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FEERE “Xk” BURKHRDHSE, KEFBFEFMNEESE (voltage-source
converter, VSC) ME THARGHBE B FUERE, BMERIMENERLS.
RERENRAUAEREMNE, ZHNRARETESHEIBFREZNE., #BHHENTZ
HERSENZERNZEERASIRTAAZREERE, HRGMEFERSR
. AXERFHAAEME, ERTEFHANTHIXZELREGER, IHEMEHGFT
F BT ENS R ERER T ARG MG Kg B — PP R

B BETHMERBENATHOLFEY, BT RS BMNEERSEH
HEHER B BN ANL R RS ERITRIAER ., RN, B3 7 HMSRRS
RENMFHERERF ST HETRYE, AEERFEBRALN “REXNBRE”
HE .

- RE, RETEEEHXERFENHANBRRESSESHTITEME S, 8
HHRAEREAESGHAXRREBASTHMNERBERHA T Z A EEHBEHS
MZBIMAZ AR, HETEENFREHNENHAREREIFREBHTE
HERRELR, FREHSHReE;: RNKRT TEHBTESRRSH
HIERBZEPHLHARR, SHELSHAITHPIWET .
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Bt RRABEN, HFRE T —MERTREFMESG AR EFENEEN
FHIRMHE SR MG FIE R ERG AR . Hh, ZRILHFLRABMRBE REH
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M BRI — P E BB BRI RRARR/ SN, REHEBERESRS
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AR ERMEIAR, dMBERKAZERG K.
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Abstract

With the steady promotion of “double carbon™ policy in China, a large number
of new energy voltage-source converters have intensified the degree of electrification
of the power system, resulting in changes in the basic form of the power network, the
stability characteristics and the evolution of the law, and the interaction between the
power electronic devices and the control links and the power grid in multiple time
scales has caused many stability problems, which has led to many stability problems,
and there are coupling characteristics in the oscillation frequency. In this paper, on
the basis of the existing research, the parametric stability domain construction
method and the oscillation suppression strategy of the VSC under weak grid
conditions are further investigated by considering the control interactions and
coupling effect.

First, based on the mathematical model of the control link of the VSC, a
mathematical analytical expression model of the DC voltage outer-loop closed-loop
transfer function that covers the strength of the grid and each control link is
constructed. At the same time, the sequential impedance model of the VSC is
established and its impedance characteristics are analyzed, which lays the foundation
for revealing the “oscillation risk region™ of the interconnected system.

Then, a multi-dimensional parameter feasible domain construction method for
the VSC is proposed. which considers the control interaction characteristics and
quantitatively analyzes the interaction between the control links of the grid-connected
converter and between the controller and the weak grid by studying the relative
constraints on bandwidths, and search for the stability boundary of the control
bandwidth ratio based on the Nyquist stabilization criterion and phase angle
stabilization margins. which is mapped to the safety domain of the control parameter.
At the same time, the mutual constraints between controller bandwidth and converter
output power limit are explored, and the construction method of multidimensional
parameter feasible domain is given.

In order to ensure the safe and stable operation of the system, this paper gives
the design and adjustment principles of the control parameters based on the
constructed parameter stabilization domain. and an adaptive active damped resonance
suppression strategy considering the oscillation frequency coupling characteristics of
VSC is proposed to reduce the oscillation risk. Firstly, considering the complex
topology of the actual AC grid, the “oscillation risk region” of the interconnected
system is revealed based on the Nyquist stability criterion; the frequency coupling
effect induced by the phase-locked loop is further considered when improving the
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cascaded trap link. The trap parameters are set and corrected so that the VSC can
provide positive damping as much as possible in the full-frequency band to realize
the adaptive suppression of oscillation of the grid-connected converter system, and
the specific implementation process of the resonance suppression scheme is given.
Finally, based on the PSCAD/EMTDC simulation model and the physical
verification platform, the effectiveness of the multidimensional parameter domain
construction method and the oscillation suppression strategy is verified.The results
show that the proposed parameter domain construction method can help to guide the
direction of the adjustment of the VSC parameters, and the improved adaptive active
damping control strategy has a better dynamic performance and harmonic

suppression effect, which reduces the risk of system oscillation.

Keywords: voltage source converter, control interaction, oscillation frequency

coupling, parameter domain construction, adaptive active damping, stability
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FREAMARGEREERZHESREM AR EFEENIFERTRIARE
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(1) DrEIvEREEA R

D SrEREICBI f .0 B ¥ SR TR 2 B E AN X, FEEF X
W, FIEFERORIAHFLE SRR EEEZMG. REANARFLETRUTLURRA

A(s)=a,(s)p, +a,,(s)p,++ay(s) (1-1
B p1, prs s pu BRREWMATRBE, au(s)s ani(s)s a(s)ZZ A REL
EllEEZSHERH.

D HEEFEEBLE WS E prs p2r s p WEUERXE, KBSEERRIGH
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® EZERL: 2 s5jo RETEH), BIEFTERNA0)=0;

® BEHARYG: % s=e® (RMUTBAME), RHEHFTEZRNAEG)=0.

REATHSHRNTERRE, WHE pis p2r -, pnEFEME, HTL
HHR S Z2HF R PG T L, FFERERX A —A R A K5 g ERER ]
BN XBERREE. EERRGERITT, D oBEFHTHEERSSE
I PID #FHIBIME, NTTESRAREF#TEFEIN,. BITSHEINF
TREHBEERKE. XA ETUREBWHKNSHSIXERAEHA T2 H5E
HE; BEERESHTETHHESR, TEEERRELERGRREERE.

(2) m/RRBERERRERE

HREA#KEEESKREES PR AU, KT IEH RAEFTEHES
5B EEZAEIRE. HF—D nXn WERIER 4={ay}, TFEMHE 1 HBAL
TFTES—AN“HRER” A, H/RBERRUEREX AL ETEABAC. XRTIE
XATLREX EMEENE. N TERE 4, EE i THERBEREION:

D,={zeC:|z-a,|<R} (1-2)

He.
R=Ya] (1-3)

B i fTIENATERNEMNEZ M.

ERBSHFEEY, SERERGENYERE RS HEREN, SHETEE
BE 4, XT&MERS:

%= Ax (1-4)

MEETREHFMEERE, NEBITHXNALTE a AEL, TEIEXNAT
RENEM RIEAEREARNFERE, HERTFHELHAFHR/REE, BER
BERAHEAARRERANMNTERFHE, WRAFTEANELFTIDTE, WES
B, &, BIMhRESHSURERE 4 NoEE, tmEFHESE/RER
LA ESRTER. SMERBNAEIRMNTEFEAME, NNFSHE
EEARREHIREXE.

G LR, MBS ERARETHEBEARIFTRAMBRBHEASMAE LS
BREBIR, BEHTFHEEEXAFTFRETRERKINAS . FIHLREEEMN
THEB AT R T M, XER[181FETF D S EEBIREN B AR e, HFift
— BRI YT REN Pl 28 ETE/RASEE, X#[19-22]@id Gt RERES
HERERFIEEMAGRER, SR EBNUERETAERER. A, L EFE
ERGEHNHSHRERTHFTHITEBEN, FE—EMRARE .
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1.2.1.2 BEnsHE
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s CRR[301FI A 25 2 B e de s MR HE T E RIS RALI S Z &3, =S
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[Fnd, fE3Pr TP X/DRERESBRARZIINNE, FFMRmENaEE
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S 3CERUS VB RE R TRERE, BICE IS 2T T S8 I e B 4 X
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i HE O 5 P B -4 0 AT B LU R S A A P B 388 R BB R A R R R

2.2.1 H M7 28 H BT I3RS

ST B I I e 25 Hh 4 B BE R HL I A 1 2-1 B, FE M i A8 R F
B EsE dq AR R T RIXUAR R, K ANINSRAE ERB RS, TIhE
EEWHN 0.

BlH: Epc NXREBERZMEBEE, Upwe NFMEAZMHEE, Lo AR 2R
O¥iH ZHER, Uds Uq ABRESH OB BEIE dq 08, U Uq NFHM
HHE dq AR, Uk UL NERBRBEERESEME, C1 N Boost I EH
7, Li N Boost BRI, I NERHEIRE, L, NEMER, Le AR EE, L.
I RBR B D B dq B4 &, L. LNBRRSERAR dq By ES LA,
wi~ @ AXETIBM . dq FEFELRRAME, Ou AU RBAE, Ci ER
B, Hi(s)ABETBEZERTRT, Huls) AP AHFTEHI AT,
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b AR FM A F A

—
~
a.
5
1]

B 2-1 FFP 3 2840 4 B Bk I H S | 454
SR AE B 9T B B A ) FRUBE T A 3 I e 0 B A Ak 1) R, B8 T LAY
RFM: (D) ATHBREHZFZOEENSE, ThRTEY VSC HIRAMEHH %R
SE {H — AR 8 ELIAT B F S 1 A B8, WA D9 IF IO 45 0T 2% it FL U 0 4 B R IR SR I FL IR
faAME001), (2) ZBE T M FELBT R FE 4 B Ry URZM, KN ERPE Ry FE NHR
FE R AR IR AR B 1%, XY m R BRI S EEER, EERBENRRE T#
WA N LR ERTR, WFBMDY I RESHRTRBEANFS], kX 2-DTR.
Kp =Wy L;
{Ki =0 R,
He, oco HEBFEGISENEHE R, LBkt amR, R v MBEFIR B o
B. HELARGRFMTH, BMESTBRASE R #20, R=0, KILHAD R
KR 0, MAXEERBEMNBIRETBILSHIEEBE RH LI Keg
o7 HL IR A ERL66I,
HE 2-1 Af B =AM RS ER T TR FREENT.
(1) BRBEFFERY
B R ) 2 E o AR e 38 5 F Y ] D R AT SR SEIL I .

(2-1)

10



fdbm AARFB LA

I =(Ui ~Uy)He(s)
K (2-2)

Hy (s)=K +%

A s I ENEEF: Ko M Ko RERHEE PIEFIA TR G R BB
SERH.

B, BEERNSTRUATHRFEXR, 7T5E:

}zlc = Pom _Pin = Cchdc %‘i (2-3)

RF: Poc NERBENBENRIIER,; Pn AFEEMNHIEIIR; Pou NIHFM IS
HHIIER.

(2) BHHFREE

X KA SRF-PLL S{HHIREFEM AR, HEFHERWORE 2-2 . H#E
BN T RATR:
=H

@ pll

plt

(s)U,, +o, (2-4)

59\1=a)n

— abc

[
B 2-2 BN ERISEH
RF: op HEPAHBRFEM BERARE: Koo MK pn 205 A PR 6]
By L R BB R %L
(3) BHAFHER
B 2-1 MIEEGEHRT M, BERBESFARENERRSEE LNEEN q
HRSEE 0 SHARMBOIRFRBER Ly LWRELE LLEIF Y Kegiv BER
A THERANRE dg RS S, B5ET SPWM BHIEATIREBIFMBR
SR EE. HBERET.
Uy=K (I, -1,)- oL, +U,
U, =Ky (0-1,)+aLl,+U,

(2-3)

(4) JEHAHBED
HE 2-1 FREBEHRINEHTT N, RRBE L HERSNEMEREANEES
B, MR FHEEERR.

11



b IR WL AR

Uy=Uy+sLl,-oL]l,

(2-6)
U, =Ug +sLI +oLl,
(5) BB
R, REE2-1 MEEBEINEETH, EaBIIEETR.
Uy=E;+sLI—-a LI, @7

Uy=E,+sLI +aL1,
RHF: Eov EQRAZTBAMBER dq 3o &.
A, FMBMBRGEKEL (short circuit ratio, SCR) RHEMEKBREELS

BB EENLLE:

Us
- Siwe|Z|
AP: Kscr BIEREL SCR WE: U AXWMBMNMLBEERBE: S AT
REEE: |ZLhEMEREFNE, ZREHEHSE, U ZoiLl.

2.2.2 BB E U ERH A A 55 R B

AFEFRERBEBHIFTHEM L, B THRSEBNEERSEHRFRY
RIE I B RSN 3R G 18 iR B R RIAE R

AFE—PHAFMBRAB[ORENE, FREBLRAPESER. FHigR
(2-2)~R (2-8)&ME, THRAOWMBEERRERSME, TF A NPHEERRX
YEER /NS, FEHFNNMESERDT.

(1) BERBER

(2-3)

Koer =

Al =(AU, - AU, )H,, (2-9)
sU, AU, C,. = %(U“,OAI‘I + I, AU ) (2-10)
(2) B
Aw=sAB,, =sH, AU, (2-11)
(3) EHFAF
AU, =K, (Al - AL )~ &, LAI +AU,, 212
AU, =K, (0-AL)+o LAl +AU,
(4) JEW R
AU, =AU, +sLAI, —o LAl —AoL.I
o ot TSLAL —o L AL tLq0 @-13)

AU, =AU, +sLAI +o, LAl + AwL,,

12



AN T e AR

(5) X
AU, =AE, +sL Al - LAl
AU, =AE +sLAI +aL Al
AL RBBEES KM E dq #AEE, FHIEIELIAA AE=AES0, [Fi,
RTRIEF IR MNBRRESTERMIERBEZET, L qHHESEHNO,
[ B B T 7E B U B R ROBE T O 8 0 28 i Y FRL AL T LAPROGSE BR ER BB HE A {H
FH A A Ie=0.
B 2-1005K (2-13)7 %
U oAy + 1o (sLeAL +SL AT, — LAL @ ~ LAl ))
2sC, U,
BaR 2-11). &R -12)5R @-13)T#
AL =- sId(,Hp“szLgAIda), 2-16)
K i+sle+s1H, LL
B (2-9). R -12)5R Q-13)AE

(2-14)

v, =2

(2-15)

i == AL =——% (AU, -AU, )*H, (2-17)
K., +sL K., +sL

BAL (2-15)~3 (2-17), AIBLAU AR, AU REIHBIER RS, W

B 2-3 Fi7Ro
AU;@_‘ GO %AUdc

B 2-3 MR B[AK RS
ZGHRBEEEHSAREEREDR Q-18)IR.
AU, G,
AU, 1+G,
B, Go ARGMITH L% R E

(2-18)

sH Iz LLIL +L a)2
3Hchcq1 Ucdo +S]d0(Lf+Lg‘)+ pll < do™f g( d g) h
¥ Ko+ sLe(1+sHyl,L,) o19)

25C, (Ko + 5L YUy
K Uedon Joo 53 BIRHM BT B H IR IE d S BRSE.

B BT &, FRERR P AT B ERE S (Hae) B IRE ] 38 (Kegi)-
BRI ES (Hu) FMEMBES (L, RRBEMNEE).

G, =

13



FIbER ARFM L F AR

23 3t PR 28 P IR S BB IR HTAS M 55 4

ANTEBRTHFMBRERGEREESIRG NEE, A WETHMNRKER
IAEMBRFFEIUER, 95 I F B 74 SR HR 0t # SR B8 X 3 N R SE BE HL
2o K fH P E SR 2

HMGERBHEARBINSEHERNIE 2-4 iR, BH, vea, teb, tec 7514
BB IR =H IR, is, isb, isc NI H IR =M BI, vsa, vsb, Us
SAAHM AL =HEE; U ABRRBOBERMAEE: L, Cr, Ra 535 AR
RS R, R EAMEREME, Lae AZEEBHERERE; Pl Qe RR
BINDEMLEINIIES EME: iders iges ARIDRFERIFRT dq HARRSHEE,
ias ig AETERRER dq BAE: ua A ug RNBEMBESR Park Z#HBEIM dq
WA E; Ka AR XBRRY, KKANBENRARE, da do de NBREBLIRRT
B RSB Gpon ABHEABHEEHEA . Gsi(s) Gu(s) 7 HlR 7~ B I A FR 0 8l A7 2R
B9 P1 & 41:

G, (s)=k,+5 (2-20)
A

k.
G (s)=k, +%‘ (2-21)

itq:': kpﬂ] k,ﬁ%u% Gsn(S)E,‘]tKWJ%D*Rﬁ/%%I: kp_pll*[l ki_pllﬁ%ljy\j Gpl](S)El‘][:tW“

uCLr{;fm 1 P Ugy str
Uep Isp W Usp
de i =TT
Uec P Isc " Use
—L TS S A
Rit] [ R
PWMIEH . R

z

B 2-4 P RAR G
ZFERER R AR, ZREEAR S U RIUEE, BE 2-4 NEREET
MR HEESBRKRKERN:

14



b R F M A ik S

i, u, d,+Ku,
SLe{ iy, |+| ug | = KUy | dy + Kt (2-22)
I, u, d, +Ku,

NTHEBFMBMEBAFHEI, AFMQENIE. AFNsIHEE, AR
MR IR UL A HRf, EiEREXA
U,=05U,, f=%f,
U, [f]=40U,, =0.5U,¢""™, f=2f, (2-23)

Usn = O'SUsneijgw > f = ij:l

I, =051, f=1f,
I[f1=41,=051,", f=1f, (2-24)
I =051 "%, f=+f

KA Ua T L AR EFE B EREREE, Up™ Ua2AlRIE. SUFRBIEE
WE{E, Ip M Ln B HINIE. RUFIMBIEFIEE,. A fv ASTHRER. EFMR
FEPZE . O F O FHIRRIE. AFMABERIVIEHEN, 60 0p F 60 53
MRRZEBER. £ FFHSBERBOPIEEHAEL.

AR RIS S E AR RGN, BIAEH KA PCC A vay usp A ug 3
T8, ZHBFEDAIRR T AEE wa M usqy q HIEE usq & Ha(s) B E B A
Ospne NPT RN, A @il gLk, MATHE 2-2 ST
2 2-5 Fim.

”d\'

U,

U

l(:‘; T(().\l ) u T(Agx)
scy,

v‘l‘

6,
H,, (s) F&»

TQ: ’ : g{)’“+

B 2-5 ETREYEASHANNSHAENE
RIEE 2-5, BHHEAMEBERBHEITER WTFRIR:

T(O,,)=T(AE)-T®H,) (2-25)
[ cosé, cos(@, —%’i) cos(é, +27”)
2
6. =§ ~sinb,  ~sin(@, _%E) ~sin(6, +=) (2-26)
L -

15



%k %ﬁk%b’ﬁﬂ:é{ﬁbﬁ)‘c

cosAf, sinAf, 0
(2-27)

T(AB)=]|—sinAf, cosAf, 0O
0 0 1
RF: T(A0)AETHAMMNZHREL, TOPVHETREBMANTRELR.

HERE AGK, HTHINAN—/DE cos(Aby)=1, sin(ABy)=Ab;, %
AQ[f), =Gy [f W,

) X (2-28)
Ags[f]n = anu,[f]Usn
[i5'd usqz'Aes‘udv'*’qu, i?iﬁ'ﬁ?%@ﬂ Usq Eﬁiﬁ_tﬂﬁi‘%iiit
(-GPLL(S)Usl:Fj)U :f=i(f —f;)
Ulfl={ " s,, P 2.29
1 {(—G,m(s)vslij)um,fﬁ(f;+ﬁ) (2-29)
Efokk, BT AQLf]=Hy [f1U,LF], HETITHH
T, (s) -

:Ff——*‘;‘,(s) Uy, +(f,-1)

A4 [f]= " (2-30)

T (s) .
o5y s

sl

AH Topn(s)=Usi Hon(s)/[1+Usi Hpu(s)]>  Hpu(s)=Gpu(s)/s o
H T cos(Ospn)=cos(s1)-Abssin(fs1) »  sin(Ospn)=sin(Bs1)+Abscos(bs1) » 45 & 3\
(2-30)7] 78

0.5, +f
c08(0,0 ) 1= 12T (sF 7271,) | (U)U,,, £, 2-31)
FT (st j27£)/ (U )U,, *f,
+1/(j2), +f,
sin(6, )[f]= 14T (s F j22.£) 1 (j2U,)U,,. *f, (2-32)
Fla(sxj27f)/(j20 U £f,

;tFT%ﬁld quEEE;E#%ﬁlsa isb~ Isci.x: T(Ospl])ﬁjﬁ{giu ﬁ(

id isa
z}r(m)(r(@,){fw } (2:33)
0 Iy

BT A6 BN, i cos(Abs)=1 Al sin(AGs)=A6s AR (2-27)F, XX (2-33)
RAET 15

16



L ) RFB AR 3T

I, cosb,, Hift
Lfl=1%jL,sin 6,1, (s)/UU,, +1, :t(fp —fl) (2-34)
I Sm 9|1Tspll( )/UslUsn +jsn’ i_(-f;l +f;)
I;sing,, Hiit
L[f1=42jl, c0s0,T, (s) /U U, F1,, +(f,-f) (2-35)
Fjl cosb, Tpu(s)/ . 2+ 1)
H HLIR A FR 1 T 45
dy =(idref —id) i (S)— (2-36)
dsq = (iqref _l ) (S) dld
¥R (2-3H)FRK 2-35AR (2-36)715:
[ Do +(G, (s— j27£,) = Ky ) Le™ |
(2U,) T (s—j2n f[)US},
_(Gsx (S .]27z'fi) Jst)I f;’ (2_37)

D[f]Zj[Dsle 1€d1+(G (s+j27f,)+ jK )€™ ]

(2Usl) lm(s+12ﬂ:fl)U
{ (Gs‘(S+12ﬂ'f)+]K ) . f,
AW D=D,,+D, =D,e’™, Daa. Dsiq N dsa M dsg E T E -
6’ 2-4, AR 222)MR (2-37D)WH, FHMAR R IEFAFHEER N
L g ()
Z,(5)= Z,(s)+sCR,Z, (s) oL,
1+sC.R, +sC.Z,, (s)
HA, Zp(s)M Zn(s) 95 8 BB IE B IR TSI
Z, () =] KU (Ga (s~ 727 £,) = jK )+ L |-

. 1

1—|:Dsle’9"“ +(Gsi (s—]27z’fl)-—]st)Isle’9 ] (2-40)

KmUdcTsp]l (S —j27rfl)
20U,

(2-38)

(2-39)

- KmUchf

Z, () =[ K Uso (G (s + 271+ jK 0 )+ SL; |

1-[Dye ™ +(G, (s +j2n )+ jK ) e ™ ]|
KUy T (s+ 27 1)
20,

(2-41)

- Km Udc Kf
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b R F it XX

ATIERERDIHERANE, NRRB[BUESFHEHIUETEAE, F5%
ZHWME 2-1 Fioam. €8 2-4 FImi Mg bEA TR (2-23) ks &
FE Up Ml Un BB ERHESE RWE 2-6 Fin. HEAMHMEARMNELREE®

BRAERY &, Wik T

FH M A2 TR R A 2 .
R 2-1 FHBRBEGS Y

B HiE Z2H e
Ugc/V 850 fi'Hz 50
L¢#mH 0.125 ky 0.8
CeuH 300 k; 12.5
R:4/Q 0.25 kp on 12
Ks 0.01 ki pn 800
P]oad/MW 0.2 Qload/MVA 0
20 T
"3 i 4= ol .". oo o*% |
o A _ Hol e
é 1) 2t & B R @-{'E“‘“%\..
E 7, (WH7) e Z,(F1H) Y
_20\ ./l“f‘:!‘f)r-/ul:’}d B | j’j"
10° 10’ 10° 10°
200 T v
o o '*OW’r’/./%’I ‘(
e - hi
E | g @ GEams- 8- FJ}EFS/%TTMM
K - s n 8 EES ".’ ‘
_200’—5 P NST VT Wy 1 - ‘
10° 10' 10° 10°

2.4 REING

% [Hz

&l 2-6 FFAAR i 28 9 BRS04 L e 1

AEE GG T IHMBRES P S EHFTRHEARE, T H T
K FRHET 1S IR A5 o X 98 B R 9% W 2R VT 10 EL U L R A1 A B AR R R B R
PR, MRIEEN T IR, HBEINHEARE, HFRHUTER:

(1) BEHEHMBERB[BRARE DR BEIATHORCEED, P
SRR CR B HIERITHEERLOLR, XM RET NG TER bR
HRASEH M AESEMAG TR LIRS, AR =g ES 5

(PR Ve -ThiE
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AL A RZR LA

(2) BEEEFMBARFEAEE, FREAEFE, TUARS
Fr I P B AR ROUR A AR U5 B, S8 0l B8 UE WY LAGIE B B4 g 9F M AR
REFHEEIE .
REFR, AENEEAMESESHTEHBrLRRALEN “RENEKX
B Rat T EB MR AR,

19



HEdpm AREM LML

BI3F FTERENZERFENSESHAITEHRESE

3.15|8

55 @ AT S B A X H 25k R EAL DM I MBI R HII W 26 K
KIS SN AN EERAME, HETRENFREEHRNHARERES
PAE I 38 LA AR EIA R, 48 F 55 2544 T B0 A0 BT o B 4% ) 3 58 1
Beit, JFHTAT ERSTEE SRAFSE L IHRER (B VSC WETSH0 20
B ERAX R, NTEESFBEHITERENSESHTITR.

32 IFHIERREHIAFIEESE

NI MBI R R G R, AFET LSS BARNERBESNSH
AR, MBURF K ENER B EAAEHFEOHELHARREE,
MAREHHREAENREREL R I REHHEREWRELF .

3.2.1 ETHREFHHENREEIDF KR

APFETEENRBEABRESBHERBERTESF XS BHETEH
WRHEEHLSOXR, EAMAGHBEEREEARPFRELRKMG
RTETIH, BTE_ERX Q-19FR, BREEFAIEERE Go FHE
BN BT RBPREELR, 0 G-DFIxR.
G, =G, —
G

2
H,I dOLf'nglz
K +sL(1+sHyl, L)

G =U,y+sly (L +L) 1+ G-1)

_25C, (K g+ L U
2 3H, K

MR G-DAURIR, BRERTETAE U loo HE, TBHFSH Le. L.
Cac RHIREHIIEE Ko FER, 0F G FBIEFEEERBAHEREHT
(Hw) £8, 48 G FEHERBEZEFTT (He) £, BEHENEHR
RERE T RGN /DB ERE. 2T G-DFFsMASRERRERETLA,
12 AR ZE e i HE 7,

(1D EEEZMF: BLG-LG=180H, | £LGi(wise) | /| £Ga(ewises) | <1;

20



b A RFTLF AR

(2) Mg H|GI=GAH, 180°+ L Gi(jwm)- £ Ga(jom)>0-
K 0180 L G1-£LGo=180° B X M ASRZE . om 9| G1|=|Ga| B X BLE M AR .
NRIERGEEBEREBERNHMBE, SEFTHANEAREARNKRZ
|G1|<|Ga], T FF3R R 45 ] [6) i 3 R B (A 25 - A AL 54, M ARIEFIER R TR
EM. IR G-1)F UL HI AL E R Go FIRSMFE ML E 3-1 FiR.

150 -

o (rad /)
Bl 3-1 Go B MR R M il 22

& 3-1 AT &1, Go ROMEARURE 14 it 48 2 iRia %, T 55 B R I P B 28 19
HIFS AT, I8 A2 SN ER R B < BUAE ER ) BE < A ER i) i 5 168, 6,
MEFR AR R RET, Go MIEE &K A RKBE o~o. (BERBESIFFE) &
B, ARIE2MERAIGI<|G, ENE&MBNHEREMERT 0, WA:
G (jo,)
G,(jo.)

XHKERE T RERITOEREERGSNYHEASE, B _FHH PI
Y HEaMEMERERR, X GHAMRX G-HFTR.

201g

<0 (3-2)

K, =wC
pde ¢ ~de (3_3)
Kidc = a)czcdc /10
2¢w s -
Kp_pll: U . 1+4§4 _25‘
. (3-4)

K= (“,’—‘3"(J1+454 -2¢%)

XH: o NERHEEZHFWEREE, om APHERRIERITTE, Ugo AHMN
HEEdHERSHE, cAMEEBHK.

SRR REER R LENSHZ2EN, RAETSHLBARERHBESH
& 3-1 FimR.
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Hedb i Jy R AR A2 AL 3

% 3-1 RFZEFZHZEHRCNSH GFLED

¥ g LN ¥ #E
B PR EEL A Lo 0.201 FHM R Ugdo 1
HRHEE U 1 HL ) A AR 0y 1
JEUR AR Rk Ly 2.61 HRHBRE Cu 1.0053

WA R OBE U 1.457 BRI B AT Keg 1.2

ETHEENFAERBHEREEARNER GRS R LEHa R, 3L
A 3-1). KX G)HMK (3-4), ERGRELS. THSHENERERE S E
MEMT, AIRRAFFEEREA
1.5+02s5(2.61+L,)

0.1sL, (2.6+ L, ) (s@,, +0.1e0}, )

2| +
1.8 (a)c+0'lw°) (5% + 5w, +0.1402)) (3-5)

G, =
° s(1.2+2.65) s
2
[1 2+ 2.63[1 | O2sL, (s ‘“)'”'“’pn)DJ

2 2
s*+sm, +0.14aw;,

BRI TRBE wc =k*wpm (0<k<l), #— 1 R B o I 3% 6l 5 57 55 B P4 14 ) 3
RHMEHRARR, FRMEFZEFFERELOHE, BRHTENEREER
BT HAZEERRE, HAEBREIT 1, —EWRMEE THRESEERK,
TENEERAME, N ERET0, “HTRESEERD, REERRS.

HEMRBEZHHRE oD TBHIFEF TR on. WRER G-2)F

G (k""pn’Lg) <1
G, (k’mp"’l‘g)

(3-6)

RER GHWUEHLEEHFREAERFELE r WIRETRE DR (3-7)

Fr7s
k< Aoty 6

AF: fi (wpnr L) AEFRIWRBIEZEEH AR, BAX TR EME
o B, B B R 2K

LB BBATRF M AR LR REMNE, R RGERENERBES
Hlr R R A . B 3-2 (A H T W TR LUAE & BRI T PR A B LR AR
i ke LR =4H.

HE 3-2()F 50, ER—PIHATRFLFT, DRGHERLEAD, EME
EREEN, ¢ AR EdREEL o, BHEFRWREANERBERHTREHEZBK
(wc=k*wpn)s MR _FEFRNITER, U r EHBEE 1, 0TEeH 3w
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Hedb s R E AR

RREHRNLAR, N ERBEEHTRESHHEAFTRERBRERKN, #um
BYPMEA EEREERNZEEN, FRRGKRRE.

1

——,, =10Hz

——w,, =20Hz B .
08} ®,, =30Hz 4
—aw,, =40Hz
,,_,ﬁ;-»—J 08
0.6} )t 1
Ay
2 - f 0.6k
,»/‘ ~<
0.47F o ) 04k
0
0 ]
35
30
U . ! i 25 3
2 2.5 3 35 4 20 75 ©
K @,; | Hz 13 > = K
a) i (a 10Hz,20Hz,30Hz,40H b) —4EH
(a) M Copn z,20Hz, Z, Z) (b) =4tz

3-2 FEEHECEG T HRILE F REE EUR
SeAh, 5 IR X R A 2R R N 55 F I B AR R opn /D T EIR BT R
we BIRFBRIBEI (k>1), AT ZFZHTHUARBEEDORX 3-8~ (3-10)
Fias, fESEhr TAER A Al DUARYE & % R/ SEPrig ik R .
B Joi R &N |Gi|<|G2|, BIEMBR N EREBERT 0, ME

Gl
201g ‘(J.w"“) <0 (3-8)
G, (]a)pll)
2 we =k*op (1), WEH
Gi(kos L)l (3-9)
G, (k.. L,)
KERX (3-9)7
k< fi(@uL,) (3-10)

322 ETREMENRZREELA KR

E—WERTFREHFREAEEREL F R EZSR LA R . HE
LR TR AFEEIRG K, FERUREKRGENRERE, R4 KA
AR A B e br R 0% 2 2L 7 %4

FERGSHMARZEHHEEHENER T (REBELE 3D, 2 svo,
A 13 R G TF R R -

Go(ja)):IGO(ja),a)c,a)pu,Lg)léGo(ja),a)c,a) L) (3-11)

pll> g



fdbm ARFBMLZ AR

i& @k ygﬁiﬁ%’ % e =kprll (0<k<1), )ﬂUﬁ:

Gy (jrskes B, L, )| =1 (3-12)
B (3-12) W KRG & L.
o, = f(k.oy,L,) (3-13)
RIEHABE y L WA
y =180° + £G, (jo ) = g (k. 0, L,) (3-14)

ARBREBERKL, <
fil - dg(k, wp"’Lg)

-0 (3-15)
dk dk
T35 R AR AR FE B K I i B LB AE
k(}/max)z‘fZ(wpll’Lg) (3'16)

B G-16O)ABAEERMARSMHEAFTRERXF TN RGERERE
BRAXEMTRIE Lk, mE3-3@)ir. AREAGH T REHMKBE y HHR
EL1E £k B2 0 R, B 3-3(b)AT&n, A ¥ EREE £ MO KeI KER/N, 7
B KA ymaxe FEELFRRMBIEEP, REX 3-15), HEFESIMRES, WES
MBEFIEBER KA ymaxo
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T 28T dg fMMmedN, JEZET dEATIE, BE BRI 1=0,

Ugdo=1. BRI EHE IR T ERRN

P=15%U*I,, (3-19)
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A R K AETRY, MR L 5 MG § V Biw, TS E R EREH
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< | s | < |
@B (Ksex=3, K, =120, K,4=0.28) (b)H B (Kscx :_}\,,‘,, 120, K,4=0.47) ()7 '1\‘5‘*:3.)\",,‘,4[ 250. K,1=0.28)

(HFIV (Kser=2, K, =250, K,4=0.28) @BV (Kser=2, K, =250, K,u=0.37) (OFHV (Ksew=2, K =250, Ka=0.47)

&l 3-6 AN[E) 4% bb 2% 14 TR 3o A [ 428 1) A 8 R 2 0 11 3 o0 6 i 28 i L BB UAL 8

Foh, BIER 3-4 FEGFTAREBEL .. SHFMER BERR S5
L E, AIRE T4

(DHZHF VMG R W XA, R —BMEET, ZHR T Y Kpa=0.28
B RFERBIRG, BARAPAHFLE REd 120 B R 250 s D B, RE
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