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Research on control of photovoltaic and energy storage system

based on virtual synchronous generator

ABSTRACT

As the proportion of photovoltaic units in the total installed capacity of
the power system continues to rise, the fluctuation of their output power and
the difficulty in providing effective inertia support pose serious challenges
to the stable operation of the power system. The photovoltaic power
generation system, equipped with energy storage and utilizing virtual
synchronous generator (VSG) control technology, can quickly respond to the
frequency and voltage regulation needs of the power grid, while actively
participating in inertial support. This article focuses on the photovoltaic
energy storage system based on VSG, exploring its control strategy and the
adjustment of virtual inertia and damping coefficients. The main research
content and innovative points are summarized as follows:

Firstly, this article constructs two types of photovoltaic and energy
storage system architectures, providing a detailed elaboration on their
working principles and energy flow processes. Building upon this foundation,
the power calculation module, filtering process, and voltage-current dual-
loop control mechanism of the system are introduced. Furthermore, it
explores the mechanism by which key VSG parameters affect the overall
system performance. Additionally, constraints are imposed on the values of
virtual inertia and damping coefficient from four dimensions, thereby
offering a theoretical foundation for the optimal design of VSG parameters.
Based on the study of frequency characteristics of photovoltaic and energy
storage system under traditional control, a frequency response model for

these systems under the VSG control strategy is constructed. Additionally,
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an in-depth investigation is conducted into the collaborative working
mechanism between VSG control technology and power regulation of energy
storage system, assessing the impact of key VSG parameters on frequency
regulation within these systems.

Then, to enhance the inertia support capability of photovoltaic and
energy storage system based on VSG, a VSG control strategy compensating
for electromagnetic power was proposed. This strategy can detect the
occurrence time of active overshoot in advance during active power
oscillation and compensate for transient electromagnetic power, thereby
accelerating system stability recovery. A small signal state space model was
established to determine the optimal compensation coefficient and time
constant, and the effectiveness of the improved control strategy was analyzed
by examining the impact of key parameter changes on the model's root locus.
The simulation results have verified the effectiveness of the proposed control
strategy in enhancing the inertia support capability of the photovoltaic and
energy storage system.

Finally, to address the limitations of traditional VSG control strategies
in dynamically adjusting virtual inertia and damping coefficients under weak
grids, a small-signal model of VSG output impedance is established to
characterize the working properties of VSG control. The Nyquist plot of the
return rate matrix's characteristic values is plotted to analyze the stability of
VSG under varying grid strengths. Subsequently, by incorporating four
constraint conditions, the range of virtual inertia and damping coefficient
values for VSG is determined, leading to the proposal of a VSG control
strategy based on adaptive neural fuzzy inference system (ANFIS).
Simulations have confirmed that the ANFIS-based VSG control strategy
enables flexible adjustment of the virtual inertia and damping coefficients in
photovoltaic and energy storage system under weak grids.

Hongwei Wu (Original draft)
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HuH], FRThFRWMZE RN 0.69 kW, ThA I E b FERE 34.0% TR 17.8%.
MR 4-5.c FIE 4-5.d, SO RD S G IRV AN it BE R G W ] H 5
H, SRR T SOEE AT G AR 1 AT B AR S AN K, R R R 401 B
KA A 75 5 N EH R AR 1) 0.38 Hz PR H] 0.35 Hz, 38T+ T HHISZR B I B «
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B 4-5 SARILLL St Dh R A kI R SR D/ BT

MWRYEE 4-6.a FIE] 4-6.b AIAIL, HEARIOIT, PIAEE 6 S0 G AR HLAH 50
HWL BN WEAE ST AL, {E SO TR 42 o) S W AT 80 S o R LA i B A DA DR 5 »
B PR . R A AL G5 SRS T M BE R Gl KT R 2 =5 H 2.1kW.
1713 SR FH e J 4% ) S B R Th R M ZE 20 0.8 kW, ThEs i &t R 1 26.3%F4%
KF] 9.9%, ARUbIMEIERERE M HA IR . HE 4-6.c FIE 4-6.d A%,
AR, SR S OGRS B B A AR A K, EX TG RE R AN S
B KA A 2 B R AR 0.52 Hz B E] 0.47 Hz, ISR ISR 21527t

HE 4-5 A 4-6 AT E H, LIROGRPIASE e RS, SUHEA VSG LA
4t VSG 425 il AW Wb 3 SR () #0753 DAAR L, AN — AN A v Pk B IE I8 AT
WS I, BSO8R VSG #HI SR B IN TR R Gtk S AssE i [a], 35 ) RGuht
HBhfe 1. dAh, EFBRIGNS, 6 RGP ZE Ao NIEHE, =&HFENHFE
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c. JeARWLAHDR P d. fERERGINEP T

Kl 4-6 SEAALI RGN DhIRFRPTY
K 4-7 N AR, ST e R 48 PCC AL AN . BRSOt 40l
R GE IR SR I RORANIE IR, (ER A SO 32 05 i A A G AR LA £id E
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VZen
e
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RO A T A7 AR (R G AR LD i B8 - G Hh PR IR IR B IR RS, B OR T %
HER PR . BRI, 7EE 4-8.a FIFE 4-8.b . SGARMLALA H f S IE(E
FaEAEL) 422 A, TIAERE 4-8.c NI 4-8.d th, f%HE RS L LA ThTh R 5
HEEY B R FF RS EAE 9.5 A, TEIRFEM BAORFFRSE N 8.1 A BUAR, RUE XAz 5
0T 52 BT 4 S PRATLZEL 1 S5 K FELR I FE PRI SE AR /DN, AHLRR /M it e R e i B K H
TIRME: 756 D ThZ T BN 14.1 A /N3N 11.8 A, ESRFEMTBIA 12.6 A ks
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PRIV e R AME T 2IL 2] 1980 W, T fil BE RS0 B KAME FE JI°H 1962 W o T AE
1.06 B IE THINZE N B, SRR AL I BRI EETh N 1959 W, fifBE R4t
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ffizme TEAE 0.6 B H 40 kW SAEF] 48 kW, 7F 1.2s FHMRE F 40 kW, Sdtal G
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Kl 4-10 ZHGME RS THIR B

MRYEE 4-10 RIAD, BRI, PR il S O RBLAL ANt e R ST
e KA HH DR A 22 ROR 5 DG R SR OL T ARL. K] 4-11.a. & 4-11b
4-11.c ™, SZHUBNI PR S RPLAL AR B g (E i A K, (HA2
fifi e R G0 I R (w22 B 1 0.61 Hz FEAIKE] 0.52 Hz, H Sk E e RE
FRUE SR o Sl EE AL Z AL RGP e RGUMR RN AT B R N, £
BLEEAE T il BE R ST IR R 22 K, Xt BRIk 1A\ e & 808 N
RREH N RGREE N ERUIINE, FHRER 411 TUUEEL, £
IBATHE 1s I SAHUA B SR A A R sl , 10 R D972 T B f Y DI, VSG3
(R ARWL A 42 i AR TG AR B R I R AR AR R R AR SR AL, SR EFHB R R
TAERL X FBOCRYL Bt DR R A4, T 51 AR ) .
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-0.35¢ 0
o7 001" , ,
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K 4-11 ZHDLE RERIIRR Y

H(B-20) 0T A1, # & 6 VSG BISHIEUA S LU BIOC &, A3 RAL I &AL
H B AR BN 2SSOSR AL (H S BR i &A% TR &R R 230 ) R G
i {5 73 Y AR W LA PR 00256 0 3 S5 B AF AR 22 5 o il RS R G0 T 75 L PUERE I e ok
SRANG THERAT, 5B T BRI R R T BB SR T A i 2, AT 5 B[]
PR 2 A DD, (XA AR, IR G A DR . iR A
S TR 4 ) S W E 1 55 FEL ) R SRR U B A P TR N R v R AR S R e

43 REING

BT VSG H & 45 Re g PR LA FAR B RAE, AR T 9] NAME HL
M VSG FEhil SRm o 1% HEBEAEAT DR XA A r 52 i S e A 1 5 A I ot 48
DRI PATHME, IS BHNHRRESAE DIRG IBR . IAh, B VSG #%
NEHIEI, AR EN RGN IRREAW T, B RAEERS
AN R AR o BT LN T S BT A, TEARIE R SR IB AT I RTIE
RATREZ N VSG RN EZE B AT 2 —
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$55= 55HMTET ANFIS B9 VSG 5% 5E R

NT IO RATESTE M N REB R EIE1T, AFBH—FET ANFIS
VSG IS . R VSG TAERFE IR H AT A, SR )50 RSk T A
FLEE EL (Short circuit ratio, SCR) T AR E . FEL) A REILLG FAIRH JE R BURE Y
HIHE R, $RH 2T B &N LB HEEE 248 (Adaptive neural fuzzy inference system,
ANFIS) 1) VSG #& il 5

5.1 ANFIS = HI R BE B A

%58 VSG TS 58 52 1 )R BRYE, SR G0 U 2 55 HL I HE N 77 3R
b, Wi E VSG S EU EIE RN RE S CBCA I IR R Guke g I8 AT I )
524 [H 2 1) VSG #HlAHLL, SEEIER VSG #HlHEE 1 &R Gt m SOE
AN T VSG A5 AR L AN T 2 R R B 008500 SR, AR R BOR S
SHAE N, TEEH R RGTES M TR K. SCER[47]f8H] RBF #H£4
P BT — Rl DGR, VSG IR SENE . Z5RIE R RBF #4145 R 4 1R
YR ECE T AL ST, A RO IR E I AR 2 AL, HR IS T 95 B T RS 14T
ARFRIME. SCHR[60]5 tH—FJE T OB S0 &R, VSG #HilsRmg, (H1Z5ns i)
BRI H MK FEL IR MK . ANFIS & —FhR: TR v 2 N4 R e SE I, B4
B T ORI R A R 22 I 28 PR AT A, LA ORI AR 2 I AR 27 5T g 161621,
B, ASCIR LT ANFIS ) VSG 2 51mg, PLSEHDGME RSH) I AT D ESg M T

) R

5.2 S5EEMT VSG BIiaEFHI3E

5.2.1 S5EEMT VSG BI/MES B ERIRE

SATISEIN S VSG 5 HL M A2 B DL K FAR e A PR R B R
[AIEANIE T BEBTI F v o SRT, A T B0 AR 25 (R A A AN i 1 T A D i, et
FHZT7 i A 25 55 F X T S BT LU A R e . AHEE T, AT DU &, Sk
BT A 77127 LS (B S 3R AT VSG 7E 55 F I N IS8 M0 o 07 IR I SR B2
AR FLVRRD 7 B 0¥ R BRI AP BSL I T R G, SR 5K 7% 25 TR (Nyquist)
FYE R T AT RGBT, AR M R R VSG, %A LC Y
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VEB RS, JF U RGUR A /ME SIRBIN, A dq ek AL i T AT A
FAAWE 5-1 FiRif VSG /M3 S s ER R

Ai,

@,C; AU,

@,C AUy

K 5-1 VSG HI/IME 5 HL B A 7Y
FEAE R ELTM RIS Auge BIRTSE B, Aeg AT Aey RIEEASEHCN VSG it

F R (LSRR A g 1 A 2V U B FLR M LSRR B s Aug -
g~ Aigg T Al Jo I LA 1 HLR FLJRE (0 B AR ED . Algg + Algg Ay
T Ag 4 I 36 R FUALHG B AR AN R . 760 5-1 (O3ERK 1, G2/ 7E dg 48

tRF& N VSG Rt LA /ME S B, JLRBRIAN R £ R PCC ATFEA /D
T L I B, %Pl & AR A A e LR R A R o B I X i i

HL AT L AL R R S AR BEAT 20 i, HES: Y VSG Bt BE BT AR A . T A

BRWTE VSG Hsgiil, # BRI E D 0, AT 45 RGUAE dg 2445 3R F IR

EWSE

ADgUge + DyAuge = Auy — apLg Al g +SLs Al g

ADqUgc + DgAUge = Aug + appLs Al g + SLe Al

: : (5-1)
Al g =Aly —apCsAug +5CrAuy

AiLq = A|q + a)()CfAUd + SCf AUq
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H ER AR VSG fith 55 PCC i H s HUIR A /M 5 1538 B 2

FEFETE AN
(ADJA[DJ Fl(Auq}Fz [Aim} 652)
Horrs
= _[ SLf —C()nl_fj[ SCf _wocfj-l-l
e sk \enG sG
M (5-3)
- sl —aply
* ook sl

Kb | TB R fE do B Aebn R R, Rads AR R IF AL % 4
HA DR BUEATC D DR BUEE S 518 P AIQ, VSG it HE 735 g S eg Al
eq» PCC rALHIEATHIA AN UG Ug ig Flig . fFESCHRI6SITT %, fE ik
RS TR REANAME S 30, 58S TR KRR, 2 R R AR AL R P
St N IME SIS, WG 8 AR A DR L R M
i R B E R AR VSG A LR S PCC AR R IIRBI K RIVFEE R,
K (5-4)F(5-5),

AP i Ald u Aud
[AQ]_FPQ Aig *Feq Aug S
Neg) (80 ) _(Au
Aey | 3[AEm]+ 4| A (>-5)
A HFE FFEQ 1 Fog NA T I3 S/IME S AL 3 s BUERE,  HRik =
R(G-6) 7.
i _3[Us U
FF’Q_Z[Uq —ud]
(5-6)

u _3 Iy iq
ich 2{4q idJ
FEFE Ry, Fy N VSG f H RS PCC A BR8N 9 R AL 3 s B e,
Fik =X (S5-DFw,
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- —E,sind coso
3" E,cos5 sing
0 Ensino (5-7)
Ug
F4:
0 ~E, coso
Ug

Horbr: 69 VSG Harth A R3S 5 HL R L R AL ZE 4, 009 VSG it HU AR AL
Em 79 VSG f i IR IRAE . BE4h, T EiRILah&E Aug 5y 0, w15

Agy ADy
Aeq ) 1| AD, >-8)
gig BRI X VSG IERISI NS, HEFHS RS E, 95 dg s
N VSG % th AR 1 547 DR A /ME 5 A% eR U R R A A (5-9) P

A6 __F AP 5.9
AE,. )~ " aQ (5-9)

T VSG I MRS d il EATOVRURIRIE, AT FE Fpg RE 0

(5-10) s o

—— 0
@y Js© + Dps
FPQ == 1 (5-10)
0
Ks+ Kq

2 13 51 5 44 0 RO e FLP A 2 DL B R A 3, b I 52
PRI T VSG 1t B/ 3 B8 AR

{AQ }
AE,
> F3

Q >

u
Fro

A
—
> B
|
o] o
L

i <
Foo [

Kl 5-2 VSG %t FHBTI MBS 1
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Bl 52 F . Fyy Fav Fyo Fpg Fag BAJ Fpg 2510 22 i o MU0
FLFIF, 9 VSG it B AT PCC S5 FiLFR B /1M B 36 SR MU . Py BT,
FIF 45 VSG it s R /M B AR 3 BB . o R Fao T it A/
G R B Fpo %78 VSG DRI ML BB M), AO R AE, 735l
7~ VSG ARSI AEAE IR . AP« AQ . APy A1 AQps F7n VSG it B Jt
HSZEN R, AR SR BB & T3 Zgy A

el e e

H VSG %t BRHT ) /MG T A4 00 AR 2 52 IR0 A st BHATE Z o 1 3X(5-12)

JoR:
F,F3FpoFpg + |
Fy(FsFeqFpq + Fu-Fa)
I 73 B 8] FRAE R L R RFAE AR A2 7506 2 Nyquist FJ4, FIPEAE7ESS B~ PCC
RAFAETEIN VSG M RGHFE M. L ARE X y:
L=2Z,/Zyy (5-13)
A Zg NHERET. X T VSG M AR GHIAE IR 208 : = LIPS
AR P E U R LB A (<L, Jo) I, R Geab TR IRAS
5.2.2 VSG BIRRTE M HI i
F, }A] 52k 555 388 5 {3 ) SCR K&l 73 . SCR KT 20 B HLIIFR A5 B/ ;1 SCR /)N
T 6~ 8HIHL PRIy N . AHBL T o e, 55 P9 PR HG 10X 4% 25 4 A 2 KR R 2k
PEAR B 0 3 AR FH T, BRIy L Y FE BT SRR B 5 B L UM . SCR HRE
T Z W BUE, BEMTSAN L 3K/, B Sl ANF SCR R LAFAER 44 A1 A, /)
Nyquist H12k, Wl 5-3 fir. 24 SCR=7.61F, A Al A, MLk e (-1, jo) A,
KGR RS E 12T, (BB SCREIZHTE]N, Ay #2855 Rl 58 md tHIZ T 7] 2 4%
Bl X SCR=2.91], A, M&&KAWH (-1, jo) s, 14 L (-1 jo) /1 &K H
IEATEN, B SCR FBREN, Ay HIZEZE LR (-1, jo) M, SERGIBIT A EE -

(5-12)

out
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30020 -1
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5.3 ANFIS 54| 5R B

53.1 BHBENRE

H20(1-8) AT LAIE & H X (5-14):
do _ T —Te —D(ow—a)
dt J
gy~ Tm ~Te —ddo/dt (5-14)
D
m:ﬂyn=ﬁ-
2] 2]

K T BT, o0 B A VUM 20 R L BE # 0 . ARAE R G-19) T, 4
Tn—Te—D(w—ap) NEN, MW EZNE do/dt A1) . FH, 24
T —Te —Jda/ dt ANABEF, DB Z Ao B LG o #AT 8L 5 3 A1 D R4
RGHFAA, WM& RGN ENE.
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5.3.2 ANFIS #ZHI 55415 1+

N T PR AR R RS E, AREIR N T RS T ANFIS [ VSG f2Hl
SR, FL AR SRR AR A R 1R 22 e AR A SIS 5 R OB B AN B JE R H
ANFIS WZ8 45 S g L, (HIELA B2 B iz 1), A EAT 5 )=
N TARLE R 2 SERE B HE R R GE R, H A 5-4 Pos. Hiv, Jo M Dy
R GURSE I R RE AU S AT BH JE R H

| e
ANFIS# ] = '
| ,uAl 0)1 C()l a)lyl : ‘]()
| +
Aw 4 o ngébJ'
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= Al
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AD |
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dt | O0—0 |AD+, D
: Mes / wzs\ Wp5 \ @5 Y25 : Dy
:ﬁv\% | [ [ e '
|

2 A= = |
K] 5-4 ANFIS 5l 4544
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1o B A N — RO E S AR R, WIER. 1B/, &, He, x 2T A
i CiEUE NN 1,2,3.4,5) B NE -
{Oil = ppi (%) (5-15)

O = ugi (Xp)
e g M g —i8 5208 AL Bi BUSRJE BR84Sk H 38 sk o

=Mt HREAN:

0 x<a

X7 a<x<c

c—a

ux)=1 7 (5-16)

—X

—— Cc<X<b

b-c

0 X>b

AH: a. bflc—=ZMAEREI =00, ¢ AHIES, X—ZRSHHN

GIKGE S E
ORI S22 A B PRSI B 5 BB AR O E 1122 I . R 36T
25 AN s AR RS L AR A, o R B U (R @0 o Fh,
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jAREE 1 & 25 Z IR EEHL
OF = oj = 1 (%) * 115; (X2) (5-17)
L2 %2 s FEAR R, 0t A 0 T30 o 4T A — A b
B, AN AR AN SR EE 5 BT RN FEE R L

3_—__ %
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i
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i R BN B2 ] A1 I

1
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j j X2
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Arpe o)y S RIC —— &M, X ENSER AR S
Wi ZE: ZERHCATE NG SRR, s(5-20)FTR:
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MATLAB/Simulink V- & # & Kl 2-1 FrsBouiE R G4t . SGRK E i il B 3
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