
EHREEB OB, RQ-INER:

d()=— Un cos(wt +a)+( Yy, cosa + ¢r)e——’_ 2-17)
No No

Hep, c=L/R, NNEFEBESR, RETHIERZERFE.

HAXQE-17)7 41, BATEEMHERREES SRR 0 (ERPIHEA
Flwh g, - REBREULRGHEAER. BETRMTERMEA. R, BEHREN
ERZGHEFIEANEEX FRIBERAOEM, ABIES TR IERHYE, £ PSCAD HF
A 2-6 FiRfI B8R ERTHE M EERHT T ERIE, RHTZERSH
BEWMT: MEAEE SN=100MVA; FiE B E Un/Un=230/115kV(RMS); — KBl
SHCN: R=0.00302p.u..

2.4.1 SFR¥ER

AT RAE YA A BHRRAIE, AT EE YA KA
-17)i#4743%7, F@id PSCAD (i EBUEAHT ISR, BT REEX T BiREBR K
NEHEW, E5HE RPIAE X R AR e (%, RN 0.

MW a=0B &1/, WMAKE-17H:

U, U, L

ot)=— N cos(at) + ﬁ;e 4 (2-18)
HYIMEMAa=90°m 517, WAKQR-17)79:
U, .

o) = —Esm(a)t) (2-19)

1

HANQ-18)7 41, FAMAe=0°0, &L NG (o-n), ¢EREK, TTEK
FHRMEEE, HARC-19T4H, AldMa=90°N, EZABRFHMNELT, RESRH
BHNREIBIT, ¢ ¢, M—¢, ZIMEZL, FREMEBRRE.

ABAES TR, 7E PSCAD 347 T ESLH, AAAREFBKELT,
SR E &AM fAady 000 30°, 60°. 90°, fHELZEME 2-10 FiR.
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3 |
57
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i
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2 5~ e 1] T 12 s " 2
i A /s
(@)a=0°I} [l T I/ I B B T
o5 ‘ T )
T nnnnnnnnhnnnn
0.5
s
% -1 u A
2+ U
25_‘._ l : 12 - 113 S ]Z . ,J]S
At (/s
(b)or=30° Jily T 7 AL 1) Y T
02 T 7 T T T
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0.2
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# -0.6- i
0.8
gk _
h 11 T 13 14 s

ff [8)/s
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AR AR F A

0.02 . . - S—

0.015-

/ﬂ (l ", ﬂ '“ﬂ\

0.005

0 {
-()()()JVT {
-0.01" ' \ |

-0.015~

KA

-0.02-
s ﬁ?l /s
(d)or=90°Ft il ek F. I ) I8¢ T2
2-10 AN[R]-& i £ i [k TR A O 0

BB 2-10 LLEH, a=0°. a=30°, a=60°Wf#I7=4 T FHRLAIR, Ta=90°k,
REJREFEHANRSET, BRETLEMEER. B EPal&, & RBIHHE A R
HLR IR R UL B HEIRIR RN e, £ — 2 WIAH A6 W R K 4 R R R
MR

2.4.2 T4

L&Y MAo=0°, THEFMEX T RIBERKEZN, W, KE-17)&AR:

Uy Un sy ]
¢@t)= —-m cos(at )+ (: No +¢ )e (2-20)

AT SRR T RGBT AOES M, 7E PSCAD sF#HT 05 B s2ie, ZEM B, A
B BREREMREE, ARBRESTENXRIR 2-1 Fin, BRANGESER
mE 2-11 Fizr.
% 2-1 HRBRESHBLYER

HiREBRE/A ol B W B /p .
4.64 0.6
5.72 0.7
6.90 0.8
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HLTE /KA

LKA

Al 0 K L2

I8l s
(b)EIREA 0.7p.u.B O Rh R TR IR T

19

03 T T 7 T T
o NNn mn
o VIR P q ]
-1 l I
1.5 \ ¥
2.5 .
3+ \] h u .
YR !
4 _
-4.5 : L L ! L

1 1.1 12 i3 1.4 15

I} 8] /s
(a)FIWE )y 0.6p.u. Ik B 5 G T T T
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A SR F B 22T S

itk A
[§°)
|

| 1 | |
1 | %} L 13 14 L5

()T 3 0.8p.u.Fef (3 B L VHG IR 5% P
B 2-11 A [ 0 Wk o TRl i ¥R O RO 0 7
& 2-11 LAY, & HPHEAa=0 KB T, FEGERK, SGHEMs™E,
R R R IR E R 2 K.

243 BIFHEE

BRE-8)AT B H -

i = NUmL (cos@, —cosd) (2-21)

n
lwp

B ENATA, FRGRRBER RN Us R, JRRFEA . RSN
FHAZMELT, HXEFEE Un BIEERVEEBREZIEK.

2.4.4 REMRiR

HARE-17)AT &, RFEEGIS TN R Br, AT 82 M B U A 2 R
R, HEETX, NEEREHCRDS, BEERERAEEER.

R T RAE RGEIUN T RRLER KW, 7€ PSCAD i fTii Bk, WEBE
a=0°, ¢ =08 &, FHEERSABHEMIELEN0.01. 0.03. 0.05, (FEEZEREW
K 2-12 FioR:
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Hedb by R A s S
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L
T

Ty
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1
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L i 1 !

i1 1.2 1.3 1.4 1.5
Ib} ¥l /s

(a)R=0.01p.u. I [l B /A AL H) 8 T2

-0.5

T T T i

ARRRRRRRERRRARN

-2.5

1
1.1 1.2 1.3 1.4 1.5
I a)/s

(b)R=0.03p.u.1f Jil T i AL 1) 98¢ T2

1

&

i
I

[

1 1
i1 1.2 1.3 1.4 1.5
HEREIES

(c)R=0.05p.u. It Jil T i 97 A1) 8% T

Bl 2-12 AN[R] £ G B4R ol fk v i A s 7
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bR AR FEB A F AR

HE2-12 7 LLEH, REHEHEMIRELMEN 0.01. 0.03. 0.05 B, FI@RNE

2.5 kSRR U = X ESRMECEREFE D

FrW T EMKERBE T TERAEAHEER 360MVA, FixE HE

Un/Un=525/15.75kV(RMS). 7E PSCAD 3t T FTERK & il T B ER T

AR B AR AT, B E SR )N 10s, Kk E R yE T K2R T 5.00166s
TEEW, R E B RRAR T E 2-13 BioR.

0.5 T T T T T T T
O -
N ﬂ | q /
0.5¢ {\ ' / :
2o | —
<L AF B
v & _
. I i 1 1 | 1 L |
4.95 5 5.05 5.1 5.15 52 525 53 5.35 5.4
B 8l /s
(a)fth/K & Re F sl E R R A% A AR RETR IR T
04 T T T T T T
{ i
=4
= &(VNW\ ]
1.2 1 1 | i ! ! | 1
4.95 5 5.05 54 5.15 52 325 5.3 5.35 5.4

i [8l/s

(b)ili7K & e F vk EAR IR 4% B AR RLR Y
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HAb R SR WA AR

I & 4
TR |
s I
S U i ik
T ]‘f E:; Il H \J I U U il U JW

4.95 5 5.05 5.1 5.15 5.2 5.25 53 5.35 5.4

(YK % A s AR FE B8 C MRHRER I BY
B 213 K % fe vl A0 P SR T AL B
EE 2-13 AIAN, JCHSARIRAR =ARSYHER T hRATR O . %3 S AR BRI TR A1 AT
HEREAT 07, BRI Z AR R S S ORI TRENEE, R 22 iR,
® 22 WHERAITR

A ZREBESEY% ZSREESEY NRIEERESEY%  HIREESE/%

A 45.91 14.50 7.93 4.21
B 52.98 17.68 21.57 8.21
C 35.01 8.12 4.98 2.60

HE 22 LAY, ZHvKE RS R ERNEBEER T EE S RIERTE
B A& KIERH —IRERKEERK.

2.6 KRE/NGE

AFEHT Y R TR A A R R DA A AR TR A8 R I . = AR AR R A5 b L
MR R, ZEAN TR S RIEERASE, BT £ RYIHEA
a € (0°,90°)F, BEE & WAIAEMalIIG R, WAMBSEAE, AKAZHER, —
RIEW IR ELR AT, IR LB ZHTE KRS58, FHPE PSCAD FitfT 115
HLIOX S5 0HAT T IE. ARG T S RAIAAMA . R, BIREEN RSN
DI BYHGAE R AR . ARZE el &, BEGRTRDSH KRERER AR 2EHE
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Hdb i SR L FE AR

BB U KR BN E, Na SR T TR AT I3 258 S AR R 3D
i IR R LR B SRR S T B S R ma SR 44 1 B 2.
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b H R 2 AT

5 35 MR R ERR SRR o 4T
3.1 51§

FVRGTRR A EH LR BT, SNBSS AW FEHXKIEREER
AR v e e okt IR A Fh 0l BT i 7K 8 G R ik AR R 88 7 A I D AR R B
B EHE B AR IR G R, AUATTE T RERT HE WK = £ KR
BEIR L T B R, 235N RHHGER TR PCC Ab R RISZNA | BhRETR FxT Bl
HERBL AR BRGSO R0 B BELR R A B f . 1E
FEGETXT PCC AR IR T, T RSB ERMNEEBEAS, 32N
TR A EL IR O AR, i R AT LR IR R B A SR S (PCO K u,
PEAERIRE), B RRAS L E RS SR SR AT T o, et T bk
RIBIMBALTE O B w MAIER G BE up P I RS, FX R
RREWMEE AER AR v T T RSO, 25, 247 7 iR iR B
RABFFEIER R R RE . FERBIRRXTSURA M, B4 T R
AT S I R IE Fr — OB N TSR AR AR E R . 7E R
TR R T e e A L U B 2% F IS PO 5 e RO B R VR TR A R RO S e O THT R R AT T TR
K34 -

3.2 FhELERRIT PCC AR EMF WM
3.2.1 B4

FREIR R P& A £ UGB ET, 28 PCC AL w, I RIS f S 4>
B, HITHRASTERNFEEERAE, THRMIERMERMEREAY®R, 58
TR O S W B R TR B R AR AC Mt O LK a0, M PCC Ab A IR wp FOSEMR, SEEEXT
B E I B R SR AT 4T .
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b KR 2000

B 3-1 BRb S PRI AR IR I

B P aS R N g E 3-1 B, B, Ug AR E (B j=a,
b,c, ¥R A. B. C=MD), iy ABRMER, Uy RBRASRZREOEE, uy M wy
53 B AE B A _EARE OB B R T HRE A R, iy A iy RIS AR L
PYE MR I T ARE ROBTE TR, 08 j MBUIRAIR, BEERSBENERS
B, L AXHARRER BT, Lo AFEBRN, Uk i DAMREKERBLBEMNE
WAL BT -

BRAEMESHSE AR, & MMC T amHEEH E. THBTENHR,
LRAT iy EXNNAR L. THESHS, TRLE. THE BRI URRAS:

1.
=i
lF!f _lcj +
) (3-1)
I
=7 -4
l“j - I(?i 2

ﬁX]*E_t\ Tﬁ%%%*ﬁ%[ﬁ% Udiﬁ]" _J:.\ Tﬁ%ﬂ‘]ﬂ:’ﬁ@.ﬂ—l% Ucomj! ﬁ;i%
ZA T

i = @y, —u )2
{udu (ul upj) (3_2)

ucomj = (unj +upj) / 2

5 j L. THB K KVL 518, FHEOLRE-DMRE-2)r 82 MMC X EH iR
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b IR F B AR 3

I Bh R BRI N

di
gy +(%+Lac) C;Vf ru, =0
. d (3-3)
d_lcj___[_]d_‘l_l_u —-0
dr 2 ow

FERPULZ PR A T S E B R R RIRHER, SR R 6 SR e Bl P
181L A (Nearest Level Modulation, NLM), HJR ¥ A48 F & 3E1E K B -F &R 1E 5% 1R
HilE62), =X R BERGIEHRE T SME L. THE FERHBALE, MMC
e as Bl &I R o A 3-2 Brw.

u

va

(] de

(8]

******** -

73 Lie =R 8 i i

IESZIR %

0 aﬂ;rad

b

A 3-2 MMC #7288 B B iR B &1 A 1
AET MMC FH{EBER, BL A A A0S e it 28 38 B 7 00 ) 1 3 38 AR it
T508T. A L. FHEFRREIRE A0,

F = %[l —my cos(ayt +6,)]

mpa

G-4)

mna

F = %[1+ m, cos(ayt +6,))

Horbt, oy NI AERBI, mo=uyy /U, /2)r o WEBRFE, 6,0 A
RGBS S HOPIAR A . SR (BT AR AN,
TR e P 7 A LR s
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fedb i IR F B AR

w  Aom N .o N I
Aug, =Aul, +Aul, = EJ‘Fmpalca df + ”CTJFmpa 7&

N N ' (3-3)
Ay = N, + AT = = [F, i &t - [ F,, "d
™ C C

mna“ca 2

Hdt, Aug, du, S50 E. THENKSREFRERES, ZEKNEHA
ac WFRRZHSBRBTRMAR ERETR) FEH, TR EFR cn MRRZ
SERBTIEARSEN. REFEREMBFBENXR, AMLETHEGRE
BB mT AR Ao,

{Aum = FAug, = F, (Au +AulT)

mpa mpa cpa cpa (3_ 6)
Auna =F, nmaAucna =K mna (Au::a + Auc(:a‘)

2 (3-2)F2(3-6) 7T LAFF Hiloh:
 (FpaBugy, = F o Aul )+ (F, Auly, — F Aul)

Audiﬁ.a - mpa mpa <pa
cm cm 2 ac ac (3‘7)
Au - (Fmpa Aucpa + ana Aucna ) + (Fmpa Aucpa + ana Aucna )
coma 2

BRI MAT (ERBR) PR AREEIN, £ MMC $#¥is L
THRE R RS, BT R P AR R R T R R 2 R
AR . RS IR ST 72 R R IR R ek s s
iy =1 cos(at+o,) (3-8)

Heh, LAZRMEFRBRKBE, o J5CTHNE BB HRIE,
9,5 (J =2,b,¢) AT E B BRI HKBIAESA -

BRI (3-4). K(3B-5) RG-6)MK(3-8), ALIRBIZHMM A FHIEHRR i, ™
A A M ESPE RS A,

w __ NmQa, —a)

Au, = sin[(a, —a )t +¢,, —0,]
T P P
NILm,Q2e3 +a3,) . N, Nimw'e, . .
sin[(a, +ap)t +¢,, +6,1+( + )sin(@at+¢,.) (3-9
6 rapaC e e e e )
Mk”’oz

__ Mo _ N’ - _
+32(6q(+wo)csm[(a&+2%y+¢m+2ﬁ]+32(%_%)csm[(a& 20}t + ¢, —26,]

BE3E, WH#ESFHEZRMERBREET, THEBERIINEREK. 2T
M1, ATRMIAE RN o, KR BREE MMC RGBT 7= 4 AR B R,
BAERN o, -0, Mo +o, RESEE L. THFBMESRFEER, FFURSHI
EHBEBRES; FENo, . 0,20, o -20,FEESEEL. THERESIRR
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Hdbr R R AR

A, FTOL R & E7E 2 M e R 6],

N A s AR R N LB RO, MMC et TR
AR R B, BT AT AR IR A A R R T A e R R 2 A e R PR A R
M. EEE ALK A R B AT A, EEHRBE EARE IR
WHE, BAELEHERPEEF AR, RIXERELE_ RS BRpRER
ey,

Iy = = I, cos(w, ! +¢’gh) (3-10)
Her, I ASEBOERRIRINIEE, o, AEEEERRKNAHE, o, =a,b,c)
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e 4 § .4 . . 4
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ﬁzﬁ’ﬁ EEJ_:-E Ua\ Ub\ Uciﬁ',f:j: Clarke /Eﬁ_ﬁf?%:

Ll T
u 2 2 2 |
':uﬁi| 3 0 _\/E __\/._5_ |:ub:| (3-13)
2 2 ¢
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B [Ul sin(et +6,) U, sinQaxt +6;) + U, sinQat + 6;) ]
PR AR MapBiR R BB E dq 8RR T, WI1E:
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