I-ﬁ]]:i:

FREBNE IR T
EHIE 5 % AU R

(FRiFEH R T 2 A 1 30)

BB HRLE
¥ A BHAE5TE
ok k. T B

KEH: ¥ ER FER

“OZWmERA



i Ho KE B R 2 T 3 2 K e R I RS I R A R R AR



Research on Deep Reinforcement
Learning Based Virtual Synchronous
Generator Control in Energy Internet

Thesis submitted to
Tsinghua University
in partial fulfillment of the requirement
for the degree of
Master of Science
in
Control Science and Engineering

by

Ding Xiaoke

Thesis Supervisor: Professor Cao Junwei

May, 2024



FURXATFRAMEREZRSBE
RFFEABE
# Ellups LN
fiE B 45 Al #it R
EMERTRE
IR RS Hiz LN
7% ok B R
A WL R
oo il # LN
fle B 45 Al # R
CaF FISCHE TR R



X TFAIR I E AR LRA

ANFEE T B REA RERE . A RE, Bl

TR R AT & EBGE e Vu B A A AR ST AL,
ECTING DINRE =2 VAT e SO UPIE 178 2 i/ WAk el A O 2 KT A
KAIFZEN S 4 B Al 2 8 3 BUORAE AT T2 B 2201 30 (2) Oy
FUFRIRE E Y, 22 IR A T 22 A0 SCE N BERHE R T . 52
R S8 P (RS AT ZE B 5, e AR el R (A A PRy O A 30 e 0 P 25
(3) M ERAH LEMITET . hEHFENR, AWM A8
Mo

AR NARUEE ST _EIRRLE .

((EES=E FIMREA -
5 oW H



S

wm =

b6 25 8T Re VR R FE AL B S LE IR, ARG 1 RGE M LSRR A
R FRIEW TR, BEJEHEEMN (Energy Internet) FIKJE, A¥TAEYR & A
BN 738 . Fravliimd BT IR S EAR IR S, ShZBHEEE)E .
REALE L & ML (Virtual Synchronous Generator, VVSG) #%HillfH% G [7)25 & AL
At fE, AR A I H 5 [R5 A F AR AR A58 1 A

SR, MEEFHAbSEH 7, VSGEHFE INE 24, #E4 VSG S E ¥ N
Mes BTGB GIN T N ENLE], EL UM A ARG T, JEE
VSG Wit D& nl e TiE% LBl s [FIR, B TR Rl o A SR Gl LA 29 e
NZGTAET IR (Islanded Mode) , A2l (1) LR AN F 52 K L i), 3
RAR oA AR IR A T A A H P P AR I 22, 7 BEREAT AR ) IR

R4k 2% >] (Deep Reinforcement Learning, DRL) /& & N b3 i By sk
THIMRRTT R TR EESRIEHAE (Deep Determinist Policy Gradient, DDPG)
RE 0% b 2% SRS 25 (A R 2L BN E 2 (M AL 45, I 5 PR A8 B o e S AR R B4
EE I VSG RASER AT .

I VSG #2515 DDPG SEM4E &, AU EZE TR T

(1) #FXTRG VSG S0 AR, 5381 VSG A T D38 KA 26 1 i B it
2, BHESSRE BRENNEME R X R, HEIFSHPFEEEN
TUE RS Z BB AT SE I B, SEIL 1A Dh ) RO AR B AR s AR e
DDPG Hi%, ¥l &M e R BE N RetA, i REGREY, %
DDPG Hy:f#153 VSG Wishsd fE it — Sk .

(2) EFXEIFER VSG LERFHPTA — BB 0, AT B BTN VSG #Hilid 72
FISZIR, 36AE T RPN B VSG IhRIZ Ll B i st BiJE, 51N
DDPG Hyxf AU FHHTREAT H @ R, SEBL T SRS DI e, JFIRAC T
o UL BEL A% it B PRI AN R s

(3) EFXHINE VSG £ D)2 A5k I 5] 2 I A e g 22 ol /L, 5 58 51 N A3 i 22
AR 20 AT RS — R Re s #E—2PHh, SRA DDPG HiLHEXN HESHH
BEATAME N SEHU R I, i R R E R, 2T DDPG Bk sy =
REAS SE IO Hh SEE A2 5T

KRB EMFED AL WSS BENAER EDEHST IR



Abstract

Abstract

With the increasing installed capacity and proportion of new energy power
generation, the traditional power system is difficult to support the flexible demand of
distributed power generation. The development of Energy Internet provides support for
large-scale access of new energy power generation. New energy sources are connected to
the power system through the power electronic equipment, which lacks inertia and
damping. Virtual Synchronous Generator (VSG) control simulates the transient process
of traditional synchronous generators, making the dynamic process of the converter show
similar inertial characteristics with the synchronous generator.

However, VSG is more complicated than other converter control methods, and it is
more difficult to adjust the parameters of a single VSG. Due to the droop mechanism
introduced in the control loop, the output power of parallel VSG may not be proportional
when the line impedance distribution is not ideal. Meanwhile, because the new energy
distributed system can be separated from the power system and work in the Islanded
Mode, the voltage on the AC side is no longer constrained by the large power grid. In this
case, the change of power demand will cause the frequency to deviate on the AC side of
the converter, which needs a further control to restore.

The development of Deep Reinforcement Learning (DRL) has brought new
solutions to the above problems. Deep Determinist Policy Gradient (DDPG) can handle
tasks in continuous state space and continuous action space, and output optimal actions
through interaction with the environment, which is suitable for dealing with the parameter
optimization of VSG system.

By combining VSG control with DDPG algorithm, the main contributions of this
paper are as follows:

(1) In view of the difficulty of parameter setting of a single VSG, the response
process of VSG's active power and frequency is analyzed, and the relationship between
its dynamic process and virtual moment of inertia and damping coefficient is obtained,
and the parameter collaborative adaptive strategy is designed to adjust the parameters in
real time, achieving a better adjustment process of active power and frequency. Then
DDPG algorithm is used to take the virtual moment of inertia and damping coefficient as

the output of the agent. The simulation result shows that the DDPG algorithm is further



Abstract

improved.

(2) Aiming at the problem of inconsistency of parallel VSG line impedance, the
influence of line impedance on VSG control process is analyzed, and the effectiveness of
virtual impedance on proportional power distribution of parallel VSG is verified. Then,
DDPG algorithm is introduced to adjust the virtual impedance to achieve more accurate
power distribution and reduce the adverse effect of virtual impedance on the output
voltage.

(3) In view of the frequency deviation caused by the power change of island VSG,
the integration of frequency deviation is first introduced to achieve the function of
secondary frequency modulation. Further, DDPG algorithm is used to directly
compensate the power reference value to realize the frequency recovery. The simulation
result shows that the secondary frequency modulation method based on DDPG algorithm
can realize the frequency recovery more quickly.

Keywords: Virtual synchronous generator; deep reinforcement learning;
adaptive control; virtual impedance; secondary frequency modulation
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A FEFR FEAT T EONFEFIAEIL . BT RS VSG BT I EIRRET,
ORI (LR VSG J5 R, HUER VSG oy S A AR SR FE I E A

Ak, BT BRI oA SRR R B AL R AR P K AL AL, S
g3 A 2 A s B0 [ 25 L Bl AL A R ) R UL R 28 R B ML (Virtual Synchronous
Motor, VSM) #8, KICAFHANH.

VSG HARMFR, RN 1 ) AR B R B, Shfraeii &
17 SRR I I it 7 DS AT o 7 22, (1S eV 20 A UK FL e
TR G0 AR R A RS . SCRiR[24-26]H 35 R FH XU v B FL U
Horb, SCHR[24148 XU R R B BRI BENL IS A sh M, @ik 5l N VSG il 75
X, EHERERERT, XK BMREESR TR SCER[2515 KR
NRGN LB FHPUREYE, XX R LA B R BGE A7 AT Tt . STk [26)
PRI SR T B IE RS TR, R SCER[24]1 8 Bl EAE VSG BIahas T
ReBE— BTt SCER27]h Bt 7OGREELFEZEHL (Photovoltaic VSG, PV-VSG),
G RH Jyh &e e 15 B H AR IS AT XK, b7 1k DGR S R AT H D 284S 2 1 H
PR kTR o SCER[2818 T % LBV PRIE 7 LY 2 LR 5N T RE UL 28 rL B AL
P RNE, BRAK T AR ENE R B O B RERIEW, AT R B R
RN

HILFEN, VSG #ZE il AFAEE — S il v it B M A

VSG M#EHIdEEME R, FTEEENSHEL, Mk TRaERT, &
THME AR B o[BI, H o0 A 20 B R 73 A QA7 far A RS X A RE YR ELER Y, i
AMESRENETE R, X RERSAMERERT 5. HRG TR HIEEEX,
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AR LR, — B 6 S E0nT fexE DUAE A0 B N S PR AR e ], wR 2 A
Z BRI S HEGI N &N T, RS Ra BRI IR 2.

Hk, N T2maEitimig s, SR Sm 2 AL IR L (Point of
Common Coupling, PCC) HIZR & FHPTA— B0 2 51 AR 25 18] ) FE LA DA 2
RGN, WA E M, MR RS T2 ILH Mt 25 15H 2 -
A, JLTh-H R B AR A

1.2.2 BUEIBARF DDPG [R1E

BE#E N L&A (Artificial Intelligence, A AR FIRE R &, Ho N ATIEA W
TR, AfE g TSN 7B i 7. X, 5% >] (Reinforcement
Learning, RL) ZHEZ WAL —

SR ) IR IR T 20 22 60 24X, FLB4G TAF P LLIE M £ Richard Bellman
FRHE MBI K (Dynamic Programming, DP) iy, Ath&r 5 fe A4 i) nl i dg 1
WK & J 8 (Bellman Equation), J95®1k 2% 2] I Kk g B8 5E T 2 filil?). Ronald
Howard 55 N SR RIS TEGIN T Setlidzhil @8, 5 Andrey Kolmogorov %6 A
ERHEIR T 5 /R A] Rk 5 2B (Markov Decision Process, MDP), iZid F2 frifiiR
I RefR (Agent) 5343% (Environment) #H HAEFAIHELE, W Asmil s >]
[ B B AR . 1989 4F, Christopher Watkins 2 H T Q 22 21BY (Q-learning), #%
WA IAR TR AL, 7 ) 77 1 1Y) B S F R

RYE MDP, B B i Bl 4w PR RSB Bk P MRl iATsh, M5
FNZAT BB 4 T R R AR S, B RE AR SR R T 5 . I R AT LA
JC(S, A, P, RyKFEIR, Hori:

S = {81,52, e, SUIRIR RGPIRAS S H] (State Space), FKnF RERFTREN 22 2|
BRSSP DL B O 2L 1

A={ay,a,,..,an} KRR EEREIVES[H] (Action Space), F7n% BEKFTRE
R TA S ER A, 7L B B L1 ;

PRINIREFFEMEZ  (Transition Probability), R8s 2R GAE AR KU —
IMEEHR BT RS MR, ZEBMENE SAPREA L, 5IATHHRE T
K

RFERKik%L (Reward Function), & 4HPIRA T & BaARRIUT 3 G 5 B
LTI, BATANE, R EAE SR . MDP A AR S I BT AE Bl
FEUNFE 1.4 Fio.



WA || 2 2

St

1.4 MDP H ek 55 Hid e

SEAL 5 2] 1) B AR A R B B R S R KAk SR AR I EE R Oy T R B AR
WG, ATAEH 2 MR S TT R — Rl AR A TR RS T A A E R
Wk IHEE, R BRBURILANTE, 207 RN ETIE R 8 >] (Value-
based Reinforcement Learning); 73— Pl MRAE 217 P15 45 T 1 5 1ot SIZ I 1) 6 SR gs
&R T WS 1) 584k 2% 2] (Policy-based Reinforcement Learning) . 1 B & IR 5 2%
>] (Deep Learning, DL) J7VAMIGI N, J&T FR R ZIEREE RS2 ) (Deep
Reinforcement Learning, DRL) & f itk ,

ERETMMERRMAZ I, RE Q M4 (Deep Q-network, DQN) Fr&d
DRL %% K EH)JTh, DeepMind JT &) DQN 7£ Atari % R IR T AKEu K
B3, EILT DL 5 RLESGHIE R /1. £ DON 1, RJEMEMZ (Deep Neural
Network) X 7 1%4t Q-learning i) QE*K . /5, £XF DQN H B4 b
Bt i) 7%, Double DQNP4, Dueling DQNPSL, Prioritized DQNPOME gk [l 4 41 H1
P2 7 DQN Hy%: 2] 33 .

T OMMER s 2 07T, B aeiR s — DS A R e E sk,
FEAH R PR T B R EIAT B2 B e 1, ELAE LUK B3 1% dr LA 428 ) 3K A (1) i 2 3))
VR 8] 0] R o T 225 T~ SR & 1R 77 V6 B SR oR e S 0tk i o 18 ek 0K 5808 55
W, NV e & A SRR . Oy T TR L B SRS, F R e Ak
(Trust Region Policy Optimization, TRPO) X 5% B 5 3 (1 K /N ) 34T 1 BR A1,
5] N KL 8% (Kullback-Leibler Divergence) K3 ~#TIH SRS 2 [0 25 1E, %
SERIENPK, TRIIESRES AN 2 [m) IR 7 [a) SRR, o) — b - HRds p S g (0 7
B NS ERE (Policy Gradient, PG), Z 71K KIS EiL, 1HEH LR T3]
TEMISRISBARE, WEBE LR T MR E, BB R R RNE . 5 Sk HABEAL
P, BIEERAsH, ShifEaffaZEON0 MMEE A, AHRPIRA S 7T A4 A [F 1)
shE, WIREFR ABENLIE SIS ERREE (Stochastic Policy Gradient, SPG) kP8, k2,
A BRI Eh AR W R, IR PR B e PE SRR B % (Deterministic
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Policy Gradient, DPG) J77%B%, Actor-Critic #& 55— FF 3% - SR mS A & B8 1 FHAE
28, XTIRE s, Actor MZEHIH BN, Critic W20 ZENERIFIRBEAT VR, 0
RUE AT W HE T X —HESE, 15 a0R B € PR RG22 (Deep Deterministic
Policy Gradient, DDPG) FEM . fRAZEME (Advantage Actor-Critic, A2C) .
FEE BB EME (Asynchronous Advantage Actor-Critic, A3C) FLiEM
FNMEFNE-VEMT (Soft Actor-Critic, SAC) SEVEMILA K UAE 13 V¢ B 5 1 S ek Aofs P
(Twin Delayed Deep Deterministic Policy Gradient, TD3) FLEBIEE R

FERA R G, WA ERPIRS IS UL RSB, 8w R L
FEl A REATHUE, BRI SR 2R 1 s VE 2 (A AR S 23 1), BRI A ST B 78 A 33K
FH B8 Ab B SRS A& 223 /E ) DDPG 5954} VSG #5 BT . B Rk, Xt
DDPG 54 (1 R BEREAT A4

HI AR AT 0, — Aok sy > T g o B A Oy B R AT R IR S AR, B e AAAE
PRI AW SR HATZ ., AT, R BB IRG B R Rt R Ty
%o

L) Z D BT 5% (Policy), SRIEm(s) & 1E A IR A sis FE a1 KK
Mim:S - A, & 302 MRE BB SR IL MR 2 B B o D e 2189 2 A,
2 18 A RAE— 5 R I AL B U T 1, Ty s WA 202 B 552 20 IR A )
Kz FRCNEHR (Gain), FIRIRN:

Gy = Z ykrt+k+1 (1-3)
k=0

HAr, y e [0,1)3RnFrdnzR, RIFE B AL Oz ) 22 0T 24 17 R 520 BRI
P R T RS s ot B PR S B R B v (s), R MRS siE, & getk
MR SR e BB VR BT e SRS R R4k, B
U (8) = Ex(G¢|S: = 5)

N (1-4)
=E, <Z Ykrt+k+1 |S; = 5)
k=0

FAU, RIS T AR s T FE I SN a IS E I E R BGE N g (5, 0), R
MRS s, RIEHIE T, EFNEa)a, Fraalsem sy s e mlak, R

qr(s,a) = E (G¢|S; = s,A¢ = a)

N (1-5)
=En (Z Vk’"t+k+1 |S; = 5,4, = a)

k=0
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Hia (1-4) ML (-5, REUHES S EME R SR AT ARR Y-

va(s) = ) (als)qx(s,0) (1-6)
acA
A I T T 4R I S A2 R IR A 445 K
R

¥ = arg max v, (s) (1-7)
T

WHEISCHTIA, DOQN Hike — Ml T OME R sl 7 ) 5k, 8l 5IREEA N
24t , ¥ Q-learning 11 Q MHKRFMA ML Q-Network &AL LIS IELAPIRE
7 (8], I8 Q-Network X &S #BhER Q AT TE, JFikt® Q (A KINBIE,
Kt DQN RERS il S R BB I B BB AR 1) e 6 T2 g (R 1) ) /i, 5
DQN 75 ZRE S EHAT S HUG A, E T SEBR 1Al @, B a7 ORRE B2 4K
SR R A I RUR

TG T L RS AR ZL BN E A (Al b, 22 =) 3] 1) SRS S R AT i e
GREAL PR P 25 i SRS R B (s) o X T REATL SRS A BT 55, HrH 2 REs T
HREERIREEE, B

mg(als) = p(als)
{ ZHQ(a|S) =1 (1-8)

XA IR R AR RE AN IR AT R IR R, (AR BEERN, #H
BN HT1S 2 1 S AL SRS MR 0 AT HEAT RAE,  AsE4EEUE mN, THEERARS
S

5L SRS AR FE ARG T, B 5 1 SR WS Aok B A5 FH A 1 ) R BBOR om S, B
Wi R IR B s EAR , Rl

a = u(s) (1-9)

ZEET R Z AR InE AL, (HERRESs T, IR SIEa#R
FeME R, B IIEN B TR
DDPG BiEA T b & — I T Actor-Critic HEZER AL 222 vk, 56T Lk
DQN i e VE SR WA B SvR A 3, el e SRS BR S B R Rk, 55T
DOQN Byt B, FHE R % q (s, a) RIS R Bu(als) B NMAE ML BN IA
7 H b M 4% (Target Network) SKib I ik F2 B mia e, Sl A T &5 [\ ik
(Experience Replay) HLH| AT BEA 2 (0] R AH I, AT A8 911 45 58 25 20 UAC 8

10
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FEh, BN T AL 5 AR e AR PR IR R e
(D &5 RIS
LW RIBALE REENGLETRE DML RIWB, WAKEHE M X
(Replay Buffer). 7EARZAsH, BAEARRIE KUKk Es, SHEHIT L HER
B fhr, HHENT —IREs", Kz, ar, sHRER GRS, B Rt
17 RFE
(2) Hirmzs
£ DDPG ] Actor-Critic P£845#) 74, 35 2 XF Actor-Critic %%, LHh Al
Actor W% (Actor Online Network) F124Hi Critic %% (Critic Online Network) LA
M HAr Actor W 4% (Actor Target Network) F1 H #5 Critic /X %% (Critic Target
Network) . W E 2T Actor P& FI 24 HT Critic % 2% 1145 #3173 1 BEHL AT 4540 I 25 2
HONOTHIOC, FERSHURE R H AR Actor W44 5 H AR Critic %%, Rl

{g#’ — Q4

00’ — oo (1-10)

X480 Critic 2%, WA AIERE —MER(s, a,1,5"), ¥sFlait N 277
Critic %%, 1HHEAFRIX1E (s, ) RS N
q = Q(s,al6?) (1-11)
Bis"iEN HER Actor L%, SRR T HIBIEN:

a =u'(s'|6*) (1-12)

fs'Fla' B AR Critic MB35, iHEBRIQ (s, a'169"), XEIE(S, ) HARE
ft1E A

q =r+yQ'(s",a'16?) (1-13)
B E S B bsEZ 8 iR ZE 1IN
L.=(q' —¢)* (1-14)

MEL M FIRFEZ &= (Batch Size) AN, IR IRZEMCNIY TR ZE:

1
L. = Nzi(qé - q,)*
1
= Nzi(ql{ — Q(Si,ain))Z

IR N B R i M 7 R 72, NI SEIUX 24 1T Critic 45 158 .

(1-15)

11
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X 2ET Actor %%, FNIRZs, THEAR TS SN NEIEaen, Bl

Anew = H(s|6H) (1-16)
241 Critic PZEXTIE (S, anew) FITEASEA
Qnew = Q(S, anewleQ) (1‘17)

AT Actor 2% H) H AR &R B oK RTHI R AR, AR SCERPIRI, 52 X
(] 3 BRI BN -

J©) = ) dH ) uuls) = Y dH(s) ) u(als)qu(s, @) (1-18)

SES SES a€eA
Bl 70 Actor FR% MBS MG (77, TR R,
1
Vo] = 1) a0 (5,2l0Dlacysy X Vou 0s109) |ses,  (1-19)

XTI BRI, TR BCERT (Soft Update) (7730, HFka — B (a4
WX ZHS IHSHOATIRCTY, SR Ry

o+’ Pl 1-1)6H
{ —10*+(1—-1) (1-20)

09 « 702 + (1 —1)6¢

Hr, 2813,
(3) bl
f£ DDPG Bk, gl iR st T gk, WET Actor W28 AR 4t A7)
SRONTRENESIE . 9 T IR B RER IR R BE T, RIS T INABENLME R, LS
RS F AL — B HIBENLIE, sl (1-21D:
a; = p(se|6*) + MV, (1-21)

Horfr, NERIR e 2N 5 & H R RE 2 0 A I BE ML S . BEAL R A SR
ekl A, HBEE SRR N, W& =N 0.
HTF AR, DDPG BiLAI 2k 1.5 Fizs.

12



Actor P2

g
Tt

H AT Actor]s) 24w

AT u

K 1.5 DDPG HiELEH)

1.2.3 BUFIJEEMEL L BN I

MR FE RS TSN VSG B R, R ERATE VSG il
R, AR 4ET RGPS, BT S L, SEHUHN S B AR BT
L VSG SHUEE M, TR V0K Q-learning 5B\ VSG 5], R
RN LR B D AT AR 28, H 22 ek U E B T A% w2 (Frequency
Deviation), %7 ZIKRARNNE T VSG WG Dy Th 280 N . TR A 4
7 DQN &%, HMAEMEER T Q-learning 11 QEHZK, MIMEIRS =M E N
B HiAh, BRI S R SR EMIEE 28 2 NS, KK
BN T R MmZE . kPO T DPG 5k, 1ZHE VR ahEZS [a N iE S =5,
W, KR FAR1L 3% (Rate of Change of Frequency, RoCoF) 5| NXJihpk %, DL
73205 0P i Bt 2

RN, EZERBIFKOG T, ZHIFKRGN G SR L D458
SrBe e AR AR UR . B R, A R A O T ROk R
D24y ROt L7 481 78 SCiRl e, VRS o I Y o D - U R 3 R BOR IR/ D
SBCIRZE, HETTANHIIAGA . SCERISI R 2 0 615 1t b A5 FH 45 8T 2 R BN AL 4t
()R T R BN T - B HIR S, 2077kl 7 IS Th IRz el e, 2
BN ESEZ B SCERWI, ARV ORIEE BN 3 RECKR SLHLDh 21 4y
BoX R Rgfa et R Mg m. BTk, AEERE TEMBEPT (Virtual
Impedance, VI J77EP022, il it 7E 45 30 B8t REAULBE AT, #2504 SR S
AFLFFW i R LB PR, S AR B FHPU AT B4 RGBT R 2. SCRBY]
XTREALBE ST AT T 2818, N4 7 HIEA G 7 2, XF Mg 4DL B 4T R A 72 30

13
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IRRRK A EREAT T 70 Hre STHRP IR B 7 —A> KDL FH AT B 3 A% ) SR, S
T IFREREANTC I 73 He e SCHRPAHR Y 1 — ik - Tl 2 10 Rl 0L BHELATC B 3 A2 T 8%
2O R S TR AR R A TR, RIERL S, RESHEI A
HE AU BELITL 75 ZEA M2 (1 2 i T B

Ak, £ VSG RGH, sl SN T HALThRE . SCIRPIHT 1 2]
ezttt . TERBEMMIR R, BB VSGISH, ] 1
kG P, WX 2 VSG RS ARSHEAT SN BRER, {535 111 DDPG
IR RENS R IH JE R BORIE R R GAEAN R 00T RIARE PEAT m] 52 1%

1.3 ANFEAR

ARSI FE P 2 R AR R R I R A ) TV, X VSG SEUHAT L B A A
#, S VSG BAHLE IR AN TEREILL . X 1.1 5, B REIR KA
ANE SN 3 AL, A ST 70 BB AN 32 B i
(1) EXTEPLVSG RS, i S K i, 51\ DDPG
BN RS HOIAT SRS, N RGP e I R, S
AP A1 B s

(2) EFXPIEBE VSG RS, A B PTSCHLC D Dy 244 Ll 4 BE, I
DDPG S350 R 0 BELPT BB AT S 38, S8l JE B Th 38 o ik v
B, [ B a1 K2 HOL BELATE X FE s SR R 52 5

(3) HXI0E VSG £48, 51\ DDPG HiExT VSG #2308 o ()4 Thoh %
AT S AMEE (A ER K S T I

BT BRI, ARSCHISCESEMWT

BT AANAHE T AGEAT T SR ERTREIR AR N7 =,
T T 0T AR A A R AT A FE ) 4R AL T B A BR VR B ISR A B N L R
IR IR B MR L RGBS A T AC/DC AR LA T AR SR
WIS 5L G RS AT LG, I T BN EE R AL R T R AR BT OR
BT A 2E S A, I 28 T DDPG HUEMIREE, ST S ELE
AR HANLERS DDPG BiEM A& Tt &G, N4 7 S riELE VSG
FEI R

5B E BN NS K NS SRS R . e, AP R
WU i85 T FEEE T VSG FEARAMR, Wit VSG AT Th-4Z LA K T oh-H IR %
M, 25 R RO AL, BRS8N VSG #EHlRE: Kk, #S
VSG DhZ/MESHEAL, 15 HAG Dy Dy 2 [R5 0 [ (56 1 4002 0 468 2270 BHLJE 2R 2

14
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AR ZR: Ja, HEEIFWANL VSG U7 A, il o3 e % sh 15 B AR JE
ARBUHUE, XATIE et R AT 1 Rk .

BB EENEN VSG EMFE AT E SHE R BEENM R k. B,
WRYEEE —E Ao iraiie, Bt 7RSI S e R A F B G N E], JFE
A A RRAE TR A s e, Bt 7 & DDPG HL M) VSG 24 H
AT, AR ECT G P2 R A R AT IR, RBLH LE AT SO S )
EI=PEAVE Gl Ry WNEIE G

HIIEHTT T VSG ZHUIFIRAR ST M DT A AL @ Azl &5, i
1 VSG Ik R G2k i FHGTAS — BUN A7AE [ DA LU R TE D Eh R 3 B im) s LI,
I T EABE BT R B, R ARAIE 1 R BE BTN T Th BRI SCEAE s B
Bt 72T DDPG [ B @M R PG 58, 1207 SRAE 1 ) 1R S 17 488 ke 400 BH
PUBUE, IFAED ARz SR E B BHPU R T X b, B8 7% A A
Ak

5 TL B PO A AR B R B ) FREAT TR TT . B SN R T AR
AT, VSG RGFTHA NN R ESR 2 T IR A 7 AR S 22
N T SEBL AN RE, B S R R A 22 AR 73 IR OR IS DR S B (AT 4%
ST AR s BJS, Bih T AT DDPG BUERAME TR, KR BRI
TENDIRS B EIAME, IMTSEEL T RIS RE -

FONERA LM, XA KIS AR BT T a4, JExTiE
FCISRE A AFAE 14 i) LR AS A AR KA 78 07 [l 3k AT T B

15
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B8 EMELLBHIES

VSG 1F Mot MRS AR ] 3%, Htvh B X5 1 50 r) P/Q 24l
V/E¥EH] . Droop 5%, VSG I FFD K MK, N RGHR IR
MFHLJE . ATPRRXT VSG FEHI F A AT RN, JF4E VSG DIFRME S
RERUAI AR, 135 R G ThIhZ AP0 it R 100 3% s 15 AN L JE R84z 1k
M

2.1 VSG EAKJFIE

HRTR TR AT, VSG 18T LB 2 i I A HOAL B[R] 20 R AL B Sl 7,
Aol I 1) 3k R B A AL PRI BELJE RIS MR o, X AEAS ) TR L ) R G
FEINACLT, A6 A58 Re i oA XK HB B i e R BRI L RGP AR e PR S H
A VSG I RGHER N 2.1 iR .
Aﬁ}s.{\}sz %éss

PCC Point

SR
=

L Ug= C

4
\
R, 1
L SZ_‘S] S4 —1[:'} Se
A
PWM . r
Modulation Calculation
! el o
Voltage and ‘ P

VSG Controller

Current loop |:

t4
Wser Uiy
K 2.1 VSG il RG AR

Hrfr, LG RANPEBHRIEAIER R, Zjine 7 VSG Hin i 17 2 R 53 Y
LeERPHAT, PAIQ RS VSG fayth A DI R MDA . VSG HI% A ] LA
NGRS WHBE R G A AN E IR . B i v] DL M R G, AR
TR, RGNS BT LA AR I, AR i s e

VSG HEA R BRX [R] D A AL A R AT AU, o B s R kAT o

16
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g, RJEREEE TSI NI R . T F 2D A AL F AL S AR R
HALIR, AR RN BARYE G FA B R 2, X ED R LT 7 AR
FERIRAAL, $EH T AR VSG IS HIR A, EEROHN RS — JE AT 1R R4

AT IARSCHIE I L B VSG R gL, AT TTEE Tz B R RS s 1
AR JE RO VSG Hith (52, T R A A AT T 4

211 ¥FiEmAiE

L) AR G0 AR 2 BRI T R AL 1% 1, R LR BE B LASh RE
FAEAE RIS e A 1, At AR, BB 5 B RETh 5 7 A 22
[l 20 e AL R B 2 R A AR A, I S 800 e A R 22

WRYE LA BEAE, RPN 25 R8N TR DR 2 (R 1 B0 T AT 22 Rl AN [RI A
R, DN TRk ER], RZ R R AT o . AR I AR R BT L 1 i
U8 A LA R AR

dt 55 2-1)
T de

Horb, EEMFERE ACANLR SR, BANkg - m? s wREMFL K
HLHLS H L AR, wo MBIUE MR, A HAL N rad/s; DN )E &
H, AN -m-s/rad; PP 73 AN ENUMII R A BRLTh A, BALAW; 6
N VSG AL . IRAEFE 7183 )7 FE m] LIS 2R H 1A 2.2 Fror .

{Pm —P, =]wM+ Dw(w — wy)

w

K 2.2 VSG Bzt

AT A VSG AR, SRS VSG B FINHEAE, 1ZHE A
BT /522 VSG B AR A Al

2.1.2 BIN-SuETH|

et FB MU R IIfE 2 — RS SRRSO, i RS R EPs)
I ERFIR AR R g, X — IR R AR S, AR B A 2.3 . 3

17
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Al R LU R 5 BT R AR, SR L T AR IR,
T A7 38 P2 R A AR A T i 2 A0 L, RS RO — W 2248, tH SR 1S SR B AL
B MU R R AR AR, IR BT A DR 3K IR Th T R BT R R K
PR G HUE AR, P — R A Z 1 .

Wo Py P,
po e JHZHL K EHL FHL Y

2.3 SR PR

SR R ENLES R, 7E VSG 5l NI gtk A i HE & 4

K 2.4 Fiw.
w AP P,
—4P—II—4?—L
Wo Pm

24 FEDELSI T

Rl VSG BB D-S 2 i 5 i (5 Rk e LS R
Ky(w—wy) =Py — By (2-2)

Hrt, woR8EMERE, PN VSG WIZREFEME, K, aWRif" 24 L
B, SERPARR ER N DS s, RILK, TR RRAE A Dh-A
FRERE, XEH VSG iS5 KR4 — M. F, ££2 VSG HEKRS
W, JEE AT VSG AR R AL, RE IS 2 VSG HERIZ 1T BE
T A B T .

Kz VSG B Tia s UEZ &, 193] VSG A DS a2 i 2
K 2.5 Fios.

K 2.5 DA i

25, RIS R M ML Hh F8  RGRE FRET, E
© ~ w, (2-3)

18
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Kl (2-1) (2-2) (2-3) &IPS
dw
]a)E =P, — P, — Dw(w — wy)
~Py—P,— (K, + Dwy)(w — wy)
:PO_Pe_Dp(w_wo)

Hrr, DN EA N KSEROEME R, HO& 7# ez dm
BHJE REU LS A DS T 3 R A BEB S MG TSR S an ] 2.6 BT .

Aw Wy

(2-4)

Dy

Pe
P
OG' ei ﬁ% w‘%__g

2.6 L) AT Dh-SR S A

A3 DB P A B 11 ) D PR P AT OO 3 ) (1 225 HL AT A

2.1.3 ZIN-BETH

FEHANRGT, TR SEWMAG L, R KL R R R 5hE
o AR 08 P s i 2 R A 5 il P AL AR 1Y [R5 A FELLI P S R 3, i i R
R E ERUEE T, HEA TR RE A 2.7 s,

Jih RS TE 2%
Uref = E
4{_)—' RV 28 il
U

2.7 bR SR

S R0 A B o (R ol R 15 % AR, BBUhL S VR R, 72 VSG F2H3A %
IO T R BT AR B DR # T, 0

AEy = Ky (Uyer — U) (2-5)
AEq = Kg(Qrer — Q) (2-6)

R, K FK 5 30 R B TE IS R Uy Qe 4 BT 1
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(Inverse Park Transformation) 53| =AH SPWM S5 5, 6| Iasft )i
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B D
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B 3.1 R0 R HUL I B A R iR v i 25
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o AR G AR . IR 3.1 (o) HRI AT A, AT AR — MR

29



H 3% VSG B H 1b N A% i S
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& EHEAHFER ML . AT, Actor MZ BN ZE UL (3-5)
BEH VSG 24t 3 MRESIE A, PGl 2 BeEEE, FE0HLBR
PR (Rectified Linear Unit, ReLU) 1ENIIEREL, HEALN:
ReLU(x) = max(0, x) (3-10)

I Ja, Actor P2 I H E s 2 487 Ea, .

Critic WMZ%43 NIRZS B4 (State Path). zh1EH1%E (Action Path) FlsHLEg4R
(Common Path) =ANEB4), HILARZEE 3.10 s,

Hrb, REBEEK VSG RGNS, &0t 2 N EERZ G RIE A JLEZT
BN [, SRR DAV Re AR SIE NN, &G 1 MR R Rk
ARG SIEBRAR AR A B4R 005 AE A SR AR N JZ AR, FE{E
H ReLU REHATHEGE, 5 XN&T 2 EaEHE, Mt s e E R £ s T8

C; = Paw (3-7)
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el
Oros

K 3.10 Critic & 45 MR =K

3.2.3 I%iEiE
£ MATLAB/Simulink V- & 45 &EHAHL VSG R4, MBS EFIHLE &
BUR 3T DDPG Hsgib s 2] Bkt r BTy, Aeeihs VSG RGH it 3453

THBATINS, BHEEEE VSG 2458 BRI E 3.11 Firs.
2,

R i
I |
-
i Critic[£%Q i
I |

K311 BEeAE RN VSG RA A Hid 2

BRERIRIL VSG R G AT AR ZE . F IR AR Z DL R Dy 24 2215 AR
NS, QL A0T Actor WZ8K RS SRR ATBE JE A8 vah g i
FRSFA MK S BT B, 1ZARINE 3.3 fis. VSG REUEIE R T K
HIZ BRI R AT P Y

N T B IE R AR A 2R E BT R IL NS, B IIZRIT I, A2l
S IVIIRE KB B BA BENLE, R AR RS I 2R A XA B AT B4
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% 3.3 DDPG Hik& ekl kit 2

Bk 1. BEHEMEREEEE (DDPG)

BENLAIAGE4L 4 HT Actor 28 u(s|0F) I ZEOH FI 4TI Critic 45 Q (s, a|0?) 24107
Mgtk FAR Actor MZu' (s'|0# ) IIZ$101 « 641 H #% Critic M25Q'(s',a’'|69) 2%k
Q' « g@
WITH A KB
fore = 1to M do
BIHEEEAL, FEVIEARSFIB RS 5
FAT LB MR S ¢
fort=1to T, do
AR 24 Tl SRS A P B VLG B8 R, = u(se|6F) + IV,
PATE Ea,, HEI% R, REFNEFIIREs 41
4%‘77:2_&(51—, at, Tt; St+1)ﬁ,ﬁ%§B
MBH BELIE BN A A
4q =r+yQ'(s',a'16?")
T L A5 /A K BRI ERCSE BT 24 T Critic /X 25
1
L= ). (4 = Qs al69)]
I It SR FE TR 4 HT Actor 2%
1
Vo) =1 Va0 (5,210 asi(sy X Von (10 |omg
BB H FR Actor BIZ5 AN H b5 Critic X 4%
{eﬂ’ — 0% + (1 —1)o%

09 « 79+ (1 —1)o?
end for

end for

WZRE AR BEAR R EE 70 S B B W R R TR -
#* 3.4 HT DDPG /. DHE NI RS

ZH HE

= FNEIRE 300

Z LMW 100,000
RAEALIR 128
T Actor W45 2] R 0.001
Rl Critic (4% 5 2] % 0.0001
A 9 28 5B o ) 0.002
LIhFrn 0.99
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3.3 ZERXIEE

23t 3.2 WG, XIET DDPG 1) VSG R4l shift &A1 FH Jé 540 H & M
INEAT O, RAMFESHA SRS 312978, BAaME 56D
DS BB S 3.1 RIS I & 5 BH e R &R 5 & N TR T L,
Bt o mlan i 3.12 F1E 3.13 Fis.

i B4 R LA H, I DDPG Bk S8 HENIE S5, VSG i i
BRI I RAE N R E 5 NS — P oaE. mE 3.2 v, D%EES
G, MR R KR ZEL N0.8rad /s, /NT 3.1 TR A B & B 7,
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ATH PRI JURANE VSG RE LS 15 B AP e RBOR 73, MR
iR e, N As ST RS N RR. ATUEH, 2T DDPG [N
AR AIRE B R EE 1 R 7 20 VSG 1A SR S A D DR ) sh A AT A
e I .

#£3.5 AFEJ. DIATIKEE VSG BT FEXT L

i RS ONiES T R 2 T A

AP/W % Aw/rad - s™1 ti/s

il & 24 4971 49.71% 1.59 0.471
J HIE R 1283 12.83% 1.42 0.164
DH &M 1987 19.87% 1.13 0.281
J~ DHIEMN 586 5.86% 0.89 0.193
DDPG 218 2.18% 0.81 0.128

41[&] 3.14 FIE 3.15 o DDPG S35 R, HEAUEE 3151 By FIBHLJE R A R HUE A2
fh, ATRUEH, 5 3.8 K 3.9 F kTl (5E BT IR A WA

3.14 DDPG &% T L 315 & BUE AR L

45

el

FfLJE #% D/(N*m*s/rad)
8 &
r/’/

N
G
/

rJ

@

IR (5] ths

3.15 DDPG Hik NFHJE REHUE L
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3.4 KRB/

VSG BT R0 & AL ASERE, ARGRME TG . RiEH
2 AT, R SIR RN E S VSG i A d R S B AR

N T RBE I APERE, AR BN M R VSG RGN ThIh R M ik
W RLEAT T 0 #r, A3 HTER D3R g AL R A FIRY B, i B 15 & A P e
REDMBUES A, B TZ4510, Wit 7). DRI E@ER T, Tk EE
SESBOTIEVA R S HEE R EATST b, (RS RR, BT, DWE
38 BT VER R T VSG AR, VSG i B9 Tl S K fh A A e i
BN, TS TR B A

B, GIN T IR SRk 2 3] S0t i 0L S R iR BB REGEAT AL . B
FeNH T REE AL BE SRS 2 R AE S SN /E 25 [0 i) DDPG HykJREE, K HIE AR
SN E A VSG Hin i I fASEE . Uui A SR D G 3, T kit
TR R BRI B AE O R R B8 = A BE JE R BD B HUE . AR
MATLAB/Simulink “F-4 H#4#AHL VSG RS, 1 RNIREENE ARSI T UIl 2R A0
Ko MREMIRLE R, DDPG HEN) . DHATIEL T, BB T VSGIE &
R, AT DWREEIERN 7, FARERFIA D) D 3 8 A 72 8 1 & 5 /)N
VAFTE R SRR, UE B T SRR A
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$BAT  VSG EURH BE Mz

IR TG VSG BTt Y, VSG # 1iash i Ko S By
DX IR FR S S RE RIS . Az, 5T VSG 2R, kS
BAS—BOF KRG IR0

4.1 % VSG FHERRY L B FH#Lin) R

4.1.1 WRFBEE
—/NUHLIFEEN VSG RGN 4.1 Fis, 24 VSG HBRIE DL AT ik 28

T& o
@ U, 26, Zy
Z
Upcciepcc L
A Hby A1 Ay
e SR

4.1 XHLFHEE VSG Rt

K, 2 oA sNERHEIRZ: VSG K ARG AL Ja, it s R 70 ) 9 U,y
MUy, XN 580,810, A HIEE] PCC R LB BIT 278 Z, 294
MZy2¢9,, PCC RAMER AIABZ 20, AR AUpccLOpcco RIES
IR, 2 AN B AR I Zh AR 23 550 -

_ UiUpcc cos(p; — a;p) _ Ubcc €os @;

P
' Z; Z; 4-1)
o UiUpcc sin(@; — oip) _ Ubcc sin ;

' Z; Z;

Hrr, i = 1280 XBIERIHR S, op = 0; — Opcc NEIMHRIES PCC A
A B AR, 22 PANQ 23 ) N B A R IR S A D D 3R AN S Th Th 2
Rk RS, B LRERPTE K TR, LEHEYfe ~n/2, HHJE
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B B AR AL 5 A SOE R RUC AR Z BN, Bllsinoge = 0yp, BEIS, RS H
ANDHRRREA AT N:

U;Upcc cos (% — O-ip) Ubcc cos%
= Z; Z;
_ UiUpccsinopp (4-2)
Z;
_UiUpcc
~ Z, Oip

S BT DR R IE AT H O .

(T T
U;Upcc sin (7 - aip) Ubcc sinz

Q; ~ _
' Z; Z;
_ UiUpcc cos ojp _ Ubcc (4-3)
Z; Z;
Upcc
~ (Ui = Upcc)

Z

£ VSG RGifaE LAERS, Hih R U, M A SGER S R Upcc @ H AR
BORWEE), W (4-2) WTLAEH, ML Al T, 6 1A D)D) 3 S
KT ZE; Bl (4-3) FTRUE W, il e D DR 3 2R T U MUpcc
IZAE, A hEhR 5T LU RA eIl 1 Rkiz . BEis, areAseitf
THAITE DA e 42 6l 2

1
Wi = Wyef = r(Piref - Pi)
1(J)l (4_4)
U; — Uref = F(Qiref - Ql)
ui

AR B R G T, LBk EPT R Y, IR BT M BB R AN RO
B, RN (4-1) [BEIRATDIDRME TR KRB AT S N:

UPCC(Ui - UPCC) UPCCUi .
P; = 0S@; + ———0;p SIN @;
Z; Z; (4-5)
Upcc(U; — Upce) . UpccU;
Q; = 7 Sin@; — ——0p COS @;
i i

130 (4-5) WRLE W, SR DDA D)3 5 s AR 7 22 M {8 22
AR, TRICIER
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4.1.2 FIhHbicia)sa

EIBERGE, MINA BRI, 585 A AR5 R A A A A 2 LU
B T 225 A L AT AT

[ 2 A AR IR AR L F R S0 8, U RS,
RITBE|Z,] > 1 Zy] o BEIE 2 3EE B 2 AL H TR N U e, EH T R BEL B i 1
R, TR A IR BRI | S S s TR, B0, > Uy, R
B (4-4) (HIE FIEAAT, SLA B 1 R TITh R Q e 2 R RE, HIREH,
QA LTI, TR R AR 7 .

o, ARG 2 AR R AR AR, B1Qyyer: Qorey = ko HRHEF
TFHIB R, A Ky Ky = ko A SSESE SR WUpee, U, = Uyy T
101: 0y = ks TSRO EL, JEERERIZ,: 2, = 1oke 2R BRBLBLAR I 2
A, RGZ,:Z, > 1k MQu:Qq < ko TEHITNH T4 LU AT

vr ik, BRSBTS T VSG ThI b % VSG IR T 1)
e e A

4.2 ETEWMEINA VSG Tl

421 EWREIR/ERE

JREAPLBELAT 75 12 A2 H8 AL 42 A PR B TR N — A R U0 AR BEL T 1 SRARADL 2 ¢ BEL A7
PASEEL ) R AR AN T D 1y 73 038, ALK SR BN ] 4.2 o, HhZ,, M Z,, BN RE
AREST, AKX 2 ADAFER AT I SLPR 1, B RURAR AR ST 4 R A0LH 1

Uy 46, ,,ZP},, Zy
e Y
Zy
UIJI:CLQIJCC

A A< A7 i

B 42 INEBHPTR ML IR VSG R Gt

BT LT, RIEFFECR G, RESBHPUAFAE A0 32 B ) 8 e v L

WL AR IR DL R 2R B FH BUAS e g o R0, SRR UL BEL BT A 8 1 LB — e v

91— I NSRBI, 87 A B AR 1 ) 2 5350 4, AT S 2 i

BT o5 — Mo DUB T BT N 2 ik FHPT R AME , S4B BHPT— & TR 1 FH TR
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P Fh 7 AR RN
(1 FHik
TS EABE T I 4.3 Fis.

[ L .y
Xii Xoi Xvi

43 EFEEMHEIURER

ZITE BT I RE UL P PR KT Z 48 0 2k % BEL U AN A2 3t i 1 BELATE, - AT

25 1] i 400 BEL B0 2 B A D R SRS, JFER R S BHPT 2 L AT IR :
Zy _ (Ro1 + Ry + Ry1) +j(Xo1 + Xjq + Xy1)
Zy  (Roz + Rz + Ryp) +j(Xoz + Xiz + Xy2)
~ va +ij1
" Ryz + Xy
X
X2
HEATEESR,, =0, #t—D/NEMEPAREI T EE. N, TEEE
T RS UL FEL JRAE B A B AT
(2) FMEVE
B oAl s, 2 SRR s B R R BE BT R E PR, TR
EN R BRSO KRG BEPTHEAT AN, W 4.4 Fos, fMEERISEMBEPTN

Zeqi = Reqi + Xeqi°

(4-6)

~

0 Xii Xoi EX"" T Kegi

K44 FMZHEEMHIIREE
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RIS T O T I B AN T AT B2 ST e BT, R BT S R
HSUE, RFEEIE T EA I ERMEES, BT RGEA R HESUER
ANTL G, AT DA I e A7 R R UL F LR R Ao S5 R BT S A

ER Tk, AMEE TR ERG L DTN VSG it YL, SnKitHE
MRS RG I ARE, HAESERRR] o, ZRBg B HTAT BE £ AP S5 AN A s A2 1k
MR, FEAMERCR Z AR B, A3 SVEN BT AT it

422 EIPBRIEIFERIETT

BOMASE R B R A TN Z, = jX, = jwL,, {EREBAST B4 B U
BN

Ay, = i,Z,

= (iod +jioq) jwLy, (4-7)
= —lpqWLy + jioqwLy

-
{Auvd = —lpqWLy

Auvq = iod(‘)Lv (4_8)

R, RAEEE 2 & VSG &6 RSt vcit, HIn N ERIBHPUG 1Y & IR AR %
HIHE P an i 4.5 B,

Bl 4.5 TN REFDLREL ST A FEL s R IAD XUV 425 1A &

VSG %t R 2 KA, A5 BB ST B RERUSFE, 1 VSG A -4
e TC - HL s 5 6 A0 6 A RS FL I 2 2 B0 25 RE UL LT L ) R WU P A, 1551
TR RIES A, 2ERRRES G2 VSG ik, BIE 4.6 1 A
SRR AR, AT SEBLE S H br o
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Au, , -
v v CENARER Y
L_"Z_V"J XA |

4.6 EHWHPIRER

A PCC

423 ETEWEINA VSG HEKRS

fE MATLAB/Simulink “F-& F 484 VSG XHLIFEE R St, P A 2 IR AR
Ja & JEW KLY, R A AEIZT, RETLEAENEL, e h
NI REFUBE BT LA S FEHUE KN FRBESICR 52, AR S Hnk 4.1 Fios.

#£ 4.1 VSGINHEERG EHSH

VSG1 Z% HUE VSG2 Z4{ HUE
BE A DI ThZ Py 4kW e A I Y)ZP; 2kW
BUE TCTIINEQ; 2kVar BE TR QS 1kVar

JEWE KL, 20mH JEVE KL, 20mH
A HHR, 0.0030Q A EHBHR,, 0.0030
g FERHR 0.15Q K HHR,, 0.20
2RI HR L), ImH 2R HIRK L, 1.5mH
ToTh T HERE /Ky 0.001 ToTF 8RN/ Ky, 0.002

PFEMFEN: VLA B RN 0.05s I, RGELANAINTIERP, = 6kW .
TIThHEQ, = 3kVarf 7L, 03s I, N INIIEP, = 3kW I H#L,: 0.7s
W, ALIILIENQ, = —1kVarfI A EL, .

A) TCREFIE BT

H#E 4.1 FTLUEH, W6 VSG MAUE AR 2 boN2: 1, M- R
X N EGAR s 2 A FE IR N S A R A A 4R B BEL TS S BHLBME R BELEL AN AT 2,
HB A X G

FEAIMN B IBESTRIE ST, $2 8 R B R TR, VSG LI R
G T B 4.7 s . ATRAE H, 24 VSG i th T D) D S AFAE IR,
B VSG fir i IR Sh R b TARIRAS . RAsIEI G e A BT /00, H 24
VSG Z M T2 2 EIZ WK, BA KGR, RgRaEENTRERE.

48



H 4% VSG H & M HE U BH 5% il

4000
——VSG1
% 3000 VSG2 |
| it &
RS

* \
& 2000 e
" s
H / -~ -
== 1000
= |/ ||| TTTreee-all
g ofp— 1L el
>

-1000

0.3 0.35 0.4 0.45 0.5 055 0.6 0.65 0.7

I} 8] t/s

Bl 4.7 JoREEAIN VSG XUHLIF A ) o D) D %

BB, ZBNTIIRG HIFE, 2 A VSG e s T ™ A BB s I
WUEME, MERAIIIR MR EAEE T, REFEARGRE. 21 VSG K%

HEEWE 4.8 A,
SN T ,r’v\i\/*
N AL A S
N

x
e
N

0
(
7
<
<
~
\

r‘\/"'/ \\..//
04 0.405 041 0.415 042 0.425 043 0.435 044
I 1] t/s

(a) VSGI % Hi H &

400

200 WY,

VSG2iiil AH LR UN
o

0.4 0.405 041 0.415 042 0.425 043 0.435 044
58] t/s

(b) VSG2 i)

4.8  TCRELBHPTRT HIEE VSG Hk i L%

VIR RS HILTEIERR N, 2 A VSG % L E A2 B . HIE
48 WJLLEH, VSGI A1 VSG2 #i it i) B R MG AE,  H VSG2 HL R A A &R
R E S RE 2 VSG frH LS FITRE D ShA K, HEER =T E .

49



H 4% VSG H & M HE U BH 5% il

8000

6000 [~

&

4000

H

£

148

2000 |- -

| | | | | ]
0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7
B 1) tls

Kl 4.9 TCRAEGIN VSG BUHLIFIEH H 1) S D)%

MIFER RS R AETSIIRGN, FFBE VSG R G A Gt B Th R A L AN VSG
R Th 2P BN, ARG H D2 5 g 1R D) 28 75 SR 2 TA) 1) i 22 52 14 K I iEa 3%

B) I LB

ARG BHAN RGESHIRTHE T, F208 4.2.2 17 FB TR 6 PR o oin AR 49
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AL R B BT
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