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Frequency regulation strategy based on parameter-adaptive and model
predictive coordinated control for PV-storage virtual synchronous generators

Li Chensheng' He Yu'” Zhang Jing'® Yan Rujing'” Chen Kun'
(1. College of Electrical Engineering, Guizhou University, Guiyang 550025, China;

2. Guizhou Provincial Key Laboratory of New-Type Power Systems Operation and Control, Guiyang 550000, China)

Abstract: With the increasing penetration of renewable energy and power electronic devices in power systems, this
paper proposes a virtual synchronous generator frequency regulation strategy that combines a radial basis function
adaptive method with model predictive control, using a photovoltaic-energy storage system as an example. Based on the
dynamic adjustment of system rotational inertia and damping coefficient, a three-step frequency prediction model is
established, introducing the system angular frequency deviation and active power as external inputs. Through rolling
optimization by the model predictive controller, the compensation power of the virtual synchronous generator is
optimized to dynamically correct the reference power. On the DC side, the photovoltaic and energy storage units jointly
supply power, ensuring stable active power output of the virtual synchronous generator and maintaining DC bus voltage
regulation. Simulation results demonstrate that the proposed strategy effectively suppresses active power oscillations in
the photovoltaic-energy storage grid-connected system, reduces frequency deviation and its rate of change, and meets
the frequency regulation requirements of high-penetration renewable energy systems.

Keywords: PV-storage microgrid; virtual synchronous generator; RBF neural network; virtual inertia; model predictive

control;system frequency characteristics
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under different circumstances
Aw dw/dt J
=0 =0 PN
>0 <0 VSN
<0 >0 b1l
<0 <0 TN

[ B BHJE R E DO A R B AR TR B - 25 D
i /N 3 2R GEAF AR TR A AU o R R AT L 5 4 o B
JE SR AR TS S JEE L ELBELJE 2 B i ik R AT R 3 e
BZ. W SAEE P — P BB T piR
R do/de AN TERZLK, REFAZER.D B, Aw
/N

B S e R R E RER LD SRS R
SE P 22 18] U V-1, F B AT T R AR E R .
T B AR G0 0 0 (E A BE B AR T & R 11 3 £ o B
B O S BB Bl A 1 5 R A R G AR E L 0
P B A BEAT S B R, 2 BRI T SL R
— USRI AR

Jh >0
y = arctan(z&- 1/ JAe +1 — 28 ) 8
Re(s) = —w & <— 10
Forh 2 y>60°0F, AT LAAF 5] € > 0. 612, RG] I
Wi A Re(s) ~— D/2] <— 10, £ I Uy R IF 3 £& i
PRECA -

LoauE 1
" Xw, sUUs+D+K,) (D)
| Gpo(GG2nf ) | =1

AHIBEE BB 7, TR GE B R 8 D By U
il B 2 () AT LA 3]

D+K, SUE .,
I = 2nf ., J znfq,wOXD) ! (10
HFRXAOHPRSHNHAFERTFZS. WS .
, 3UE
fo< 5 xh (1

QDAL A I R AR AR LR, @
HAIZ IR E I THPIE I 1020 LA, Ak, B R Ik
B3R A 10 Hz, ATARFLJE B/ IME R D == 3UE /2100 X f e 25
11. 5.

A EN50438 Hr i, 43 A =X A U B A B B, LT A
YRR3R 0% B3 B Ry 49~51 Hz, B A Yk 0 16 45 2 2
R 40% ~100% A4k, Wi AE dR A w1 N 50 kW, A D
53,

_ AP

@0 AW 1ax

12)

Hip, Awp = 2r, W TFE AL T B BUETE RN
[0.05,0.5],D WYBUEICE M 11.5.25.3],

2 RBF S# BiEMZEF KRB

2.1 ETRBFREMBRERENET

SR 5 e 2R U R M R S8 B A e N Y Y
IS H, W H s LA B TR AR RS S ARk
51 RBF #1289 46 S8 S50 H 38 1 P85, 7 LA SRl 2
FeAE Ltk R G, N PE THEE BUAS I

[ 3 A RBF MM 4454 14, 3 24540 73 b A
2R R AR RN AR T A R
0 SRR R L 0 20501, B AR A A
S VSG £ 550 3 F A A0 AR A 2R Hi B S XL VSG #%
B T,

&l 3 RBF i 2 0 45 25 1

Fig. 3 RBF neural network structure

PN TN S P NN L s S PSR

OV =2, j=1,2 (13)
net” =x, x = (x(1).x(2) (14
()(,Z)(k) :g(net,m(k)), 1= 1929""5 (15)

KF.2(1) =w —w, = Ao x(2) = do/dt, N TXHOA
A2 A JZE RS2 i JZ 200 AR (D L (2O F(3)
FR,

o T 3 R I A 2 A 2 T 4 A e A SR

(x) = exp(— M) (16)
g [ Zb,z
net V() = 2 w0 (k) an
J=0%k) = fet}”), [l =1 (18)

WM %S5, L., w) BRERE R 2
RIRE R B A RBCR E N0, ]I N 5 S BENLEL,
¢; = [0,0,0,0,0] S5 i IFHIZE M T DO .
BRI TE R I b = [1,1.1.1,1]"7. &2 0
PRI

f(x) =

ue'
e te
Horprow BB R B R (E .
T 22 0 45 BT BRI BB «

19




FRIE F A4 VSG A A& m 5 AR TN b R 698 51K %

i 8 1

E ) :%(wn(}e)—w(k>)2 (20)

RUAE A BE BE T W i oA 91 [ I Dy 1 4 g i S0 2
e AT B

Awj (k) = —7 %+pAwﬁ,‘”(kfl) 2D
e g oE R, o I BME R
2.2 ETIRERINEER B E MK

PR B [ 35 R 075 2 T e R B RS E
RIS O SN RS e KPS S e g
B BH R LU R R G Sl A P RE YOG B . AR N A
RPN 4 PR .

I
[

5 k)
N B

I'—==3—-———====- s@py | il
i Vsoml | R EE | 'ﬁégﬁﬁ}ﬂ

L %ﬂ: W RS
(g ) /&k

|
I
|
|
I
|
N - . / Y
S E(k-1)=0"

J J N )=0~ } :
I
|
I
I
|

Cmgigas | O (AmsuE )

i Aw ‘

[ RBEMZR%

(HEEERS )

n*l
N R D> Dy D" = D
.
D, <D'<D_ - D \BW D" = Dyin

xxxxx

4 T RBF MR 40 VSG M U 1 fE e
W A SR i e
Fig. 4 Flowchart of VSG virtual inertia and damping adaptive

control strategy based on RBF neural network

B B VB T AV N BB — R AR O 4
GiETB BRI BRI AR w; 38 M RE I R 5L
ER) JIW 2 BT EF A MERE., 25 I RBF #f
25 2% %ot i BUI B T HEAT A 3E N VR YT L 08 P v T A eR O
AR I I AUS 2% A JEZRYE sigmoid BTG R AL
i J AL EEE N, HRIER 6, E I
AN S AE TR BE T S R T R E A
LYo 2%, DO E T — I 20 A 4R S B R M o T A R
LB MR e REUZ B E VSG #1138 30 7 12, T i 3R
EERIPLS RS R G SRR

3 EF MPC-VSG B9 #l 5% B8

Oy S5 B AU ) A5 ILAE A ) 9 3l B B TR 4 bR T R A 4K
S5 B AR E UL AR SO 1 25 4 SR JH 0L i) )R
PRIEALE . 75 FR G A A I B A 0 S 0 R Al 22 A AR A
KL BEBrBe L MPC #5502 3§, L 0. 01 s SR A JA I il

TR BNPEAC T3 5 DL 5y 3 A i 52 BROGH A3 3R 22 1) PR T
b 2y A4 L [A]  RBE U ST A 30 0. 05 5. 24
RGBSR A BOR R AL g2 s
RBF [ 45 IF 4 AR 3 431 3 g 22 B HC AR AR 3R 3 07 9 8 R 40
15 5 P e 2R B AT ik — 20 3 R SR B S R S R E
1SRN N T R OR C = U R E P i § L RS R
RIBI R 5 PRI VSG R .

| swigsr: REEsRE | || RESHBE.RG) |

R .
[ v vy
| RBEWZMSESE | 11| MPOVSGHIAK |
v :
| Ritmg . mgssior | | | SERE0b.2G g
v :
|
|
|

v

|
|
|
|
|
|
|
|
|
|
|
|
|
i
! RBFHIZ % E & B JE 2
|
|
|
|
|
|
|
|
|
|
|
|
|
|

| ]

v

EHMPC-VSGER #TiE | ||

dﬂjﬁﬁ srEtey |l
______ |

|

HIER(6). % [ rm—pmuE-Rc) | |
BELJBLLI s BB AR S }
SR |
|

|

|

|

EHATIRSEME -
P, (k=P +AP, (k)

Bl 5 RBF &R 2015 -MPC-VSG J5 i
Fig.5 RBF adaptive parameter adjustment-MSC-VSG method

3.1 BEMSHATE MPC 5 FIMERE T

TG A S NS B0 S MPC 455 1 VSG
P 05 15 BB B SRR K 5 2 B R T RBF A& 5
EARRIRE SR ] MHERE D I AR T35
P 456 VSG MR 3 55 1k vl 4 T Hh R AR ET5
T

dw (1) D" P.&) P.(t)

= ——(w) —w,) +— ——
dr J ¢ ¢ J @ J w, (22)
y() = w(t)

Hodr, y(o) g BFZ VSG I R S8 bk AR &,
P..(t) R VSG 5 AR, P () ML AP0 T
., W THRFERT RN — B, BiCR] SR R R ) BR LTS X
HEAT B AL 3R, B

de x4+ —xk)

dt T,

K. T, J R ], %X (23) Bk 15 3] .

Aw(k+1) = Adw(k) +B,AP (k) + B.AP (k)

(24)

Hp, A=1—(D"T,/] B, =T,/] wB. =

—T./] wgo

(23)



949 B 2 F o

T # K

A LB R A A R AR AR B A A SO MPC $i
W RBREN vy + 1) = Aw(k + 1), TEAETETE R M AT
P2 BT TG BE A SCOR L 3 45 S50, 500 5 A A
Yk +1| k) =S8,00(k)+S,AP (k) +S.AP (k)
(25)
AP YR+11k) jﬁﬁﬁk 20 3 2 MPC 55 S, .

S S, R RBOERE  HRIKAS 0N
[A AP AT
‘ 0 0
S, = |AB, B, 0 (26)

A’B, AB, B,
= [B, (1+A)B,
BB HagE
EE RS S-S K (LN ﬁaﬁﬂ%]%%ﬁﬂ’“ﬂzi_
BE 0 ORI i 5 A ) i AR A AR R UL AL B AR O E
oy I BCRT B A bR, 52 R A R 4 AR I R /ML

(1+A+A»B.]
3.2

Jo= S adwk +i | )P+ BAP, Gk +i | £)7]

Q0

Hr, o 58400120 VSG Hi th 45 R A8 fb it 5 5 A Th 3
AL I ILE RR Aok 41 | k) 5 AP (k+i | &) 535
FORTE b B2 AR AN 22 D R I B 2. e
T R AR BT 2R

J, = 0, +1 | k) — RGE + 1D]* +
T, AP, (k) |* (28)
A T, = diag(asa.a)sTp = diag(B.f.3);R(E+1) =
(0 0 0] " ¥ E,(b+11k BaENHMAE, HEM

E,(k+11F) =RGk+1) —8,00(k) —S.AP (k)
(29)
B 29 R AR (28), T H Bk MPC 45 il i) it
FeAbhy = Hz + Gz AR R B 0 B TE 2L Horh 2 =
AP, (R) RN AR,

—s.(r)'r,s,+ @, O,
(30
Gh+1|k) =—28,"(T)'TE,(k+1]|1

A A e 2l i R TR A VR LN B R ) MPC Al
AT A0 35 3R A IR IR

Jmm]
{Ymm(/e +D<YG,k+1|kr <Y..

E+1
[‘”’ P, (k) < AP, () < AP, . .(k)

(3D

Ho, Y, k+D 5Y, (k+1 HRGERHRAE,

K G E T R HRI R %45 B e R WA B AP, (B,

I VSG ESH AT R

P, (k) =P, +AP, (k) (32)

RBF 5 MPC W 4% il S ug W B 6 from , BB E 5
BHJE B0 A 3 N B4 BT TR R BE L RE S 4K
AR AR B BB IE VSG S8, WL T+ R G xt £ Fhiz
T BRI PERE . SR . 1% 5 3k 385 SRS B AL 1 L i 1L 77
FE—FE T, ME LA ROR % P A B, A 2R, B R
T ) L 5 T S P AR AE 1T 35 T Y T R IR S T o ok AR
ot 3, I B2 T AE AT AT 2y 3R R0 AT 184 5 AR 5 T (1
FEEE SR . A A I R A 4 A . Al Y
T RGBS AMERE , MPC £ 4t 3h 7 301 42 £k e b A2 AT
9 2 AR s o 14 R L e R M

R R G A SRR I 25
ke v ;
B i B RN ER
Eabc:= PWM % A 58 PWM
i e
;! RBF# I MPCE’I |APm(k)|
| s Dy wE :
I
_1du
el
|
|
|

B2 (RBF -MPC %54 )

o

6 RBF-MPC R 4 il
Fig. 6 RBF-MPC cooperative control

J B 1k RBF 5 MPC 78 i By 7= A b B A v 22,
AR LA B R L2 o1 U 0R R R P R SR i . AR SR Bl
WIS AT MPC #ME4E ], A AT Pl ik &2, 0t &

BELJE 2 807E T — ST AL 0 P47 ) 8 RBE i i A 151 6k 5 61
JEBEAT BRG] . 5 G 2 Bk BE i B 5 i MPC i 18 L A2
SV 5 AL 45 R 5 0 A B8 22 SIS 5 L[ A RBF 25T



ZERF F 04 VSG A%k B & 85 R A TN B B 69 890 R %

— JE A A S B R Y B 2 — Bk .
4 HEERESW

A 58I T 4R R SR W G A R S A L AR S
MATLAB/Simulink ¥ & F## Ttk RER VSG 15 &
BT, HOCHES 5N 3 2 i,

K2 RBEFEMESH

Table 2 Main simulation parameters of the system

B EAEIED
HRRLBEEU, /V 800
HMBEEU, /V 311
BE MR w, /(rades ") 1007
TP HIR R, /Q 0.1
JEE L L, /mH 3.2
W C /uF 2
LI R, /Q 0.3
LHHBR L, /mH 3
THHER E A 2 Q/kWh 40
HREBE I I, /A 20
WRTERHE K, 0.05
et J/(kgem®) 0.3
FHJe & %% D/(Nmeserad™") 14
FHJE L & 0.85

4.1 FXRHAEHE TEGREENINEEIIE

TESEAE VSG I T T A @ i F A ik e
fH) 10 kW, ISR IE R 25°C, ARiR BIRERE 1 000 W/m’,
0.4 s BfPEZE 600 W/m”,0.7 s B JF £ 1 500 W/m*, i &
RN HE 0.2~0. 4 s X [H], Stk 3a BL4E T4 T
RFRMERERITTAS SFRMA ;24 0. 4~0. 7 s BH, IR
SR BOER AN R, TR R R A TS E I
RE R G0 #F A IR A, 5OGAR U R 1) A At H L S 3K
SOC #4: TR, 76 0.7~1.0 s B DOERE I K FH IS %
D484 AR RE M IT 1R 7 WL B AE BE AR S 45 AT, SOC R
5T 3 O A w2 S I T o~ S e N 7 52 Rl )
0. 98 %% , T & 1 I FiL A 18 I R AR /N F 20 SR . i |
AR 7 FR .

—

hEAW

02 0I.4 OI.6 08 1.0
i 1) /s
(a) iR fERE SR ThE

(a) Photovoltaic power. energy storage and inverter output power

80.000 0
79.999 8 -
79.999 6 -
79.999 4 -
79.999 2 +
79.999 0+

SOC/%

79.998 8 -
79.998 6 -
0.2 0.4

0.6 0.8 1.0
B 18] /s
(b) fiERESOC
(b) Energy storage SOC

ZOW

VA

20F

02 04 06 08 10
I [E)/s
(c) PN =48 FL 3

(c) Line-side three-phase current

K7 i K RE SIS

Fig. 7 Simulation functional verification results
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