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Abstract: [ Objective ] To address the problems that
photovoltaic inverter models provided by manufacturers are
mostly delivered as black-box dynamic libraries with
inaccessible internal control structures, and that detailed
electromagnetic transient ( EMT ) models for large-scale
photovoltaic power stations suffer from large model size and
low simulation efficiency, this paper proposes an EMT
modeling method for photovoltaic units based on test data of
manufacturer-supplied black-box models, as well as an
equivalent modeling method for photovoltaic power stations
following the principle of consistent collection-line losses. It
provides a model foundation for the transient characteristic
analysis of grid-connected photovoltaic power stations and
large-grid simulation calculations. [ Methods ] First, the
manufacturer black-box model was connected to the simulation
test system, and fault ride-through tests were carried out
under different active power output levels and voltage
disturbance amplitudes. The response data including terminal
voltage, current, active power, reactive power, d- and ¢-axis
currents, were collected to analyze the dynamic variation laws
during fault occurrence, fault duration and fault recovery.
Then, the parameter set to be identified for the PSModel
inverter model was constructed, including main circuit
parameters, normal-operation control parameters, fault ride-
through thresholds, current limiting parameters, reactive
current support coefficients and time criteria. A parameter

tuning process of “feature extraction—staged identification—
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simulation iterative correction ” was adopted, and the
normalized error and comprehensive error objective function
were introduced to evaluate the deviation between the
PSModel model and the manufacturer black-box model. After
the unit-level model verification was completed, a detailed
EMT model of a 100 MW photovoltaic power station in Anhui
province was established based on the PSModel platform
independently developed by China Electric Power Research
Institute. Furthermore, according to the actual collector
network topology, the collector-line structures, including
branch-trunk, trunk and radial structures, were equivalently
transformed under the principle of active power loss
consistency, and the photovoltaic power station equivalent
model was formed. Finally, considering the many
combinations of load rates, fault types and voltage disturbance
amplitudes, representative operating conditions were selected
for comparative verification between the detailed model and
the equivalent model. Meanwhile, to avoid the limitation of
evaluating the equivalent effect only by active power curves,
the voltage, current, active power, reactive power and
reactive current at the 35 kV bus were further selected as
evaluation variables. The sectional average deviation,
maximum deviation and weighted average total deviation were
used for quantitative analysis. [Results] The established
photovoltaic unit model effectively reproduced the active and
reactive power dynamic response characteristics of different
manufacturer models during fault ride-through. The detailed
model and equivalent model of the photovoltaic power station
showed basically consistent active power variation trends at
the 35 kV bus during fault occurrence, fault duration and

fault recovery. The multi-condition error statistics showed
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that, under the selected symmetrical and asymmetrical
disturbance scenarios, the sectional errors and weighted
average total deviations of voltage, current, active power,
reactive power and reactive current were all lower than the
GB/T32892—2026.

[ Conclusion ] The proposed method can construct a

allowable  limits  specified in
photovoltaic unit EMT model suitable for engineering
simulation when manufacturer control details cannot be fully
disclosed. It can also reduce the scale of the photovoltaic
power station model and improve simulation efficiency while
maintaining the dynamic port characteristics at the 35 kV
bus, providing an effective modeling approach for subsequent
analysis of the grid-connection security and stability influence
of photovoltaic power stations.

Key words: photovoltaic power station; black-box model;
electromagnetic  transient model;

PSModel

equivalent modeling;
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Fig.2 EMT modeling workflow for photovoltaic inverter
based on manufacturer black-box model
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Fig.4 Comparison of power response results between the manufacturer model and the PSModel model
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Fig. 5 Error results between manufacturer model 1 and PSModel under symmetrical fault conditions
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Fig. 6 Error results between manufacturer model 1 and PSModel under asymmetrical fault conditions
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B7 XFREETR T RKE 2 5 PSModel ‘REUREZER

Fig.7 Error results between manufacturer model 2 and PSModel under symmetrical fault conditions

B8 AXFREHFETR T HEE 2 5 PSModel #ERZLHR
Fig.8 Error results between manufacturer model 2 and PSModel under asymmetrical fault conditions
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Fig.9 Photovoltaic power station topology
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Fig. 11 Branch-to-trunk configuration
AU, =Z,(1, +1,+ - +1,)
(16)
AU, =Z (1, +1,)

AU, =71,

Arbon HXILA B ERG, ~1, A 1 G ~n

BICRPLHTEA S B RR 2, ~ 2, I EH 1~

n 5 SCERHLH I HE R 2R R BT

R (16) Feth SR FER R -

SLOSLZM =AU (I + 1+ +1,) =

P,+P,+-+P)°
al a2 an
3

SLoss_Z,2 = AU&Z(I:I + ](:2) = <17>
(P, +P,)’
Zaz 1 . 2
3U

2
al

Sl,osLZal = AU;]II:I = Zﬂ] 3U2

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



LSRRI, 25 53 &, %5 9

Electric Machines & Control Application, Vol. 53, No.9, 2026 973
LS, =S, ST BB B 7, ~ $p
7, WEINFRGHE 1 ~ 1., 530 0% 1~n 66K =t 7 4
N S, N m n al
BLALTE A S BEFL 0 S P, ~ P, WS 1~ SpeSe,
BB, S0 A
IR O BURE N W IE
Sltossilml = Zaeq(lal + ];]2 + o+ Ian,) X n =l N Z32 + +
(Ial +132 o +Ian,)* = ZPJ + ZPU
=1 i=1
(Py +Po e +P,)’ g
aeq : 23 U2 ( 18) Z Pm i
. . o N B VA (22)
Rl 2, W B L |
E&ﬁ : Z Pj + 2:1 Pu
: i= =
;- Z. P+ +Z, (P, +-+P,)° 3.1.2 FREBIR ARG R EHB G TR
o = (P s 1P T AL SR U B 5 (L R
(19) Kl 13 s,

¥ 7, mAR L B E 12 Brs
R,

B 12 AT
Fig. 12 Pure trunk configuration
55 B T LA DR P, ORISR
SFEFHYT 7., BUARAESE T A5 RORT RO L, S5
PR h

SLnsszP[ = Z(‘,q ([l + ]2 +oeee F Im + i ]ai) X
R i=1
([1 +]2 +oeee t Im + i[ai) ) =
i=1

(;pj + ;Pm_) ’
“ 3U°
K om T LS G
553 (18) ~3(20) , ATLUMES
_PZIZal o +(Pal +oe P )ZZM

Z (20)

an

(z{P/. + ZPM)z
P

eq

(21)
UL TEE] 2, kil
Z =

eq

B 13 FAEKBREZAMFXELBENEELE
Fig. 13 Equivalent process of transforming a trunk

line into a radial line
MR 7 S % 1 T SRR B S (e R A =, 7
DI Fe— UG OU T, TN B e N
Sl,ossjm = AUm(I]* + I; T ],:, )=
(P, +P, +-+P,)°
" 307

- (P, +Py)’
SLoss_Zz =AU(L; + 1) =12, T

2
1

30°

Sl,ossj] = AUIII* =7

(23)
K AU, ~AU, T FRa—R R Z, ~ Z,,
K ~m BT EEYLALEZ LT, P, ~ P,
Fl~m B TEHLAAG IR 1~ A 1~m
& T EEHLAL A 1 L H
W 4 IR A0 A o ol S B 2 I 1 A
FEH

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



WG E 45 HE T PSModel DGRk 4x ML BT S A A5 47

Hu Jingfeng, et al; Full Electromagnetic Transient Modeling and Simulation of a Photovoltaic Power Station Based

974

on PSModel

P;

SL()SSfZPq = AU4]4* = Zt?q 3U2

(P, + P, +Py)’

SLoss_Z3 =AU(L; + 1) + 1) =274

3U°
. . (P, +P,)°’
Sl,ossjz =AU} +1,) =2, #
p2
. 1
SL‘,SLZ] =AU\l =7, ﬁ
(24)
AL, 7 DR IR D) R e — B S o0, T i
Fih.
($r)°
Z =" 7 25
eq Pi 4 ( )

313 FREBFMA L0 EMTRE
TAREBERCH— B R ESFRE 14 PR,

B 14 FAERBERA-—ENEETLE
Fig. 14 Equivalent process of reducing a trunk

line to a single unit

T AT Z,, RBAh
ZP ’

Zeq: m Z]+
P.

2 m

2 2

P, P.
|z | 5] 2z, (26)
Sr, S,
j= =

3.1.4 ﬁ%i%%%ﬁ%*é
R B A — B Y
PR
R U B 1) S5 (B 7 2, AT A5 TS S 4 % 4
HFHT 2, BN

> (#z)

Zeq_mi
(57)
IR A Dy S ORI AN R B AR

FlAT A

By &5
SEE AR WA 15

(27)

B 15 MEXEHRELN—EFELRE
Fig. 15 Equivalent process of reducing a radial

line to a single unit
WSS R A IR AL, TR R B A5 30T e
NRBFE—BHY T IF Bl i B M 28 1
FERIARIEARNE . S5 DL IRSulidh 4
K16 fis,

E 16 tRRipuLEEHRI
Fig. 16 Equivalent topology of the Photovoltaic

power station

3.2 HHRE5EEER AT L IGIE

SRy IR JIT 5 T R R PR — S U )
REUR 7 sl PR A5 (5 A O 1k 0 A M, AE
PSModel -5 [ 43 51l 7 AR H 3l 3 4l 8 5 4
(ELRBEAY ) X6 7 AR U 7E MRS T 00T A 2l 25 i [
HEFTXF AT, 25 BN [ 61 403 AN [R) i s 2%
YRS [ H A 3 e (BT B0 B TR A 2
AR SC B B % 2 AIEAS )32 47 DR 25 RIS AR 1 g i
T HHEATIAIE, HITE 90% i1 20% 17 25 R 1, 43
S5 BT FRFIAS G FR L A Bl 2541 1.2 pu R HL
JEZEH5 0.2 pu fRHLE ZE8T 0,

NP EEAIA AR 5 S (E AR AR 35 kV REZRMI YA
I bs L AR PEAT X EE, DA 00 2 Bk 5 e 45
TRUTE S B A2 A | W A 46 B e R A2 3t A v B )
RSBIEE, BTA SRS A LR
LR IR PFE— BN FEAJFIN | T 45 P 4R i 4 FE 2 B2
PRI R A DI R B, LA D)D) R BE S 4 4%
J2 LS5 (AR 6T 37 3 ) S A i R 1) PR 47 B

7] B, Ay ke G (AR S A Ty ) 288 i 4 40 46 1
RN B 11 Jmy B, AR SCatE— 2B 38 B 35 kV BEZk
MHL R A BB oS B AR K T B L A

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HALSHERN A, 5535, Fol

Electric Machines & Control Application, Vol. 53, No.9, 2026

975

SV AR , SR FH V- 349 i 25 A e R i 25 % 1 2 A5
T SRR (1) 3 25 ) o, — BObE HEA T Ak T
FEAZ TH RS el ES AU
LA T AU 35 kV REZRANAG Th o 5% el 28,
HAom AR 25 R AN, x4
P 7 R RE A% R PR AN Y 5 SR (B AR 7Y 1Y) 2 25 0
I SURBS I o) 22 H AR a1 2 4 B v A A

AU v 1 AMREPE PR AP RE 7 1 78 S Ik

3.2.1 ARy ERF) T IOUF A
TEXTARE L 8h 00T, X 6AR Ha sl 1 4 A

TR 55 SO TR (1) By 2 e g R AT 6 B A B, 1 17

25T 90% 5 20% T ERET, T AR Y 5 SR AR

RIZEXTFR 1.2 pu o HL R ZE 8 82 0.2 pu IR FE e %

THLT 35 kV BELAMIA Zh T2 R L5 3

B 17 XFREE T EER 5EERE 35 kV BRMAB NIRRT

Fig.17 Comparison of active power at the 35 kV bus side between the detailed model and the equivalent

model under symmetrical fault
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A E T EAGE TR sh T, R b
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Tab.2 Error statistics between the detailed model and
the equivalent model under the 1.2 pu high-voltage
ride-through condition with symmetrical fault at
90% load rate

b U I P 0 1,
El 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E2 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E3 0.000 0 0.000 3 0.000 3 0.001 4 0.001 2
E4 0.000 0 0.000 3 0.000 8 0.002 4 0.002 0
ES 0.000 0 0.000 3 0.000 8 0.002 7 0.002 2
E6 0.000 0 0.000 5 0.000 6 0.001 1 0.001 0
E7 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E8 0.000 0 0.000 6 0.000 6 0.000 4 0.000 4
E9 0.000 0 0.000 3 0.000 6 0.001 5 0.001 3
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R3 WHRBEEIN%HFER 0.2 puREEFHIRT
FHARBSEEEIRESIT
Tab.3 Error statistics between the detailed model and
the equivalent model under the 0.2 pu low-voltage
ride-through condition with symmetrical fault at
90% load rate

fatn UL 1 P 0 /,
E1l 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E2 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E3 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E4 0.000 0 0.001 3 0.002 1 0.003 5 0.017 5
ES 0.000 0 0.004 1 0.002 0.003 9 0.019 7
E6 0.000 0 0.010 9 0.011 1 0.005 0 0.006 0
E7 0.000 0 0.000 8 0.000 0 0.000 5 0.000 5
E8 0.000 0 0.005 6 0.005 6 0.003 4 0.003 4
E9 0.000 0 0.000 9 0.001 5 0.002 3 0.010 7

Fa4 WHRBE20%RFXR12pu FREFEIRT
FHRRBSEEERIRESIT
Tab.4 Error statistics between the detailed model and
the equivalent model under the 1.2 pu high-voltage
ride-through condition with symmetrical fault at
20% load rate

kit U, 1 P 0Q I,
El  0.0000 0.0007 0.0005 0.0027  0.0027
E2  0.0000 0.0007 0.0005 0.0027  0.0027
E3  0.0000 0.0007 0.0006 0.0031 0.0028
E4 0.0000 0.0014 0.0007 00031 0.0026
ES  0.0000 0.0014 0.0007 00032 0.0027
E6 0.0000 0.0009 0.0005 0.0028  0.0027
E7  0.0000 0.0007  0.0006 0.0027 0.0027
E8 0.0000 0.0008 0.0006  0.0028  0.0028
E9 0.0000 0.0011 0.0006 00030 0.0027

3.2.2  RAARWERS) T OUA e A

TEARSTFRE R B TO0F , Atk — 2 56 0E i
FRAE(E 5 5 0038 A, OGR4 A R 15 4
RS B A R R AT T X AT, TR 18 45 i
T 90% 5 20% i F T, PRANAR AL S S5 A 7
AKIFR 1.2 pu 55 HLHEZE 88 82 0.2 pu IR R ZF 8T
LT 35 kV BEAA DT R A0 L4,

H & 18 R, 6 R X B F R S 3l 45 1F F, 46
RO SRR AILE 35 kV BEZ M (04 1) )y 2R A5

SR RS B — Bk . SX BRI Sh T O0AH
o, XS PR AR Bl 25| A B i R 6, DGR
F, waf i ) 2 AR A R A R v B IS, Pk
2110 RE A TN ™% M A 50 S5 U RN R S B A
Rty (R BE
Fx5 FMRBFE20%RFHE 0.2 puRBEFHEIAT
FHERSEERBIREST
Tab.5 Error statistics between the detailed model and
the equivalent model under the 0.2 pu low-voltage
ride-through condition with symmetrical fault at
20% load rate

B U, I P 0 I,
El 0.000 0 0.000 6 0.000 5 0.002 7 0.002 7
E2 0.000 0 0.000 6 0.000 5 0.002 7 0.002 7
E3 0.000 0 0.000 6 0.000 3 0.000 7 0.001 2
E4 0.000 0 0.000 5 0.000 4 0.000 2 0.001 1
ES 0.000 0 0.000 8 0.000 5 0.000 3 0.001 4
E6 0.000 0 0.004 1 0.001 8 0.005 4 0.006 0
E7 0.000 0 0.000 5 0.000 4 0.002 3 0.002 3
E8 0.000 0 0.000 9 0.000 7 0.003 9 0.003 9
E9 0.000 0 0.000 6 0.000 4 0.001 3 0.001 8

D5 EL 45 L 0 78 ML T 250 90% 5 20% 7
TR, A5 RO T Y B 0% 45 U b S5 Wt 1 41 A A
FEANS R HL R 2 10 A ey FEL R 28 8 T 00 R 1A
Uiy ARt fe . A8 AE B A 0 B B B b
R (B AFAE— o 22 5, (B H IR A fh ka5 3
R B I J PR A o R Y e A e, U A T 4
FL B2 FEL 28 I A RE — S0 I g P A A T
FEANS BRI 3l 2% 44 T TR EL AT 38 - 1) 1
PEFE FE

[FIFES: HEGIR & H R G B0 12 25 VAN O
2,06 35 kV BEZR A AL R A TR el D)
RN TCYHE RT3 X AR 2E 501, S5 R gk 6 ~
9 Fim, XK R B T A0 L, AN X FR
Peah oo AGF o i, il e & A SOk 2 B B 1
BEAS UL ST A & PN 32 T R A TN A M
G 06 S (B R X B 0 oy 11 sl S A MR I AR BRBE T
3 6~9 AIHI, FEAXT R EPL 8 TOL T, 4517
Wiy E1~E9 AR T3/ N K 6] i i 45 {H
BB e BT AR FF PRI AE 35 kV REZRAN Y iy
B F5) PO B
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x6

Tab. 6 Error statistics between the detailed model and

AIFREE % AHE 1.2 pu FEREFHIRT

B 18 AXFREGFE T IF AR 5EERE 35 kV RN B XL

Fig. 18 Comparison of active power at the 35 kV bus side between the detailed model and the equivalent

model under asymmetrical fault

FERBSEEERIRESIT

the equivalent model under the 1.2 pu high-voltage

ride-through condition with asymmetrical fault at

90% load rate

Eitn U, 1 P 0Q I,
El  0.0000 0.0003 0.0003  0.0002  0.000 2
E2  0.0000 0.0003 0.0003 0.0002  0.000 2
E3  0.0000 00002 0.0003 00012 0.001 1
E4  0.0000 0.0002 0.0004 0.0011 0.0010
ES 0.0000 0.0003 0.0005 0.0016 0.0014
E6 0.0000 0.0003 0.0004 0.0009  0.0009
E7  0.0000 0.0003 0.0003  0.0003  0.0003
E8 0.0000 0.0004 0.0004  0.0004  0.000 4
E9 0.0000 0.0003 0.0004 0.0008  0.0007

3.2.3 4

PREFTEANST BT E R A | Ar 2 Sl SRR A i
B s, vt aia3k 2~9 iar X
BRIEGSTHAT R AT, WU R A TSR JE
RN TCHH AT E1~E9 4T3 1 ER
25 B POV 22 (8L, AR Pir e A5 (RN (g
U7 vt A DN D AL e P, o BE A8 i P A
35 kV REERAN 22/ i 1 Sh SRR

RT AR 90% AHE 0.2 puREEFHTAT

HERE SEEEIREST
Tab.7 Error statistics between the detailed model and
the equivalent model under the 0.2 pu low-
voltage ride-through condition with asymmetrical

fault at 90% load rate

EiE Y U, 1 P Q s

El 0.000 0 0.000 3 0.000 3 0.0002  0.000 2
E2 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E3 0.000 0 0.000 4 0.000 6 0.001 3 0.002 5
E4 0.000 0 0.000 2 0.000 7 0.002 3 0.004 9

25 b AR SN FR B AR S AN Bk L R 3
PIZE 00 2, Xt T IR A 55 2 (H AR R AR 90% ANl
20% 1A% 1.2 pu /& HL 2R 0.2 pu fIRAL 2
AR T ) ShAS I R AT T X IR E, H 35 kV
LR T R ML nT LA S, SRR e A 5y

ES 0.000 0 0.000 4 0.000 7 0.002 3 0.005 0
E6 0.000 0 0.000 5 0.000 5 0.000 6 0.000 9
E7 0.000 0 0.000 3 0.000 3 0.000 2 0.000 2
E8 0.000 0 0.000 4 0.000 4 0.000 3 0.000 3
E9 0.000 0 0.000 2 0.000 5 0.001 4  0.002 9
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F 8 AITFREE 20% AHFHE 1.2 pu SREFHIRT
FHARBSEEEIRESIT
Tab.8 Error statistics between the detailed model and
the equivalent model under the 1.2 pu high-voltage
ride-through condition with asymmetrical fault
at 20% load rate

fatn UL 1 P 0 /,
E1l 0.000 0 0.000 7 0.000 5 0.002 7 0.002 7
E2 0.000 0 0.000 7 0.000 5 0.002 7 0.002 7
E3 0.000 0 0.000 5 0.000 7 0.002 9 0.002 7
E4 0.000 0 0.000 7 0.000 6 0.002 7 0.002 4
ES 0.000 0 0.000 7 0.000 7 0.002 8 0.002 4
E6 0.000 0 0.000 9 0.000 7 0.002 7 0.002 5
E7 0.000 0 0.000 7 0.000 5 0.002 8 0.002 8
E8 0.000 0 0.001 0 0.000 6 0.002 9 0.002 9
E9 0.000 0 0.000 7 0.000 6 0.002 7 0.002 5

RO AITFREE 20% 15 EK 0.2 pu RBEFHITRT
FRRBSEEERIRESIT
Tab.9 Error statistics between the detailed model and
the equivalent model under the 0.2 pu low-voltage
ride-through condition with asymmetrical fault
at 20% load rate

Eit U, 1 P 0Q I,
El  0.0000 0.0004 0.0003 0.0027  0.0027
E2  0.0000 0.0004 0.0003 0.0027  0.0027
E3  0.0003 0.0010 0.0004 00011 0.0016
E4 0.0003 0.0011 0.0003 0.0002 0.0008
ES 0.0003 0.0023 0.0009 0.0006 0.0018
E6 0.0001 0.0007 0.0005 0.0024 0.0024
E7  0.0000 0.0007  0.0006 0.0027 0.0027
E8 0.0000 0.0012 0.0011 00028 0.0028
E9 0.0002 0.0008 0.0003  0.0013 0.0016
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